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General introduction

1chapter

Charlotte M.M. Gommers1, Eric J.W. Visser2, Kate R. St Onge1, Laurentius A.C.J. Voesenek1 
and Ronald Pierik1

1Plant Ecophysiology, Institute of Environmental Biology, Utrecht University, The Netherlands 
2Experimental Plant Ecology, Institute for Water and Wetland Research, Radboud University 
Nijmegen, The Netherlands

A modified version of this chapter has been published as:
Charlotte M.M. Gommers, Eric J.W. Visser, Kate R. St Onge, Laurentius A.C.J. Voesenek and Ronald 
Pierik (2013). Shade tolerance: when growing tall is not an option. Trends in Plant Science. 18:65-71

Two different plant strategies exist to deal with shade: shade avoidance and shade 
tolerance. All shade-exposed plants optimize photosynthesis to adapt to the decrease in 
light quality and quantity. When shaded, most species in open habitats express the shade-
avoidance syndrome, a growth response to escape shade. Shade-tolerant species from 
forest understories cannot out-grow surrounding trees and adopt a tolerance response, 
which includes the suppression of shade avoidance. Unlike shade avoidance, virtually 
nothing is known about regulation of shade tolerance.
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Shade responses: identifying the knowledge gap
Underneath a leaf canopy, light availability is severely reduced. For example, a single 
Arabidopsis thaliana) leaf can reduce the photosynthetic active radiation (PAR) from 1500 
to 120 μmol photons m−2 s−1 (Franklin, 2008). A substantial amount of research has focused 
on the ecology and ecophysiology of shade tolerance, particularly of tree seedlings. This 
work has largely elucidated trade-offs among various physiological and morphological 
characteristics such as specific leaf area (SLA), leaf longevity, root:shoot ratio, relative growth 
rate, dark respiration rate and elongation response to shade (reviewed in Valladares and 
Niinemets, 2008). This research has demonstrated that shade tolerance is not only a lack 
of the classic shade-avoidance syndrome (SAS; strong elongation growth away from shaded 
microconditions, and accelerated flowering), but also a complex and specific adaptation to 
life in the shade. However, to date, few studies have focused on herbaceous shade-tolerant 
species that complete their entire life-cycle in the shade (Bierzychudek, 1982), or on the 
underlying molecular regulation of the shade-tolerant phenotype. This is in stark contrast 
to the wealth of research effort that has been focused on the molecular mechanisms of SAS 
in a variety of herbs (reviewed in Franklin, 2008; Casal, 2012; Pierik and Testerink, 2014).

 Given that shade-avoidance responses are an undesirable characteristic of 
nearly all major crops, understanding how shade-tolerant plants prevent these responses 
is agronomically important. Crops are typically grown at high densities and, hence, are 
exposed to light signals that induce the SAS. This leads to carbon being allocated towards 
stem elongation at the expense of root and leaf development and therefore affects the 
yield (Smith, 1992; Morgan et al., 2002). Although most modern ‘Green Revolution’ crops 
are semi-dwarfs (Hedden, 2003), they still compete for light in their monocultures and 
show shade-avoidance responses (Morgan et al., 2002). Understanding how shade-tolerant 
species suppress the SAS and direct energy and resources towards other pathways, such as 
optimization of photosynthesis and physical defense, could be useful in targeted breeding 
programs. This might lead towards crop varieties which, when grown in high density, do 
not invest in undesirable shoot elongation, but do adapt their shaded, lower strata of the 
vegetation for more efficient photosynthesis in low PAR. Earlier studies in tobacco (Nicotiana 
tabacum) have shown that SAS suppression does indeed stimulate harvest index (Mccormac 
et al., 1992), demonstrating that altering the SAS response can effect agronomically 
important traits. 

 From an ecological and evolutionary point of view, understanding molecular 
mechanisms of shade tolerance should help us to understand how herbaceous species 
became successful in the forest understory, where they fulfill an important role in nutrient 
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uptake from the soil (Nilsson and Wardle, 2005). Some successful invasive understory 
herbs are even able to outcompete native species: for example, the Eurasian garlic mustard 
(Alliaria petiolata) in northern American forests (Forrest Meekins and Mccarthy, 1999). 

In this chapter, we examine three hypothetical modes for the molecular regulation of shade 
tolerance: differential control of specific Phytochrome-Interacting Factor (PIF) proteins, 
specific modifications of plant hormone pathways and increased involvement of molecular 
shade avoidance antagonists. We argue that addressing questions about the molecular 
regulation of shade tolerance will require an approach that takes advantage of the genetic 
tools available in model species and also ventures into the genetics of wild non-model 
species. 

Shade and shade perception
Plants living in dense communities experience a strong reduction in light intensity and a 
change in light quality because of light absorption and reflection by surrounding vegetation. 
The chlorophyll of neighboring plants filters out the red (R, λ = 600–700 nm) and blue (B, 
λ = 400–500 nm) wavelengths of the sunlight while reflecting and transmitting most of the 
far-red (FR) wavelengths (λ = 700–800 nm). As a consequence there is a drop in the R:FR 
ratio in dense vegetation (Vandenbussche et al., 2005), which is sensed by plants as a cue for 

Shade-‐avoidance	   Shade-‐tolerance	  
Stem	  elonga+on	   Increased	  SLA*	  

Pe+ole	  elonga+on	   Reduced	  Chl	  a:b	  ra+o*	  

Hyponasty	   Increased	  PSII:PSI	  ra+o*	  

Reduced	  branching	   High	  physical	  defense	  

Figure 1.1. Two different strategies to cope with shade: shade avoidance, which is seen in, for example, grasslands 
(left: meadow in Emmereis, Allgäu, Germany) and shade tolerance, which is common in forest understories (right: 
forest understory in Bennekom, Gelderland, The Netherlands). All plants perceive the canopy-associated changes 
in light quality (reduced red:far-red ratio, reduced blue) and quantity [reduced total light intensity (PAR)]. In shade-
avoiding species, this perception leads to the induction of a set of traits to reach for the light (elongation of stem 
and petioles, hyponasty and reduced branching) called shade avoidance. Shade-tolerating plants typically optimize 
carbon gain [increased SLA and PSII:PSI ratio, reduced chlorophyll (Chl) a:b ratio] and minimize damage (increased 
physical defense), although some traits are induced in both shade-avoiding and shade-tolerating species (marked 
with *).
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competitors. In combination with a reduction of B light (Lin, 2000) and total light intensity 
(PAR, λ = 400–700 nm), these light cues can result in two different plant strategies to cope 
with shade (Figure 1.1). In many species, when a low R:FR ratio is sensed by the phytochrome 
photoreceptor family (Schmitt and Wulff, 1993), a suite of traits to grow towards the light 
are induced; this is known as the SAS (Franklin, 2008). This strategy is common in vegetation 
where the plants are of approximately similar heights such as grasslands, and includes 
elongation of stems and petioles, apical dominance, upward movement of the leaves 
(hyponasty) and reduced branching (Figure 1.1) (Franklin, 2008; Kebrom and Brutnell, 2007; 
Smith and Whitelam, 1997; Whitelam and Johnson, 1982). 

Molecular pathways regulating the shade-avoidance syndrome
In dense plant stands, the reduced R:FR ratio leads to a photo conversion of active 
phytochrome (Pfr) to inactive Pr (Figure 1.2) (Quail, 2002). Under normal sunlight conditions, 
Pfr is present in the nucleus of the plant, where it binds and degrades a subset of bHLH 
transcription factors, PIFs. The pool of PIFs that are not degraded are physically bound by 
so-called DELLA proteins (Djakovic-Petrovic et al., 2007). Shade-induced inactivation of PhyB 
de-represses PIF-regulated gene expression (Ni et al., 1999) and leads to GA-mediated DELLA 
degradation, which further increases the PIF protein pool (Figure 1.2) (Djakovic-Petrovic et 
al., 2007). As a result, under low R:FR conditions, PIFs bind promoters and regulate the 
expression of target genes to promote shade avoidance, including a group of HD-Zip class 
II sub-family transcription factors (such as ATHB-2 and ATHB-4) (Li et al., 2012; Leivar et al., 
2012; Lorrain et al., 2008), as well as genes involved in auxin signaling (via PIF4 and PIF5 
(Hornitschek et al., 2012)) and biosynthesis (via PIF 4, PIF5 and PIF7 (Li et al., 2012; de Wit 
et al., 2015)), (Figure 1.2). 

 Recent studies reveal different functions for different PIFs. PIF4 and PIF5 are 
particularly effective regulators of low PAR-regulated gene expression and hypocotyl 
elongation (Hornitschek et al., 2012), and are required for cryptochrome-mediated 
hyponasty and petiole elongation in low-blue light (Keller et al., 2011). PIF7 on the other 
hand is an important regulator of low R:FR-induced petiole and hypocotyl elongation, 
lamina an cotyledon size reduction and gene expression (Li et al., 2012; de Wit et al., 2015). 

 Auxin has long been proposed, but only recently demonstrated, to be a key 
regulator of shade avoidance. Upon detection of a low R:FR ratio, auxin biosynthesis is 
increased (Tao et al., 2008; de Wit et al., 2015), mainly through PIF7-mediated expression 
of several YUCCA genes, in the leaf lamina and seedling shoot (Li et al., 2012; de Wit et al., 
2015). Subsequently, auxin is transported through PIN3 proteins towards the epidermis to 
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control cell elongation (Keuskamp et al., 2010). As a result, auxin mutants have reduced 
or absent shade-avoidance responses to low R:FR ratios (Keuskamp et al., 2010; Tao et al., 
2008; Pierik et al., 2009; Steindler et al., 1999). 

 Auxin frequently interacts with brassinosteroids, potent growth stimulators which 
are also required for the SAS in response to low R:FR ratios (Kozuka et al., 2010) and in 
response to blue light depletion (Keller et al., 2011; Keuskamp et al., 2011). BR-induced 
transcription factor BRASSINAZOLE RESISTANT1 (BZR1) directly binds to PIF4 and therefore 
(indirectly) regulates the transcription of several bHLH transcription factors regulating cell 
expansion, such as example PACLOBUTRAZOL RESISTANT1 (PRE1), BR-Enhanced Expression1 
(BEE1) and BES1-INTERACTING MYC-LIKE1 (BIM1) (Oh et al., 2012; Wang et al., 2012; 
Cifuentes-Esquivel et al., 2013). By binding AUXIN RESPONSE FACTOR (ARF)6, the BZR1/PIF4 
complex positively regulates auxin mediated growth (Oh et al., 2014). 

 Finally, production of the gaseous hormone ethylene is enhanced when the ratio 

Phytochrome B, D, E Phytochrome A

Red light  
(655-665 nm)

Far-red light  
(725-735 nm)

Blue light  
(400-500 nm)

Cryptochromes

EthyleneGibberellin

Auxin

Brassinosteroid

PIF7 DELLAs

HFR1

ATHB2 ATHB4

PAR1
PAR2

Neighbor induced elongation

Canopy

PIF4

PIF5

Figure 1.2. Simplified overview of the signal transduction pathway towards phytochrome-mediated shoot 
elongation in response to a reduced red:far-red ratio. Arrows indicate positive regulation, blunt arrows indicate 
negative regulation, dotted lines are interactions only proven in de-etiolation processes, induced by light quality 
changes, but not (yet) for a shade avoidance response.
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of R:FR is low in a variety of species (Kegge and Pierik, 2010), including A. thaliana (Pierik et 
al., 2009), and promotes a light quality-mediated SAS (Figure 1.2) (Pierik et al., 2003, 2006). 
Ethylene can also act as a volatile neighbor-detection cue in dense canopy (Pierik et al., 
2003). 

 Antagonists of shade avoidance prevent excessive elongation in shade. PIF4 
and PIF5 promote the production of another, but non-DNA binding, member of the PIF 
family: Long Hypocotyl in Far-red light1 (HFR1), which subsequently binds and inactivates 
PIF4 and PIF5 proteins (Sessa et al., 2005; Hornitschek et al., 2009), thus inhibiting the 
SAS (Figure 1.2). A low R:FR ratio also induces the expression of two other atypical bHLH 
proteins, Phytochrome Rapidly Regulated (PAR)1 and PAR2, which suppress several auxin-
mediated shade-avoidance responses (Figure 1.2) (Roig-Villanova et al., 2007; Oh et al., 
2014). Furthermore, shade-avoidance responses to a low R:FR ratio are reduced by PhyA 
(Figure 1.2) (Johnson et al., 1994), since contrary to the other phytochromes, its activity is 
enhanced by FR light through the so-called FR-High Irradiance Response. Accordingly, PhyA 
overexpression leads to severely impaired SAS and dwarfing (Robson et al., 1996).

All these complex pathways lead to the SAS and help plants to outgrow neighbors. By 
contrast, some species, which we will refer to as shade species, have adapted their 
phenotype to cope permanently with shaded environments, such as forest understories, 
where it is impossible to outgrow the tall neighboring trees (Figure 1.1). 

The dos and don’ts of shade tolerance
When exposed to shade, both shade and non-shade species will optimize light capture 
and utilization by increasing their SLA (Evans and Poorter, 2001), lowering chlorophyll 
a:b ratios and increasing photosystem (PS) II:I ratios (Melis and Harvey, 1981), which are 
components of what is known as the carbon gain hypothesis for shade tolerance (reviewed 
in (Valladares and Niinemets, 2008; Givnish, 1988)) Furthermore, typical shade-tolerant 
species suppress shade-avoidance traits. These woodland species show little shade-induced 
plasticity in photosynthetic traits, and reduced, or absent, elongation responses in stems 
and petioles, compared with open habitat species (Morgan and Smith, 1979; Niinemets 
and Valladares, 2004). Shade-tolerant tree seedlings (Kitajima, 1994; Reich et al., 1998) and 
herbaceous species (Cavatte et al., 2012) have lower relative growth rates compared with 
non-shade-tolerant species, both in high- and low-light conditions. Relative growth rate is 
generally positively correlated with SLA and increased SLA in shade greatly enhances carbon 
gain (Evans and Poorter, 2001). However, a high SLA can have negative consequences for 
plant survival in shade (Augspurger, 1984) given that producing a large leaf area at little 
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construction cost makes these leaves sensitive to mechanical stress and herbivory (Gamage, 
2011). It follows that a high level of defense is commonly assumed to be a driving force 
for survival in deep shade, a concept also referred to as the stress-tolerance hypothesis 
(Kitajima, 1994), (reviewed in Valladares and Niinemets, 2008). Various shade tolerators 
therefore appear to channel energy away from elongation and optimal photosynthesis 
towards leaf survival (Augspurger, 1984; Lusk et al., 2008). 

Could understanding the SAS clear the way towards identifying shade-tolerance 
regulators?
Like all higher plants, shade species carry photoreceptors (phytochromes, cryptochromes 
and phototropins) to detect changes in light quality and quantity (Lin, 2000; Lariguet and 
Dunand, 2005; Quail, 2010). A central question in this thesis is “Which differences in the 
pathway between photoreceptor signaling and phenotypic output determine whether a 
shade-avoidance or shade-tolerance strategy is adopted?”. 

 Given that both shade and non-shade species perceive shade in the same way and 
there is even over-lap in some aspects of the response (i.e. both show increased SLA, PSI:PSII 
ratios and lower chlorophyll a:b ratios), it is conceivable that some regulatory components 
are shared between shade avoidance and shade tolerance. In the absence of rigorous 
molecular and physiological studies on the regulatory mechanisms of shade tolerance, we 
propose some hypotheses for molecular regulation from insights gained from studies of 
shade-avoidance control. We discuss three hypothetical modes of regulation below: PIF 
proteins, plant hormones and molecular shade-avoidance antagonists. 

 PIFs play an important role in shade-avoidance responses; however, there are 
indications that different PIFs may interact with photoreceptors in slightly different ways to 
mediate a shade-avoidance response. For example, although no Pfr-induced degradation 
of PIF7 has been observed (Leivar et al., 2008), PIF4 and PIF5 are rapidly degraded upon 
phytochrome conversion from inactive Pr to active Pfr. The light-stable PIF7 transcription 
factor is dephosphorylated in shade and regulates auxin biosynthesis in shade, thereby 
promoting hypocotyl elongation (Li et al., 2012). However, PIF7 also carries a repressing 
domain (Leivar et al., 2008; Leivar and Quail, 2011; Kidokoro et al., 2009), and this potential 
for a dual function in controlling transcription suggests that there might be a role for PIFs in 
the suppression of SAS and/or promotion of shade-tolerance traits. Tissue-specific absence 
of PIF proteins could also lead to differential control of shade avoidance. Studies focused on 
the regulation of A. thaliana hypocotyl elongation by PIF4 and PIF5 found that only the pif4 
pif5 double mutant showed reduced, but not absent hypocotyl elongation when the R:FR 
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ratio was low, suggesting a functional overlap between these two PIFs (Lorrain et al., 2009). 
However, a complete loss of PIFs in shade-tolerant plants is unlikely given that these plants 
do show other phytochrome-regulated responses, such as altered chlorophyll accumulation 
and chloroplast development, that may still be PIF-dependent (Melis and Harvey, 1981; 
Kim et al., 2003; Monte et al., 2004). PIF1 and PIF3 are known to play important roles in 
the de-etiolation process and development of chloroplast and photosynthesis-related 
compounds, in A. thaliana seedlings experiencing light and day-night changes (Monte et 
al., 2004; Stephenson et al., 2009). Interestingly, it was shown recently that although PIF4 
and PIF5 play a relatively limited role in low R:FR-induced SAS, they are key-players in low 
PAR and low-blue induced responses (Hornitschek et al., 2012; Keller et al., 2011), although 
the molecular mechanism by which cryptochrome photoreceptors control PIFs is unknown. 
This strong PIF4 and PIF5 involvement in plant responses to low blue light and low PAR 
conditions makes these particular PIF proteins interesting candidates for controlling shade 
tolerance responses which are particularly induced by low light conditions (Figure 1).

 Interaction between several hormones [auxin, ethylene, gibberellin (GA) and 
brassinosteroids] is important in the regulation of SAS. The elongation response to a low 
R:FR ratio may be suppressed in shade-tolerant species by differential hormone production 
and responsiveness. However, it is unlikely that shade-tolerant species are completely 
insensitive or lacking for one or more of these hormones given that they play important 
pleiotropic roles in plant developmental processes (Zimmermann et al., 2004; Pierik et al., 
2006). Nevertheless, it is reasonable to suggest that hormonal regulators in the shade-
induced pathway are up- or down-regulated in both organ-specific and treatment-specific 
manners. A lack of PIN-FORMED 3 (PIN3)-mediated lateral auxin transport under low R:FR 
specifically in the hypocotyl would, for example, prevent auxin accumulation and elongation 
of the hypocotyl under low R:FR conditions (Keuskamp et al., 2010). At the same time, vital 
developmental responses to auxin would be undisturbed, as evidenced by the otherwise 
normal phenotype of pin3 mutants (Keuskamp et al., 2010). Targeted differences in the 
induction or repression of hormone signal transduction components could also lead towards 
modified hormone responses. Indeed, PIF4, PIF5 and PIF7 appear to directly regulate 
expression of auxin signal transduction components (Hornitschek et al., 2012; de Wit et al., 
2015) and modifications in promoters of these genes might for example modify such PIF-
mediated regulation of auxin responsiveness. Increased SLA could hypothetically be caused 
by upregulation of a phytochrome-dependent kinetin (a cytokinin), given that this hormone 
stimulates expansion of leaf laminas in the dark (Beevers et al., 1970; Qin et al., 1997). GA, 
a general growth-promoting hormone that also enhances leaf unrolling in the dark (Beevers 
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et al., 1970), would be another obvious candidate to regulate changes in leaf area and SLA. 
However, GA is also a potent stimulator of SAS (Kamiya and García-Martínez, 1999), which 
is suppressed in shade-tolerant species. It could be argued that this would be most effective 
if GA would be controlled independently between leaf laminas and primordia, where SLA is 
determined versus internodes and petioles where SAS is regulated. Nonetheless, enhancing 
GA alone does not necessarily lead to elevated petiole elongation in A. thaliana (Djakovic-
Petrovic et al., 2007), implying that GA regulation could be relatively a-specific and that 
additional factors (for example PIF accumulation upon low R:FR-mediated phytochrome 
inactivation) determine its ability to induce SAS (de Lucas et al., 2008; Pierik et al., 2004a). 

 Enhanced induction of antagonistic regulators of SAS responses during low R:FR 
and low-blue might be a third alternative scenario to at least suppress shade avoidance in 
shade-tolerant species. Even in shade-avoiding A. thaliana, low R:FR induces several atypical, 
non-DNA-binding basic helix–loop–helix (bHLH) proteins that antagonize induction of shade 
avoidance. These proteins include Long Hypocotyl in Far-red Light 1 (HFR1), PHYTOCHROME 
RAPIDLY REGULATED 1 (PAR1) and PAR2, and interact with true transcription factor 
proteins such as PIFs, thus controlling transcription (Galstyan et al., 2011; Roig-Villanova 
et al., 2007). These antagonists prevent excessive low R:FR-induced elongation in shade-
avoiding plants (Roig-Villanova et al., 2007; Sessa et al., 2005). Strong induction of these 
factors would mean that a relatively large pool of PIF proteins would be kept from binding 
to their target promoters, which would suppress shade avoidance. Indeed, overexpression 
of PAR1 or HFR1 results in reduced elongation responses in hypocotyls of low R:FR exposed 
A. thaliana seedlings (Galstyan et al., 2011). If these SAS-antagonizing proteins are more 
strongly induced in shade-tolerant plants compared to shade-avoiders, this would indeed 
suppress SAS. Furthermore, if the induction were to be organ specific, this could explain 
why PIF-mediated shade adaptations in leaves are present in shade species (e.g. chloroplast 
development (Melis and Harvey, 1981; Kim et al., 2003)) but elongation of stems and petioles 
does not occur (Morgan and Smith, 1979). Another known antagonist of the SAS is the light 
labile PhyA, which represses shade-induced elongation growth in young seedlings under 
continuous far-red light. Accordingly, A. thaliana phya mutant seedlings show exaggerated 
hypocotyl elongation in low R:FR (Fairchild et al., 2000; Johnson et al., 1994; Reed et al., 
1994). If shade species would have largely elevated levels of PhyA protein this would inhibit 
shade-avoidance responses, as has been shown for transgenic PhyA over-expressing tobacco 
plants (Mccormac et al., 1992; Rousseaux et al., 1997). Elevated levels of PhyA signaling 
could be occurring in shade species through simple elevations in expression of PhyA and/
or PhyA signaling components. Alternatively, PhyA could accumulate as a result of slight 
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alterations in its molecule structure, which would make it more light-stable in shade species. 
Such variation has been shown to naturally occur in A. thaliana (Maloof et al., 2001). 

Future research to unravel the molecular networks underpinning shade tolerance
Unraveling the molecular regulators that determine if a shade-avoidance or a shade-
tolerance response is initiated should provide insight into how natural selection has driven 
the evolution of two fundamentally different ecological strategies. Surveying natural 
variation in shade responses in well-studied model systems such as A. thaliana should 
enable us to start to identify variations in the early shade responses of shade-avoiding 
species. Quantifying such characteristics as hypocotyl and petiole elongation and SLA under 
controlled light and shade conditions for a broad range of A. thaliana accessions, and 
performing a genome wide association study (GWAS) (Hall et al., 2010; Atwell et al., 2010), 
should quickly lead to a set of candidate genes that can be further investigated. Because 
large, genotyped populations of this model species already exist, researchers need only 
phenotype the population to quickly determine a set of candidate genes. There is extensive 
variation in the A. thaliana petiole angle and hypocotyl elongation responses to shade 
stress (Filiault and Maloof, 2012; van Zanten et al., 2010), K.R. St. Onge et al, unpublished] 
which makes this a promising approach. Furthermore, the wide availability of mutants 
and simple protocols for transformation make A. thaliana the best system for functional 
characterization of candidate genes. 

 Despite the wealth of genomic and genetic tools available in A. thaliana, the major 
drawback of using A. thaliana in studies of shade tolerance is that it does not naturally occur 
in forest understories and cannot truly be considered a shade-tolerant species despite the 
lack of or repression of SAS in some accessions. The underlying molecular variation giving 
rise to the loss-of shade avoidance phenotypes in A. thaliana likely affects genes which are 
also important for shade avoidance suppression in shade tolerant species. The evolutionary 
benefits of these phenotypes in specific competitive vegetation sites, can additionally be 
predicted by using functional-structural plant models (Bongers et al., 2014). Although 
suppression of SAS is only part of the shade tolerance network such an approach using A. 
thaliana will provide a starting point to work from in non-model shade-tolerance specialists. 
Therefore, although we expect a GWAS approach in A. thaliana to give us insight into the 
molecular mechanisms of SAS repression and into the control of shade responses that are 
ubiquitous to both shade-tolerant and shade-avoiding species, a comparative approach 
using shade avoiding and shade tolerant species has the potential to unravel additional, 
novel, regulators of shade tolerance (Figure 2).
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 To investigate shade tolerance fully we will need to venture outside our genetic 
models. A between species approach investigating pairs of closely related non-model shade 
and non-shade species, would provide a good comparative framework. Next-generation 
sequencing techniques now make it possible to explore the genomes of non-model organisms 
(Bräutigam and Gowik, 2010; Lister et al., 2009). RNAseq allows transcriptome studies in any 
species without first compiling a probe set. Such analysis on pairs of shade and non-shade 
species could provide information on the differentially regulated pathways upon exposure 
to light quantity and quality changes. A potential problem is that the selected species to 
be compared may differ in many aspects of their regulatory systems, which would make 
it difficult to attribute specific differences to the variation in shade responses. Choosing 
closely related species (ideally sister species) that differ only in their shade response, and 
carefully designing the experimental conditions, should minimize this. If these sister species 
could be crossed, quantitative trait loci (QTL) mapping could be used to find the genomic 
regions that underlie the difference between the shade-avoidance response and the shade-
tolerance response. An inspiring example of such a comparative approach comes from 
the research field of plant adaptation to submergence stress and comparisons between 
Rumex palustris and R. acetosa (Rijnders et al., 1997; van Veen et al., 2013). Comparisons 
of submergence responses between these two sister species found that differential 
regulation of ABA in response to ethylene accumulation (the primary submergence signal) 
was responsible for the adoption of the escape strategy in R. palustris and the quiescent 
strategy in R. acetosa (Benschop et al., 2005; Bailey-Serres and Voesenek, 2008). Further 
research found that natural variation in the escape response among R. palustris populations 
is associated with variation in ethylene-mediated inhibition of ABA levels (Chen et al., 2010) 
and photobiology components (van Veen et al., 2013), hinting at evolutionary selection on 
this signal transduction event. In parallel, comparative approaches using differing cultivars 
within the model species rice has identified molecular regulators of both the avoidance 
(Hattori et al., 2009) and tolerance (Xu et al., 2006) strategy, all being members of the 
Ethylene Responsive Factor (ERF) family of transcription factors. Another elegant example 
is two studies which use the self-incompatible Capsella grandiflora and its selfing sister 
species C. rubella to identify the genetic architecture of the selfing syndrome (Sicard et al., 
2011; Slotte et al., 2012). Selfing lineages have evolved from outcrossing species many times 
in the history of angiosperm evolution, and this change is usually accompanied by a suite 
of changes in flower morphology and function, known as the selfing syndrome. Performing 
QTL mapping in F2 populations (Slotte et al., 2012) and recombinant inbred lines (Sicard et 
al., 2011) from interspecific crosses, these studies identified genetic loci that underpin the 
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selfing syndrome and selfing efficiency. 

 We argue that such combined approaches using both model and wild species is 
essential for unraveling the molecular mechanisms and regulatory pathways leading to 
shade tolerance. Using wild species is unavoidable because our current model species 
lack true adaptation to shade; however, models can still be helpful for finding leads and 
later for functional characterization. Combining the results from both approaches should 
lead to a general picture of how shade tolerance is achieved at the molecular level. These 
anticipated molecular insights should not only help us to understand the mechanisms of 
different ecological plant strategies but could also foster crop improvement, for example, 
suppression of shade-avoidance traits and optimization of growth under sub-optimal light 
conditions.

Thesis outline
In this thesis, we study the variation in shade responses between two wild species of the 
genus Geranium. G. pyrenaicum (Hedge Crainsbill, Ellenberg value for light (L) = 8; Hill, 
1999) is a shade intolerant species naturally occurring in open habitats (Fig. 1.3), while 
G. robertianum (Herb Robert, L = 5, Hill, 1999; Tofts, 2004) will often be found in the 
forest understory, for it is shade tolerant (Fig. 1.3). The main focus will be on one of the 
discussed features in the shade tolerance strategy; the suppression of the shade avoidance 
syndrome. Since these species are relatively close relatives (Fiz et al., 2008) and have a 
similar morphology, they are very well suited to compare at both the physiological- and the 
transcriptomic level. 

 In chapter 2, we demonstrate that the two Geranium species indeed respond 

Figure 1.3. Shade intolerant 
Geranium pyrenaicum (Hedge 
Cranesbill, A), growing in a grass land 
(Vosges, France) and shade tolerant 
G. robertianum (Herb Robert, B), 
growing in the forest understory 
(French Alps).

A B
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antithetically to simulated shade. We analysed detailed growth kinetics of these species 
in low R:FR and concluded that growth repression in G. robertianum is strongly time-
dependent. Furthermore, we identified the site of low R:FR light perception and studied 
elongation responses to more severe shade conditions. 

 Next, we used this model system of two Geranium species in a genome-wide 
transcript analysis. In chapter 3, we describe the construction of good quality Geranium 
reference transcriptomes and biological processes which were transcriptionally affected by 
low R:FR light. 

 Transcriptional regulation of hormone-related processes forms the basis for chapter 
4, where we focus on the auxin-, BR- and GA-induced petiole growth in G. pyrenaicum and 
G. robertianum. We concluded that differential integration of light- and hormone-signalling 
in the two Geraniums might cause the phenotypic differences. 

 In chapter 5, we focus on the differential effect of low R:FR light on the jasmonic 
acid (JA)-mediated defences in the Geraniums. Opposite to G. pyrenaicum, in low R:FR light, 
G. robertianum boosted its defences and became more resistant against pathogen attacks. 

 In an attempt to explain the antithetical growth patterns of the Geraniums in low 
R:FR light, in chapter 6, we select three genes of which expression matched these differences; 
atypical bHLH transcription factor KIDARI (KDR), and receptor-like kinases THESEUS1 (THE1) 
and FERONIA (FER). We used heterologous studies in model species A. thaliana to prove 
their functionality in SAS.

 We conclude this thesis with a general discussion in chapter 7.

1
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Two Geranium species with contrasting survival 
strategies respond differently to simulated shade

2chapter
Charlotte M.M. Gommers, Iko T. Koevoets, Laurentius A.C.J. Voesenek and Ronald Pierik 

Plant Ecophysiology, Institute of Environmental Biology, Utrecht University, The Netherlands 

Abstract: To secure light capture in a competitive, growing canopy, shade intolerant plant 
species express the shade avoidance syndrome (SAS; predominantly a shoot elongation 
response) upon sensing neighbour proximity. However, species that live in shade-rich 
environments (e.g forest understory) their entire life suppress the SAS. To date, only 
little research has been conducted to study the suppression of the SAS in these shade 
tolerant species. We selected two wild Geranium species and exposed them to different 
shade conditions; G. pyrenaicum from the open field and G. robertianum from the forest 
understory. The decline in the ratio between red (R) and far-red (FR) light inside the 
canopy is an early signal for neighbour proximity and induced rapid petiole elongation in 
G. pyrenaicum. However, in G. robertianum, this treatment only induced petiole elongation 
in the beginning of the day, and suppressed growth towards the end of the photoperiod. 
The low R:FR signal is sensed locally in petioles, but not in the leaf lamina, and elongation 
is not equally distributed over de petiole but concentrates on the most apical part. More 
severe shade treatments including low blue (B) and green-filtered light had no effect on G. 
robertianum growth. The described shade avoidance phenotype in G. pyrenaicum petioles 
and the lack of such in G. robertianum prove that the latter species is a good model to study 
SAS suppression, a trait highly relevant for crop growth in dense canopies.  
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Introduction
Plants depend on light availability as the energy input for growth and therefore have adopted 
two main strategies to deal with vegetation shade; shade avoidance and shade tolerance. 
To fuel photosynthesis, plants absorb mainly red (R, 600-700nm) and blue (B, 400-500nm) 
light, but their leaves reflect green (500-600nm) and especially far-red (FR, 700-800nm) light. 
Preceding true canopy shade, FR light enrichment through reflection by nearby plants will 
cause a decline in the ratio between R and FR (R:FR) light, which is sensed by phytochrome 
(Phy) photoreceptors. They photoconvert from the active (Pfr) into the inactive (Pr) form in 
low R:FR light, releasing a complex signalling cascade leading to a set of plant traits to reach 
for the light; the shade avoidance syndrome (SAS). The SAS is a favourable strategy for shade 
intolerant plant species, helping them to compete for light with direct neighbours. It includes 
stem and petiole elongation, leaf hyponasty and early flowering (reviewed in (Casal, 2012; 
Franklin, 2008). At the cost of lamina size (de Wit et al., 2015) and root development (Van 
Gelderen, Kang and Pierik, 2015, unpublished data), the model species Arabidopsis thaliana 
rapidly elongates petioles and hypocotyls (Filiault and Maloof, 2012; de Wit et al., 2015; 
Sasidharan et al., 2010) when exposed to low R:FR light. Similar responses are known from 
a wide variety of other species, including tobacco (Nicotiana tabacum, Pierik et al., 2004), 
tomato (Solanum lycopersicum, Pierik and Testerink, 2014), Rumex palustris (Pierik et al., 
2011; van Veen et al., 2013) and monocots, such as maize (Zea mays; Dubois et al., 2010) 
and wheat (Triticum aestivum), which reduce tiller numbers in low R:FR (Ugarte et al., 2010).

For plant species that complete their life cycle in forest understories, it is impossible to 
outgrow neighbouring trees and these understory plants have adopted a shade tolerance 
strategy. As shown in earlier studies, these species are less plastic in response to changing 
light environments (Niinemets and Valladares, 2004), and are thus expected to show 
a reduced SAS. Although the molecular mechanisms of shade avoidance are studied 
extensively, SAS suppression in shade tolerant plants has never been studied to such extent 
(Gommers et al., 2013).  Suppression of SAS is a desired trait for many economically relevant 
crop species that are cultivated in dense canopies.
 In this chapter we compare the physiological responses of two wild Geranium 
species to changing light quality environments. Geranium pyrenaicum, hedge crainsbill, is 
a shade intolerant species from an open habitat, while its close relative G. robertianum, 
herb Robert, is shade tolerant and occurs in forest understories. These species showed 
antithetical petiole growth responses to low R:FR, especially at the end of the photoperiod, 
which resulted for G. robertianum in zero net differential elongation compared to control 

2
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conditions. G. robertianum is an excellent model plant to study the molecular regulation of 
SAS suppression and ultimately translate these results to crops. 

Results

G. pyrenaicum and G. robertianum express opposite growth responses in low R:FR. 
To study the regulatory pathways suppressing shade avoidance, we exposed two wild 
Geranium species from contrasting habitats to far-red-enriched (low R:FR = 0.2) versus 
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Figure 2.1. G. pyrenaicum and G. 
robertianum  show opposite petiole 
elongation responses upon a low 
R:FR treatment.
A. G. pyrenaicum and G. robertianum 
plants exposed to control white light 
(R:FR = 1.8) or a low R:FR (R:FR = 0.2) 
treatment for 5 days. 
B. Elongation (mm) of the second 
petiole of G. pyrenaicum and G. 
robertianum, exposed to control 
white light or low R:FR conditions 
over 24 hours. Data represent means 
± SEM, n = 7. 
C and D. Growth rates of G. 
pyrenaicum (C) and G. robertianum 
(D) petioles in mm h-1 over 24 h, 
data for every 6 minutes. Plants 
grown in either control white light 
(open circles, R:FR = 1.8) or a low 
R:FR treatment (dark circles R:FR = 
0.2), starting at time point 0. Data 
represent means ± SEM, n = 6. The 
grey bar at the x-axis indicates the 
night period. 
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control (R:FR = 1.8) light conditions with all other components of the light spectrum being 
equal during the two light treatments. G. pyrenaicum expressed the classic shade avoidance 
response by elongating its petioles, whereas this was not apparent in G. robertianum (Fig. 
2.1A and B). As shown by the detailed petiole growth kinetics over 24h (Fig. 2.1C and D) and 
48h (Fig. 2.5B and F), both species initially enhanced petiole elongation upon the low R:FR 
treatment. Nevertheless, G. robertianum suppressed petiole elongation towards the end of 
the day and during the night, resulting in no net difference compared to control treatments 
after 24 hours. 

G. pyrenaicum and G. robertianum seedlings undergo photomorphogenesis to a different 
extent.
Since the differences in low R:FR-induced growth patterns between these species might 
be due to differential photoreceptor functioning, and the Geranium species have not been 
studied as such before, we performed a simple test to check for Phy and cryptochrome (Cry) 
functions. In the dark, the classic etiolated phenotype, characterized by long hypocotyls, 
closed cotyledons in an apical hook and a lack of chlorophyll formation was clearly 
visible in seedlings of both species (Fig. 2.2A & B). Similar to A. thaliana, G. pyrenaicum 
seedlings de-etiolated in blue, red, far-red and normal white light, characterized by shorter 
hypocotyls and open and green cotyledons (Li et al., 2011). Interestingly, G. robertianum 

hypocotyl elongation was hardly suppressed by the 
light treatments. However, other photomorphogenetic 
characteristics, such as opening of the apical hook and 
cotyledon greening, were visible in a fashion similar to 
G. pyrenaicum.  

Figure 2.2. Etiolated Geranium seedlings respond differently to R, 
FR and B light.
A. Hypocotyl length (mm) of G. pyrenaicum and G. robertianum 
seedlings germinated for five days in R (red), FR (far-red), B (blue), 
normal white light (Fig. S2.2) or in the dark. Data represent means ± 
SEM, n = 20. 
B. Representative G. pyrenaicum and G. robertianum seedlings of the 
experiment shown in A.
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Local perception of low R:FR light enhances petiole elongation.
To define the site of FR perception in the Geranium rosettes, we illuminated the petiole and 
leaf lamina separately with supplemental FR light. Interestingly, the effect of illuminating the 
G. pyrenaicum petiole was similar to a whole plant low R:FR treatment, while illuminating the 
leaf lamina only slightly stimulated petiole elongation (Fig. 2.3A). Additionally, the treated 
leaf elongated in response to the low R:FR treatment, but not the younger (‘systemic’) leaf of 
the same plant. As expected, G. robertianum petioles responded to none of the treatments. 
 In order to identify which part of the petiole was most responsive to the FR-
enrichment, we measured elongation over eight segments of the petiole (Fig. 2.3B inlay). 
In both species, the apical half of the petiole grew most in control light and responded 
strongest to the low R:FR treatment (Fig. 2.3B). 

G. robertianum suppresses low R:FR-induced petiole elongation at a fixed time of day.
The G. robertianum growth pattern in figure 2.1D, and the similar low R:FR-mediated 

0

1

2

3

4

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
basal apical apicalbasal

G.	pyrenaicum G.	rober0anum
control
low	R:FR

pe
;o

le
	e

lo
ng

a;
on

	m
m

	2
4h

-1

*

*
**

*

***

control	
lamina	FR
pe;ole	FR
low	R:FR

pe
;o

le
	e

lo
ng

a;
on

	m
m

	2
4h

-1

a

a
b

a
b

cc

b a
b

z
x
y

y
zx

y

c

x
y

x
y

x
y

x

0

2

4

6

8

10

G.	pyrenaicum
'Illuminated'	leaf 'Systemic'	leaf

G.	rober0anum
'Illuminated'	leaf 'Systemic'	leaf

1

8
7
6
5
4
3
2

A

B

Figure 2.3. Geraniums sense and 
respond to the low R:FR signal in 
specific parts of the leaf.
A. Petiole elongation (mm 24 h-1) of 
G. pyrenaicum and G. robertianum 
rosettes exposed to a local low R:FR 
(R:FR = 0.2) treatment to the leaf 
lamina or –petiole, compared to a 
whole-plant exposure to low R:FR 
(R:FR = 0.2) or control (R:FR = 1.8) 
conditions. Data are presented for 
the locally treated leaf (‘illuminated’) 
and a younger leaf of the same plant 
(‘systemic’). Data represent means ± 
SEM, n = 8, different letters indicate 
significant differences (p < 0.05)
B. Detailed elongation (mm 24 h-1) 
of eight putative segments of the 
G. pyrenaicum and G. robertianum 
petioles in control (R:FR = 1.8) and 
low R:FR (R:FR = 0.2) conditions. The 
picture inlay represents the division 
of the segments over the petioles. 
Data represent means ± SEM, n = 
10, asterisks represent significant 
differences between control and low 
R:FR (p < 0.05).
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Figure 2.4. Low R:FR light suppresses G. robertianum petiole growth at a fixed time of the day. 
A and C. The difference between petiole growth rates (mm h-1) in control (R:FR = 1.8) and low R:FR (R:FR = 0.2) 
treatment with a different starting point during the day, for a 24 h period (differences for the 10:00 h starting point 
are taken from data presented in Fig. 2.1C). Differences between the means of the two treatments are smoothened 
using exponential smoothening, n = 6. The grey area represents the night period.
B and D. Petiole growth (in mm) during 24 h of the treatments shown in A and C, in G. pyrenaicum (A and B) and G. 
robertianum (C and D). Bars represent means ± SEM, n = 6. 

growth suppression at the end of the second day (Fig. 2.5F) imply that petiole elongation 
is suppressed at a certain time of day (Fig. 2.5F). To find out if this is due to the time of 
day or the duration of the low R:FR signal, we exposed G. robertianum and G. pyrenaicum 
plants to a low R:FR treatment starting at different times of the light period. G. pyrenaicum 
was always able to induce a petiole elongation peak regardless of the starting time of the 
FR light treatment (Fig. 2.4A). Petiole elongation calculated over 24h was stimulated only 
by the early (10:00 and 12:30) low R:FR treatments (Fig. 2.4B), whereas later time points 
did not yield a net elongation response over 24h, even though there always was an initial 
stimulation of elongation. Interestingly, in G. robertianum the transient petiole elongation 
peak in response to low R:FR decreased with increasing starting time point in the light 
period. Two hours before darkness (20:00) this peak was even completely gone (Fig. 2.4C). 
In this species, absolute petiole elongation over 24h in all treatments remained unaffected 
(Fig. 2.4D). These data suggest that the low R:FR-mediated petiole growth in G. robertianum 
is repressed by the time of day, rather than by duration of low R:FR-exposure, which is 
further corroborated by the suppression of low R:FR-induced petiole growth in short-day-
grown G. robertianum plants, which coincides with the night period (Fig. 2.5E).

2
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One of the characteristics of a circadian-regulated process is its continuation after discharging 
the night period. Therefore, we exposed long-day-grown Geraniums to continuous light 
and a low R:FR environment (Fig. 2.5C and G). G. pyrenaicum petioles showed, similar to 
long-day grown plants, a peak in the growth rate during the first subjective night. After 
the second subjective day G. pyrenaicum lost its original growth pattern and low R:FR-
induced petiole growth stabilized at a higher level than the control treatment. Interestingly, 
G. pyrenaicum plants grown in continuous light, were still able to peak low R:FR-induced 
petiole elongation at the subjective morning (Fig. 2.5D). G. robertianum plants were unable 
to re-induce the low R:FR-mediated petiole elongation after a subjective night period (Fig. 
2.5G). Additionally, G. robertianum plants grown in continuous light completely lacked a low 
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Figure 2.5. Low R:FR mediated petiole growth in G. pyrenaicum and G. robertianum is differentially affected by 
the absence of a night period.
Petiole growth (mm h-1) of G. pyrenaicum (A – D) and G. robertianum (E – H) plants exposed to control (R:FR = 1.8) 
or low R:FR (R:FR = 0.2) light, while growing in short day (9 hours light, A and E), long day (16 hours light, B and F; of 
these graphs, data for the first 24 h is similar to Fig. 2.1C), moved from long days into continuous light at the start 
of the experiment (C and G), or grown and treated in continuous light (D and H). Data represent means ± SEM, n = 
6. Grey areas represent the night period, dashed grey areas represent the putative night period for the day-night 
grown plants transferred to continuous light. 
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R:FR response (Fig. 2.5H), which again implies that the night-period is essential for transient 
low R:FR-mediated petiole elongation in G. robertianum. 

Blue light suppresses low R:FR-induced petiole elongation in G. pyrenaicum and G. 
robertianum.
The previously described data only represents the responses to a low R:FR ratio, an early 
signal for proximate neighbours. To test whether similar differences in growth between 
the two species could occur in more severe shade treatments, we exposed G. pyrenaicum 
and G. robertianum rosettes to low B light solely or combined with low R:FR, and a green 
filter (spectral distribution shown in Fig. S2.1). Except for green filter (which is a true shade 
treatment) all treatments had equal PAR levels. Even though removal of the B light on its 
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Figure 2.6. Blue light represses low R:FR-mediated petiole elongation in G. pyrenaicum and G. robertianum.
A. Petiole elongation (in mm) over 24 hours (left panel) or five days (right panel) of control white light (R:FR = 1.8, 
± 60 μmol m-2 s-1 B, 180 μmol m-2 s-1 PAR), low R:FR (R:FR = 0.2), low B (R:FR = 1.8, ± 4 μmol m-2 s-1 B), low R:FR & 
low B light or green shade (R:FR 0.45, ± 13 μmol m-2 s-1 B, ± 50 μmol m-2 s-1  PAR) treatment (spectra in Fig. S2.1) 
in G. pyrenaicum and G. robertianum. Data represent means ± SEM, n = 8. Different letters represent significant 
differences (p < 0.05).
B and C. Representative plants of G. pyrenaicum (B) and G. robertianum (C) after five days of the treatments shown 
in A. 
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own had hardly an effect, it strongly induced the low R:FR-mediated petiole elongation in 
both species (Fig. 2.6). This was mainly striking in G. robertianum, which in the presence of 
B light remains unresponsive to the low R:FR treatment. A green shade treatment (low B, 
low R, R:FR 0.55, PAR = 45μmol m-2s-1) induced petiole elongation in G. pyrenaicum, but to a 

lesser extent than low R:FR, with or without B. 

Discussion
To secure light availability, shade intolerant plants will avoid upcoming shade during 
competition with neighbours by elongating stems and petioles and moving their leaves 
upward towards the light. On the contrary, shade tolerant species from the forest 
understories are unable to outgrow neighbouring trees and typically suppress the SAS. In 
this chapter, we showed that shade tolerant G. robertianum and intolerant G. pyrenaicum 
respond contrastingly to multiple shade treatments, and therefore form an elegant 
comparative model system to study both strategies.
 G. robertianum petioles are clearly less responsive to a low R:FR light treatment 
than those of the related, shade avoiding species G. pyrenaicum. The de-etiolated 
phenotypes of this species suggest that it is overall less responsive for organ elongation in 
response to changing light qualities. This may not be specific to a particular photoreceptor 
(family) since de-etiolation responses to R, FR and B are reduced and these involve phyB, 
phyA and Cry photoreceptors, respectively in A. thaliana (Li et al., 2011). The effect of low 
R:FR light on petiole elongation after 24h seemed zero, but G. robertianum was clearly not 
blind for the treatment, since it initially elongated its petioles, but suppressed growth at the 
end of the light period. Furthermore, the combination of low R:FR and low B did give a net 
elongation response, indicating that G. robertianum does respond with shoot elongation to 
the combination of Phy and Cry inactivation.

G. robertianum expresses variable elongation kinetics to low R:FR treatment and seems to 
suppress low R:FR-induced petiole elongation at a fixed time of day (Fig. 2.4). Plants are very 
well known to have a biological clock, of which light is an important input factor, regulating 
circadian patterns in growth and other phenotypic responses (Hsu and Harmer, 2013). For 
example, PHYTOCHROME INTERACTING FACTOR3 (PIF3), PIF4 and PIF5 are stabilized in a 
clock-dependent matter at the end of the night period and therefore stimulate growth just 
before dawn, by regulating production of and sensitivity to auxin, gibberellic acid (GA) and 
brassinosteroid (BR) (Nozue et al., 2007, 2011; Soy et al., 2012). Unlike A. thaliana hypocotyls 
(Soy et al., 2012), G. pyrenaicum petioles show a growth peak at the beginning of the night, 
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and when exposed to continuous light they lose rhythmic growth after one subjective night. 
The latter is true for G. robertianum as well. Previous studies have shown that not only 
growth under control conditions, but also low R:FR-induced stem elongation is circadian-
regulated (Salter et al., 2003). A similar pattern was shown here in G. pyrenaicum, which 
clearly shows a two-phase elongation response in low R:FR-exposed petioles, with peaks at 
dawn and just after dusk. The low R:FR-mediated suppression of growth in G. robertianum 
seems to be regulated in a clock-depended matter, since it occurs at a fixed time of the day 
(Fig. 2.4). To reset this suppression, and induce low R:FR-mediated petiole elongation the 
next (subjective) day, G. robertianum depends on a dark period (Fig. 2.5). One hypothesis 
could be that the suppression of growth in a low R:FR environment is regulated via a 
dark-labile growth protein, which stays abundant in the absence of a night. For example, 
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), an E3 ubiquitin ligase targets several 
known repressors of the SAS, like ELONGATED HYPOCOTYL5 (HY5) and LONG HYPOCOTYL 
IN FAR-RED LIGHT1 (HFR1) for degradation in the dark. HY5 plays an important role in 
dark-inducible stem elongation but has no role in low R:FR responses (Roig-Villanova et al., 
2006). HFR1 is an atypical bHLH transcription factor binding PIF4 and PIF5 for degradation, 
and thus repressing the low R:FR-mediated growth (Sessa et al., 2005; Hornitschek et al., 
2009). Degradation of HFR1 in the dark by COP1 (Duek et al., 2004) allows PIFs to stimulate 
growth in the morning (reviewed in Lau and Deng, 2012). To interpret the Geranium data, 
this would mean that repressors such as HFR1 and HY5 would be responsible for the end-of-
the-day growth repression in G. robertianum, and they are degraded in the night via COP1. 
Since this is speculative, additional work, including RNA sequencing- and protein-, as well as 
functional studies are needed to investigate how these species regulate opposite low R:FR 
responses (see chapter 3). 

The stimulation of low R:FR-mediated petiole elongation by depletion of B light was described 
in A. thaliana before (de Wit, 2012). It introduces a possible role in the suppression of petiole 
elongation in G. robertianum for the B light receptors cryptochromes (CRYs). The complete 
absence of B light only induced petiole elongation in G. robertianum in combination with 
low R:FR (0.2), and not in a more realistic simulated canopy, under a green filter (R:FR 0.5, 
B = ± 13 μM m-2 s-1). This could mean that this shade tolerant species is adjusted to canopy-
filtered light, but when FR light is very strongly enriched and B light is very severely depleted 
beyond the standard tree canopy-filtered quality, will still compete with direct neighbours 
on the forest floor. Recent studies have shown the direct binding of PIF4 and PIF5 by CRY1 
and CRY2 (Pedmale et al., 2016; Ma et al., 2016), which might explain the suppression of the 
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Phy-mediated SAS in the presence of abundant B light in our species. Possibly, CRY-mediated 
inactivation of PIFs is strongly present in G. robertianum. Alternatively, and opposite to A. 
thaliana where PIF7 is the key-regulator of low R:FR responses (Li et al., 2012), PIF4 and PIF5 
might play a major role in the low R:FR-induced elongation response of this species, and 
they are kept inactive through CRY action. Nevertheless, during de-etiolation G. robertianum 
hypocotyl elongation was not very sensitive to B light, similar to other wavelengths.  

Conclusion
In this chapter we have linked the ecological strategy of shade tolerance to a suppression of 
the SAS, and introduced G. pyrenaicum and G. robertianum as an elegant models to study 
this. These species express opposite responses to low R:FR light environments. The growth 
suppression before dusk by G. robertianum enables a comparison over the time of day and 
this chapter will form a base for the transcriptional analysis following in chapter 3. 

Methods

Plant material and growth conditions
G. pyrenaicum (Cruydt-hoeck, Nijeberkoop, The Netherlands) and G. robertianum (Ecoflora, 
Halle, Belgium) seeds were germinated on polyethylene beads and water for six and eleven 
days, respectively, at saturated RH, 20°C, long day conditions (16 h day, 8 h night; 180 μmol 
m-2 s-1 photosynthetically active radiation (PAR); R:FR = 1.8). Seedlings were transferred to 
70ml pots with potting soil (mix Z2254, Primasta B.V., the Netherlands) and grown for two 
more weeks in long day conditions (20°C; 70 % RH). 
For (de-)etiolation experiments, Geranium seeds were sown in Magenta boxes on 
polyethylene beads and demineralized water, cold-stratified for five days and germinated in 
the light for one (G. pyrenaicum) or five (G. robertianum) days, until the radicle was visible, 
and the treatment would start.

Light treatments
Low R:FR light conditions were obtained by supplementing standard growth chamber light 
(R:FR = 1.8, 180 μmol m-2 s-1 PAR, ± 60 μmol m-2 s-1 B light) with far-red LEDs (± 730 nm, 
Philips), to obtain a R:FR of 0.2 without changing PAR. Low B (± 4 μmol m-2 s-1) conditions 
were obtained using a Lee Medium Yellow 010 filter, and a Lee 122 Fern Green filter was 
used to mimic a true canopy (green filter treatment, R:FR = 0.45 and ± 50 μmol m-2 s-1  PAR, ± 
13 μmol m-2 s-1 B light). Treatment light spectra are shown in Fig. S2.1.
For (de-)etiolation experiments, white light came from fluorescent tubes and R (peak 
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emission at λ = 660 nm), B (peak emission at λ = 450 nm) and FR light (peak emission at λ = 
730 nm) from two strips with each 6 LEDs (Philips Green Power). Spectral graphs for these 
treatments are presented in Fig. 2S2.
Local FR light treatments were applied using four-LED light bundles (diodes from Shinkoh 
Electronics). Pictures of the set-up are presented in Fig. 2.S3.

Growth measurements
Geranium petiole elongation was measured over a given time with a digital calliper (tx - t0). 
Hypocotyls were measured using the digital calliper after a five-day treatment.
Petiole elongation rate kinetics in Geranium were measured using linear variable 
displacement transducers (LVDTs); type ST 200; Schlumberger Industries, Bognor Regis, 
UK (Pierik et al., 2011; Voesenek et al., 2003). The LVDT was attached to the lamina-leaf 
junction of the second leaf, 18h prior to the start of the light treatment. Growth rates in mm 
h-1 were calculated using a moving mean over 6 minute time intervals. 

Statistical analysis
Growth data were analysed by 2-way ANOVA preceded by Levene’s test to verify equal 
variances (p > 0.05) and followed by a post-hoc Tukey test. If needed, data was ln transformed. 

All analyses were conducted in R. 
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RNA sequencing of two wild Geranium species with 
antithetical growth responses to low R:FR light as 
a tool to study the molecular pathways of shade 

tolerance

3chapter
Abstract: In dense plant stands, the ratio between red and far-red (R:FR) light declines and 
shade intolerant species will respond to this cue for future shade by inducing the shade 
avoidance syndrome (SAS), enabling them to outgrow their neighbours. Shade tolerant 
species from the forest understory are unable to outgrow neighbouring trees and will 
suppress the SAS. Although the molecular mechanisms underlying SAS are well studied in 
various species, mechanisms of SAS-suppression in shade tolerant species have rarely been 
studied. We applied RNA sequencing on Geranium pyrenaicum and G. robertianum, two 
wild species with contrasting growth responses to low R:FR light. First, normalized cDNA 
libraries were sequenced and de-novo assembled into a reference transcriptome for each 
of the species. Next, non-normalized cDNA libraries from control white light and low R:FR 
light-treated plants were sequenced and aligned to these reference transcriptomes, to 
search for differentially expressed transcripts. This revealed low R:FR light-induced genes 
and biological processes that were similar for both species, but interestingly, G. robertianum 
strongly up-regulated gibberellic acid-related processes in the evening, and G. pyrenaicum 
strongly down-regulated defence-associated genes. The transcriptomic analysis of these 
two Geraniums is a promising tool to further study the molecular pathways underlying the 
observed phenotypic differences.

Charlotte M.M. Gommers, Hans van Veen and Ronald Pierik

Plant Ecophysiology, Institute of Environmental Biology, Utrecht University, The Netherlands 
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Introduction
Plants are very well equipped to optimally respond to changes in their light environment. 
In dense canopies, their uptake of red (R) light for photosynthesis and the reflection of far-
red (FR) light reduces the ratio between R and FR (R:FR) quickly. This signal is perceived by 
a family of plant photoreceptors, the so-called phytochromes, which become inactive in 
low R:FR light and thereby release a complex pathway of molecular signals resulting in the 
shade avoidance syndrome (SAS), characterized by stem- and petiole elongation, a more 
vertical position of leaves (hyponasty) and early flowering (reviewed in Pierik and De Wit, 
2013; Casal, 2013; Pierik and Testerink, 2014). Most studies on SAS and the underlying 
mechanisms are performed in the dicot model plant Arabidopsis thaliana.
For shade tolerant plants growing in the ever-shaded forest understory, shade avoidance is 
an unfavourable strategy and they will consequently suppress SAS. Although shade tolerance 
has been described before in ecological studies, hardly anything is known on the molecular 
regulation of SAS suppression in shade tolerant plants (Gommers et al., 2013). 
To understand SAS suppression by shade tolerant species, studies are required on non-
model plants that occur in shaded micro-environments. Modern techniques allow us to 
perform genome-wide transcript analysis on those non-model species. An earlier study on 
two Rumex species proved the power of comparing species with opposite survival strategies, 
and the great opportunities next generation sequencing techniques provide to understand 
the molecular regulation of these strategies (van Veen et al., 2013). 
The model system introduced in chapter 2 forms the basis for this chapter, where we will 
compare the transcriptomic changes in a low R:FR light environment of two wild Geranium 
species with opposite growth strategies upon shade; Geranium pyrenaicum from the 
open field and G. robertianum from the forest understory. First, we constructed reference 
transcriptomes for both G. pyrenaicum and G. robertianum, which were clustered into 
orthologues transcripts groups for further analysis. The low R:FR light treatment at two 
different time points induced a set of commonly regulated low R:FR-induced genes, as well 

as clear species-specific responses. 

Results and discussion
Based on the growth kinetics of both Geranium species upon low R:FR described in chapter 
2, two time points were chosen for transcriptome analysis; 12:00 and 21:30, equivalent to 
a 2 and 11.5 hour low R:FR treatment. At these time points, the low R:FR light treatment 
affected the petiole elongation in G. pyrenaicum and G. robertianum either similarly (at t = 
2h) or oppositely (at t = 11.5h, Fig. 2.1C and D in chapter 2). A two-step approach was taken 
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De-novo assembly and orthologous clustering of Geranium transcriptomes and plant 
model species.
For the first step, we sampled petioles and laminas of plants exposed to a variety of shade 
signals, i.e. control white, low R:FR, low blue (B), low R:FR & low B light and green shade, after 
2, 11.5 and 24 hours for the two species separately, to ensure the presence of all possible 
light signalling and response-associated transcripts. These pooled samples were normalized 
to ensure that also low abundant transcripts were included. Additionally, we harvested the 
most responsive part (most apical 1 cm of the petiole, see Fig. 2.3B in chapter 2) of the 
second petiole (Fig. 2.3B) in control and low R:FR conditions, 2 and 11.5 hours after start of 
the R:FR treatment in triplicates, for the non-normalized libraries. All libraries (normalized 
and non-normalized) were Illumina sequenced (101bp reads) and de-novo assembled, using 
the Trinity method (Grabherr et al., 2011), into a reference transcriptome for each species. 
This resulted in 168.191 contigs for G. pyrenaicum and 300.137 for G. robertianum, with a 
total length of 153.227.628 bp and 180.904.609 bp, respectively. 
 The constructed contigs were clustered into orthologous groups, using the Markov 
Clustering Loci (ortho-MCL or OMCL; Enright et al., 2002; Li et al., 2003). With an inflation 
factor (I) of 3, we constructed a total of 123.560 OMCL groups, of which approximately 
one third was shared between the two species (Fig. 3.2B). To remove falsely assembled or 

G. pyrenaicum & G. robertianum petioles
control & lowR:FR; t=2h

G. pyrenaicum & G. robertianum petioles
control & lowR:FR; t=11.5h

normalized libraries

Illumina sequencing

reference
transcriptomes

G. pyrenaicum
petioles & laminas
t=2h, 11.5h, 24h

different light treatments

G. robertianum
petioles & laminas
t=2h, 11.5h, 24h

different light treatments

experimental transcriptomes

orthoMCL

non-normalized libraries

differentially expressed OMCL groups

G. pyrenaicum G. robertianum

5553 736913512

Figure 3.1. RNA sequencing 
experimental work flow
Graphical summary of the 
experimental and bioinformatics 
work flow of the Geranium 
transcriptome comparison. The 
venn diagram represents the 
number of OMCL groups shared 
by and unique for G. pyrenaicum 
and G. robertianum, based on 
ortholougue transcript clustering 
using OMCL (I = 3.0 and >20 

reads). 

for the transcriptome analysis; de-novo assembly of the reference transcriptomes, followed 
by quantitative analysis of the non-normalized libraries (schematic overview in Fig. 3.1). 
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biological irrelevant transcripts, we removed all very low-abundant (<20 reads) transcripts, 
which narrowed the number of OMCL groups to 26.434 (Fig. 3.2B), but without affecting 
the number of differentially expressed OMCL groups (Fig. 3.2C). Of these OMCL groups, 51% 
was shared by the two species (Fig. 3.2B), and lowering the inflation factor to 1.1 increased 
this to 74%, at the cost of mainly G. robertianum OMCL groups (±28 % with I = 3.0 to ±5 % 
with I = 1.1, Fig 3.2B). Accordingly, most OMCL groups contained only one G. pyrenaicum-, 
but more than one G. robertianum transcript (Fig. 3.2D). Although G. pyrenaicum and G. 
robertianum both were previously presented as diploid (2n = 28 and 2n = 64, respectively) 
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Figure 3.2. Orthologous transcript clustering in Geraniums and plant model species.
A. Orthologue transcript distribution over six species (G. pyrenaicum, G. robertianum, Arabidopsis thaliana, Beta 
vulgaris, Oryza sativa, Solanum lycopersicum) in a plant kingdom-wide clustering, using OMCL (I = 1.1, Geranium 
read counts >20). G. pyrenaicum and G. robertianum OMCL groups are pooled for the figure.
B. Fractions (in %) of ortho Markov-clustered groups containing transcripts of G. pyrenaicum, G. robertianum or 
both, with two different inflation factors (3.0 vs. 1.1) and with or without an applied read count cut-off of 20 for at 
least one of the treatments/time points. The total number of OMCL groups for the three different settings is given 
at the right side of the graph.
C. Effect of the read count cut-off of 20 on the amount of differentially expressed OMCL groups (low R:FR vs. 
control, p < 0.01) for both species at the two time points.
D. OMCL group sizes (no. of transcripts) for both species (OMCL with I = 3.0 and >20 reads).
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(Warburg, 1938; Tofts, 2004), the large orthologue clusters in G. robertianum could indicate 
that this species might contain genomic duplications. Interestingly, its closest relative, G. 
purpureum (2n = 32), has half the chromosome number of G. robertianum, suggesting 
genomic duplication might have taken place in the evolution of these Geranium species. 
This hypothesis has no consequences for our transcriptomic analysis, but should be kept in 
mind if this species will be used for functional molecular studies in the future.
 The Geranium transcriptomes were compared to model species A. thaliana, 
Solanum lycopersicum (tomato), Beta vulgaris (beet) and Oryza sativa (rice). As shown in 
Fig. 3.2A (I = 1.1), 2251 OMCL groups were shared among these six species, 1480 covered 
only Geranium transcripts and two OMCL groups excluded only the Geraniums. Our two 
species showed strong overlap with tomato (~82 %), beet (~88 %) and A. thaliana (~77 %). 
This indicates our assembled transcriptomes have a good coverage and can be compared to 
other model species. For further analysis, the best BLAST-hit to the A. thaliana transcriptome 
for each OMCL group, was used to name the orthologue groups.
 Expression of a selection of OMCL groups was very well reproducible by real-time 
quantitative PCR (Fig. 3.3, RT qPCR data from chapter 5 and 6), which supports the good 
quality of the transcriptomes.

Quantitative transcriptome analysis of G. pyrenaicum and G. robertianum in low R:FR 
light.
Next, the Illumina sequenced reads from the non-normalized sample libraries were aligned 
to the reference transcriptomes and for both species and time points (2 and 11.5 h) the 
differentially expressed OMCL groups were identified in the low R:FR light vs. control 
treatment (Fig. S3.1). In G. pyrenaicum, 533 OMCL groups were differentially regulated after 
two hours of low R:FR light (Fig. 3.4) and this increased after 11.5 hours to 6.357. In G. 
robertianum, the numbers of differentially expressed OMCL groups at the two time points 
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Figure 3.3. Verification of the RNAseq data by RT qPCR.
Comparison of the log2 fold-changes of several OMCL groups 
determined by RNAseq (x-axis) and real-time quantitative PCR 
(y-axis). Analyses were performed on a different set of samples, 
harvested under the same conditions; low R:FR (R:FR = 0.2) vs. 
control (R:FR = 1.8) light, t = 2 h and t = 11.5 h. 
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were comparable (1.482 at t=2 h; 
1.396 at t=11.5 h, Fig. 3.4). 
 In order to find the core, 
low R:FR-regulated processes 
that might be responsible for the 
growth regulation, we applied 
gene ontology (GO) enrichment 
analysis on the OMCL groups up-
regulated after 2 or 11.5 hours of 
treatment (Fig. 3.5 and 3.6). For 
the first time-point, this resulted in 37 enriched GO terms in G. pyrenaicum, and 97 in G. 
robertianum, of which 17 were shared between the species (Fig. 3.5). Among these shared 
GO terms were ‘shade avoidance’ and ‘phototropism’, as well as light-related processes 
such as hormone signalling and cell wall components (all highlighted in blue), which 
confirmed that our system delivered similar transcriptional patterns as previous described 
for A. thaliana. The list of enriched GO terms in G. robertianum solely, additionally included 
gibberellic acid (GA), brassinosteroid- (BR) and cell wall-regulatory processes (highlighted 
in purple). At the second time point, 202 GO terms were enriched among the up-regulated 
OMCL groups in G. pyrenaicum and 98 in G. robertianum (Fig. 3.6). Among the 15 common 
GO terms, were BR- and cell wall-related processes. The latter was unexpected, since 
petiole elongation at this time point is suppressed in G. robertianum. In the long list of 
G. pyrenaicum-specific GO terms are many cell growth and -division related processes, 
indicating that this prolonged phase of low R:FR-induced elongation may involve cell 
division in addition to expansion of petiole cells. Interestingly, among the G. robertianum-
specific overrepresented growth terms at the later time point, are several light signalling 
processes, such as ‘shade avoidance’, ‘phototropism’, ‘red or far-red light signalling 
pathway’ and circadian clock-related terms, which implies that the light-signalling pathways 
remain activated in this species as well, but down-stream targets are suppressed at this 
time of the day specifically, causing the growth-arrest. Additionally, this group is enriched 
for many GA-associated processes. This phytohormone positively regulates growth and 
induces degradation of DELLA proteins, which are negative regulators of shade avoidance 
responses. Among the up-regulated genes in these GA-associated GO terms (e.g. ‘response 
to gibberellin stimulus’ and ‘gibberellic mediated signalling’) are for example the orthologue 
of DELLA protein RGA-LIKE1 (RGL1), and the strongly up-regulated orthologue of GIBBERELIC 
ACID-2 OXIDASE-8 (GA2OX8), encoding an enzyme involved in GA catabolism. GA2OX8 is 

t = 2h t = 11.5h

144 389 5968

G. pyrenaicum; p < 0.01

t = 2h t = 11.5h

1049 433 963

G. robertianum; p < 0.01

Figure 3.4. Differentially expressed OMCL groups upon a low R:FR 
treatment in G. pyrenaicum and G. robertianum.
Venn diagrams representing overlap of the differentially expressed 
OMCL groups upon the low R:FR treatment (up- and down-
regulated, p < 0.01) between the two different time points for G. 
pyrenaicum (left) and G. robertianum (right) separately.
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GO:0019305	 dTDP-rhamnose	biosynthetic	process
GO:0000380	 alternative	nuclear	mRNA	splicing,	via	spliceosome
GO:0051513	 regulation	of	monopolar	cell	growth
GO:0007030	 Golgi	organization
GO:0048444	 floral	organ	morphogenesis
GO:0009269	 response	to	desiccation
GO:0007165	 signal	transduction
GO:0009723	 response	to	ethylene	stimulus
GO:0019722	 calcium-mediated	signaling
GO:0010268 brassinosteroid homeostasis
GO:0010162 seed dormancy
GO:0048608	 reproductive	structure	development
GO:0045927 positive	regulation	of	growth
GO:0010366	 negative	regulation	of	ethylene	biosynthetic	process
GO:0032502 developmental process
GO:0010106	 cellular	response	to	iron	ion	starvation
GO:0030968	 endoplasmic	reticulum	unfolded	protein	response
GO:0048364 root development
GO:0006633	 fatty	acid	biosynthetic	process
GO:0010501	 RNA	secondary	structure	unwinding
GO:0009734	 auxin	mediated	signaling	pathway
GO:0006972	 hyperosmotic	response
GO:0009832 plant-type	cell	wall	biogenesis
GO:0009664 plant-type	cell	wall	organization
GO:0042538	 hyperosmotic	salinity	response
GO:0055114	 oxidation	reduction
GO:0009938 negative	regulation	of	gibberellic	acid	mediated	signaling
GO:0001666 response to hypoxia
GO:0006970	 response	to	osmotic	stress
GO:0005794 Golgi apparatus
GO:0005886 plasma membrane
GO:0009506 plasmodesma
GO:0005768 endosome
GO:0005802	 trans-Golgi	network
GO:0046658 anchored to plasma membrane
GO:0019005	 SCF	ubiquitin	ligase	complex
GO:0000151	 ubiquitin	ligase	complex
GO:0009986	 cell	surface
GO:0005773 vacuole
GO:0031225 anchored to membrane
GO:0005506 iron ion binding
GO:0008142 oxysterol binding
GO:0016757	 transferase	activity,	transferring	glycosyl	groups
GO:0010326	 methionine-oxo-acid	transaminase	activity
GO:0043425	 bHLH	transcription	factor	binding
GO:0004805	 trehalose-phosphatase	activity
GO:0016297	 acyl-[acyl-carrier-protein]	hydrolase	activity
GO:0016790	 thiolester	hydrolase	activity
GO:0045544 gibberellin	20-oxidase	activity
GO:0008553	 hydrogen-exporting	ATPase	activity,	phosphorylative	mechanism
GO:0016767	 geranylgeranyl-diphosphate	geranylgeranyltransferase	activity
GO:0046905	 phytoene	synthase	activity
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Figure 3.5. Gene ontology analysis on early low R:FR induced Geranium OMCL groups.
Venn diagram showing the overlap in significantly overrepresented gene ontology (GO) terms (p < 0.01) among 
OMCL groups significantly up-regulated (p < 0.01) by the low R:FR light treatment at the first time point (t = 2 h). 
Heat map presenting these defined GO terms, sorted by -log p-values. Terms described in the text, are highlighted 
in colour. Grey area represents non-enriched GO terms in the specific species.
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G. pyrenaicum G. robertianum 

187 15 83

overrepresented GO terms in 
t = 11.5h, upregulated (p < 0.01)

GO:0001510	 RNA	methylation
GO:0006412	 translation
GO:0009220	 pyrimidine	ribonucleotide	biosynthetic	process
GO:0006606 protein import into nucleus
GO:0042254 ribosome biogenesis
GO:0006626	 protein	targeting	to	mitochondrion
GO:0006406 mRNA export from nucleus
GO:0009560	 embryo	sac	egg	cell	differentiation
GO:0009909	 regulation	of	flower	development
GO:0009640 photomorphogenesis
GO:0009165	 nucleotide	biosynthetic	process
GO:0010388	 cullin	deneddylation
GO:0000741 karyogamy
GO:0006164	 purine	nucleotide	biosynthetic	process
GO:0006094 gluconeogenesis
GO:0051604	 protein	maturation
GO:0034968	 histone	lysine	methylation
GO:0006261	 DNA-dependent	DNA	replication
GO:0006886 intracellular protein transport
GO:0000398 nuclear mRNA splicing, via spliceosome
GO:0010162 seed dormancy
GO:0007010	 cytoskeleton	organization
GO:0019915 lipid storage
GO:0042545 cell	wall	modification
GO:0009933	 meristem	structural	organization
GO:0006260	 DNA	replication
GO:0010498 proteasomal protein catabolic process
GO:0009664 plant-type	cell	wall	organization
GO:0006414	 translational	elongation
GO:0009845	 seed	germination
GO:0006007 glucose catabolic process
GO:0051567	 histone	H3-K9	methylation
GO:0010182 sugar mediated signaling
GO:0050826 response to freezing
GO:0009553 embryo sac development
GO:0000478	 endonucleolytic	cleavages	during	rRNA	processing
GO:0048767	 root	hair	elongation
GO:0016192 vesicle-mediated transport
GO:0042991	 transcription	factor	import	into	nucleus
GO:0045039 protein import into mitochondrial inner membrane
GO:0006913 nucleocytoplasmic transport
GO:0006354	 RNA	elongation
GO:0034976	 response	to	endoplasmic	reticulum	stress
GO:0006270	 DNA	replication	initiation
GO:0009086	 methionine	biosynthetic	process
GO:0044267 cellular protein metabolic process
GO:0006334 nucleosome assembly
GO:0008283	 cell	proliferation
GO:0006446	 regulation	of	translational	initiation
GO:0006096 glycolysis
GO:0006413	 translational	initiation
GO:0006418	 tRNA	aminoacylation	for	protein	translation
GO:0051301 cell division
GO:0046686 response to cadmium ion
GO:0044070	 regulation	of	anion	transport

GO:0052546 cell	wall	pectin	metabolic	process
GO:0006084 acetyl-CoA metabolic process
GO:0016126 sterol	biosynthetic	process
GO:0052541 plant-type	cell	wall	cellulose	metabolic	process
GO:0016132 brassinosteroid	biosynthetic	process
GO:0019745	 pentacyclic	triterpenoid	biosynthetic	process
GO:0009826 unidimensional	cell	growth
GO:0006633	 fatty	acid	biosynthetic	process
GO:0009733	 response	to	auxin	stimulus
GO:0006816 calcium ion transport
GO:0009741 response	to	brassinosteroid	stimulus
GO:0046658 anchored to plasma membrane
GO:0005618 cell	wall
GO:0009505 plant-type	cell	wall
GO:0031225 anchored to membrane
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GO:0009853	 photorespiration
GO:0048825 cotyledon development
GO:0015031 protein transport
GO:0000059 protein import into nucleus, docking
GO:0010074	 maintenance	of	meristem	identity
GO:0009846	 pollen	germination
GO:0006457 protein folding
GO:0006275	 regulation	of	DNA	replication
GO:0009113	 purine	base	biosynthetic	process
GO:0045489	 pectin	biosynthetic	process
GO:0048193 Golgi vesicle transport
GO:0048366 leaf development
GO:0009561 megagametogenesis
GO:0032508	 DNA	duplex	unwinding
GO:0007030	 Golgi	organization
GO:0055072 iron ion homeostasis
GO:0000902 cell morphogenesis
GO:0000724	 double-strand	break	repair	via	homologous	recombination
GO:0006351	 transcription,	DNA-dependent
GO:0051788 response to misfolded protein
GO:0051726 regulation	of	cell	cycle
GO:0009831 plant-type	cell	wall	modification	during	multidimensional	cell	growth
GO:0019932 second-messenger-mediated signaling
GO:0032259	 methylation
GO:0006396 RNA processing
GO:0016458 gene silencing
GO:0016051	 carbohydrate	biosynthetic	process
GO:0009736 cytokinin mediated signaling
GO:0010082	 regulation	of	root	meristem	growth
GO:0010107 potassium ion import
GO:0006268	 DNA	unwinding	during	replication
GO:0006189	 ‘de	novo’	IMP	biosynthetic	process
GO:0032875	 regulation	of	DNA	endoreduplication
GO:0030244 cellulose	biosynthetic	process
GO:0016049 cell	growth
GO:0016579	 protein	deubiquitination
GO:0010197 polar nucleus fusion
GO:0006571	 tyrosine	biosynthetic	process
GO:0006065	 UDP-glucuronate	biosynthetic	process
GO:0051510 regulation	of	unidimensional	cell	growth
GO:0006269	 DNA	replication,	synthesis	of	RNA	primer
GO:0015946	 methanol	oxidation
GO:0019415	 acetate	biosynthetic	process	from	carbon	monoxide
GO:0042274 ribosomal small subunit biogenesis
GO:0031538	 negative	regulation	of	anthocyanin	metabolic	process
GO:0031120 snRNA pseudouridine synthesis
GO:0000380	 alternative	nuclear	mRNA	splicing,	via	spliceosome
GO:0010501	 RNA	secondary	structure	unwinding
GO:0016567	 protein	ubiquitination
GO:0009958	 positive	gravitropism
GO:0009793 embryonic development ending in seed dormancy
GO:0005840 ribosome
GO:0005730 nucleolus
GO:0005829 cytosol
GO:0022625 cytosolic large ribosomal subunit
GO:0022627 cytosolic small ribosomal subunit
GO:0005794 Golgi apparatus
GO:0022626 cytosolic ribosome
GO:0005622 intracellular
GO:0009506 plasmodesma
GO:0005802	 trans-Golgi	network
GO:0005774 vacuolar membrane
GO:0015934 large ribosomal subunit
GO:0005768 endosome
GO:0005737 cytoplasm
GO:0005783	 endoplasmic	reticulum
GO:0016020 membrane
GO:0015935 small ribosomal subunit
GO:0005852	 eukaryotic	translation	initiation	factor	3	complex
GO:0005773 vacuole
GO:0005643 nuclear pore
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Figure 3.6. Gene ontology analysis on late low R:FR induced Geranium OMCL groups.
Venn diagram showing the overlap in significantly overrepresented gene ontology (GO) terms (p < 0.01) among 
OMCL groups significantly up-regulated (p < 0.01) by the low R:FR light treatment at the second time point (t = 
11.5 h).
Heat map presenting these defined GO terms, sorted by -log p-values. Terms described in the text, are highlighted 
in colour. Grey area represents non-enriched GO terms in the specific species.
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GO:0005635 nuclear envelope
GO:0005739 mitochondrion
GO:0005886 plasma membrane
GO:0005743 mitochondrial inner membrane
GO:0005741 mitochondrial outer membrane
GO:0000786 nucleosome
GO:0005732 small nucleolar ribonucleoprotein complex
GO:0030131 clathrin adaptor complex
GO:0005758 mitochondrial intermembrane space
GO:0030173 integral to Golgi membrane
GO:0030132 clathrin coat of coated pit
GO:0005789	 endoplasmic	reticulum	membrane
GO:0033588 Elongator holoenzyme complex
GO:0080008	 CUL4	RING	ubiquitin	ligase	complex
GO:0009986 cell surface
GO:0005753	 mitochondrial	proton-transporting	ATP	synthase	complex
GO:0030117 membrane coat
GO:0030126	 COPI	vesicle	coat
GO:0015030 Cajal body
GO:0005759 mitochondrial matrix
GO:0009504 cell plate
GO:0030130 clathrin coat of trans-Golgi network vesicle
GO:0005750 mitochondrial respiratory chain complex III
GO:0000790	 nuclear	chromatin
GO:0008250 oligosaccharyltransferase complex
GO:0005853	 eukaryotic	translation	elongation	factor	1	complex
GO:0042719 mitochondrial intermembrane space protein transporter complex
GO:0003735	 structural	constituent	of	ribosome
GO:0003723	 RNA	binding
GO:0003743	 translation	initiation	factor	activity
GO:0005507 copper ion binding
GO:0003676 nucleic acid binding
GO:0008026	 ATP-dependent	helicase	activity
GO:0015450 P-P-bond-hydrolysis-driven	protein	transmembrane	transporter	activity
GO:0008565	 protein	transporter	activity
GO:0003690	 double-stranded	DNA	binding
GO:0000166	 nucleotide	binding
GO:0005525	 GTP	binding
GO:0008168	 methyltransferase	activity
GO:0004812	 aminoacyl-tRNA	ligase	activity
GO:0005085	 guanyl-nucleotide	exchange	factor	activity
GO:0047262	 polygalacturonate	4-alpha-galacturonosyltransferase	activity
GO:0051082 unfolded protein binding
GO:0000175	 3’-5’-exoribonuclease	activity
GO:0008308	 voltage-gated	anion	channel	activity
GO:0003697	 single-stranded	DNA	binding
GO:0004576	 oligosaccharyl	transferase	activity
GO:0004579 dolichyl-diphosphooligosaccharide-protein	glycotransferase	activity
GO:0003878	 ATP	citrate	synthase	activity
GO:0030515	 snoRNA	binding
GO:0008430 selenium binding
GO:0003924	 GTPase	activity
GO:0003746	 translation	elongation	factor	activity
GO:0046914	 transition	metal	ion	binding
GO:0008276	 protein	methyltransferase	activity
GO:0008094	 DNA-dependent	ATPase	activity
GO:0008143	 poly(A)	RNA	binding
GO:0003979	 UDP-glucose	6-dehydrogenase	activity
GO:0004776	 succinate-CoA	ligase	(GDP-forming)	activity
GO:0004775	 succinate-CoA	ligase	(ADP-forming)	activity
GO:0001872 zymosan binding
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GO:0009641 shade avoidance
GO:0009737	 response	to	abscisic	acid	stimulus
GO:0007623 circadian rhythm
GO:0010105	 negative	regulation	of	ethylene	mediated	signaling	pathway
GO:0010224 response to UV-B
GO:0006355	 regulation	of	transcription,	DNA-dependent
GO:0009651 response to salt stress
GO:0042538	 hyperosmotic	salinity	response
GO:0005975 carbohydrate metabolic process
GO:0010201 response	to	continuous	far	red	light	stimulus	by	the	high-irradiance	response	system
GO:0010218 response to far red light
GO:0009414	 response	to	water	deprivation
GO:0055114	 oxidation	reduction
GO:0080086	 stamen	filament	development
GO:0010017 red or far red light signaling pathway
GO:0009739 response	to	gibberellin	stimulus
GO:0009723	 response	to	ethylene	stimulus
GO:0048359 mucilage metabolic process during seed coat development
GO:0010016 shoot morphogenesis
GO:0009638 phototropism
GO:0048574 long-day	photoperiodism,	flowering
GO:0009639 response to red or far red light
GO:0007165	 signal	transduction
GO:0010325	 raffinose	family	oligosaccharide	biosynthetic	process
GO:0043496	 regulation	of	protein	homodimerization	activity
GO:0010203 response	to	very	low	fluence	red	light	stimulus
GO:0009686 gibberellin	biosynthetic	process
GO:0009685 gibberellin metabolic process
GO:0048444	 floral	organ	morphogenesis
GO:0009409 response to cold
GO:0006073 cellular glucan metabolic process
GO:0009740 gibberellic acid mediated signaling
GO:0048608	 reproductive	structure	development
GO:0030148	 sphingolipid	biosynthetic	process
GO:0080001 mucilage extrusion from seed coat
GO:0046916	 cellular	transition	metal	ion	homeostasis
GO:0000719	 photoreactive	repair
GO:0010187	 negative	regulation	of	seed	germination
GO:0030643 cellular phosphate ion homeostasis
GO:0010366	 negative	regulation	of	ethylene	biosynthetic	process
GO:0045493 xylan catabolic process
GO:0009269	 response	to	desiccation
GO:0006598 polyamine catabolic process
GO:0042752 regulation	of	circadian	rhythm
GO:0042398	 cellular	amino	acid	derivative	biosynthetic	process
GO:0010114 response to red light
GO:0006071 glycerol metabolic process
GO:0006811 ion transport
GO:0009650	 UV	protection
GO:0009851	 auxin	biosynthetic	process
GO:0009938 negative	regulation	of	gibberellic	acid	mediated	signaling
GO:0009813	 flavonoid	biosynthetic	process
GO:0009698 phenylpropanoid metabolic process
GO:0005576 extracellular region
GO:0016604 nuclear body
GO:0048046 apoplast
GO:0042807 central vacuole
GO:0019005	 SCF	ubiquitin	ligase	complex
GO:0003700	 transcription	factor	activity
GO:0004857	 enzyme	inhibitor	activity
GO:0030599	 pectinesterase	activity
GO:0004553	 hydrolase	activity,	hydrolyzing	O-glycosyl	compounds
GO:0042802	 identical	protein	binding
GO:0046910	 pectinesterase	inhibitor	activity
GO:0004190	 aspartic-type	endopeptidase	activity
GO:0000248	 C-5	sterol	desaturase	activity
GO:0005506 iron ion binding
GO:0010326	 methionine-oxo-acid	transaminase	activity
GO:0042803	 protein	homodimerization	activity
GO:0003913	 DNA	photolyase	activity
GO:0008889	 glycerophosphodiester	phosphodiesterase	activity
GO:0000155	 two-component	sensor	activity
GO:0004871	 signal	transducer	activity
GO:0016762	 xyloglucan:xyloglucosyl	transferase	activity
GO:0016168 chlorophyll binding
GO:0042284	 sphingolipid	delta-4	desaturase	activity
GO:0048531	 beta-1,3-galactosyltransferase	activity
GO:0046608	 carotenoid	isomerase	activity
GO:0009882 blue	light	photoreceptor	activity
GO:0005249	 voltage-gated	potassium	channel	activity
GO:0031516 far-red	light	photoreceptor	activity
GO:0005515 protein binding
GO:0009044	 xylan	1,4-beta-xylosidase	activity
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Figure 3.6. (continued)
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involved in crytpochrome-mediated photomorphogenesis in A. thaliana seedlings (Zhao et 
al., 2007). Its expression is up-regulated in blue light, reducing GA3 content and inhibiting 
hypocotyl elongation. GA2OX8 expression, just like its close homologue GA2OX2, is inhibited 
by the B-BOX18 (BBX18) transcription factor, which in its turn can be bound by E3 ligase 
CONSTITUTIVE PHOTOMORPHOGENESIS1 (COP1), and explains their up-regulation in low 
R:FR light (Gangappa and Botto, 2014; Crocco et al., 2010; Wang et al., 2011; Lu et al., 2015). 
COP1 acts as a complex with SUPPRESSOR OF PHYA-105 (SPA) proteins which is disassociated 
by active PhyB, and thus is active in the dark and low R:FR light (Rolauffs et al., 2012; Lu et 
al., 2015). Simultaneously, BBX18 up-regulates GA20OX1 and GA3OX1 expression, both GA 
biosynthesis genes (Wang et al., 2011). In our system, GA20OX2 expression is strongly up-
regulated in G. pyrenaicum at both the time-points, and in G. robertianum only at t = 2h 
(see chapter 6). Possibly, the strong induction of GA2OX8, and the reduction of GA20OX2 
transcripts in the evening by low R:FR light in G. robertianum are regulated by a common 
transcription factor, and cause a decline in GA3 levels, which might be responsible for the 
inhibition of petiole elongation. Future studies will have to test this hypothesis, and the 
results for some of these are presented in chapter 4.
 The GO enrichment analysis of down-regulated OMCL groups revealed in both 
species at the two time points a clear set of defence-related (Jasmonic Acid (JA)) processes 
and several processes and cellular components involved in photosynthesis (Fig. S3.2 and 
S3.3). The negative regulation of JA-mediated defences via phytochrome inactivation is well 
studied in A. thaliana (reviewed in Ballaré, 2014) and is visible from our transcriptome data as 
well. Several studies have reported the negative regulation of photosynthesis-related genes 
(e.g. involved in chlorophyll and carotenoid biosynthesis) by PHYTOCHROME INTERACTING 
FACTOR1 (PIF1) (Huq et al., 2004; Toledo-Ortiz et al., 2010), although the exact regulatory 
pathways remains unknown.

To gain insight in the differences between the species, we used a multivariate transcript 
analysis, which revealed OMCL groups that responded different to the treatment in the two 
species. As shown by the large number of OMCL groups with a significant treatment*species 
interaction, most differences in low R:FR-induced expression between the species occurred 
in the later time point (1.397 OMCL groups, compared to 287 at t=2h, Fig. 3.7A), consistent 
with the growth patterns.
 A GO analysis on the OMCL groups with a significant treatment*species interaction 
(Fig. 3.7B) revealed that after two hours of low R:FR, the OMCL groups with a positive 
species*treatment (thus higher fold changes for G. robertianum than G. pyrenaicum) 
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-
GO:0009641 BP shade avoidance

GO:0006970	 BP	 response	to	osmotic	stress
GO:0009737	 BP	 response	to	abscisic	acid	stimulus
GO:0009739	 BP	 response	to	gibberellin	stimulus
GO:0006355	 BP	 regulation	of	transcription,	DNA-dependent
GO:0007165	 BP	 signal	transduction
GO:0003700	 MF	 transcription	factor	activity
GO:0019722	 BP	 calcium-mediated	signaling
GO:0008134	 MF	 transcription	factor	binding
GO:0009616	 BP	 virus	induced	gene	silencing
GO:0030870	 CC	 Mre11	complex
GO:0048367	 BP	 shoot	development
GO:0009735	 BP	 response	to	cytokinin	stimulus
GO:0009740	 BP	 gibberellic	acid	mediated	signaling
GO:0010118	 BP	 stomatal	movement
GO:0009958	 BP	 positive	gravitropism
GO:0009733	 BP	 response	to	auxin	stimulus
GO:0048767	 BP	 root	hair	elongation
GO:0004553	 MF	 hydrolase	activity,	hydrolyzing	O-glycosyl	compounds
GO:0005576	 CC	 extracellular	region
GO:0009505	 CC	 plant-type	cell	wall
GO:0009416	 BP	 response	to	light	stimulus
GO:0010054	 BP	 trichoblast	differentiation
GO:0004871	 MF	 signal	transducer	activity
GO:0031225 CC anchored to membrane

GO:0009741	 BP	 response	to	brassinosteroid	stimulus
GO:0042991	 BP	 transcription	factor	import	into	nucleus
GO:0009834	 BP	 secondary	cell	wall	biogenesis
GO:0022626	 CC	 cytosolic	ribosome
GO:0003723	 MF	 RNA	binding
GO:0006606	 BP	 protein	import	into	nucleus
GO:0005622	 CC	 intracellular
GO:0000462 BP maturation	of	SSU-rRNA	from	tricistronic	rRNA	transcript	(SSU-rRNA,	5.8S	rRNA,	LSU-rRNA)
GO:0000478	 BP	 endonucleolytic	cleavages	during	rRNA	processing
GO:0000741	 BP	 karyogamy
GO:0001510	 BP	 RNA	methylation
GO:0003735	 MF	 structural	constituent	of	ribosome
GO:0005730	 CC	 nucleolus
GO:0005840 CC ribosome

GO:0006164	 BP	 purine	nucleotide	biosynthetic	process
GO:0006406	 BP	 mRNA	export	from	nucleus
GO:0006412	 BP	 translation
GO:0006414	 BP	 translational	elongation
GO:0006596	 BP	 polyamine	biosynthetic	process
GO:0009165	 BP	 nucleotide	biosynthetic	process
GO:0009220	 BP	 pyrimidine	ribonucleotide	biosynthetic	process
GO:0015946	 BP	 methanol	oxidation
GO:0016131	 BP	 brassinosteroid	metabolic	process
GO:0019415	 BP	 acetate	biosynthetic	process	from	carbon	monoxide
GO:0022625	 CC	 cytosolic	large	ribosomal	subunit
GO:0022627	 CC	 cytosolic	small	ribosomal	subunit
GO:0030515	 MF	 snoRNA	binding
GO:0042254 BP ribosome biogenesis

GO:0045926	 BP	 negative	regulation	of	growth
GO:0046658	 CC	 anchored	to	plasma	membrane
GO:0005618	 CC	 cell	wall
GO:0005886	 CC	 plasma	membrane
GO:0008289	 MF	 lipid	binding
GO:0004560	 MF	 alpha-L-fucosidase	activity
GO:0000904	 BP	 cell	morphogenesis	involved	in	differentiation
GO:0051592	 BP	 response	to	calcium	ion
GO:0010067	 BP	 procambium	histogenesis
GO:0009830	 BP	 cell	wall	modification	during	abscission
GO:0016758	 MF	 transferase	activity,	transferring	hexosyl	groups
GO:0006817 BP phosphate transport

GO:0016682 MF oxidoreductase	activity,	acting	on	diphenols	and	related	substances	as	donors,	oxygen	as	acceptor
GO:0019953	 BP	 sexual	reproduction
GO:0048544	 BP	 recognition	of	pollen
GO:0009620	 BP	 response	to	fungus
GO:0005975	 BP	 carbohydrate	metabolic	process
GO:0009862	 BP	 systemic	acquired	resistance,	salicylic	acid	mediated	signaling	pathway
GO:0009269	 BP	 response	to	desiccation
GO:0000165	 BP	 MAPKKK	cascade
GO:0005773	 CC	 vacuole
GO:0010310	 BP	 regulation	of	hydrogen	peroxide	metabolic	process
GO:0003824	 MF	 catalytic	activity
GO:0016298	 MF	 lipase	activity
GO:0009637	 BP	 response	to	blue	light
GO:0010106	 BP	 cellular	response	to	iron	ion	starvation
GO:0015706 BP nitrate transport

GO:0035304	 BP	 regulation	of	protein	amino	acid	dephosphorylation
GO:0006826 BP iron ion transport

GO:0048046	 CC	 apoplast
GO:0006833	 BP	 water	transport
GO:0006857	 BP	 oligopeptide	transport
GO:0009963	 BP	 positive	regulation	of	flavonoid	biosynthetic	process
GO:0016491	 MF	 oxidoreductase	activity
GO:0006805	 BP	 xenobiotic	metabolic	process
GO:0008515	 MF	 sucrose	transmembrane	transporter	activity
GO:0015770	 BP	 sucrose	transport
GO:0006972	 BP	 hyperosmotic	response
GO:0009266	 BP	 response	to	temperature	stimulus
GO:0019761	 BP	 glucosinolate	biosynthetic	process
GO:0005506 MF iron ion binding

GO:0009695	 BP	 jasmonic	acid	biosynthetic	process
GO:0019825	 MF	 oxygen	binding
GO:0009694	 BP	 jasmonic	acid	metabolic	process
GO:0009611	 BP	 response	to	wounding
GO:0055114	 BP	 oxidation	reduction
GO:0004497	 MF	 monooxygenase	activity
GO:0009414	 BP	 response	to	water	deprivation
GO:0019748	 BP	 secondary	metabolic	process
GO:0009867	 BP	 jasmonic	acid	mediated	signaling	pathway
GO:0006612	 BP	 protein	targeting	to	membrane
GO:0010363	 BP	 regulation	of	plant-type	hypersensitive	response
GO:0042626	 MF	 ATPase	activity,	coupled	to	transmembrane	movement	of	substances
GO:0010155	 BP	 regulation	of	proton	transport
GO:0016020 CC membrane

GO:0020037 MF heme binding

GO:0043086	 BP	 negative	regulation	of	catalytic	activity
GO:0048574	 BP	 long-day	photoperiodism,	flowering
GO:0000103	 BP	 sulfate	assimilation
GO:0030003	 BP	 cellular	cation	homeostasis
GO:0070838	 BP	 divalent	metal	ion	transport
GO:0000041	 BP	 transition	metal	ion	transport
GO:0010119	 BP	 regulation	of	stomatal	movement
GO:0046482	 BP	 para-aminobenzoic	acid	metabolic	process
GO:0000023	 BP	 maltose	metabolic	process
GO:0009753	 BP	 response	to	jasmonic	acid	stimulus
GO:0015996	 BP	 chlorophyll	catabolic	process
GO:0043085	 BP	 positive	regulation	of	catalytic	activity
GO:0009055	 MF	 electron	carrier	activity
GO:0019252	 BP	 starch	biosynthetic	process
GO:0042538	 BP	 hyperosmotic	salinity	response
GO:0016705 MF oxidoreductase	activity,	acting	on	paired	donors,	with	incorporation	or	reduction	of	molecular	oxygen
GO:0055085 BP transmembrane transport

GO:0010287	 CC	 plastoglobule
GO:0009579	 CC	 thylakoid
GO:0009535	 CC	 chloroplast	thylakoid	membrane
GO:0009534	 CC	 chloroplast	thylakoid
GO:0015979	 BP	 photosynthesis
GO:0001887	 BP	 selenium	metabolic	process
GO:0004033	 MF	 aldo-keto	reductase	activity
GO:0004781	 MF	 sulfate	adenylyltransferase	(ATP)	activity
GO:0006751	 BP	 glutathione	catabolic	process
GO:0008271	 MF	 secondary	active	sulfate	transmembrane	transporter	activity
GO:0008453	 MF	 alanine-glyoxylate	transaminase	activity
GO:0008964	 MF	 phosphoenolpyruvate	carboxylase	activity
GO:0009765	 BP	 photosynthesis,	light	harvesting
GO:0010258	 BP	 NADH	dehydrogenase	complex	(plastoquinone)	assembly
GO:0010598	 CC	 NAD(P)H	dehydrogenase	complex	(plastoquinone)
GO:0015698 BP inorganic anion transport

GO:0015931	 BP	 nucleobase,	nucleoside,	nucleotide	and	nucleic	acid	transport
GO:0016165	 MF	 lipoxygenase	activity
GO:0016168	 MF	 chlorophyll	binding
GO:0019684	 BP	 photosynthesis,	light	reaction
GO:0019853	 BP	 L-ascorbic	acid	biosynthetic	process
GO:0030026	 BP	 cellular	manganese	ion	homeostasis
GO:0030076	 CC	 light-harvesting	complex
GO:0034440	 BP	 lipid	oxidation
GO:0046524	 MF	 sucrose-phosphate	synthase	activity
GO:0080079	 MF	 cellobiose	glucosidase	activity
GO:0008194	 MF	 UDP-glycosyltransferase	activity
GO:0008152	 BP	 metabolic	process
GO:0009750	 BP	 response	to	fructose	stimulus
GO:0016706 MF oxidoreductase	activity,	acting	on	paired	donors,	with	incorporation	or	reduction	of	molecular	oxygen
GO:0006569	 BP	 tryptophan	catabolic	process
GO:0009744	 BP	 response	to	sucrose	stimulus
GO:0010114	 BP	 response	to	red	light
GO:0010167 BP response to nitrate

GO:0010021	 BP	 amylopectin	biosynthetic	process
GO:0016757	 MF	 transferase	activity,	transferring	glycosyl	groups
GO:0009718	 BP	 anthocyanin	biosynthetic	process
GO:0051119	 MF	 sugar	transmembrane	transporter	activity
GO:0004674	 MF	 protein	serine/threonine	kinase	activity
GO:0009651	 BP	 response	to	salt	stress
GO:0080086	 BP	 stamen	filament	development
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Figure 3.7. Multivariate analysis of the species*treatment interaction at the two time points separately.
A. Overlap between the time points of OMCL groups with a significant treatment*species interaction (p < 0.01). 
B. Heat map of the gene ontology (GO) overrepresentation analysis on the OMCL groups with a significant 
treatment*species interaction (p < 0.01, as presented in B) in at least one of the time points. Colours represent the 
(-)log of the p-value, where blue is a negative interaction (G. pyrenaicum > G. robertianum) and yellow is a positive 
interaction (G. pyrenaicum < G. robertianum). 
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interaction were overrepresented in the GO category for shade avoidance. At the second 
time point, the OMCL groups with a negative interaction were overrepresented in SAS-
related GO categories, such as BR metabolic process, cell wall compounds and response 
to light stimulus. This is consistent with the strong low R:FR light-induced elongation 
response of G. robertianum at the early time point, and the lack of such at the end of the 
photoperiod.  Interestingly, among the OMCL groups with a positive interaction at the 
second time point, we found a strong enrichment of several defence-related GO terms (e.g. 
jasmonic- and salicylic acid biosynthesis and signalling). Apparently, the negative regulation 
of plant immunity, as described earlier in this section, is stronger in G. pyrenaicum than in 
G. robertianum. Chapter 5 will elaborate on this difference and the consequences for the 
plants health.

Conclusion 
In this chapter, we used an unbiased, genome wide transcript comparison on G. pyrenaicum 
and G. robertianum, which offered a unique opportunity to study the molecular pathways 
underlying their antithetical growth responses to a low R:FR treatment. 
 The very strong enrichment of GA-associated GO terms in the evening time 
point among low R:FR up-regulated OMCL groups in G. robertianum strongly supports the 
important role of this phytohormone in the expressed growth pattern. The clear down-
regulation of defence-related processes, which appears to be significantly stronger in G. 

pyrenaicum, suggests a difference in this growth-immunity trade-off between the species. 

Methods

Plant material, growth conditions and light treatments
G. pyrenaicum and G. robertianum plants were sown and grown in long day conditions as 
described in chapter 2. Two weeks after transplanting, the rosette plants were treated with 
control (R:FR = 1.8) or low R:FR (R:FR = 0.2) light, starting at 10:00 AM and using supplemental 
FR LEDs (Philips greenpower) to modulate R:FR ratio’s. Low B (± 4 μmol m-2 s-1) conditions 
were obtained using a Lee Medium Yellow 010 filter, and a Lee 122 Fern Green filter was 
used to mimic canopy shade (green shade treatment, R:FR = 0.45 and ± 50 μmol m-2 s-1  PAR, 
±13 μmol m-2 s-1 B light). Treatment light spectra are shown in Fig. S2.1.

RNA isolation and library construction
RNA was extracted from the most apical 1 cm of the second Geranium leaf, using the Qiagen 
RNeasy kit, with on-column DNaseI treatment. The replicates were a pool of 12 individual 
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plants harvested in three separate experiments. The harvest time points were 2 and 11.5 
hours after the start of the far-red treatment (12:00 and 21:30 respectively). Normalized 
libraries were constructed by Vertis Biotechnologie (using the kinetic denaturation-
reassociation technique) from pooled material of control, low R:FR, low blue and green 
filter-treated petioles and laminas, after 2, 11.5 and 24 hours, for both species separate.

Illumina sequencing, de-novo assembly and orthoMCL
Illumina sequencing (paired-end, 101bp reads) was carried out by Macrogen, followed by 
de-novo assembly (Trinity method; Grabherr et al., 2011) of the reference transcriptomes 
(including normalized and non-normalized sequenced libraries) for the two species and 
alignment of the experimental transcripts (RSEM-based abundance estimation). 
 Orthologous transcript groups within the two species were constructed using 
OrthoMCL clustering (as described in Li et al., 2003; Enright et al., 2002), with inflation factor 
1.1 (for multiple-species comparing OMCL) or 3.0 (for expression analysis) and the similarity 
matrix of an all-versus-all discontiguous megaBLASTn of the two (or six) transcriptomes as 
input. The best BLAST hit with the A. thaliana transcriptome was used to name Geranium 
OMCL groups. 

Statistical analysis of differentially expressed OMCL groups and gene ontology
For statistical analysis, read counts of all transcripts in an OMCL group were summed and 
a cut-off of 20 reads (for at least one treatment) was applied to filter out low abundant 
families. To test for differentially expressed genes, the quantile-adjusted conditional 
maximum likelihood (qCML) method in combination with an exact test of the EdgeR package 
(Bioconductor) was used for single-factorial comparisons (Robinson et al., 2010). The Cox-
Reid profile-adjusted likelihood (CR) method in combination with a generalized linear model 
(Likelihood Ratio Test, glmLRT) of the EdgeR package was used in multi-factorial comparisons 
(McCarthy et al., 2012). A P-value cut-off for differentially expressed genes was set at 0.01. 
For gene ontology analysis, differentially expressed Geranium OMCL groups, with a BLAST 
E-value <10-10 with Arabidopsis genes, were clustered using the R package GOseq (Young et 
al., 2010), with correction for the total length of all transcripts in the Geranium OMCL group. 
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Figure S3.1. Smearplot of the fold 
change (log2(FC)) upon a low R:FR 
treatment against the counts per million 
(log2(CPM)) of each Geranium OMCL 
group with >20 reads in at least one 
treatment/time point. Differentially 
expressed OMCL groups (p < 0.01) are 
highlighted in red. Each plot represents 

data for one time point. 

G. pyrenaicum G. robertianum 

27 8 54

overrepresented GO terms in 
t = 2h, downregulated (p < 0.01)

GO:0009686	 gibberellin	biosynthetic	process
GO:0030001 metal ion transport
GO:0000165	 MAPKKK	cascade
GO:0010310	 regulation	of	hydrogen	peroxide	metabolic	process
GO:0010023	 proanthocyanidin	biosynthetic	process
GO:0009862 systemic	acquired	resistance,	salicylic	acid	mediated	signaling	pathway
GO:0009867	 jasmonic	acid	mediated	signaling	pathway
GO:0048439	 flower	morphogenesis
GO:0010363	 regulation	of	plant-type	hypersensitive	response
GO:0010051	 xylem	and	phloem	pattern	formation
GO:0031348	 negative	regulation	of	defense	response
GO:0010099	 regulation	of	photomorphogenesis
GO:0048519	 negative	regulation	of	biological	process
GO:0009617	 response	to	bacterium
GO:0010161 red light signaling pathway
GO:0009855	 determination	of	bilateral	symmetry
GO:0010583	 response	to	cyclopentenone
GO:0009648 photoperiodism
GO:0010067	 procambium	histogenesis
GO:0048354	 mucilage	biosynthetic	process	during	seed	coat	development
GO:0009944	 polarity	specification	of	adaxial/abaxial	axis
GO:0016020 membrane
GO:0004497	 monooxygenase	activity
GO:0005506 iron ion binding
GO:0020037 heme binding
GO:0016705 oxidoreductase	activity,	acting	on	paired	donors,	with	incorporation/reduction	of	molecular	O2

GO:0005215	 transporter	activity

GO:0006355	 regulation	of	transcription,	DNA-dependent
GO:0006857	 oligopeptide	transport
GO:0006612	 protein	targeting	to	membrane
GO:0009753	 response	to	jasmonic	acid	stimulus
GO:0010075	 regulation	of	meristem	growth
GO:0003700	 transcription	factor	activity
GO:0008194	 UDP-glycosyltransferase	activity
GO:0016758	 transferase	activity,	transferring	hexosyl	groups
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GO:0009963	 positive	regulation	of	flavonoid	biosynthetic	process
GO:0007169	 transmembrane	receptor	protein	tyrosine	kinase	signaling	pathway
GO:0009741	 response	to	brassinosteroid	stimulus
GO:0008152	 metabolic	process
GO:0002237	 response	to	molecule	of	bacterial	origin
GO:0009611 response to wounding
GO:0009751	 response	to	salicylic	acid	stimulus
GO:0006468	 protein	amino	acid	phosphorylation
GO:0006805	 xenobiotic	metabolic	process
GO:0009698	 phenylpropanoid	metabolic	process
GO:0045487	 gibberellin	catabolic	process
GO:0032940	 secretion	by	cell
GO:0009684	 indoleacetic	acid	biosynthetic	process
GO:0009750	 response	to	fructose	stimulus
GO:0006833 water transport
GO:0009718	 anthocyanin	biosynthetic	process
GO:0009805	 coumarin	biosynthetic	process
GO:0006535	 cysteine	biosynthetic	process	from	serine
GO:0019953	 sexual	reproduction
GO:0010167 response to nitrate
GO:0006629	 lipid	metabolic	process
GO:0030003	 cellular	cation	homeostasis
GO:0031347	 regulation	of	defense	response
GO:0048589 developmental growth
GO:0000082	 G1/S	transition	of	mitotic	cell	cycle
GO:0050982	 detection	of	mechanical	stimulus
GO:0010214	 seed	coat	development
GO:0009809	 lignin	biosynthetic	process
GO:0005576	 extracellular	region
GO:0070825	 micropyle
GO:0005886 plasma membrane
GO:0016747	 transferase	activity,	transferring	acyl	groups	other	than	amino-acyl	groups
GO:0016740	 transferase	activity
GO:0004713	 protein	tyrosine	kinase	activity
GO:0008131	 amine	oxidase	activity
GO:0019825	 oxygen	binding
GO:0016706	 oxidoreductase	activity
GO:0050362	 L-tryptophan:2-oxoglutarate	aminotransferase	activity
GO:0080097	 L-tryptophan:pyruvate	aminotransferase	activity
GO:0004672	 protein	kinase	activity
GO:0004674	 protein	serine/threonine	kinase	activity
GO:0051119	 sugar	transmembrane	transporter	activity
GO:0008289 lipid binding
GO:0016772	 transferase	activity,	transferring	phosphorus-containing	groups
GO:0016846	 carbon-sulfur	lyase	activity
GO:0008146	 sulfotransferase	activity
GO:0080131	 hydroxyjasmonate	sulfotransferase	activity
GO:0017057	 6-phosphogluconolactonase	activity
GO:0047172	 shikimate	O-hydroxycinnamoyltransferase	activity
GO:0047205	 quinate	O-hydroxycinnamoyltransferase	activity
GO:0016207	 4-coumarate-CoA	ligase	activity
GO:0008381	 mechanically-gated	ion	channel	activity
GO:0016682 oxidoreductase	activity,	acting	on	diphenols	and	related	substances	as	donors,	oxygen	as	acceptor
GO:0015145	 monosaccharide	transmembrane	transporter	activity

G.
 p

yr
en

ai
cu

m
G.

 ro
be

rti
an

um

GOID description

2.0 6.0
-log(p-value)

Figure S3.2. Gene ontology analysis on early low R:FR repressed Geranium OMCL 
groups.
Venn diagram showing the overlap in significantly overrepresented gene ontology (GO) 
terms (p < 0.01) among OMCL groups significantly down-regulated (p < 0.01) by the low 
R:FR light treatment at the first time point (t = 2h).
Heat map presenting these defined GO terms, sorted by -log p-values. Grey area 

represents non-enriched GO terms in the specific species.
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G. pyrenaicum G. robertianum 

135 42 52

overrepresented GO terms in 
t = 11.5h, downregulated (p < 0.01)

GO:0010207 photosystem II assembly
GO:0000023 maltose metabolic process
GO:0070838 divalent metal ion transport
GO:0009657	 plastid	organization
GO:0009773	 photosynthetic	electron	transport	in	photosystem	I
GO:0030003	 cellular	cation	homeostasis
GO:0006364 rRNA processing
GO:0010027	 thylakoid	membrane	organization
GO:0019761	 glucosinolate	biosynthetic	process
GO:0009637 response to blue light
GO:0035304	 regulation	of	protein	amino	acid	dephosphorylation
GO:0019288	 isopentenyl	diphosphate	biosynthetic	process
GO:0010155	 regulation	of	proton	transport
GO:0016117	 carotenoid	biosynthetic	process
GO:0015995	 chlorophyll	biosynthetic	process
GO:0009902	 chloroplast	relocation
GO:0010114 response to red light
GO:0019344	 cysteine	biosynthetic	process
GO:0010103 stomatal complex morphogenesis
GO:0016556	 mRNA	modification
GO:0015996 chlorophyll catabolic process
GO:0034660 ncRNA metabolic process
GO:0006612	 protein	targeting	to	membrane
GO:0010363	 regulation	of	plant-type	hypersensitive	response
GO:0009611 response to wounding
GO:0009862 systemic acquired resistance, salicylic acid signaling pathway

GO:0019684	 photosynthesis,	light	reaction
GO:0015979 photosynthesis
GO:0006098	 pentose-phosphate	shunt
GO:0055114	 oxidation	reduction
GO:0019252	 starch	biosynthetic	process
GO:0043085	 positive	regulation	of	catalytic	activity
GO:0008152 metabolic process
GO:0010218	 response	to	far	red	light
GO:0009744	 response	to	sucrose	stimulus
GO:0010310	 regulation	of	hydrogen	peroxide	metabolic	process
GO:0009718	 anthocyanin	biosynthetic	process
GO:0042742	 defense	response	to	bacterium
GO:0043900	 regulation	of	multi-organism	process
GO:0009595	 detection	of	biotic	stimulus
GO:0009813	 flavonoid	biosynthetic	process
GO:0006979	 response	to	oxidative	stress
GO:0015976	 carbon	utilization
GO:0010037 response to carbon dioxide
GO:0009830	 cell	wall	modification	during	abscission
GO:0034484	 raffinose	catabolic	process
GO:0009751	 response	to	salicylic	acid	stimulus
GO:0009809	 lignin	biosynthetic	process
GO:0030388	 fructose	1,6-bisphosphate	metabolic	process
GO:0009579 thylakoid
GO:0005576 extracellular region
GO:0009570 chloroplast stroma
GO:0010319 stromule
GO:0048046 apoplast
GO:0016491	 oxidoreductase	activity
GO:0020037 heme binding
GO:0016705	 oxidoreductase	activity,	acting	on	paired	donors
GO:0009055	 electron	carrier	activity
GO:0019825 oxygen binding
GO:0005506 iron ion binding
GO:0008194	 UDP-glycosyltransferase	activity
GO:0016706	 oxidoreductase	activity
GO:0016298	 lipase	activity
GO:0004185	 serine-type	carboxypeptidase	activity
GO:0004089	 carbonate	dehydratase	activity
GO:0015171	 amino	acid	transmembrane	transporter	activity
GO:0008289 lipid binding
GO:0042132	 fructose	1,6-bisphosphate	1-phosphatase	activity
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GO:0009765	 photosynthesis,	light	harvesting
GO:0005975 carbohydrate metabolic process
GO:0030154	 cell	differentiation
GO:0010304	 PSII	associated	light-harvesting	complex	II	catabolic	process
GO:0019760 glucosinolate metabolic process
GO:0009867 jasmonic acid mediated signaling pathway
GO:0009814	 defense	response,	incompatible	interaction
GO:0009965	 leaf	morphogenesis
GO:0000165 MAPKKK cascade
GO:0009409 response to cold
GO:0050832	 defense	response	to	fungus
GO:0009963	 positive	regulation	of	flavonoid	biosynthetic	process
GO:0006636	 unsaturated	fatty	acid	biosynthetic	process
GO:0006508 proteolysis
GO:0010106	 cellular	response	to	iron	ion	starvation
GO:0009767	 photosynthetic	electron	transport	chain
GO:0006952	 defense	response
GO:0055085 transmembrane transport
GO:0009617 response to bacterium
GO:0009699	 phenylpropanoid	biosynthetic	process
GO:0009684	 indoleacetic	acid	biosynthetic	process
GO:0010043	 response	to	zinc	ion
GO:0009750	 response	to	fructose	stimulus
GO:0042793	 transcription	from	plastid	promoter
GO:0006569 tryptophan catabolic process
GO:0009753	 response	to	jasmonic	acid	stimulus
GO:0006857	 oligopeptide	transport
GO:0009697	 salicylic	acid	biosynthetic	process
GO:0019375	 galactolipid	biosynthetic	process
GO:0009768	 photosynthesis,	light	harvesting	in	photosystem	I
GO:0015977	 carbon	utilization	by	fixation	of	carbon	dioxide
GO:0015969 guanosine tetraphosphate metabolic process
GO:0031348	 negative	regulation	of	defense	response
GO:0016036	 cellular	response	to	phosphate	starvation
GO:0016120	 carotene	biosynthetic	process
GO:0009269	 response	to	desiccation
GO:0010264	 myo-inositol	hexakisphosphate	biosynthetic	process
GO:0042744 hydrogen peroxide catabolic process
GO:0006869 lipid transport
GO:0002238	 response	to	molecule	of	fungal	origin
GO:0006817 phosphate transport
GO:0009694 jasmonic acid metabolic process
GO:0046777	 protein	amino	acid	autophosphorylation
GO:0000413	 protein	peptidyl-prolyl	isomerization
GO:0009695	 jasmonic	acid	biosynthetic	process
GO:0006655	 phosphatidylglycerol	biosynthetic	process
GO:0010270 photosystem II oxygen evolving complex assembly
GO:0006598 polyamine catabolic process
GO:0015994 chlorophyll metabolic process
GO:0019748 secondary metabolic process
GO:0006805	 xenobiotic	metabolic	process
GO:0010351 lithium ion transport
GO:0034440	 lipid	oxidation
GO:0009821	 alkaloid	biosynthetic	process
GO:0006826 iron ion transport
GO:0019464	 glycine	decarboxylation	via	glycine	cleavage	system
GO:0043086	 negative	regulation	of	catalytic	activity
GO:0044265 cellular macromolecule catabolic process
GO:0018208	 peptidyl-proline	modification
GO:0005985 sucrose metabolic process
GO:0015698 inorganic anion transport
GO:0010271	 regulation	of	chlorophyll	catabolic	process
GO:0010115	 regulation	of	abscisic	acid	biosynthetic	process
GO:0042549	 photosystem	II	stabilization
GO:0009698 phenylpropanoid metabolic process
GO:0009535 chloroplast thylakoid membrane
GO:0009507 chloroplast
GO:0009534 chloroplast thylakoid
GO:0009941 chloroplast envelope
GO:0010287 plastoglobule
GO:0031977 thylakoid lumen
GO:0009543 chloroplast thylakoid lumen
GO:0030095 chloroplast photosystem II
GO:0009522 photosystem I
GO:0009523 photosystem II
GO:0009654 oxygen evolving complex
GO:0010598 NAD(P)H dehydrogenase complex (plastoquinone)
GO:0030076	 light-harvesting	complex
GO:0005777 peroxisome
GO:0009538	 photosystem	I	reaction	center
GO:0016020 membrane
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Figure S3.3. Gene ontology analysis on late low R:FR repressed Geranium OMCL groups.
Venn diagram showing the overlap in significantly overrepresented gene ontology (GO) terms (p < 0.01) among OMCL 
groups significantly down-regulated (p < 0.01) by the low R:FR light treatment at the second time point (t = 11.5h).
Heat map presenting these defined GO terms, sorted by -log p-values. Grey area represents non-enriched GO terms in 
the specific species.
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GO:0005773 vacuole
GO:0009505 plant-type cell wall
GO:0019898 extrinsic to membrane
GO:0005615 extracellular space
GO:0033281 TAT protein transport complex
GO:0016168 chlorophyll binding
GO:0003824	 catalytic	activity
GO:0004497	 monooxygenase	activity
GO:0004553	 hydrolase	activity,	hydrolyzing	O-glycosyl	compounds
GO:0008422	 beta-glucosidase	activity
GO:0008453	 alanine-glyoxylate	transaminase	activity
GO:0016787	 hydrolase	activity
GO:0043682	 copper-transporting	ATPase	activity
GO:0004033	 aldo-keto	reductase	activity
GO:0050660 FAD binding
GO:0070696 transmembrane receptor protein serine/threonine kinase binding
GO:0051537	 2	iron,	2	sulfur	cluster	binding
GO:0008237	 metallopeptidase	activity
GO:0045156 electron	transporter,	in	the	cyclic	electron	transport	pathway	of	photosynthesis	activity
GO:0080030	 methyl	indole-3-acetate	esterase	activity
GO:0009044	 xylan	1,4-beta-xylosidase	activity
GO:0016165	 lipoxygenase	activity
GO:0080032	 methyl	jasmonate	esterase	activity
GO:0016747 transferase	activity,	transferring	acyl	groups	other	than	amino-acyl	groups
GO:0008728	 GTP	diphosphokinase	activity
GO:0005528 FK506 binding
GO:0008271	 secondary	active	sulfate	transmembrane	transporter	activity
GO:0015116	 sulfate	transmembrane	transporter	activity
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GO:0010224 response to UV-B
GO:0009411 response to UV
GO:0048759	 vessel	member	cell	differentiation
GO:0009715	 chalcone	biosynthetic	process
GO:0009733	 response	to	auxin	stimulus
GO:0009629 response to gravity
GO:0010089 xylem development
GO:0006629 lipid metabolic process
GO:0010023	 proanthocyanidin	biosynthetic	process
GO:0009926 auxin polar transport
GO:0006000	 fructose	metabolic	process
GO:0009800	 cinnamic	acid	biosynthetic	process
GO:0009892	 negative	regulation	of	metabolic	process
GO:0043481	 anthocyanin	accumulation	in	tissues	in	response	to	UV	light
GO:0010087 phloem or xylem histogenesis
GO:0031540	 regulation	of	anthocyanin	biosynthetic	process
GO:0046274 lignin catabolic process
GO:0009234	 menaquinone	biosynthetic	process
GO:0019563 glycerol catabolic process
GO:0009817	 defense	response	to	fungus,	incompatible	interaction
GO:0015812 gamma-aminobutyric acid transport
GO:0048439	 flower	morphogenesis
GO:0010200	 response	to	chitin
GO:0043693	 monoterpene	biosynthetic	process
GO:0009739	 response	to	gibberellin	stimulus
GO:0016131 brassinosteroid metabolic process
GO:0015691 cadmium ion transport
GO:0001708	 cell	fate	specification
GO:0019632 shikimate metabolic process
GO:0010158	 abaxial	cell	fate	specification
GO:0009250	 glucan	biosynthetic	process
GO:0009705 plant-type vacuole membrane
GO:0030093 chloroplast photosystem I
GO:0042406	 extrinsic	to	endoplasmic	reticulum	membrane
GO:0016768	 spermine	synthase	activity
GO:0016788	 hydrolase	activity,	acting	on	ester	bonds
GO:0004091	 carboxylesterase	activity
GO:0010487	 thermospermine	synthase	activity
GO:0016210	 naringenin-chalcone	synthase	activity
GO:0003700	 transcription	factor	activity
GO:0005385	 zinc	ion	transmembrane	transporter	activity
GO:0016872	 intramolecular	lyase	activity
GO:0045430	 chalcone	isomerase	activity
GO:0005375	 copper	ion	transmembrane	transporter	activity
GO:0015185	 L-gamma-aminobutyric	acid	transmembrane	transporter	activity
GO:0016711	 flavonoid	3’-monooxygenase	activity
GO:0003855	 3-dehydroquinate	dehydratase	activity
GO:0004764	 shikimate	5-dehydrogenase	activity
GO:0042626	 ATPase	activity,	coupled	to	transmembrane	movement	of	substances
GO:0016757	 transferase	activity,	transferring	glycosyl	groups
GO:0008131	 amine	oxidase	activity
GO:0046873	 metal	ion	transmembrane	transporter	activity
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Figure S3.3. (continued)
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elongation in two Geranium species with contrasting 

shade-induced growth 

4chapter
Abstract: Shade avoidance responses are triggered by phytochrome signalling of a reduced 
red (R) to far-red (FR) ratio in the light, and this is mediated by subsequent action of 
several plant hormones. In low R:FR, gibberellic acid (GA), brassinosteroid (BR) and auxin 
signalling and biosynthesis increase in Arabidopsis thaliana. The shade avoidance syndrome 
(SAS) is essential for shade intolerant plants, but is suppressed in shade tolerant plant 
species. The role of GA, BR and auxin in the suppression of the SAS in these plants remains 
unknown. Expression data from shade-avoiding Geranium pyrenaicum and shade tolerant 
G. robertianum exposed to low R:FR suggests differential synthesis and signalling of these 
hormones. Here we show that G. pyrenaicum produces less BR but more auxin in low R:FR 
light, while levels in G. robertianum remain unchanged. We used a pharmacological approach 
to show the different effects of these hormones on petiole growth of the two species. BR 
and GA strongly induce growth in G. robertianum and G. pyrenaicum, and the effect of auxin 
is strongly dose-dependent. In G. pyrenaicum seedlings, inhibitors of auxin perception and 
transport, and GA synthesis reduced low R:FR-mediated elongation. In G. robertianum, 
inhibition of auxin and BR induced the SAS. Especially GA and BR seem to play an important 
role in the suppression of low R:FR-mediated petiole elongation in G. robertianum. Because 
of the key role for these phytohormones in many biological processes, findings from this 
chapter form a basis to study the SAS and its suppression in these species.
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Research, Institute of Experimental Botany ASCR and Palacky University, Olomouc, Czech Republic
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Introduction
Plant hormones regulate a variety of growth and developmental processes, as well as 
responses to changing environments. When shade intolerant plants grow in dense canopies 
and compete for light they will induce elongation of stems and leaves, in order to escape for 
the light. This adaptive trait is referred to as the shade avoidance syndrome (SAS) and largely 
depends on the modulation of production and transport, as well as sensitivity for several 
hormones (reviewed in Stamm and Kumar, 2010; Pierik and Testerink, 2014; de Wit et al., 
2016). SAS is a favourable strategy for shade intolerant species, but not for shade tolerant 
plants in the forest understory, unable to outgrow neighbouring trees. 

 The reflection of far-red (FR) light by green tissues causes a decline of the red (R) 
to FR (R:FR) light ratio, which is perceived by R and FR light sensitive photoreceptors, the 
phytochromes of surrounding plants. Phytochromes are inactived in low R:FR light and this 
releases the suppression on a group of basic helix-loop-helix (bHLH) transcription factors, 
the PHYTOCHROME INTERACTING FACTORS (PIFs). PIFs regulate the elongation response, at 
least in part by regulating biosynthesis and signalling of several phytohormones (reviewed 
in Casal, 2013). 

Auxin is often considered the major regulatory signal for phytochrome-mediated elongation. 
In low R:FR light, auxin is produced in cotyledons or leaf laminas via transcriptional induction 
of YUCCA genes by PIF4, PIF5 and PIF7 (de Wit et al., 2015; Hornitschek et al., 2012). 
Additionally, the PIF4- and PIF5-mediated expression of AUX/IAA IAA29 and the control 
of SMALL AUXIN UP-REGULATED15 (SAUR15) and SAUR68 expression by PHYTOCHROME 
RAPIDLY REGULATED1 (PAR1) AND PAR2 regulate auxin responsiveness in low R:FR 
(Hornitschek et al., 2009; Roig-Villanova et al., 2007). Accordingly, Arabidopsis thaliana 
mutants that lack auxin biosynthesis, transport or signalling are unable to induce low R:FR-
mediated hypocotyl- and petiole elongation (Tao et al., 2008; Keuskamp et al., 2010; Nozue 
et al., 2015). 

 Auxin acts together with the sterol hormone Brassinosteroid (BR) to induce low 
R:FR- (Kozuka et al., 2010) or low blue light-mediated (Keuskamp et al., 2011) elongation 
responses in A. thaliana. Although BR biosynthesis is necessary for the response to low R:FR 
light (Kozuka et al., 2010), to date it remains unknown if BR levels change in low R:FR-exposed 
A. thaliana. Interestingly, BR levels are reduced in dark-grown pea plants (Symons et al., 
2002). BR sensitivity in low R:FR light is enhanced via transcription factors BR-ENHANCED 
EXPRESSION (BEE) and BES1-INTERACTING MYC-LIKE (BIM) (Cifuentes-Esquivel et al., 2013), 
and the PIF4 - BRASSINAZOLE RESISTANT1 (BZR1) complex (Oh et al., 2012), which induce 
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elongation-promoting pathways. Additionally, BRASSINOSTEROID INSENSITIVE2 (BIN2), a BR 
signalling kinase, phosphorylates PIF4, which make BRs direct regulators of a part of the 
light signalling cascade (Bernardo-García et al., 2014).  

 Another group of interactors of PIFs are DELLA proteins, such as REPRESSOR OF GA1-
3 (RGA), GIBBERELLIN INSENSITIVE (GAI) and RGA-LIKE1 (RGL1), which bind PIF4 and PIF5 
for degradation and therefore suppress SAS (de Lucas et al., 2008; Feng et al., 2008). DELLA 
proteins are degraded under low R:FR conditions due to enhanced gibberellin (GA) action 
(Djakovic-Petrovic et al., 2007). The GA biosynthesis genes GA-20-OXIDASE-1 (GA20OX1), 
GA20OX2 and GA3OX1 are transcriptionally induced by low R:FR, which in some plant 
species leads to higher levels of GA1 and GA4, the biologically active GAs (García-Martinez 
and Gil, 2001; Reed et al., 1996). Recently, GA, BR and light signalling components were 
linked via the NAC (NAM, ATAF1,2 and CUC2) transcription factor JUNGBRUNNEN1 (JUB1). 
JUB1 inhibits GA3OX1, DWARF4 (BR biosynthesis) and PIF4 expression, and enhances DELLA 
transcription, resulting in growth inhibition. JUB1 transcription is inhibited by the PIF4-BZR1 
complex in a negative feedback loop (Shahnejat-Bushehri et al., 2016).  

 In addition to the core regulators auxin, GA and BR, also other hormones such as 
ethylene (Pierik et al., 2004b; Kegge and Pierik, 2010), cytokinin (Carabelli et al., 2007) and 
ABA (González et al., 2012; Reddy et al., 2013; Pierik et al,. 2011) have been associated with 
shade avoidance, even though the exact mechanisms have not been established. 

As major regulators of plant development and growth, these phytohormones are expected 
to play a key-role in regulation of SAS. Nevertheless, to date the role of plant hormones in 
the suppression of SAS by shade tolerant species remains unknown. In chapter 2 of this 
thesis, we introduced a model system consisting of shade intolerant Geranium pyrenaicum 
and –tolerant G. robertianum, expressing differential growth patterns in low R:FR light. 
In the current chapter, we will elaborate on the role of several plant hormones in petiole 
elongation in G. pyrenaicum and G. robertianum exposed to high- or low R:FR light. The 
transcriptome analysis presented in chapter 3 highlighted auxin, BR and GA as putative 
regulators of opposite SAS regulation between the two species. We show here that both 
Geranium species induced growth upon hormone treatments and that low R:FR-mediated 
petiole elongation in G. robertianum seemed to be suppressed in an auxin-, BR- and GA-
dependent matter.
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Results

G. pyrenaicum and G. robertianum transcriptionally up-regulate hormone-associated 
pathways in low R:FR light.
To study the role of the phytohormones in the induction and suppression of the shade 
avoidance syndrome, we searched for hormone-related, enriched Gene Ontology (GO) 
terms among the up- and down-regulated OMCL groups in low R:FR light-treated G. 
pyrenaicum and G. robertianum (data from chapter 3). The heat-map in Fig. 4.1 shows 
the representation of all auxin, BR, GA, ethylene, ABA and CK-associated GO terms among 
differentially expressed OMCL groups. Especially auxin, BR and GA terms are significantly 
overrepresented in both species among the up-regulated transcripts. GA-associated terms 
show the largest differences between the species; especially G. robertianum shows very 
strong enrichment for GA-associated terms. 

Indole-3-Acetic Acid and Brassinolide levels change upon a low R:FR treatment in G. 
pyrenaicum, but not G. robertianum petioles.
Following the transcriptome analysis and previous data from A. thaliana, we measured free 
Indole-3-Acetic Acid (IAA, auxin) and Brassinolide (BL, bio-active BR) levels in G. pyrenaicum 
and G. robertianum petioles and laminas after 2 or 11.5 hours of low R:FR-exposure. As 
shown in Fig. 4.2, IAA and BL levels remained unaffected by 2 hours of low R:FR treatment 
in any species or organ, but BL levels decreased and IAA levels increased after 11.5 hours 
in low R:FR-treated petioles of G. pyrenaicum (Fig. 4.2A and E). Both hormones remained 
unaffected by low R:FR light in laminas (Fig. 4.2B, D, F and H) and G. robertianum petioles 
(Fig. 4.2C and G). Interestingly, BL was highly abundant in G. pyrenaicum petioles, compared 
to laminas, whereas this was opposite in G. robertianum. IAA levels were overall higher in G. 
pyrenaicum than G. robertianum. 

 Analysis of multiple metabolites indicated that the low R:FR-induced levels of IAA 
might be caused, in addition to IAA biosynthesis, by reduced (irreversible) oxidation to oxIAA 
, of which levels decreased in low R:FR light (Fig. S4.1). IAA-conjugates IAAsp and IAGlu were 
highly abundant and remained unchanged in low R:FR (Fig. S4.1). Interestingly, both free 
IAA levels, and reserves (in the form of conjugates IAAsp and IAGlu, Östin et al., 1998), are 
extremely low abundant in G. robertianum compared to G. pyrenaicum (Fig. S4.1, IAAsp and 
IAGlu approximately 100 times). 

 The analysis of multiple BL-biosynthesis metabolites revealed that intermediate 
products of the cholesterol-dependent biosynthesis pathway (28-norcastasterone and 

4



57

Hormonal control of Geranium growth

U
P

DO
W

N

U
P

DO
W

N

U
P

DO
W

N

U
P

DO
W

N

t=2h t=2ht=11.5h t=11.5h

G. pyrenaicum G. robertianum

GO:0009733	 response	to	auxin	stimulus
GO:0009734	 auxin	mediated	signaling	pathway
GO:0009850	 auxin	metabolic	process
GO:0009851	 auxin	biosynthetic	process
GO:0009926	 auxin	polar	transport
GO:0010252	 auxin	homeostasis
GO:0010315	 auxin	efflux
GO:0010540	 basipetal	auxin	transport
GO:0010541	 acropetal	auxin	transport
GO:0010600	 regulation	of	auxin	biosynthetic	process
GO:0010928	 regulation	of	auxin	mediated	signaling	pathway
GO:0060774	 auxin	mediated	signaling	pathway	involved	in	phyllotactic	patterning
GO:0009672	 auxin:hydrogen	symporter	activity
GO:0010011	 auxin	binding
GO:0010328	 auxin	influx	transmembrane	transporter	activity
GO:0010329	 auxin	efflux	transmembrane	transporter	activity
GO:0010279	 indole-3-acetic	acid	amido	synthetase	activity
GO:0006694	 steroid	biosynthetic	process
GO:0008202	 steroid	metabolic	process
GO:0009729	 detection	of	brassinosteroid	stimulus
GO:0009741	 response	to	brassinosteroid	stimulus
GO:0009742	 brassinosteroid	mediated	signaling
GO:0010268	 brassinosteroid	homeostasis
GO:0010422	 regulation	of	brassinosteroid	biosynthetic	process
GO:0010423	 negative	regulation	of	brassinosteroid	biosynthetic	process
GO:0016131	 brassinosteroid	metabolic	process
GO:0016132	 brassinosteroid	biosynthetic	process
GO:0005496	 steroid	binding
GO:0080118	 brassinosteroid	sulfotransferase	activity
GO:0009685	 gibberellin	metabolic	process
GO:0009686	 gibberellin	biosynthetic	process
GO:0009739	 response	to	gibberellin	stimulus
GO:0009740	 gibberellic	acid	mediated	signaling
GO:0009937	 regulation	of	gibberellic	acid	mediated	signaling
GO:0009938	 negative	regulation	of	gibberellic	acid	mediated	signaling
GO:0009939	 positive	regulation	of	gibberellic	acid	mediated	signaling
GO:0010371	 regulation	of	gibberellin	biosynthetic	process
GO:0010373	 negative	regulation	of	gibberellin	biosynthetic	process
GO:0010476	 gibberellin-mediated	signaling
GO:0045487	 gibberellin	catabolic	process
GO:0010341	 gibberellin	carboxyl-O-methyltransferase	activity
GO:0016707	 gibberellin	3-beta-dioxygenase	activity
GO:0045544	 gibberellin	20-oxidase	activity
GO:0009693	 ethylene	biosynthetic	process
GO:0009723	 response	to	ethylene	stimulus
GO:0009727	 detection	of	ethylene	stimulus
GO:0009861	 jasmonic	acid	and	ethylene-dependent	systemic	resistance
GO:0009866	 induced	systemic	resistance,	ethylene	mediated	signaling	pathway
GO:0009868	 jasmonic	acid	and	ethylene-dependent	SR,	JA	mediated	signaling	pathway
GO:0009871	 jasmonic	acid	and	ethylene-dependent	SR,	ET	mediated	signaling	pathway
GO:0009873	 ethylene	mediated	signaling	pathway
GO:0010104	 regulation	of	ethylene	mediated	signaling	pathway
GO:0010105	 negative	regulation	of	ethylene	mediated	signaling	pathway
GO:0010364	 regulation	of	ethylene	biosynthetic	process
GO:0010366	 negative	regulation	of	ethylene	biosynthetic	process
GO:0051740	 ethylene	binding
GO:0009687	 abscisic	acid	metabolic	process
GO:0009688	 abscisic	acid	biosynthetic	process
GO:0009737	 response	to	abscisic	acid	stimulus
GO:0009738	 abscisic	acid	mediated	signaling
GO:0009787	 regulation	of	abscisic	acid	mediated	signaling
GO:0009788	 negative	regulation	of	abscisic	acid	mediated	signaling
GO:0009789	 positive	regulation	of	abscisic	acid	mediated	signaling
GO:0010115	 regulation	of	abscisic	acid	biosynthetic	process
GO:0010116	 positive	regulation	of	abscisic	acid	biosynthetic	process
GO:0010294	 abscisic	acid	glucosyltransferase	activity
GO:0010295	 (+)-abscisic	acid	8’-hydroxylase	activity
GO:0010427	 abscisic	acid	binding
GO:0009690	 cytokinin	metabolic	process
GO:0009691	 cytokinin	biosynthetic	process
GO:0009735	 response	to	cytokinin	stimulus
GO:0009736	 cytokinin	mediated	signaling
GO:0009823	 cytokinin	catabolic	process
GO:0080036	 regulation	of	cytokinin	mediated	signaling
GO:0080037	 negative	regulation	of	cytokinin	mediated	signaling
GO:0080038	 positive	regulation	of	cytokinin	mediated	signaling
GO:0009884	 cytokinin	receptor	activity
GO:0009885	 transmembrane	histidine	kinase	cytokinin	receptor	activity
GO:0019139	 cytokinin	dehydrogenase	activity

GOID description

0 2
-Log(p-value)Au

xi
n

Br
as
sin

os
te
ro
id

Gi
bb

er
el
lic
	A
ci
d

Et
hy
le
ne

Ab
sc
isi
c	
Ac

id
Cy

to
ki
ni
n

* * * * *

*

*
*

*

*

*

*

*

*

*
*

*
*

*

*
*
*

*

* *

*
*

*
*
*

*

*

*

*
*
*
*

*

*

*

*

*

*

*

*

* *

*

Figure 4.1. G. pyrenaicum and G. robertianum transcriptionally induce phytohormone-related processes. 
Heat map presenting (over-) representation of GO terms associated with growth-regulating phytohormones 
among up- and down-regulated OMCL groups at t = 2h and t = 11.5h in G. pyrenaicum and G. robertianum. Terms 
are clustered according to the different hormones. Colours represent –log of the p-value, significantly over-
represented terms are marked with asterisks.
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28-norteasterone, Joo et al., 2012) were more abundant in G. pyrenaicum and intermediates 
of the campesterol-depentent pathway (homocastasterone and typhasterol) in G. 
robertianum. 

Auxin, BR and GA induce petiole elongation in G. pyrenaicum and G. robertianum.
To study the responsiveness to auxin, BR and GA in the species, we treated Geranium leaves 
with the synthetic hormones 1-NaphthaleneAcetic Acid (1-NAA), 24-epibrassinolide (eBL) 
and GA3 (Fig. 4.3). A 1-NAA dose-response experiment clearly showed differential sensitivity 
for the hormone between the species. In G. pyrenaicum, auxin-mediated petiole elongation 
did not saturate even at the highest concentration (500 μM, Fig. 4.3A). In G. robertianum, the 
maximum response was measured with 1 μM of 1-NAA (Fig. 4.3D). Petiole elongation was 
induced by eBL in both species, although stronger in G. robertianum than G. pyrenaicum. 
In both species, elongation saturated at the lowest concentration of eBL (Fig. 4.3B and E). 
Petiole elongation in both species was induced by GA3, although G. robertianum was more 
sensitive to the lowest concentration than G. pyrenaicum (Fig. 4.3C and F). 

 We analysed the hormone-induced growth patterns in more detail using a variable 
displacement transducer set-up (Voesenek et al., 2003; Pierik et al., 2011). eBL, 1-NAA, GA3, 
or a mock solution was sprayed on one whole leaf, at 10:00 (t = 0) and 16:00 (t = 6h), while 
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Figure 4.2. Low R:FR light affects levels of free BL and IAA in G. pyrenaicum, but not in G. robertianum.
A – D. Free brassinolide (BL) levels (pg mg-1 fresh weight) in G. pyrenaicum (A & B) and G. robertianum (C & D) 
petioles and laminas in control (R:FR 1.8) and low R:FR (0.2) light, at two different time points (t = 2 h and t = 11.5 
h) after the start of the light treatment. Data represent means ± SEM, n = 4 biological replicates. 
E - H. Free indole-3-acetic-acid (IAA) levels (pmol  g-1 fresh weight) in G. pyrenaicum (E & F) and G. robertianum (G 
& H) petioles and laminas in control (R:FR = 1.8) and low R:FR (R:FR = 0.2) light, at two different time points (t = 
2 h and t = 11.5 h) after the start of the light treatment. Data represent means ± SEM, n = 4 biological replicates.
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Figure 4.3. Geranium petiole elongation is induced by 1-NAA, eBL and GA3.
G. pyrenaicum (A – C) and G. robertianum (D – F) petiole elongation (mm) over 24 h after treatment with different 
concentrations of 1-naphthaleneacetic acid (1-NAA; 0.1, 1, 10, 50, 100, 500 μM; A & D), 24-epibrassinolide (eBL; 
10, 50, 100 μM; B & E) or gibberelic acid3 (GA3; 10, 50, 100 μM; C & F), which were sprayed on the petiole and 
lamina (total 250 μL / leaf). Data represent means ± SEM, n = 10 (1-NAA) or n = 5 (eBL and GA3). Asterisks represent 
significant differences with the mock control (= 0 μM), p < 0.05. 
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Figure 4.4. Phytohormones 
differentially affect growth 
patterns in the Geraniums.
Differential growth rates 
(compared to mock control) of 
G. pyrenaicum (upper graph) and 
G. robertianum (lower graph) 
petioles in mm h-1, after eBL (10 
μM), GA3 (100 μM) or 1-NAA (10 
μM for G. pyrenaicum, 1 μM for G. 
robertianum) were sprayed (total 
250 μL) on the measured leaf 
(petiole & lamina). Hormones are 
applied at time point 0 (10:00) and 
6 hours (16:00; both indicated by 
arrows). Shaded area represents 
the night period. Data represent 
exponentially smoothened 
differences between means 
(hormone treatment – mock 
control), n = 6.
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petiole elongation was continuously measured (Fig. 4.4). After the second application, 10 
μM eBL induced petiole growth in G. robertianum, but initially slightly repressed elongation 
in G. pyrenaicum elongation, followed by stimulation in the night. 1-NAA  (10 μM in G. 
pyrenaicum and 1 μM in G. robertianum, based on the dose-response curve in Fig. 4.3) 
induced short-term elongation, which was stronger in G. pyrenaicum than in G. robertianum. 
GA3 differentially affected growth rates in the two species. In G. pyrenaicum, GA3 gradually 
induced petiole elongation, with a peak in the night, whereas in G. robertianum it induced 
growth only mildly after the first application, and more strongly after the night period. 

Functional characterisation of the role of auxin, GA and BR in low R:FR-mediated growth 
in the Geraniums.
Next, we functionally tested the role of auxin, GA and BR in the expressed growth differences 
upon low R:FR in the two Geraniums. Auxin biosynthesis was inhibited using yucasin, an 

* * * *
*

*
*

* * *
* * *

control low	R:FR G.	pyrenaicum

0

5

10

15

*
*

*
* *

*
*

[yucasin]	in	μM [BRZ]	in	μM [PAC]	in	μM

G.	rober0anum

[NPA]	in	μM

0

5

10

15

0 10 25 75 0 25 0 10 50 100 0 100 500

A B C D

E F G H

pe
Go
le
	e
lo
ng
aG
on
	(m
m
	2
4h
-1
)

Figure 4.5. Hormone inhibitors affect low R:FR mediated petiole growth in G. robertianum, but not in G. 
pyrenaicum.
Petiole elongation (mm 24 h-1) of control- (R:FR = 1.8) and low R:FR (R:FR = 0.2)  light-exposed G. pyrenaicum (A – 
D) and G. robertianum (E – H) plants treated with different concentrations of auxin biosynthesis inhibitor yucasin 
(10, 25, 75 μM; A & E), auxin transport inhibitor 1-N-Naphthylphthalamic acid (NPA; 25 μM; B & F), BR-biosynthesis 
inhibitor brassinazole (BRZ; 10, 50, 100 μM; C & G) or GA-biosynthesis inhibitor paclobutrazol (PAC; 100, 500 μM; D 
& H). Yucasin, NPA and BRZ were sprayed (250 μL) on the plants 24h before, and at the start of the light treatment. 
PAC was applied to the soil, 72 h before the start of the light treatment. Data represent means ± SEM, n = 6-7. 
Asterisks represent significant differences between the light treatments, p < 0.05.
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inhibitor of YUCCA activity, and auxin transport was inhibited by 1-N-Naphthylphthalamic 
acid (NPA), an inhibitor of PIN activity. BR- and GA-biosynthesis were inhibited using 
brassinazole (BRZ) and paclobutrazol (PAC), respectively. The inhibitors were applied at least 
24 hours prior to the start of the light treatment, in different concentrations. Surprisingly, 
none of the inhibitors reduced G. pyrenaicum petiole growth in control- and low R:FR 
light conditions (Fig. 4.5A-D), even though PAC-treated plants showed typical GA-deficient 
phenotypes, such as small and dark leaf laminas. This suggested that the treatments were 
inefficient to at least affect petiole growth of this species, although it can also indicate an 
independence of these hormones for shade-induced growth. On the contrary, all inhibitors 
affected growth of G. robertianum petioles. BRZ, PAC, and to a lesser extent NPA and yucasin, 
inhibited growth in control light, but interestingly not, or less in low R:FR light (Fig. 4.5E-H).

Because application of the hormone inhibitors to G. pyrenaicum leaves was ineffective, 
we next applied the chemicals via the root system using seedlings. In addition to the NPA 
treatment, we used α-(phenylethyl-2-one)-IAA (PEO-IAA) to antagonize the TIR1/AFB auxin 
receptors and block perception of the hormone. In G. pyrenaicum, a high concentration of 
PEO-IAA (100 μM) inhibited growth of the cotyledon petioles (Fig. S4.3) in control white 
light as well as the low R:FR response (Fig. 4.6A). NPA strongly inhibited low R:FR-mediated 
elongation (Fig. 4.6A). Similar to rosette plants, BRZ treatments did not affect growth in this 
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Figure 4.6. Auxin perception or –transport inhibition affects low R:FR mediated petiole elongation in Geranium 
seedlings.
Cotyledon petiole length (see Fig. S4.3 for clarification) of G. pyrenaicum (A) and G. robertianum (B) seedlings after 
five days of control (R:FR = 1.8) and low R:FR (R:FR = 0.2) light, combined with different concentrations of auxin 
perception inhibitor α-(phenylethyl-2-one)-IAA (PEO-IAA; 10, 50, 100 μM) and transport inhibitor NPA (25, 50, 100 
μM). Chemicals were added to the agar medium, to which plants were transferred 24 h prior to the start of the 
light treatments. Data represent means ± SEM, n = 6-10. Asterisks represent significant differences between the 
light treatments, p < 0.05.
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Figure 4.7. Inhibition of GA-, but not BR-
biosynthesis affects Geranium seedling growth 
and response to low R:FR light. 
Cotyledon petiole length (see Fig. S4.3 for 
clarification) of G. pyrenaicum (A & B) and G. 
robertianum (C & D) seedlings after four days 
of control (R:FR = 1.8) and low R:FR (R:FR = 0.2) 
light, combined with different concentrations 
of BR-biosynthesis inhibitor BRZ (0.5, 5 μM; A 
& C) and GA-biosynthesis inhibitor PAC (10, 50, 
100 μM; B & D). Chemicals were added to the 
agar medium, to which plants were transferred 
24h prior to the start of the light treatments. 
Data represent means ± SEM, n = 4-6. Asterisks 
represent significant differences between the 
light treatments, p < 0.05.

species (Fig. 4.7A). Nevertheless, PAC had great impact on the cotyledon petiole length in 
white light, and gradually reduced the low R:FR response, resulting in complete absence of 
SAS. It thus appeared that inhibitor application through the soil was more effective than 
local application to the petioles. 

 In G. robertianum, auxin perception- and transport inhibition strongly affected 
growth at normal light, but a moderate PEO-IAA treatment (50 μM) affected growth in 
low R:FR light to a lesser extent (Fig. 4.6B). This resulted in a difference between the light 
treatments, similar to yucasin- and NPA-treated G. robertianum rosettes. Interestingly, 
low concentrations of NPA (25 μM) mainly affected growth in low R:FR light, and high 
concentrations (100 μM) growth in control white light (Fig. 4.6B). Unlike in rosette plants, 
BRZ did not affect G. robertianum petioles (Fig. 4.7C). PAC inhibited over-all growth, but did 
not induce differences between the light treatments (Fig. 4.7D).

Discussion
Plant neighbour detection and light-driven shoot architecture rely on plant hormones 
(reviewed in Stamm and Kumar, 2010; Pierik and Testerink, 2014; de Wit et al., 2016). Our 
transcriptome analysis of shade intolerant G. pyrenaicum and –tolerant G. robertianum 
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revealed strong induction of auxin- BR- and GA-associated processes, indicating that these 
might play important roles in the induction and suppression of SAS in these species.

Differential production of and sensitivity for auxin might explain low R:FR-induced growth 
at the end of the photoperiod in G. pyrenaicum and G. robertianum.
As expected, IAA levels went up in shade avoiding G. pyrenaicum, in a low R:FR dependent 
matter. Nevertheless, unlike A. thaliana, in which IAA levels also increase in laminas (de Wit 
et al., 2015), this was petiole-specific, which suggests that IAA production in G. pyrenaicum 
may be very local, at the site of perception (see Fig. 2.3 in chapter 2) of the low R:FR signal. 
These findings contrast the earlier proposed idea that auxin is produced in the leaf lamina 
and transported to the elongating organ (petiole or hypocotyl) (reviewed in de Wit et al., 
2013). Alternatively, the flux from the laminas is high enough to prevent accumulation there, 
whereas it accumulates in the petioles and is not rapidly transported from the petioles. 

  The lack of low R:FR-induced IAA induction in G. robertianum petioles might 
explain its lack of petiole elongation at the end of the photoperiod (see chapter 2). Auxin-
related processes were enriched among up-regulated genes in both species at both time 
points (Fig. 4.1) and several SAUR genes were transcriptionally induced by low R:FR light 
by both species at t = 2h, but after 11.5 hours solely in G. pyrenaicum (see heat map in Fig. 
6.1, chapter 6). These genes are rapidly induced by an auxin- or low R:FR treatment and 
are necessary to induce hypocotyl elongation in A. thaliana (Chae et al., 2012; Spartz et al., 
2012). Our results suggest that increased auxin sensitivity and signalling may be associated 
with the early low R:FR-induced growth phase, while auxin biosynthesis would be required 
for the second growth peak. In A. thaliana, auxin perception and signalling are strongly 
influenced by the circadian clock (Covington and Harmer, 2007). A similar mechanism might 
regulate auxin responses in Geranium. 

 Interestingly, inhibition of auxin biosynthesis, transport and perception slightly 
induced SAS in G. robertianum (Fig. 4.5 and 4.6), over-all IAA levels in this species were twice 
as low as in G. pyrenaicum (Fig. 4.2) and auxin only minimally induced petiole elongation in G. 
robertianum at quite low concentrations (Fig. 4.3). These results suggest that G. robertianum 
is highly sensitive for auxin, and a slight IAA increase in elongating tissues represses 
growth. This is consistent with auxin being a growth promoter at low concentrations and 
an inhibitor at high concentrations (reviewed in Dunser and Kleine-Vehn, 2015). Free IAA 
levels in whole organs did not change, but perhaps a local IAA maximum in the elongating 
cells of the petiole is realized by induced transport in low R:FR. For example, auxin transport 
by PIN-FORMED3 (PIN3) regulates low R:FR-induced elongation of A. thaliana hypocotyls 
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and petioles (Keuskamp et al., 2010). More studies on the spatial- and tissue-specific auxin 
biosynthesis and -transport are needed to test these hypotheses.

End-of-day suppression of FR-mediated growth in G. robertianum is possibly BR-dependent.
BR strongly induced petiole elongation in G. robertianum and G. pyrenaicum, similar to 
A. thaliana (reviewed in Clouse, 2011). Nevertheless, free BL and castasterone (CL) levels 
remained unchanged upon a low R:FR treatment in G. robertianum, and were even reduced 
in G. pyrenaicum (Fig. 6.2 and S6.2). Although intact BR signalling is needed for SAS-induction 
in A. thaliana, BR biosynthesis has never been proven to be induced by low R:FR light (Kozuka 
et al., 2010; Keuskamp et al., 2011). Comparable to G. pyrenaicum, BL and CS levels were 
suppressed in dark-grown pea plants (Symons et al., 2002). These results indicate that low 
R:FR-mediated elongation is BR-dependent but does not require elevated BR biosynthesis. 
The reduction of BL levels in low R:FR-exposed G. pyrenaicum was restricted to the petioles, 
which are the site of perception of the low R:FR signal and of the induced elongation (see 
Fig. 2.3 in chapter 2, and Fig. 4.2). Low R:FR-dependent BL depletion happens mostly in the 
evening, when BR-sensitivity is strongest in G. pyrenaicum (Fig. 4.4) and IAA levels are high. 
Additional research is needed to explore the low R:FR mediated BR sensitivity, production 
and putative interactions with IAA biosynthesis and ultimately growth.

 If SAS induction depends on intact BR-signalling and the presence of BR, application 
of BRZ, a BR-biosynthesis inhibitor, should suppress shade-induced petiole elongation, similar 
to A. thaliana (Kozuka et al., 2010; Keuskamp et al., 2011). Nevertheless, BRZ treatment 
left low R:FR mediated petiole elongation in adult plants and seedlings of G. pyrenaicum 
unaffected (Fig. 4.5 and 4.7). It is possible that BRZ did not inhibit BR-biosynthesis in this 
species, since its inhibition site is thought to be the step from cathesterone to teasterone, 
intermediates in the campesterol-dependent pathway. Metabolite analysis in G. pyrenaicum 
suggests synthesis via the cholesterol-dependent pathway in this species (Fig. 4.2, Asami 
and Yoshida, 1999; Asami et al., 2000; Joo et al., 2012). Unfortunately, we are not aware of 
chemicals that block this synthesis pathway, and mutants for Geranium have not yet been 
created. 

 G. robertianum metabolites suggest BR biosynthesis via the campesterol-dependent 
synthesis and its growth was indeed inhibited by BRZ. Interestingly, this species induced SAS 
in the presence of BRZ. Possibly, at the end of the day, BR actively inhibits growth in low R:FR-
exposed plants. BR-signalling integrates with the light-signalling pathway at the level of PIF4. 
In the absence of BL, protein kinase BIN2 is active and phosphorylates PIF4, as well as BZR1, 
to target these transcriptional regulators for proteasome degradation. In the presence of BL, 
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the BR INSENSITIVE1 (BRI1) / BRI1-ASSOCIATED KINASE1 (BAK1) receptor kinase complex 
is activated and inhibits BIN2, which stabilizes both PIF4 and BZR1 (Bernardo-García et al., 
2014; He et al., 2002). PIF4 and BZR1 function independently and as a complex to regulate 
cell elongation (Oh et al., 2012). It could be speculated that this complex would induce a 
negative regulator of growth in G. robertianum, which would explain the BR-dependent 
suppression of low R:FR-induced elongation in this species. In short, in G. robertianum, 
inhibiting BL biosynthesis, for example with BRZ, would inactivate the PIF4/BZR1 complex, 
as well as expression of the negative growth-regulator. This would make low R:FR-mediated 
elongation in G. robertianum possible, for example via the other PIFs. 

 A plausible candidate for this negative growth regulator is the recently discovered 
NAC transcription factor JUB1. JUB1 down-regulates GA- and BR biosynthesis genes, up-
regulates DELLA gene expression in A. thaliana and is transcriptionally suppressed by the 
PIF4/BZR1 complex (Shahnejat-Bushehri et al., 2016). FR-dependent up-regulation of this 
transcription factor in G. robertianum at the end of the photoperiod would explain the 
down-regulation of GA biosynthesis- and up-regulation of DELLA genes in this species (see 
chapter 3). 

GA induces low R:FR mediated growth in G. pyrenaicum.
The classic growth-regulating hormone GA induced growth in both Geraniums, but according 
to the growth patterns, it is delayed in G. robertianum and absent in the evening. PAC-treated 
G. pyrenaicum seedlings were smaller and lacked low R:FR-mediated petiole elongation, 
which confirms the role of GA in inducing SAS. Interestingly, similar to the yucasin, NPA, 
PEO-IAA and BRZ treatment, PAC-treated G. robertianum plants in low R:FR light showed a 
significant petiole elongation response relative to the strongly growth-limited controls (Fig. 
4.5 and 4.6). Again, this might be due to the lack of end-of-day-growth suppression in low 
R:FR-exposed plants in the absence of GA. Alternatively, PAC treatment might in addition to 
GA, a-specifically have reduced BR levels as well. PAC, like BRZ, is a triazole compound that 
represses cytochrome P450 enzymes, and is also able to inactivate obtusifiol, an enzyme 
involved in early sterol-biosynthesis (Asami and Yoshida, 1999). Even then, it remains to be 
clarified how PAC treatment inhibits growth in control light, but not in low R:FR conditions 
and specifically if, and how, it prevents the end-of-day growth repression in low R:FR in G. 
robertianum.

 Nevertheless, transcriptome patterns (see chapter 3 and Fig. 4.1) suggest an 
important role for GA in the low R:FR-mediated growth patterns of G. robertianum. Following 
the above proposed model, GA biosynthesis suppression and the induction of catabolism 
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and DELLA transcription in the evening might be regulated by a transcription factor similar 
to JUB1. Additional experiments, such as detailed growth patterns of the Geraniums in the 
absence of IAA or BR, and measurements of free GA levels upon low R:FR, are needed to test 
the proposed hypotheses.  

Methods

Gene ontology enrichment analysis
For gene ontology analysis, significantly up- and down-regulated Geranium OMCL groups 
upon low R:FR (derived from RNA sequencing, presented in chapter 3), with a BLAST E-value 
<10-10 with A. thaliana genes, were clustered using the R package GOseq (Young et al., 2010), 
with correction for the total length of all transcripts in the Geranium OMCL group. 

Plant material, growth conditions and light treatments
For rosette experiments, G. pyrenaicum and G. robertianum seeds were sown and grown 
in long day conditions as described in chapter 2. Treatment started two weeks after 
transplanting. 

 For seedling experiments, seeds were surface sterilized in 70 % EtOH followed by 
a 5 % (G. pyrenaicum) or 10 % (G. robertianum) bleach solution, and finally rinsed with 
sterile water for four times. Seeds were sown on sterile agar plates (0.5 strength Murashige 
and Skoog medium, with MES buffer, 0.8 % Plant Agar w/v) and stratified in the dark at 4°C 
for five (G. pyrenaicum) or seven (G. robertianum) days. Plates were closed with Leukopor 
(Leukoplast®) to allow gas-exchange. Afterwards plates were transferred to long day light 
conditions, placed vertically with an angle of 70° to germinate for five (G. pyrenaicum) or 
eight (G. robertianum) days. Thereafter, seedlings were transferred to new agar plates, 
which contained a pharmacological treatment. 24 h later, light treatments would start. 

Light treatments
Low R:FR light conditions were obtained by supplementing standard growth chamber light 
(R:FR = 1.8, 180 μmol m-2 s-1 PAR) with far-red LEDs (± 730 nm, Philips), to obtain a R:FR of 0.2 
without changing PAR. Light spectra are shown in Fig. S2.1. 

 Seedlings were exposed to a far-red treatment for 5 (PEO-IAA and NPA) or 4 days 
(PAC and BRZ), rosettes for 24 hours.

Brassinosteroid analysis
For BR content, leaf lamina and petiole samples were harvested after 2 and 11.5 hours (12:00 
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and 21:30 respectively) of low R:FR or control light treatment, as four biological replicates. 
These samples were analyzed as previously described (Swaczynová et al., 2007) with a few 
modifications. Briefly, fresh Geranium tissue samples of 50 mg were homogenized to a fine 
consistency using 3-mm zirconium oxide beads (Retsch GmbH & Co. KG, Haan, Germany) 
and a MM 301 vibration mill at a frequency of 30 Hz for 3 min (Retsch GmbH & Co. KG, Haan, 
Germany). The samples were then extracted overnight with stirring at 4°C using a benchtop 
laboratory rotator Stuart SB3 (Bibby Scientific Ltd., Staffordshire, UK) after adding with 1 
mL ice-cold 60 % acetonitrile and 10 pmol of [2H3]brassinolide, [2H3]castasterone, [2H3]24-
epibrassinolide, [2H3]24-epicastasterone, [2H3]28-norbrassinolide, [2H3]28-norcastasterone 
and [2H3]typhasterol as internal standards (OlChemIm Ltd., Olomouc, Czech Republic). The 
samples were further centrifuged, purified on polyamide SPE columns (Supelco, Bellefonte, 
PA, USA) and then analyzed by UHPLC-MS/MS (Micromass, Manchester, UK). The data were 
analyzed using Masslynx 4.1 software (Waters, Milford, MA, USA) and BR content was finally 
quantified by the standard isotope-dilution method (Rittenberg and Foster, 1940). Each 
sample was analyzed three times, and the average of these technical replicates was used as 
one biological replicate.

Auxin analysis
For auxin metabolite quantification, we harvested similar Geranium samples as for BR 
analysis. Auxin content in these samples was determined by slightly modified method 
described by (Pěnčík et al., 2009). Briefly, 10 mg of tissue was extracted with 1 ml cold 
phosphate buffer (50 mM; pH 7.0) containing 0.02 % sodium diethyldithiocarbamate with 
internal standards: [13C6]IAA, [13C6]OxIAA, [15N,2H5]IAAsp and [15N,2H5]IAGlu. Samples were 
then centrifuged at 20 000 rpm for 10 min, acidified with 1 M HCl to pH 2.7 and purified 
by solid phase extraction (SPE) using C8 columns (Bond Elut, 500 mg, 3 ml; Varian). After 
evaporation under reduced pressure, samples were diluted in 30 µl of 10 % methanol and 
analyzed for auxin content using Acquity UHPLCTM (Waters, USA) linked to a triple quadrupole 
mass detector (Xevo TQ MSTM; Waters, USA). Each sample was analyzed three times, and the 
average of these technical replicates was used as one biological replicate.

Pharmacological treatments
For rosette experiments, different concentrations of 1-NaphthaleneAcetic Acid (1-NAA; 0.1, 
1, 10, 50, 100, or 500 μM, in 0.1 % EtOH, 0.1 % Tween-20), 24-epibrassinolide (eBL; 10, 50, 
or 100 μM, in 0.01 % DMSO, 0.1 % Tween-20) and GA3 (10, 50, or 100 μM, in 0.01 % EtOH, 
0.1 % Tween-20) was sprayed on one leaf (petiole and lamina) of each plant (total 250 μL 
/ leaf). Mock controls were either 0.01 % DMSO, 0.01 % or 0.1 % EtOH. During transducer 
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experiments, the attached leaves were sprayed two times during the light period, at 10:00 
(t = 0) and 16:00 (t = 6).

 Different concentrations of auxin biosynthesis inhibitor Yucasin (10, 25, or 75 μM, 
in 0.01 % DMSO, 0.1 % Tween-20), auxin transport inhibitor 1-N-Naphthylphthalamic acid 
(NPA; 25 μM, in 0.1 % EtOH, 0.1 % Tween-20) and BR biosynthesis inhibitor Brassinazole 
(BRZ; 10, 50, or 100 μM, in 0.02 % DMSO, 0.1 % Tween-20) were sprayed on the plants 24 
h prior to, and at the start of the light treatment. Mock treatment consisted of 0.1 % EtOH, 
or 0.01 %, 0.02 % DMSO and 0.1 % Tween-20. For GA biosynthesis inhibition, pots were not 
watered for 2 days, then treated wit 20 ml of Paclobutrazol (PAC; 100, or 500 μM, in 0.5 % 
EtOH) or mock (0.5 % EtOH), 72h prior to the start of the light treatment.

For seedling experiments, sterile solutions of auxin perception inhibitor α-(phenylethyl-
2-one)-IAA (PEO-IAA; final concentration 10, 50, or 100 μM, 0.1 % DMSO), NPA (final 
concentration 25, 50, or 100 μM, 0.1 % DMSO), BRZ (final concentration 0.5, or 5 μM, 0.1 
% DMSO) or PAC (final concentration 10, 50 or 100 μM, 0.1% EtOH) were added to sterile 
agar medium. Mock plates contained a final concentration of 0.1 % DMSO or 0.1 % EtOH. 
Seedlings were transferred to these plates 24 h prior to the start of the light treatment.

Growth measurements
Geranium petiole elongation was measured over a given time with a digital calliper (tx - t0). In 
seedling experiments, cotyledon petioles (Fig. S4.3) were measured using the digital calliper 
at the end of the light treatment. 

Petiole elongation rate kinetics were measured using linear variable displacement 
transducers (LVDTs); type ST 200; Schlumberger Industries, Bognor Regis, UK (Pierik et al., 
2011; Voesenek et al., 2003). The LVDT was attached to the lamina-leaf junction of the 
second leaf, 18 h prior to the start of the light treatment. Growth rates in mm h-1 were 
calculated using a moving mean over 6 minute time intervals. Differences in growth rate 
between mock- and hormone treated plants were exponential smoothened (damping-
factor 0.9).  

Statistical analysis
Differences between hormone- or inhibitor treatments and mock control were analysed 
with a students t-test, using Microsoft Excel, preceded by an f-test to check equal variances. 
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Figure S4.1. Levels (pmol g-1 fresh weight) of free IAA, catabolized oxIAA and conjugates IAAsp and IAAGlu in G. 
pyrenaicum and G. robertianum petioles (left) and laminas (right) after 2 or 11.5 hours of control white (R:FR = 1.8) 
or low R:FR (R:FR = 0.2) light treatment. Data represent means ± SEM, n = 4 biological replicates.
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Figure S4.2. Levels (pg mg-1 fresh weight) of free brassinolide, castasterone, 28-norcastasterone, 
28-norteasterone, homocastasterone and typhasterol in G. pyrenaicum and G. robertianum petioles (left) and 
laminas (right) after 2 or 11.5 hours of control white (R:FR = 1.8) or low R:FR (R:FR = 0.2) light treatment. Data 
represent means ± SEM, n = 4 biological replicates.
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1 
cm

cotyledon 
petiole

G. pyrenaicum G. robertianum Figure S4.3. G. pyrenaicum (left) and G. robertianum seedling indicating 
which organ is referred to as the ‘cotyledon petiole’ in seedling studies 
with Geraniums.
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Low Red:Far-red light contrastingly affects Jasmonic 
Acid-mediated defences in G. pyrenaicum and  

G. robertianum

5chapter
Abstract: Shade intolerant plant species in dense canopies respond to a change in light 
quality by expressing the shade avoidance syndrome (SAS). The reflection of far-red (FR) 
light by nearby plants reduces the red (R) to FR light ratio (R:FR), which is sensed by 
phytochrome phorotreceptors and results in rapid elongation growth. Low R:FR signalling 
in these species also leads to increased susceptibility to pathogen and herbivore attacks. 
Phytochrome- mediated induction of Jasmonic Acid Zim-domain (JAZ) proteins suppress 
the jasmonic acid (JA)-mediated defences. It is unknown if similar mechanisms occur 
in shade tolerant plants. In this chapter we show that genes regulating JA-depending 
biological processes were transcriptionally down-regulated by low R:FR light in the shade 
intolerant Geranium pyrenaicum, but not in the shade tolerant G. robertianum. The methyl-
JA-mediated expression of several genes is repressed by low R:FR light in G. pyrenaicum, 
and accordingly there is increased susceptibility to the necrotrophic pathogen Botrytis 
cinerea. Contrastingly, the effect of low R:FR light on meJA-induced gene expression in G. 
robertianum is less pronounced, and resistance against B. cinerea in this species is even 
enhanced in low R:FR. These data indicate that not only the effect of low R:FR on growth, 
but on pathogen defences as well, is regulated oppositely between the shade tolerant and –
intolerant species. Knowledge on the regulation of mechanisms of light signalling-mediated 
defence may help to modify pathogen resistance in dense crop plantings. 

Charlotte M.M. Gommers and Ronald Pierik 

Plant Ecophysiology, Institute of Environmental Biology, Utrecht University, The Netherlands 
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Introduction
In both natural and agricultural settings, plants often have to cope with multiple stressors 
at the same time. In dense canopies, plants compete for various resources: under ground 
for water and nutrients and above ground for light. Under these competitive conditions, 
plants simultaneously need to combat herbivores and pathogens that prevail in the canopy 
microclimate. In order to prevent shade from neighbours, plants induce upward leaf 
movement, accelerated shoot elongation and apical dominance; collectively referred to as 
the shade avoidance syndrome (SAS, reviewed in Casal, 2012; Pierik and Testerink, 2014). 
SAS is induced in response to early neighbour detection signals such as touching leaf tips 
(de Wit et al., 2012) and a decline in the ratio between red (R) and far-red (FR) light (R:FR), 
which is sensed by the phytochrome photoreceptors that regulate stability of PYTOCHROME 
INTERACTING FACTORS (PIFs; Leivar and Monte, 2014). 

Plants have evolved several ways to induce resistance against pathogens, mainly regulated 
by the phytohormones salicylic acid (SA, against biotrophic pathogens) and jasmonic acid 
(JA, against biotrophic pathogens) (reviewed in Pieterse et al., 2009, 2012). SA and JA are 
synthesised during an attack and function as signalling molecules to induce plant resistance 
against attackers. SA enhances the nuclear translocation of transcriptional activator NON-
EXPRESSOR OF PR-GENES1 (NPR1), which regulates the expression of a large set of defence-
related genes. JA induces the ubiquitination and subsequently degradation of the jasmonate 
zim domain (JAZs) proteins, thus releasing the transcription of defence-enhancing genes.

Studies in Arabidopsis thaliana have identified a trade-off between the low R:FR-induced 
growth and plant immunity. Low R:FR light-induced growth goes at the cost of both SA- and 
JA-mediated defences (de Wit et al., 2013; Cargnel et al., 2014; reviewed in Ballaré, 2014). 
Active phytochromes directly or indirectly, via the activation of DELLA proteins, degrade 
JAZ10 proteins. In a low R:FR light environment, phytochrome is inactive, and the produced 
gibberelic acid (GA) targets DELLAs for degradation, causing a stabilization of the JAZ10 
protein and suppression of JA-mediated defences (Cerrudo et al., 2012). 

 In chapter 2, we identified reduced phenotypic plasticity to shaded environments 
in a shade tolerant plant species, but ecological studies have shown in the past that a 
successful life in the shade also relies on maintaining stress-tolerance. When light is scarce, 
plants have to maintain their expensively-build carbon, and will increase defences against 
attackers (reviewed in Valladares and Niinemets, 2008). This can be constitutive (e.g. thorns, 

5



75

Low R:FR differentially affects JA-mediated defences in Geranium

toxins or thick leaves) or inducible, and enhances survival in for example shade tolerant tree 
seedlings (Augspurger, 1984). 

 Nevertheless, to date no research was performed to compare the direct effect 
of low R:FR light on the immunity of shade tolerant versus –intolerant plant species. Our 
RNA sequencing data of the shade tolerant Geranium robertianum and the –intolerant G. 
pyrenaicum presented in chapter 3 showed that the expression of several defence-related 
OMCL groups was differentially regulated by a low R:FR treatment between these species. 
Here, we investigated the consequences of these differences for plant immunity. Not only 
was JA-mediated gene expression more strongly down-regulated by low R:FR light in G. 
pyrenaicum than in G. robertianum, bio-assays with necrotrophic fungus Botrytis cinerea 
proved that the low R:FR treatment even oppositely affects pathogen resistance in the two 
species. G. pyrenaicum became more susceptible for the pathogen in low R:FR light, but G. 
robertianum boosted its immune system and became more resistant. 

Results

Low R:FR light reduces defence related transcripts stronger in G. pyrenaicum than in G. 
robertianum.
The heat maps in chapter 3 showed among the down-regulated OMCL groups in G. 
pyrenaicum and G. robertianum a clear overrepresentation of defence-related processes 
(Fig. S3.2 and S3.3). But, as was shown with a multivariate comparison, this suppression 
seemed stronger in G. pyrenaicum than G. robertianum. As is shown in Fig. 5.1A (a subset of 
Fig. 3.7 in chapter 3), the defence-related gene ontology (GO) terms were overrepresented 
in the list of OMCL groups with a positive species*treatment interaction after 11.5 hours of 
low R:FR. Indeed, the log fold changes of all OMCL groups clustered in these GO categories 
are more strongly down-regulated in low R:FR light in G. pyrenaicum than in G. robertianum 
(Fig. 5.1B). The fold changes of a subset of these OMCL groups are plotted in Fig. 5.1C, 
showing how these are strongly down-regulated in G. pyrenaicum, especially after 11.5 
hours of low R:FR treatment, but less, or even up-regulated in G. robertianum. 

Low R:FR light affects meJA-mediated transcript abundance.
To test whether this effect of low R:FR light has consequences for the JA-mediated signalling, 
we quantified the expression of JA-inducible OMCL groups with and without additional FR 
light. To do so, we treated G. pyrenaicum and G. robertianum rosettes with 100 μM methyl-
JA (meJA) and additionally with two hours of control (R:FR 1.8) or low R:FR (0.2) light. 

 The tested OMCL groups are orthologues of JASMONIC ACID RESPONSIVE3 (JR3), 

5



76

chapter 5

-
GO:0009620 BP response to fungus

GO:0009862 BP systemic acquired resistance, salicylic acid mediated signaling pathway

GO:0009963	 BP	 positive	regulation	of	flavonoid	biosynthetic	process
GO:0006805	 BP	 xenobiotic	metabolic	process
GO:0019761	 BP	 glucosinolate	biosynthetic	process
GO:0009695	 BP	 jasmonic	acid	biosynthetic	process
GO:0009694	 BP	 jasmonic	acid	metabolic	process
GO:0009611 BP response to wounding

GO:0009867 BP jasmonic acid mediated signaling pathway

GO:0009753	 BP	 response	to	jasmonic	acid	stimulus
GO:0009718	 BP	 anthocyanin	biosynthetic	process

2h 11.5h

GOID descriptionont.+ + -

-4 0 4 (-)log(pvalue)

−2 −1 1 2

−2

−1

1

2

Log2FC	(G.	pyrenaicum)

Lo
g2
FC
	(G

.	r
ob

er
0a

nu
m
)

x	=	y

A
B

Lo
g2
(F
C) OMCL9656

WRKY70

*
*

*

*

*

*

*

* * *

*

* *

*

OMCL2584
JMT

OMCL24154
ILL6

OMCL3832
DMR6

OMCL12394
LOX6

OMCL5926
TT7

OMCL4985
PAP1

OMCL1609
JR3

G.	pyrenaicum G.	rober0anum

−3

−2

−1

0

1

t2 t11.5 t2 t11.5 t2 t11.5 t2 t11.5 t2 t11.5 t2 t11.5 t2 t11.5 t2 t11.5

C

Figure 5.1. Low R:FR light differentially affects expression of JA-related genes.
A. Heatmap of the gene ontology clusters over-representing transcripts with a positive species*treatment 
interaction at t = 11.5h, and a role in plant defences against pests. 
B. Scatterplot of the transcripts from the gene ontology clusters (A) showing the comparison of Log fold changes 
(low R:FR vs. control) in G. pyrenaicum (x-axis) and G. robertianum (y-axis).
C. Graphs presenting Log fold changes of a subset of OMCL groups from the GO clusters in A. Asterisks represent 
significant differences between control and low R:FR light (p < 0.01). Data from RNAseq analysis (see chapter 3).

TRANSPARENT TESTA7 (TT7) and PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAP1). JR3 
encodes an IAA-Ala hydrolase, previously shown in A. thaliana to be up-regulated by meJA 
(Jung et al., 2007). TT7 encodes a flavonoid hydroxylase, which is in A. thaliana and poplar 
(Populus ssp.) transcriptionally up-regulated by WRKY23, and therefore active at nematode 
infection sites (Grunewald et al., 2011; Levée et al., 2009). PAP1 encodes a transcription 
factor, which is transcriptionally induced by meJA and involved in anthocyanin production 
(Shan et al., 2009). JR3, TT7 and PAP1 are transcriptionally up-regulated by a meJA treatment 
in A. thaliana, but, as was shown in a micro-array analysis by de Wit et al (2013, see Fig.
S5.1), this is strongly reduced in low R:FR light. Orthologues of these genes expressed 
similar patterns in G. pyrenaicum (Fig. 5.2), while the effect of low R:FR light was less (JR3; 
OMCL1609) or absent (TT7; OMCL5926 and PAP1; OMCL4985) in G. robertianum.

G. robertianum boosts defences against B. cinerea in FR-enriched light.
To examine the biological consequences of these differences, in control and low R:FR light 
conditions, cotyledons of both species were infected with spores of the necrotrophic 
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Figure 5.2. Low R:FR light affects meJA-induced transcript 
abundance.
Gene expression data of the Geranium orthologues of JR3 
(A), TT7 (B) and PAP1 (C), upon a meJA (100 μM), low R:FR 
(R:FR = 0.2, 2 hours) or combined treatment, relative to the 
control (R:FR = 1.8, mock) and the reference gene (orthologue 
of PDF1), for G. pyrenaicum (dark bars) and G. robertianum 
(light bars). MeJa or mock (250 μL) was sprayed on the leaf at 
the start of the light treatment. Data represent means ±SEM, 
n = 5. 
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Figure 5.3. Low R:FR light differentially affects resistance against B. cinerea in G. 
pyrenaicum and G. robertianum.
A. Lesion diameters (mm) of a B. cinerea infection (2.5*105 spores ml-1) on G. pyrenaicum 
and G. robertianum cotyledons, in a control (R:FR = 1.8) or low R:FR (R:FR = 0.2) light 
environment, measured 3 days after inoculation. Data represent means ± SEM, n = 28. 
Asterisks represent 2-way ANOVA and post-hoc Tukey test (above bars) outcome, p < 0.05. 
B. Petiole length of G. pyernaicum and G. robertianum cotyledons (mm), with or without 
B. cinerea infection, in a control (R:FR = 1.8) or low R:FR (R:FR = 0.2) light treatment. Data 
represent means ± SEM, n = 28. 
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pathogen B. cinerea, which is fended off through JA-mediated defences. Lesion diameters 
caused by the pathogen increased in the low R:FR treatment in G. pyrenaicum, but decreased 
in G. robertianum (Fig. 5.3A), indicating that the divergence of R:FR responses between 
these species extends to pathogen resistance. Low R:FR-mediated petiole elongation in the 
seedlings (cotyledon petioles; Fig. S4.3), however, remained unaffected by the B. cinerea 

treatment, and was present in G. pyrenaicum, but not in G. robertianum (Fig. 5.3B). 

Discussion
In this chapter we show that Geranium species respond differently to low R:FR, not only 
at the level of petiole elongation, but of regulating defences as well. Low R:FR-regulated 
suppression of the SA and JA-mediated defences has been described in previous studies 
with A. thaliana (de Wit et al., 2013b; Cargnel et al., 2014), and ecologists have put stress 
resistance forward as an important trait of shade tolerance (Augspurger, 1984; Valladares 
and Niinemets, 2008). In a low R:FR environment, shade tolerant G. robertianum not only 
maintains its defences, but boosts JA-mediated resistance against B. cinerea. 

The mechanism through which low R:FR reduces pathogen resistance in shade avoiding 
plants is not fully established, but likely involves low R:FR-mediated stabilisation of negative 
regulators of the JA pathway (Moreno et al., 2009); the JASMONATE ZIM-DOMAIN (JAZ) 
proteins (Cerrudo et al., 2012; Robson et al., 2010). Similar to the transcriptional up-
regulation of JAZ7, JAZ8, JAZ9 and JAZ10 in A. thaliana (Moreno et al., 2009), the Geranium 
orthologue of JAZ3 (OMCL7907) is induced by low R:FR in the evening in G. pyrenaicum, 
but interestingly not in G. robertianum (see chapter 6, Fig. 6.1). In the presence of JA, JAZ3 
is degraded via an interaction with the SCF(COI1) ubiquitin-ligase complex, and thus releases 
the suppression of MYC2, a bHLH transcription factor promoting the expression of, among 
others, PAP1 (Shan et al., 2009; Dombrecht et al., 2007). Transcriptional down-regulation 
of PAP1 in low R:FR light (Fig. 5.1C and 5.2) might therefore be related to the up-regulation 
of JAZ3 in G. pyrenaicum. In G. robertianum, JAZ3 expression is not up-regulated by low 
R:FR light and this would explain the lack of down-regulation of PAP1 in this species. This 
pathway regulating PAP1 expression might regulate multiple JA-mediated defence genes 
and thus explain the different effects of low R:FR light on the B. cinerea resistance in G. 
pyrenaicum and G. robertianum.

To test if the differential JAZ3-MYC2-PAP1 expression explains the different effects of low 
R:FR light on disease resistance between the two Geranium species, in depth research into 
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the molecular defence pathways of Geranium is necessary. It has been proposed that the 
stabilization of JAZ proteins in low R:FR light acts via DELLA proteins (Ballaré, 2014). DELLA 
proteins physically interact with JAZs, and therefore positively regulate the JA-mediated 
defences (Hou et al., 2010). But, in a low R:FR light environment, DELLA proteins are 
degraded in a gibberellic acid (GA)-dependent manner (Djakovic-Petrovic et al., 2007), and 
thus release JAZ proteins. As shown in chapters 3, 4 and 6 of this thesis, the regulation of 
GA biosynthesis genes upon low R:FR differs between the two Geranium species. The lack 
of up-regulation of these genes in the late time point in G. robertianum might limit the 
available GA, causing stability of the DELLA-JAZ complex and thus maintained defences. This 
cannot explain the enhanced resistance against B. cinerea by low R:FR light in this species, 
but possibly enhanced transcription of DELLA proteins cause this, similar to the opposite 
growth responses (petiole growth suppression) at the end of the photoperiod (chapter 2). 
For example, the orthologue of DELLA gene RGA-LIKE1 (RGL1) is mildly up regulated in a FR-
enriched environment in G. robertianum, but not in G. pyrenaicum (chapter 3).

 Although more in-depth research is required to unravel the molecular mechanisms, 
the presented data reveal that low R:FR light conditions suppress immunity in a shade 
avoiding species, whereas these light conditions enhance immunity of a shade tolerant 
species. 

Methods

GO enrichment analysis
The significant species*treatment interactions from the transcriptome analysis were used 
for a gene ontology enrichment essay, as was described in chapter 3.

Plant material and growth conditions
G. pyrenaicum and G. robertianum plants were sown and grown in long day conditions 
as described in chapter 2. Two weeks after transplanting, the rosettes were used for the 
experiments. 

For pathogen essays, G. pyrenaicum and G. robertianum seedlings were germinated and 
transferred after respectively six and eleven days to 19 ml pots with potting soil.

Light treatments
A low R:FR (R:FR = 0.2) treatment was obtained with supplemental FR LEDs to the white light 
(R:FR = 1.8, PAR 180 μmol m-2 s-1), without changing the PAR. Spectral graphs of the light 
treatments are given in Fig. S2.1.
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Methyl-Jasmonate treatments
30 minutes prior to the start of the light treatments, a solution of 100 μM meJA or mock (0.1 
% EtOH) with 0.1 % Tween-20 was sprayed on the plants. 

RNA isolation and gene expression
RNA was extracted from two whole leaves (petiole & lamina) of separate plants for each 
replicate, using Qiagen RNeasy kit, with on-column DNaseI treatment. cDNA was synthesised 
using the SuperscriptIII reverse transcriptase kit (Invitrogen) with RNase inhibitors and 
random primers. 

Quantitative RT-PCR was performed in a 5 μl reaction with SyberGreen Supermix (Bio-Rad) 
in a Viia7 PCR. The Geranium orthologue (OMCL703) of the PP2A subunit PDF1 (AT3G25800) 
was used as a reference gene. Relative expression was calculated using ddCT. Primers are 
listed in appendix A. 

Expression data of JR3, TT7 and PAP1 from old micro-array experiments on A. thaliana 
rosettes (de Wit et al., 2013b) was obtained using the Genevestigator programme.

Pathogen assays
Necrotrophic fungus Botrytis cinerea (strain B0510) was grown on half strength potato 
dextrose agar (PDA; BD Difco) for two weeks in long day (12 h light / 12 h dark), after 
which conidia were harvested in potato dextrose broth (PDB; BD Difco). One day after 
transplanting to soil, a 2 μl droplet of 2.5*105 spores / ml of B. cinerea or PDB was applied 
to each cotyledon and the plants were kept at saturated humidity in a control white (R:FR 
= 1.8) or low R:FR (R:FR = 0.2) treatment. Lesion diameters and petiole lengths (cotyledon 
petioles; Fig. S4.3) were measured 3 days after inoculation using a digital calliper. 

Statistical analysis
Bioassay data was analysed by 2-way ANOVA preceded by Levene’s test to verify equal 
variances (p > 0.05), followed by a post-hoc Tukey test. All analyses were conducted in R. 
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Transcriptome analysis of two wild Geranium species 
with opposite shade strategies reveals novel shade 

avoidance regulators

6chapter
Abstract: As a consequence of red (R) light uptake for photosynthesis and far-red (FR) 
light reflection, plants growing in dense canopies experience a decline in the R:FR light. 
This inactivates the phytochrome photoreceptors and releases the suppression of 
PHYTOCHROME INTERACTING FACTORS (PIFs), which eventually initiate the regulation of 
a set of shoot elongation traits referred to as the shade avoidance syndrome (SAS). The 
SAS is an adaptive strategy for shade intolerant plant species competing for light, but on 
the contrary is suppressed by shade tolerant species in the forest understory. To date, 
the molecular pathway regulating this suppression is unknown. RNA sequencing of two 
wild Geranium species with opposite growth responses in low R:FR light identified novel 
candidate shade avoidance regulators. Orthologues of two receptor-like kinases (THESEUS1 
(THE1) and FERONIA (FER)) and the bHLH protein KIDARI (KDR) showed expression patterns 
that matched the growth data of G. pyrenaicum and G. robertianum in low R:FR light. Their 
possible role in the regulation of the SAS was validated in Arabidopsis thaliana mutants. 
These genes might be important switches for plants to induce or suppress the shade 
avoidance strategy and are potential molecular targets for future breeding programmes to 
reduce SAS and increase yield.

Charlotte M.M. Gommers, Sara Buti, Emilie Reinen, Laurentius A.C.J. Voesenek and Ronald 
Pierik

Plant Ecophysiology, Institute of Environmental Biology, Utrecht University, The Netherlands 
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Introduction
When grown in dense stands, plants often experience reduced light quantity and a change 
in quality. To secure photosynthesis, driven mainly by red (R, 655-665nm) and blue (B, 
400-500nm) light, most plants evolved an early neighbour detection mechanism to avoid 
upcoming shade. The rosette species Arabidopsis thaliana uses touching of surrounding 
plants by the leaf tips as a trigger to move its leaf upwards (hyponasty) and reach for the 
light (de Wit et al., 2012). A consequence of this response is the horizontal reflection of far-
red (FR, 725-735nm) by the erect leaves, causing a decline in the ratio between R and FR 
(R:FR) light. Under these conditions, specialized photoreceptors of the phytochrome family 
(PHYs) change conformation from the active, FR absorbing (Pfr) form, to the inactive, R 
absorbing (Pr) form (reviewed in Li et al., 2011; Franklin and Whitelam, 2005). This releases a 
complex pathway regulating hyponasty, elongation of stem-like tissues and early flowering, 
which helps the plant to outgrow the canopy and is therefore referred to as the shade 
avoidance syndrome (SAS). When competition increases and shading becomes more severe, 
plants will additionally suffer a reduction in B and R light, resulting in limited availability 
of photosynthetically active radiation (PAR). B light is sensed by the cryptochrome (CRYs) 
photoreceptors, which are inactivated in its absence and release additional elongation 
responses (reviewed in Liu et al., 2011). 

When PHYB, the main phytochrome involved in the SAS becomes inactive, it releases 
the degradation of a group of basic helix-loop-helix (bHLH) transcription factors; the 
PYTOCHROME INTERACTING FACTORS (PIFs), (Lorrain et al., 2008). PIF4, PIF5 and PIF7 
are the three key-regulators of the low R:FR induced elongation response. They directly 
regulate the expression of XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE15 (XTH15) 
(Hornitschek et al., 2009), encoding a protein involved in cell-wall loosening, to induce cell 
expansion during shade avoidance (Sasidharan et al., 2010), and of several transcription 
factors, like ARABIDOPSIS THALIANA HOMEOBOX2 (ATHB2), ATHB4 and PIF3-LIKE1 (PIL1) (Li 
et al., 2012; Leivar et al., 2012). PIF7 induces auxin biosynthesis by regulating the expression 
of YUCCA genes (YUC8 and YUC9) (Li et al., 2012; de Wit et al., 2015), and PIF4 can also 
up-regulate TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) expression 
at elevated temperature (Franklin et al., 2011). PIF4 and PIF5 additionally increase auxin 
sensitivity via transcription of AUX/IAA29 (IAA29) (Hornitschek et al., 2012). PIF4 regulates 
brassinosteroid (BR)-mediated expression via interaction with the BRASSINOSTEROID 
RESISTANT1 (BZR1) transcription factor (Oh et al., 2012, 2014). 

To prevent excessive elongation in shade, PIF4 and PIF5 are bound by DELLA proteins, which 
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will be degraded when gibberellic acid (GA) levels increase (Djakovic-Petrovic et al., 2007), 
and by LONG HYPOCOTYL IN FAR-RED LIGHT1 (HFR1). This atypical, non-DNA binding bHLH 
transcription factor is transcriptionally up-regulated in a low R:FR light environment, in a 
PIF-dependend matter and thus creates a negative feedback loop (Hornitschek et al., 2009; 
Sessa et al., 2005). The PIF-mediated pathway to induce SAS is schematically depicted in 
Fig. 1.2.

The phytochrome-mediated SAS is extensively studied and is a favorable strategy for shade 
intolerant plants that often have to compete for the light to secure their fitness. Interestingly, 
shade tolerant plant species from forest understories suppress the low R:FR-mediated stem 
elongation response to prevent fruitless elongation against the surrounding tall trees, as was 
shown for Geranium robertianum in chapter 2. Remarkably, hardly any attempts we made 
so far to decifer the molecular pathways regulating the suppression of the SAS in shade 
tolerant species. G. pyrenaicum and G. robertianum are both able to respond to changes 
in light quality (chapter 2), indicating the presence of functional photoreceptors, but still 
they express antithetical growth responses in low R:FR light. In chapter 3 these species were 
used for a genome-wide transcriptional analysis, which revealed overall transcriptional 
differences upon neighbour perception. 

In the current chapter we combine the knowledge of chapter 2 and 3 to search for candidate 
genes in the Geraniums of which the expression matches the growth kinetics over the day. 
A set of 31 OMCL groups was selected and from this list we extracted three candidates 
to analyse in more detail. These are the atypical bHLH transcription factor KIDARI (KDR) 
and two receptor-like kinases from (RLKs) the Catharanthus roseus RLK1-like (CrRLK1L) 
family, FERONIA (FER) and THESEUS1 (THE1). Their involvement in SAS was demonstrated 
in functional studies using A. thaliana mutants. The induction of KDR and THE1 expression 
in low R:FR, as well as in more severe shade treatments, was confirmed using RT qPCR in 
A. thaliana, and appeared to be organ-specific. As a first attempt to predict the pathways 
regulating these genes, their shade-induced expression was analysed in pif4, pif5 and pif7 
genetic backgrounds. 

Results

Candidate OMCL group selection to explain the low R:FR induced growth patterns. 
To find OMCL groups that would match the low R:FR-induced growth patterns of the 
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Figure 6.1. Candidate gene selection, regulating the differential growth patterns of G. pyrenaicum and G. 
robertianum.
A. Petiole elongation kinetics (mm h-1) over 24 h for G. pyrenaicum (left) and G. robertianum (right) in low R:FR 
(R:FR = 0.2) or control white light (R:FR = 1.8; same data as Fig. 2.1). Low R:FR treatment started at t = 0 (10:00 
A.M.). Data represent means ± SEM, n = 6. The grey bar on the x-axis represents the night period. Purple dotted 
line marks the early harvest time-point (t = 2h; 12:00) for RNAseq analysis (chapter 3), blue the late harvest time 
point (t = 11.5h; 21:30).
B. Venn diagram representing the amount of OMCL groups up-regulated in both species after 2h (red shades) or 
11.5h (blue shades) of low R:FR treatment.
C. Selection of 31 OMCL groups, with closest A. thaliana orthologue and description, all up-regulated (low R:FR vs. 
control, p < 0.01, read counts >20) in G. pyrenaicum after 2 h and 11.5 h, and in G. robertianum after 2 h of low R:FR 
treatment. Colours represent the log2(Fold Change).  
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Geraniums, we selected the groups up-regulated in both time points in G. pyrenaicum, but 
only in the early time point in G. robertianum (Fig. 6.1A and B). Among this selection of 31 
OMCL groups were orthologues of some known SAS-regulating genes, such as GIBBERELLIC 
ACID 20 OXIDASE2 (GA20OX2), XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE9 
(XTH9) and some SMALL AUXIN UPREGULATED RNAs (SAURs), as well as transcriptional 
regulators KIDARI (KDR), CRY2-INTERACTING BHLH2 (CIB2) and BASIC REGION/LEUCINE 
ZIPPER MOTIF61 (BZIP61), and receptor-like kinases THESEUS1 (THE1) and FERONIA (FER) 
(Fig. 6.1C). Transcription of some of these OMCL groups was analysed in more detail using 
RT qPCR and plotted against the growth rates (Fig. 6.2). KDR expression was rapidly and 
strongly up-regulated by the low R:FR treatment in G. pyrenaicum, and declined during the 
night (Fig. 6, left panels). Transcription of THE1, FER, CIB and BZIP61 was induced more 
slowly and less strongly by low R:FR, and peaked at the beginning of the night, while 
GA20OX2 expression started to clearly increase at the end of the night. KDR, THE1, FER, 
CIB and BZIP61 transcription were barely induced in the low R:FR treated G. robertianum 
petioles (Fig. 6.2, right panels). Expression of CIB and BZIP61, and to a lesser extend THE1 and 
FER, was even reduced in the night following the low R:FR treatment. GA20OX2 transcripts 
quickly increased in the prescence of FR light and reduced at the end of the day again in G. 
robertianum, precisely matching the growth patterns.

For further analysis we selected KDR, which has been previously associated with light 
signaling, albeit in deetiolation and not in shade avoidance, as well as THE1 and FER; 
members of the CrRLK family that have been shown to affect hypocotyl, leaf, root and pollen 
tube cell elongation, but that have not been studied in a photobiology context. The log fold-
changes of these OMCL groups upon 2 or 11.5 hours of low R:FR light are plotted in Fig. 6.3, 
and clearly show the difference in expression between the two species in the second time 
point.

Multiple sequence allignment of the predicted protein sequences of the Geranium and A. 
thaliana orthologues of KDR showed large similarity (Fig. 6.4A) and the smallest differences 
appeared between the Geranium orthologues (Fig. 6.4B). THE1 and FER orthologues 
were clustered with several members of the same family of RLKs: HERKULES1 (HERK1), 
HERK2, ANXUR1 (ANX1) and ANX2. Fig. 6.4C shows the protein sequence alignment of the 
activation loop in the kinase domain, a conserved region in this group of CrRLK1Ls (Lindner 
et al., 2012), although the cluster tree in Fig. 6.4D is based on the whole peptide sequences. 
Both show that the Geranium and A. thaliana orthologues of these RLKs cluster together. 
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Figure 6.2. Confirmation of temporal gene expression patterns in G. pyrenaicum and G. 
robertianum.
Relative OMCL group expression over time in G. pyrenaicum (left panels) and G. robertianum 
(right panels) in control (R:FR = 1.8; open circles) and low R:FR (R:FR = 0.2; dark circles) 
conditions, on the left y-axis. Data are relative to reference and to t = 0 (10:00), data represent 
means ± SEM, n = 5. Right y-axis and grey lines represent growth rates in mm h-1 over the same 
time period in control (light grey) and low R:FR (darker grey) conditions (same data as Fig. 2.1). 
Grey area represents the night period.
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Log2 fold-changes of OMCL14968 (KDR 
orthologue), OMCL1872 (THE1 orthologue) and 
OMCL2164 (FER orthologue) in G. pyrenaicum 
(dark bars) and G. robertianum (light bars), all 
up-regulated by low R:FR in both species at time 
point t = 2 h, but only in G. pyrenaicum at t = 11.5 
h. Asterisks represent significant difference with 
control light treatment, adj. p-value < 0.01. 
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Figure 6.4. Strong similarities 
between Geranium and A. thaliana 
orthologues of KDR and several 
CrRLKs.
A. Alignment of the predicted protein 
sequences of the G. pyrenaicum 
(Pyr), G. robertianum (Rob) and A. 
thaliana (Ath) orthologues of KDR. 
Dots represent similarities. The basic 
helix-loop-helix pattern is taken from 
Hyun and Lee, 2006.
B. Alignment tree of the KDR 
orthologues based on the protein 
sequence alignments presented in A.
C. Multiple alignment of the 
predicted protein sequence of the 
activation loop of the kinase domain 
(chosen based on Lindner et al., 
2012) of several G. pyrenaicum (Pyr), 
G. robertianum (Rob) and A. thaliana 
(Ath) orthologues of CrRLKs. 
D. Alignment tree of the in C 
presented CrRLK orthologues. 
Clustering is based on the complete 
predicted protein sequence.

Based on these similarities, we predict similar functions for the Geranium and A. thaliana 
orthologues of KDR, THE1 and FER.
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Heterologous studies in A. thaliana confirm a role for KDR, THE1 and FER in the expression 
of SAS.
The functionallity of KDR, THE1 and FER in the regulation of SAS was tested in the model 
species A. thaliana because transgenic methods are currently unavailable in Geranium 
species. Petioles of a KDR knock-out (kdr-1) and knock-down (kdr-2) line had reduced 
responses to low R:FR treatment, whereas the activation tagged line KDR-D was similar to 
wild type (Fig. 6.5A and B, Fig. S6.1). In hypocotyls of young seedlings, these differences 
were more extreme. Hypocotyls of kdr-1 and kdr-2 were strongly inhibited in low R:FR-
induced elongation and KDR-D was hypersensitive to low R:FR (Fig. 6.5C). 

 The THE1 knock-out line the1-4 and EMS-mutant the1-1 (Fig. 6.5A and B) as well 
as the herk1the1 double mutant (Fig. 6.6A and B) showed significantly reduced low R:FR-
induced petiole elongation, but THE1ox responded similarly to wild type (Fig. 6.5A and B). 

Figure 6.5. A. thaliana mutants for KDR, THE1, FER and LLG1 have disturbed R:FR responses. 
A. Petiole elongation (mm) of A. thaliana KDR, THE1, FER and LLG1 deficient- (kdr-1, kdr-2, the1-1, the1-4, fer-4, 
fer-5 and llg1-2), over expressing lines (KDR-D, THE1ox and LLG1ox) and WT control (Col-0), grown in control white 
light (R:FR = 1.8) or low R:FR (R:FR = 0.2) conditions for 24 hours. Data represent means ± SEM, n = 10. Different 
letters indicate significant differences (p < 0.05, 2-way ANOVA with post-hoc Tukey test).
B. Pictures of representative leaves of Col-0, kdr-1, kdr-2, the1-1, the1-4, fer-4, fer-5, llg1-2, KDR-D, THE1ox and 
LLG1ox grown for five days in control white light (left pair) or low R:FR (right pair) conditions. 
C. Hypocotyl length (mm) of A. thaliana KDR, THE1, FER and LLG1 deficient- (kdr-1, kdr-2, the1-1, the1-4, fer-4, 
fer-5 and llg1-2), over expressing lines (KDR-D, THE1ox and LLG1ox), and WT control (Col-0), after four days of 
control white light or low R:FR treatment. Data represent means ± SEM, n = 40. Different letters indicate significant 
differences (p < 0.05, 2-way ANOVA with post-hoc Tukey test).
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Figure 6.6. HERK1 function in the A.thaliana shade avoidance 
response.
A. Petiole elongation (mm) of A. thaliana herk1the1 and herk1 
mutants, and WT control (Col-0), grown in control white light 
(R:FR = 1.8) or low R:FR (R:FR = 0.2) conditions for 24 hours. Data 
represent means ± SEM, n = 10. Different letters indicate significant 
differences (p < 0.05, 2-way ANOVA with post-hoc Tukey test).
B. Pictures of representative leaves of herk1the1 and herk1 grown 
for five days in control white light (left pair) or low R:FR (right pair) 
conditions.
C. Hypocotyl length (mm) of herk1the1 and herk1 mutants, and 
WT control (Col-0), after four days of control white light or low 
R:FR treatment. Data represent means ± SEM, n = 40. Different 
letters indicate significant differences (p < 0.05, 2-way ANOVA 
with post-hoc Tukey test).

Importantly, the1-1, the1-4 (Fig. 
5B) and herk1the1 (Fig. S5B) were 
drastically hampered in hypocotyl 
elongation and THE1ox responded 
more strongly than the wild type. 
HERK1 is a related RLK (see also 
Fig. 6.4C and D) and has previously 
been shown to act redundantly 
to THE1 in regulating hypocotyl, 
petiole and lamina cell growth 
(Guo et al., 2009a), and the herk1 
single mutant responded like the 
wild type (Fig. 6.6A and B). 

Adult FER knock down (fer-5) and 
knock out (fer-4) plants responded 
similarly to wild type in petiole 
elongation, as did the LORELEI-
LIKE GPI-AP1 (LLG1, co-receptor of 
FER (Li et al., 2015)) mutant llg1-2 and overexpressing LLG1ox (Fig. 6.5A and B, Fig. S6.2). In 
contrast, these mutations did hugely impact low R:FR-induced hypocotyl elongation: fer-4, 
fer-5 and llg1-2 lacked this response completely and LLG1ox responded strongly to the low 
R:FR signal (Fig. 6.5C). Interestingly, although all our candidate genes were derived from 
expression in petiole tissues in rosette-stage Geranium, their functional role is particularly 
striking in A. thaliana hypocotyls, and for FER even absent in petioles.

We next verified whether these regulators are transcriptionally regulated in response to 
low R:FR in A. thaliana seedlings as observed in G. pyrenaicum petioles. We included more 
severe shade treatments as well: low B and low B combined with low R:FR light. Hypocotyl 
elongation was induced in low B more than low R:FR, and  was strongest in the combination 
treatment (Fig. 6.7A). KDR, THE1 and FER expression was not induced by any of the 
treatments in the cotyledons, and thus no differences were detectable in whole seedling 
shoots (hypocotyl + apical meristem + cotyledons) either (Fig. 6.7B-D). On the contrary, 
in hypocotyls, KDR was transcriptionally up-regulated by a low B treatment, and THE1 
transcripts increased according to the elongation response (Fig. 6.7B and C). FER expression 
remained unchanged (Fig. 6.7D). Established low R:FR inducible marker genes XTH15, PIL1 

6



92

chapter 6

KDR

control
low	R:FR

low	B
low	B	+	low	R:FR

THE1

FER

re
la

0v
e	

ex
pr

es
sio

n

0

1

2

3

4
0

1

2

3

4
0

1

2

3

4

shoot cotyledon hypocotyl

XTH15

PIL1

HFR1

0

1

2

3

4
0

1

2

3

4
0

10

shoot cotyledon hypocotyl

hy
po

co
ty

l	l
en

gt
h	

(m
m

)

0

1

2

Col-0

A

B

C

D

E

F

G

Figure 6.7. KDR, THE1, FER, and SAS marker gene expression in low R:FR-, low B- or low R:FR & low B light-
exposed A. thaliana seedlings. 
A. Hypocotyl length (mm) of A. thaliana ecotype Col-0, after four days of control white light (R:FR = 1.8, ± 60 μmol 
m-2 s-1 B), low R:FR (R:FR = 0.2), low B (R:FR = 1.8, ± 4 μmol B) or low R:FR & low B light. Data represent means ± 
SEM, n = 40.
B. Relative expression of KDR, THE1, FER and known SAS regulators XTH15, PIL1 and HFR1 in control white light, 
low R:FR, low B, or low R:FR & low B light for 24 hours, in whole seeding shoots (cotyledons + SAM + hypocotyl), 
cotyledons or hypocotyls. Values are relative to reference genes and control treatment. Data represent means ± 
SEM, n = 3. 

and HFR1 were transcriptionally induced mainly in cotyledons in a low R:FR treatment (Fig. 
Fig. 6.7E-G). Additionally, XTH15 expression was strongly induced in a combined low R:FR 
and low B treatment (Fig. 6.7E).
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Figure 6.8. KDR, THE1, FER, and SAS marker gene expression in petioles of low R:FR-, low B- or low R:FR & low B 
light-exposed wild type A. thaliana and several pif-mutants. 
A. Petiole elongation (mm 24 h-1) of A. thaliana genotypes Col-0, pif7, pif4pif5 and pif4pif5pif7, exposed to control 
white light (R:FR = 1.8, ± 60 μmol m-2 s-1 B), low R:FR (R:FR = 0.2), low B (R:FR = 1.8, ±4 μmol B) or low R:FR & low B 
light. Data represent means ± SEM, n = 5.
B - G.  Relative expression of KDR, THE1, FER and known SAS regulators XTH15, PIL1 and HFR1 in petioles of Col-0, 
pif7, pif4pif5 or pif4pif5pif7 exposed to control white light, low R:FR, low B, or low R:FR & low B light for 4 hours. 
Values are relative to reference genes and WT in control treatment. Data represent means ± SEM, n = 6.
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In a first attempt to position KDR, THE1 and FER in the known shade avdoiance regulatory 
networks, we analyzed expression of these genes upon shade treatments in wild type A. 
thaliana as well as pif7, pif4pif5 and pif4pif5pif7 mutants. Because of the effect that removal 
of B light had on the low R:FR induced gene expression in seedlings (Fig. 6.7), we included the 
low B and low B with low R:FR light treatment. Petioles of wild type plants elongated upon 
all three light treatments. pif7 mainly affected low R:FR-induced elongation, but pif4pif5 
low B-induced elongation. pif4pif5pif7 remained inresponsive in all treatments. Expression 
of KDR was up-regulated by low R:FR and although blue light removal did not affect KDR 
expression, it did enhance low R:FR-induced expression. KDR transcription seemed to be 
regulated in a PIF4, PIF5 and PIF7 dependent matter, since it was lost only in the triple 
mutant. THE1 and FER expression was hardly up-regulated in A. thaliana petioles in any of 
the treatments. XTH15 expression was up-regulated by low R:FR light, and dependend on 
PIF4 and PIF5, but not PIF7. All three PIFs seemed to act redundantly in transcriptional up-
regulation of PIL1 and HFR1, and an additional regulator might play a role since up-regulation 
of these genes remains even in pif4pif5pif7. Surprisingly, the negative SAS regulator HFR1 
was partially up-regulated by low R:FR in a B light dependend matter. Removal of B light 
decreased transcript abundance, opposite to the results for KDR.

Discussion
Shade avoidance (SAS) is a well studied adaptive strategy to neighbour proximity, and the 
regulatory molecular pathway has been studied extensively. However, the mechanisms 
allowing shade tolerant species to suppress SAS were not studied so far. From the Geranium 
transcriptomes described in chapter 3 we were able to identify the genes KDR, FER and 
THE1 as novel candidates in the regulatory pathway of the SAS, and these were confirmed 
in heterologous gene functional studies in A. thaliana. 

The atypical non-DNA binding bHLH transcription factor KDR is a known regulator of light-
mediated growth and directly binds another atypical bHLH protein, LONG HYPOCOTYL IN 
FAR-RED LIGHT1 (HFR1) (Hyun and Lee, 2006; Hong et al., 2013), a well-studied suppressor 
of PIF4 and PIF5 function (Hornitschek et al., 2009). Despite this knowledge, and the proven 
direct regulation of KDR by the PIF4-BRASSINAZOLE RESISTANCE1 (BRZ1) complex (Oh et al., 
2012), KDR had not previously been identified as a low R:FR-inducible functional regulator 
of the SAS. Our data suggest that since the Geraniums do not hold an orthologue for HFR1, 
KDR likely also interacts with other molecular regulators to co-regulate SAS. Likewise, in two 
Rumex species with contrasting elongation responses to submergence KDR was identified 
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as a putative regulator of underwater shoot elongation, and also in these species no HFR1 
orthologues were identified (van Veen et al., 2013). Additionally, our transcript analysis on 
pif mutants suggests that KDR is regulated by low R:FR, and it’s transcriptional induction 
is redundantly regulated by PIF7 and PIF4/5 (Fig. 6.8). KDR expression is induced by low 
R:FR to roughly the same extent in the presence and absence of blue light, whereas low 
R:FR-induced HFR1 expression is partially reduced under blue light-depleted conditions. 
Apparently, HFR1 expression under low R:FR is promoted by active CRYs, which are known 
to inhibit PIF4 and PIF5 action in the presence of B light (Pedmale et al., 2016; Ma et al., 
2016). As a consequence, PIF4 and PIF5 would potentially be negative regulators of blue 
light-controlled HFR1 transcription. But, since down-regulation of HFR1 transcription in low 
B light remained present in the pif4pif5 mutant, there may be PIF4/5-independent route to 
control HFR1. The lower expression values of HFR1 upon low R:FR in the absence of B light 
might explain the enhanced growth response in this treatment.  

The molecular function of the RLKs THE1 and FER in the regulation of the SAS remains to be 
resolved. Both proteins have been shown to regulate cell elongation (reviewed in Lindner 
et al., 2012; Wolf and Höfte, 2014), but were not previously associated with photoreceptor 
responses. THE1 acts both as a repressor (Hématy et al., 2007) and enhancer (Guo et al., 
2009a) of hypocotyl and petiole cell expansion, and is often described as a sensor for cell 
wall integrity (CWI) (Denness et al., 2011). THE1 is redundant to HERK1 in regulating general 
vegetative growth (Guo et al., 2009a), but we show here that this is not the case during 
shade avoidance. In fact, while HERK1 appears to play no detectable role, THE1 is a clear 
regulator and seems to act independently of HERK1, as indicated by the single and double 
mutant data (Fig. 6.6). Interestingly, THE1 expression is only induced in the elongating parts 
of low R:FR- and low B-exposed A. thaliana plants (hypocotyls and to lesser extend in low 
R:FR-exposed petioles) but not in the leaf laminas. Since low R:FR-induced stem elongation 
requires cell wall modification (Sasidharan et al., 2014), these organ-specific expression data 
for THE1 are consistent with the hypothesis that released polysaccharides from the walls of 
cells that show accelerated undirectional expansion would act as ligands to activate THE1 
(Lindner et al., 2012). It remains unknown, however, how THE1 gene expression is regulated.

 FER is a well-studied player in female fertility, where it ruptures the growing pollen 
tube (Escobar-Restrepo et al., 2007; Duan et al., 2014), but has also been associated with 
vegetative growth (Guo et al., 2009a; Li et al., 2015). Although FER expression is low R:FR-
inducible in the Geraniums, its expression in A. thaliana seedlings and rosettes is unaffected 
by low R:FR and low B light. But, since the fer and llg1 mutant data indicate a clear regulatory 
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role for this receptor complex in A. thaliana hypocotyls, we speculate that its activity may be 
regulated by low R:FR at a post-transcriptional level. This in fact may be a level of control for 
THE1 as well. How light signals regulate these RLKs, which putative ligands are controlling 
their activity in shade avoidance and which factors might be the kinase targets are all 
questions that future studies should elucidate. Although these constitute major research 
efforts, they will help put these novel SAS regulators in context with other known factors 
such as the transcriptional protein complex around PIFs, cell wall modifying proteins and the 
multitude of plant hormones involved. 

 Interestingly,  two major hormones in SAS control, brassinosteroid (BR) and 
gibberellin (GA) (Kozuka et al., 2010; Keuskamp et al., 2011; de Lucas et al., 2008; Djakovic-
Petrovic et al., 2007), transcriptionally induce THE1, FER and HERK1 in A. thaliana (Guo et al., 
2009a). However, since BR levels in low R:FR-exposed Geraniums are reduced rather than 
increased (chapter 4) and HERK1 and FER expression are unaffected in low R:FR exposed 
A. thaliana, it is unlikely that THE1 (and FER in Geranium) up-regulation is the result of 
increased BR levels. Still, a possible role for GA might be an interesting focus for future 
studies.

In this chapter, the use of wild species, combined with functional tests in A. thaliana 
provided novel players in the SAS-regulatory pathway, which apeared to function organ-
specific. Insights from this study provide a stepping-stone for future SAS research, and 
possible molecular targets for breeding programs to reduce competition for light in crop 
canopies. 

Methods

Plant material and growth conditions 
G. pyrenaicum and G. robertianum plants were sown and grown in long day conditions 
as described in chapter 2. Two weeks after transplanting, the rosettes were used for light 
treatments.

 Different A. thaliana genotypes (Col-0, pif7 (Leivar et al., 2008), pif4pif5 (Lorrain et 
al., 2008), pif4pif5pif7 (de Wit et al., 2015), the1-1, THE1ox (Hématy et al., 2007), the1-4, 
herk1, herk1the1 (Guo et al., 2009a), kdr-1 (SALK_048383C, Fig. S6.1B), kdr-2 (SALK_033495C, 
Fig. S6.1B), KDR-D (Hyun and Lee, 2006, Fig. S6.1A), fer-5 (SALK_029056C), fer-4, llg1-2 (Fig. 
S6.2) and pLLG1::HA-LLG1 (LLG1ox, Fig. S6.2) (Li et al., 2015) were cold stratified for 4d, then 
germinated on a potting soil perlite mix (1 : 2) with supplemented nutrients for 10 days and 
transplanted to 70 ml pots to grow for 18 more days [9h light period (180 μmol m-2 s-1 PAR; 

6
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R:FR = 1.8); 70 % RH; 20°C] before the start of the light treatments.

 For seedling experiments, seeds of the same A. thaliana genotypes were chlorine 
gas sterilized, stratified (4 d dark, 4°C) and germinated on 0.5 MS agar (0.8 % v/w) plates 
with MES buffer (1 g/L). Germination was started with a 2 h light pulse and 24 h dark period. 
48 h after the light pulse, treatments started [16 h light period, similar settings].

Light treatments
Low R:FR light conditions were obtained by supplementing standard growth chamber light 
(R:FR = 1.8, 180 μmol m-2 s-1 PAR) with far-red LEDs (730 nm, Philips), to obtain a R:FR of 
0.2 without changing the photosynthetically active radiation (PAR). Low B (± 4 μmol m-2 

s-1) conditions were obtained using a Lee Medium Yellow 010 filter, without affecting PAR. 
Treatments started at 10:00.

RNA isolation and gene expression
For the Geranium time-series experiment, we pooled the most apical 1 cm of the second 
leaf (main region of elongation during low R:FR, see chapter 2) of three plants as one 
replicate 2, 4, 8, 11.5, 15, 19 and 23 hours after the start of the low R:FR treatment (or the 
corresponding control). RNA was extracted from the samples using the Qiagen RNeasy kit, 
with on-column DNaseI treatment. cDNA was synthesised using the SuperscriptIII reverse 
transcriptase kit (Invitrogen) with RNase inhibitors and random primers. Quantitative RT-
PCR was performed in a 5 μl reaction with SyberGreen Supermix (Bio-rad) in a Viia7 PCR. 
The Geranium homologue (OMCL703) of the PP2A subunit PDF1 (AT3G25800) was used 
as a reference gene. Relative expression was calculated using ddCT. Primers are listed in 
appendix A.  

 For A. thaliana gene expression experiments in petioles, RNA was extracted from 
six pooled petioles (~5 mm) of three plants per replicate. For A. thaliana gene expression 
experiments in seedlings, material of 30 shoots (hypocotyl + cotyledons + SAM), hypocotyls 
or cotyledons (+ SAM) was harvested and pooled per replicate, after 24 h of light treatment. 
Extraction and analysis was similar as the Geraniums, the average CT of TUBULIN, APT1 and 
AT1G13320 (petioles), or the CT of At1G13320 solely (seedlings) was used as a reference. 
Primers are listed in appendix A. 

 For genotyping of kdr-1, kdr-2, KDR-D, llg1-2 and LLG1ox, leaf material was 
harvested, and processed as the above described samples. Primers are listed in appendix A.  

6
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Multiple sequence alignments
The protein sequence predictions were made using the Snapgene programme and multiple 
sequence alignments were made using the CLC sequence viewer programme.

Statistical analysis
Growth data were analysed by 2-way ANOVA preceded by Levene’s test to verify equal 
variances (p > 0.05) and followed by a post-hoc Tukey test. If needed, data were ln 
transformed. All analyses were conducted in R. 
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7chapter

Light energy fuels the photosynthesis reactions. It is the energy for plants to construct 
energy-rich sugars and to grow, and is therefore indispensable for all life on earth. Plants 
have adopted several strategies to secure the uptake of light. When a canopy starts to close, 
and light availability for individual plants is at risk, shade intolerant plants will move their 
leaves upward (hyponasty), elongate stem-like tissues and flower early, a set of traits to help 
them reach for the light and set seeds quickly, which is referred to as the shade avoidance 
syndrome (SAS; reviewed in  Pierik and De Wit, 2013; Pierik and Testerink, 2014). On the 
contrary, some plants can complete their life cycle in deep shade, without the possibility 
to outgrow their neighbours. These shade tolerant plant species can be found in the forest 
understories and they suppress the SAS (reviewed in Valladares and Niinemets, 2008). Shade 
intolerant species induce the SAS long before true shading (reduced light levels) occurs. 
Before a plant is truly shaded, the preferential uptake of red (R, λ = 600 – 700 nm) and blue 
(B, λ = 400 – 500 nm) light by chlorophyll, but mainly the reflection of far-red (FR, λ = 700 
– 800 nm) light reduces the ratio between R and FR (R:FR) light. This change is sensed by 
phytochrome (Phy) photoreceptors, that become inactive when the R:FR light declines, and 
therefore release the suppression of PHYTOCHROME INTERACTING FACTORS (PIFs), key-
regulators of plant growth (summarized in Fig. 1.2, Fig. 7.2, and reviewed in Leivar and Quail, 
2011; Leivar and Monte, 2014). Although shade tolerant plants express phytochromes, like 
all higher plants (Lariguet and Dunand, 2005), it had remained largely unknown how shade 
tolerant plant species regulate the suppression of SAS (Gommers et al., 2013). 

When growing tall is just not an option in the evening
In this thesis, we studied the phenotypic- and transcriptomic responses to low R:FR light of 
two wild Geranium species that naturally grow in different environments and therefore have 
contrasting survival strategies. Geranium pyrenaicum is a shade intolerant species, often 
found in grasslands, and G. robertianum is found in the forest understories. Interestingly, 
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even though G. robertianum petioles seem unaffected by a 24 hour low R:FR treatment, this 
species is just as well capable to rapidly respond to the change in light quality, but represses 
petiole growth at the end of the photoperiod. This suppression seems fixed to a specific 
time of the day, which implies a role for the biological clock. Circadian rhythms influence 
various SAS components, such as PIF4 and PIF5, of which transcription peaks just before 
dawn and during the night (Salter et al., 2003; Huang et al., 2016). In Arabidopsis thaliana, 
protein stability of PIF4 and PIF5 alternates with transcription and peaks during the night, 
when PhyB is inactive (Yamashino et al., 2013). 
 We additionally showed that the suppression of petiole growth in low R:FR-
exposed G. robertianum is reset in a dark-dependent matter, to enable elongation the next 
day. This could imply the involvement of a growth-suppressing protein that is stabile in low 
R:FR light but not in the dark. Possibly, low R:FR-mediated suppression of petiole elongation 
in G. robertianum is caused by enhanced inhibition of PIF4 and PIF5 action through B 
light-activated cryptochromes (CRYs; Fig. 7.2; Pedmale et al., 2016; Ma et al., 2016) in the 
evening. CRYs are inactivated in the dark, which resets the cycle. This would explain the 
petiole elongation in low R:FR-exposed G. robertianum in the absence of B (Chapter 2). To 
test this hypothesis, more extended studies are needed to the temporal aspect in CRY-PIF 
suppression and the Geranium growth kinetics in low B light.  

Hormonal regulation of staying short 

Differential transcriptomic patterns reveal a role for gibberellins in phytochrome-mediated 
suppression of petiole growth in G. robertianum
To study the low R:FR-mediated gene expression patterns of these Geranium species, we 
used the unbiased approach of RNA sequencing. At the first place, this provided good quality 
transcriptomes of both G. pyrenaicum and G. robertianum. Differential expression analysis 
revealed that the species, similar to A. thaliana, after 2 hours of low R:FR transcriptionally up-
regulate light- and hormone signalling processes. Clearer differences between the species 
appear after 11.5 hours of low R:FR; G. pyrenaicum mainly suppresses photosynthesis- and 
defence-related genes, and, interestingly, G. robertianum up-regulates gibberellic acid (GA)-
associated genes. 
 GA induces cell growth by repressing DELLA proteins, suppressors of PIF4 and 
PIF5 function (Fig. 7.2; Djakovic-Petrovic et al., 2007). In A. thaliana, GA is thought to be 
especially important in long-term phytochrome-mediated elongation (Franklin, 2008). In G. 
robertianum, at the end of the photoperiod, an orthologue of DELLA gene RGA-LIKE1 (RGL1), 
as well as GA-2-OXIDASE-8 (GA2OX8), which encodes a protein involved in GA catabolism, are 



103

General discussion

up-regulated. Simultaneously, at this time point, the up-regulation of GA20OX2, encoding an 
enzyme in GA biosynthesis, is lost in this species. These findings point towards suppression 
of GA-mediated elongation responses at the end of the photoperiod in G. robertianum, 
but not in G. pyrenaicum. Although this might explain the differential elongation in the 
two Geraniums, the control of GA signalling most probably is regulated downstream of, 
for example, PIF signalling cascades, assuming that PIFs would control GA biosynthesis and 
catabolism. Additional measurements of free GA in high- and low R:FR-exposed Geraniums 
are needed to test this hypothesis. 

Local phytochrome signalling and auxin accumulation in G. pyrenaicum petioles are 
associated with elongation 
Hormone data of chapter 4 show that not only GA synthesis, but also auxin levels might 
explain differential growth of the two species at the end of the day. Free IAA levels increase 
upon 11.5 hours of low R:FR treatment in G. pyrenaicum petioles, but remain unchanged in 
G. robertianum. Auxin is often considered the most important hormonal player in regulation 
of SAS (de Wit et al., 2013a). IAA biosynthesis is affected by induced expression of several 
YUCCA genes, directly regulated by PIF4, PIF5 and PIF7 (Hornitschek et al., 2012; de Wit et 
al., 2015). Additionally, expression of auxin response genes, such as the AUX/IAA IAA29, 
is directly regulated by PIFs (Hornitschek et al., 2012). Induced auxin transport during low 
R:FR via PIN-FORMED3 (PIN3) allows accumulation of the hormone at the site of elongation 
(Keuskamp et al., 2010) and during low R:FR, active IAA levels can rapidly increase at the 
expense of IAA conjugate IAGLu (Zheng et al., 2016). In G. pyrenaicum, IAA accumulates 
in the petiole, and not the lamina, which could indicate rapid transport of IAA towards 
the petiole from the lamina, or local auxin biosynthesis in the petiole. Local perception of 
the low R:FR signal in the petiole rather than the lamina (chapter 2) would suggest a local 
PIF-activation and thus auxin biosynthesis, but additional research is needed to test this 
hypothesis. To date, not much is known about the local perception of light signals, although 
many auxin responsive genes were up-regulated by shade in the seedling shoot apex of A. 
thaliana, and not, or less, in cotyledons (Nito et al., 2015). Nevertheless in A. thaliana, auxin 
biosynthesis and –signalling was induced in low R:FR-exposed laminas as well as petioles 
(Kozuka et al., 2010; de Wit et al., 2015). In A. thaliana, end-of-day (EOD) far-red treatments 
were, unlike our findings, most strongly perceived in the leaf lamina, to induce elongation in 
the petiole (Kozuka et al., 2010). 7
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Brassinosteroid-dependent suppression of phytochrome-mediated growth in G. 
robertianum
Chapter 4 additionally identified a role for brassinosteroids (BRs) in the growth-differences 
between the Geraniums. Metabolite analysis suggests differential preferred biosynthesis 
routes for G. pyrenaicum and G. robertianum, which might explain why BR biosynthesis 
inhibitor brassinazole (BRZ) had no effect on G. pyrenaicum. Interestingly upon low R:FR, BR 
levels in this species reduced, rather than increased. The effect of low R:FR light on levels 
of free brassinolide (BL) or castasterone (CS), two biologically active BRs, has not been 
published before. In pea plants, BL and CS increased in de-etiolated seedlings (Symons et al., 
2002), indicating that BR synthesis is induced by active photoreceptors (Fig. 7.2). This implies 
that induced BR-levels do not cause the elongation response in dark- or low R:FR-grown 
plants. The BRZ-induced low R:FR growth response in G. robertianum, and the BL-mediated 
growth suppression during the day in G. pyrenaicum, even suggest a growth-suppressing 
role for BR. Low R:FR-mediated BR-suppression, as seen in G. pyrenaicum, but not in G. 
robertianum, might be necessary to allow petiole elongation. Nevertheless, as shown by 
using BR- deficient mutants of A. thaliana, BR synthesis and –signalling are necessary to 
induce the SAS (Kozuka et al., 2010; Keuskamp et al., 2011), and BR-biosynthesis genes 
are transcriptionally induced by low R:FR, most probably via binding of stabile PIF4 with 
BRASSINAZOLE RESISTANT1 (BZR1) (Fig. 7.2; Oh et al., 2012; Ciolfi et al., 2013; Lucas and 
Prat, 2014). Possibly, reduced levels of BL and CS in our low R:FR-exposed Geranium petioles 
are a result of re-localization to different organs or cell layers, rather than reduced synthesis 
of these hormones. A more detailed analysis of the phytochrome-mediated BR synthesis is 
needed to test this hypothesis.

Why grow tall, when increased immunity is an option?
In addition to differential growth responses in low R:FR between the two Geraniums, in 
chapter 5, we identified a clear difference in defence-regulation. Similar to A. thaliana (Leone 
et al., 2014), susceptibility to the necrotrophic pathogen Botrytis cinerea increases in low 
R:FR-exposed G. pyrenaicum. Jasmonic acid (JA)-associated processes are clearly suppressed 
by low R:FR in G. pyrenaicum, but not G. robertianum (transcriptome data chapter 3). The 
suppression of JA-induced marker genes by low R:FR is less, or even absent in G. robertianum, 
and consistently, resistance to B. cinerea in this species increases in low R:FR. In A. thaliana, 
the suppression of JA-mediated defences by low R:FR acts via the stabilization of negative 
regulators of the JA response; JASMONATE ZIM-DOMAIN proteins (JAZs) (Robson et al., 
2010; Cerrudo et al., 2012). JAZs are bound by DELLA proteins and targeted for degradation, 
which is lost in low R:FR light, when increased levels of GA degrade DELLAs (Fig. 7.2). In G. 
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pyrenaicum, expression of JAZ3 is, similarly to JAZ7, JAZ8, JAZ9 and JAZ10 in A. thaliana 
(Moreno et al., 2009), up-regulated in low R:FR, which enhances the suppression on the JA 
pathway even stronger. Interestingly, in G. robertianum, transcriptional induction of JAZ3 
by low R:FR is lost at the end of the photoperiod. This strengthens the release of the JA-
mediated pathway via the earlier mentioned suppression of GA-synthesis and up-regulation 
of DELLA expression in this species. 
 For long, ecologists have seen (a)biotic stress tolerance as an important aspect of 
shade tolerance. This stress-tolerance theory says that not so much an optimized carbon 
gain in low light makes species successful in the shade, but the conservation of fixed carbon 
(Valladares and Niinemets, 2008). Tree seedlings from shade tolerant species, for example, 
suffer less from diseases than the less-tolerant ones (Augspurger, 1984). Nevertheless, this 
study is the first to show that, consistent with this ecological theory, effects of R and FR 
light on immunity can be opposite between shade tolerant –and intolerant species. More 
in-depth research tailored to identify the underlying molecular mechanisms of this opposite 
control may help future breeding programmes to create crops with higher immunity against 
pests when grown in dense stands.

Novel regulators in the A. thaliana shade avoidance syndrome
Our transcriptome analysis of G. pyrenaicum and G. robertianum delivered several candidate 
genes of which expression matches the differential growth patterns in low versus high R:FR 
light and between the two species. In chapter 6, we functionally tested three of these genes 
in A. thaliana; atypical, non-DNA-binding basic-helix-loop-helix (bHLH) transcription factor 
KIDARI (KDR), and receptor-like kinases (RLKs) FERONIA (FER) and THESEUS1 (THE1). These 
genes are continuously up-regulated in low R:FR-exposed G. pyrenaicum plants, but are only 
transiently induced, and even suppressed in G. robertianum. The kdr, fer and the1 knock-out 
lines in A. thaliana are less responsive to low R:FR light in terms of hypocotyl- and petiole 
elongation, although the function of FER in SAS seems restricted to the hypocotyl. 
 KDR has previously been shown to induce seedling etiolation as it targets LONG 
HYPOCOTYL IN FAR-RED LIGHT1 (HFR1), a negative regulator of PIF4/5 function, for 
degradation in the proteasome (Fig. 7.2; Hyun and Lee, 2006; Hong et al., 2013). FER is a 
well-studied protein in female fertilization, as it ruptures the pollen tube growth (Escobar-
Restrepo et al., 2007), and additionally, like THE1, plays a role in cell elongation (Fig. 7.2; 
reviewed in Lindner et al., 2012; Wolf and Höfte, 2014). Unlike KDR, the RLKs FER and THE1 
were not associated with light responses before. In A. thaliana, shade-induced FER, THE1 
and KDR expression is strongly organ-dependent (chapter 6). THE1 expression is induced 
by low R:FR, and more strongly by low B in hypocotyls, but not in cotyledons and petioles. 

7
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FER expression in A. thaliana, unlike in Geranium, is unaffected by any light treatment in 
any organ. KDR expression is up-regulated by low B light in hypocotyls, but not cotyledons 
or petioles, and expression in petioles is induced by low R:FR solely, which is PIF4/5/7 
dependent. As previous studies showed, KDR expression is directly induced by PIF4 and 
BZR1 (Fig. 7.1 and 7.2; Oh et al., 2012; Chaiwanon et al., 2016), which links this SAS regulator 
to the light-BR-GA complex. We show that additional induction via PIF7 (and possibly PIF5) 
occurs as well. If this involves direct transcriptional regulation remains unknown. The 
lack of an HFR1 orthologue in Geranium suggests additional roles for KDR to regulate the 
elongation response. Interestingly, an HFR1 orthologue is also absent in the transcriptome 
of Rumex palustris, where KDR was also put forward as a regulator of underwater shoot 
elongation (van Veen et al., 2013). KDR-related gene PACLOBUTRAZOL RESISTANT1 (PRE1), is 
shown to be transcriptionally induced by BZR1/PIF4 (Oh et al., 2012) as well, and inactivates 
PHYTOCHROME ACTIVELY REGULATED1 (PAR1) (Hao et al., 2012), a negative regulator of PIF-
induced auxin sensitivity (Roig-Villanova et al., 2007). This may inspire future endeavours to 
further study KDR function in phytochrome-mediated elongation.
The up- and down-stream regulatory pathways of FER and THE1 regulating SAS at this point 
remain still more speculative. Like KDR, these genes are down-regulated in pifq (lacking 
PIF1/3/4/5, Fig. 7.1 and Oh et al., 2012), but up-regulated in bzr1-1D (Fig. 7.1 and Oh et al., 
2012) and bes1-1D (Guo et al., 2009b), with constitutively active BZR1 and BES1 proteins, 
respectively. This suggests that these genes also function downstream of the BZR1/PIF4 
and BZR1/BES1 complexes, to regulate cell elongation (Fig. 7.2). Accordingly, FER and THE1 
expression is up-regulated by brassinolide (BL) treatment in A. thaliana (Guo et al., 2009a). 
Being receptor proteins, FER and THE1 function in SAS might strongly depend on ligand 
availability. Low R:FR-induced THE1 expression is restricted to elongating organs, which is in 

Figure 7.1. Transcriptional changes of THESEUS1, FERONIA and 
KIDARI in a bzr1-1D (constitutively active BZR1), pifq (lacking 
PIF1/3/4/5) and pifq bzr1-1D background, compared to wild 
type Col-0. Colours represent significant Log2(fold-changes), 
and numbers are plotted for significant changes (p < 0.05). 
Data came from micro-arrays performed by Oh et al. (2012).
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Figure 7.2. Simplified overview of the signal transduction pathway towards phytochrome-mediated shoot 
elongation and suppression of plant immunity in response to a reduced red:far-red ratio. Arrows indicate positive 
regulation and blunt arrows indicate negative regulation. Black lines are indirect interactions, blue lines are direct 
protein-protein (or receptor-ligand) interactions, orange lines are direct transcriptional regulations and the dotted 
line represents an interaction only seen in Geranium pyrenaicum.  Information derived from literature and data 
presented in this thesis.

close consistence with a previously proposed hypothesis that released polysaccharides from 
the walls of elongating cells act as ligands and activate THE1 (Fig. 7.2; Lindner et al., 2012). 
Additional research is needed to elucidate both the ligands and kinase targets of these RLKs 
in SAS.

7



108

chapter 7

7

Is PIF4 the key that unlocks the door to shade tolerance?
Much of our results indirectly point towards PIF4 as a key-regulator in the differential shade-
responses of the Geraniums. PIF4 is stabilized in low R:FR and low B light,  and one of the 
key regulators of the etiolation and shade avoidance response, as well as other elongation 
growth responses (Fig. 7.2; reviewed in Leivar and Monte, 2014; Lucas and Prat, 2014; 
Chaiwanon et al., 2016). Differential activity of PIF4, especially at the end of the photoperiod, 
between low R:FR-exposed G. pyrenaicum and G. robertianum, would explain many of the 
results presented in this thesis. Possibly, in G. robertianum, PIF4 becomes inactive in a clock-
dependent matter, resulting in a loss of KDR, THE1 and FER, as well as GA20OX2, but increase 
of DELLA expression, finally suppressing petiole elongation. Additionally, this would restore 
suppression of JAZ proteins, stabilizing plant immunity. This putative evening-dependent 
inactivation of PIF4 might be regulated via cryptochromes (CRYs) that bind and degrade PIF4 
in a B light-dependent matter, since the absence of B induced low R:FR-mediated elongation 
in G. robertianum (chapter 2). More detailed analysis of the stability of the involved proteins 

(BZR1, PIF4, BES1 as well as CRYs) over time would be of great value to test this hypothesis. 

Conclusion
Shade tolerance is a complicated trait involving optimized light capturing, induced (a)biotic 
stress resistance, as well as the suppression of SAS. In this thesis we focussed mainly on the 
latter, and showed that a shade tolerant species, such as G. robertianum is not just “blind” to 
shade signals but evolved pathways towards suppression of the elongation response at the 
end of the photoperiod. We highlighted several hormones with important functions in the 
suppression of SAS, and gave new insights in the growth-defence trade-off, which appeared 
antithetical between the Geranium species. We showed that different plant organs clearly 
play different roles in the expression of SAS, at the level of light perception (chapter 2), 
hormone biosynthesis (chapter 4), gene expression (chapter 6), and elongation response 
(chapter 2 and 6). We identified novel SAS-regulators, which would possibly not have turned 
up using a single species and single organ system. 



109

References

Asami, T., Min, Y.K., Nagata, N., Yamagishi, K., Takatsuto, S., Fujioka, S., Murofushi, N., Yamaguchi, I., and 
Yoshida, S. (2000). Characterization of brassinazole, a triazole-type brassinosteroid biosynthesis inhibitor. 
Plant Physiol. 123: 93–100.
Asami, T. and Yoshida, S. (1999). Brassinosteroid biosynthesis inhibitors. Trends Plant Sci. 4: 348–353.
Atwell, S. et al. (2010). Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred 

lines. Nature 465: 627–631.
Augspurger, C.K. (1984). Light Requirements of Neotropical Tree Seedlings : A Comparative Study of Growth 

and Survival. J. Ecol. 72: 777–795.
Bailey-Serres, J. and Voesenek, L.A.C.J. (2008). Flooding Stress: Acclimations and Genetic Diversity. Annu. 

Rev. Plant Biol. 59: 313–339.
Ballaré, C.L. (2014). Light regulation of plant defense. Annu. Rev. Plant Biol. 65: 335–63.
Beevers, L., Loveys, B., Pearson, J.A., and Wareing, P.F. (1970). Phytochrome and Hormonal Control of 

Expansion and Greening of Etiolated Wheat Leaves. Planta 90: 286–294.
Benschop, J.J., Jackson, M.B., Gühl, K., Vreeburg, R.A.M., Croker, S.J., Peeters, A.J.M., and Voesenek, L. 

a C.J. (2005). Contrasting interactions between ethylene and abscisic acid in Rumex species differing in 
submergence tolerance. Plant J. 44: 756–68.

Bernardo-García, S., de Lucas, M., Martínez, C., Espinosa-Ruiz, A., Davière, J.M., and Prat, S. (2014). BR-
dependent phosphorylation modulates PIF4 transcriptional activity and shapes diurnal hypocotyl growth. 
Genes Dev. 28: 1681–1694.

Bierzychudek, P. (1982). Life Histories and Demography of Shade-Tolerant Temperate Forest Herbs : A 
Review. 90: 757–776.

Bongers, F.J., Evers, J.B., Anten, N.P.R., and Pierik, R. (2014). From shade avoidance responses to plant 
performance at vegetation level : using virtual plant modelling as a tool. New Phytol. 204: 268–272.

Bräutigam, A. and Gowik, U. (2010). What can next generation sequencing do for you? Next generation 
sequencing as a valuable tool in plant research. Plant Biol. 12: 831–41.

Carabelli, M., Possenti, M., Sessa, G., Ciolfi, A., Sassi, M., Morelli, G., and Ruberti, I. (2007). Canopy shade 
causes a rapid and transient arrest in leaf development through auxin-induced cytokinin oxidase activity 
service Canopy shade causes a rapid and transient arrest in leaf development through auxin-induced 
cytokinin oxidase activity. Genes Dev. 21: 1863–1868.

Cargnel, M.D., Demkura, P. V, and Ballaré, C.L. (2014). Linking phytochrome to plant immunity: low red : 
far-red ratios increase Arabidopsis susceptibility to Botrytis cinerea by reducing the biosynthesis of indolic 
glucosinolates and camalexin. New Phytol. 204: 342–354.

Casal, J.J. (2013). Photoreceptor signaling networks in plant responses to shade. Annu. Rev. Plant Biol. 64: 
403–27.

Casal, J.J. (2012). Shade avoidance. In The Arabidopsis book (American Society of Plant Biologists).
Cavatte, P.C., Oliveira, A.A.G., Morais, L.E., Martins, S.C. V, Sanglard, L.M.V.P., and DaMatta, F.M. (2012). 

Could shading reduce the negative impacts of drought on coffee? A morphophysiological analysis. Physiol. 
Plant. 144: 111–22.

Cerrudo, I., Keller, M.M., Cargnel, M.D., Demkura, P. V., de Wit, M., Patitucci, M.S., Pierik, R., Pieterse, 
C.M.J., and Ballare, C.L. (2012). Low Red/Far-Red Ratios Reduce Arabidopsis Resistance to Botrytis cinerea 
and Jasmonate Responses via a COI1-JAZ10-Dependent, Salicylic Acid-Independent Mechanism. Plant 
Physiol. 158: 2042–2052.

Chae, K., Isaacs, C.G., Reeves, P.H., Maloney, G.S., Muday, G.K., Nagpal, P., and Reed, J.W. (2012). 
Arabidopsis SMALL AUXIN UP RNA63 promotes hypocotyl and stamen filament elongation. Plant J. 71: 
684–697.

References



110

References

Chaiwanon, J., Wang, W., Zhu, J.-Y., Oh, E., and Wang, Z.-Y. (2016). Information Integration and 
Communication in Plant Growth Regulation. Cell 164: 1257–1268.

Chen, X., Pierik, R., Peeters, A.J.M., Poorter, H., Visser, E.J.W., Huber, H., de Kroon, H., and Voesenek, 
L.A.C.J. (2010). Endogenous Abscisic Acid as a Key Switch for Natural Variation in Flooding-Induced Shoot 
Elongation. Plant Physiol. 154: 969–977.

Cifuentes-Esquivel, N., Bou-Torrent, J., Galstyan, A., Gallemí, M., Sessa, G., Salla Martret, M., Roig-
Villanova, I., Ruberti, I., and Martínez-García, J.F. (2013). The bHLH proteins BEE and BIM positively 
modulate the shade avoidance syndrome in Arabidopsis seedlings. Plant J. 75: 989–1002.

Ciolfi, A., Sessa, G., Sassi, M., Possenti, M., Salvucci, S., Carabelli, M., Morelli, G., and Ruberti, I. (2013). 
Dynamics of the shade-avoidance response in Arabidopsis. Plant Physiol. 163: 331–53.

Clouse, S.D. (2011). Brassinosteroids. In The Arabidopsis book (American Society of Plant Biologists).
Covington, M.F. and Harmer, S.L. (2007). The circadian clock regulates auxin signaling and responses in 

Arabidopsis. PLoS Biol. 5: 1774–1784.
Crocco, C.D., Holm, M., Yanovsky, M.J., and Botto, J.F. (2010). AtBBX21 and COP1 genetically interact in the 

regulation of shade avoidance. Plant J. 64: 551–62.
Denness, L., McKenna, J.F., Segonzac, C., Wormit, A., Madhou, P., Bennett, M., Mansfield, J., Zipfel, C., and 

Hamann, T. (2011). Cell wall damage-induced lignin biosynthesis is regulated by a reactive oxygen species- 
and jasmonic acid-dependent process in Arabidopsis. Plant Physiol. 156: 1364–74.

Djakovic-Petrovic, T., de Wit, M., Voesenek, L.A.C.J., and Pierik, R. (2007). DELLA protein function in growth 
responses to canopy signals. Plant J. 51: 117–26.

Dombrecht, B., Xue, G.P., Sprague, S.J., Kirkegaard, J.A., Ross, J.J., Reid, J.B., Fitt, G.P., Sewelam, N., Schenk, 
P.M., Manners, J.M., and Kazan, K. (2007). MYC2 Differentially Modulates Diverse Jasmonate-Dependent 
Functions in Arabidopsis. Plant Cell 19: 2225–2245.

Duan, Q., Kita, D., Johnson, E.A., Aggarwal, M., Gates, L., Wu, H.-M., and Cheung, A.Y. (2014). Reactive 
oxygen species mediate pollen tube rupture to release sperm for fertilization in Arabidopsis. Nat. 
Commun. 5: 3129.

Dubois, P.G., Olsefski, G.T., Flint-Garcia, S., Setter, T.L., Hoekenga, O.A., and Brutnell, T.P. (2010). 
Physiological and Genetic Characterization of End-of-Day Far-Red Light Response in Maize Seedlings. Plant 
Physiol. 154: 173–186.

Duek, P.D., Elmer, M. V., van Oosten, V.R., and Fankhauser, C. (2004). The Degradation of HFR1, a Putative 
bHLH Class Transcription Factor Involved in Light Signaling, Is Regulated by Phosphorylation and Requires 
COP1. Curr. Biol. 14: 2296–2301.

Dunser, K. and Kleine-Vehn, J. (2015). Differential growth regulation in plants - the acid growth balloon 
theory. Curr. Opin. Plant Biol. 28: 55–59.

Enright, A.J., Van Dongen, S., and Ouzounis, C.A. (2002). An efficient algorithm for large-scale detection of 
protein families. Nucleic Acids Res. 30: 1575–84.

Escobar-Restrepo, J.-M., Huck, N., Kessler, S., Gagliardini, V., Gheyselinck, J., Yang, W.-C., and Grossniklaus, 
U. (2007). The FERONIA receptor-like kinase mediates male-female interactions during pollen tube 
reception. Science 317: 656–60.

Evans, J.R. and Poorter, H. (2001). Photosynthetic acclimation of plants to growth irradiance : the relative 
importance of specific leaf area and nitrogen partitioning in maximizing carbon gain. Plant, Cell Environ. 
24: 755–767.

Fairchild, C.D., Schumaker, M., and Quail, P.H. (2000). HFR1 encodes an atypical bHLH protein that acts in 
phytochrome A signal transduction. Genes Dev. 14: 2441–2451.

Feng, S. et al. (2008). Coordinated regulation of Arabidopsis thaliana development by light and gibberellins. 
Nature 451: 475–9.

Filiault, D.L. and Maloof, J.N. (2012). A genome-wide association study identifies variants underlying the 
Arabidopsis thaliana shade avoidance response. PLoS Genet. 8: e1002589.



111

References

Fiz, O., Vargas, P., Alarcón, M., Aedo, C., García, J.L., José, J., and Aldasoro, J.J. (2008). Phylogeny and 
Historical Biogeography of Geraniaceae in Relation to Climate Changes and Pollination Ecology. Syst. Bot. 
33: 326–342.

Forrest Meekins, J. and Mccarthy, B.C. (1999). Competitive Ability of Alliaria petiolata (Garlic Mustard , 
Brassicaceae), an Invasive, Nonindigenous Forest Herb. Int. J. Plant Sci. 160: 743–752.

Franklin, K.A. (2008). Shade avoidance. New Phytol. 179: 930–44.
Franklin, K.A., Lee, S.H., Patel, D., Kumar, S.V., Spartz, A.K., Gu, C., Ye, S., Yu, P., Breen, G., Cohen, J.D., 

Wigge, P.A., and Gray, W.M. (2011). Phytochrome-interacting factor 4 (PIF4) regulates auxin biosynthesis 
at high temperature. Proc. Natl. Acad. Sci. U. S. A. 108: 20231–5.

Franklin, K.A. and Whitelam, G.C. (2005). Phytochromes and shade-avoidance responses in plants. Ann. 
Bot. 96: 169–75.

Galstyan, A., Cifuentes-Esquivel, N., Bou-Torrent, J., and Martinez-Garcia, J.F. (2011). The shade avoidance 
syndrome in Arabidopsis: a fundamental role for atypical basic helix-loop-helix proteins as transcriptional 
cofactors. Plant J. 66: 258–67.

Gamage, H.K. (2011). Phenotypic variation in heteroblastic woody species does not contribute to shade 
survival. AoB Plants: plr013.

Gangappa, S.N. and Botto, J.F. (2014). The BBX family of plant transcription factors. Trends Plant Sci. 19: 
460–471.

García-Martinez, J.L. and Gil, J. (2001). Light Regulation of Gibberellin Biosynthesis and Mode of Action. J. 
Plant Growth Regul. 20: 354–368.

Givnish, T.J. (1988). Adaptation to Sun and Shade: A Whole-plant Perspective. Aust. J. Plant Physiol. 15: 
63–92.

Gommers, C.M.M., Visser, E.J.W., St Onge, K.R., Voesenek, L.A.C.J., and Pierik, R. (2013). Shade tolerance: 
when growing tall is not an option. Trends Plant Sci. 18: 65–71.

González, C.V., Ibarra, S.E., Piccoli, P.N., Botto, J.F., and Boccalandro, H.E. (2012). Phytochrome B increases 
drought tolerance by enhancing ABA sensitivity in Arabidopsis thaliana. Plant, Cell Environ. 35: 1958–
1968.

Grabherr, M.G. et al. (2011). Full-length transcriptome assembly from RNA-Seq data without a reference 
genome. Nat. Biotechnol. 29: 644–52.

Grunewald, W. et al. (2011). Transcription factor WRKY23 assists auxin distribution patterns during 
Arabidopsis root development through local control on fl avonol biosynthesis. Proc. Natl. Acad. Sci. U. S. 
A. 109: 1554–1559.

Guo, H., Li, L., Ye, H., Yu, X., Algreen, A., and Yin, Y. (2009a). Three related receptor-like kinases are required 
for optimal cell elongation in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U. S. A. 106: 7648–53.

Guo, H., Ye, H., Li, L., and Yin, Y. (2009b). A family of receptor-like kinases are regulated by BES1 and involved 
in plant growth in Arabidopsis thaliana. Plant Signal. Behav. 4: 784–6.

Hall, D., Tegström, C., and Ingvarsson, P.K. (2010). Using association mapping to dissect the genetic basis of 
complex traits in plants. Brief. Funct. Genomics 9: 157–65.

Hao, Y., Oh, E., Choi, G., Liang, Z., and Wang, Z.-Y. (2012). Interactions between HLH and bHLH factors 
modulate light-regulated plant development. Mol. Plant 5: 688–97.

Hattori, Y. et al. (2009). The ethylene response factors SNORKEL1 and SNORKEL2 allow rice to adapt to deep 
water. Nature 460: 1026–1030.

He, J.-X., Gendron, J.M., Yang, Y., Li, J., and Wang, Z.-Y. (2002). The GSK3-like kinase BIN2 phosphorylates 
and destabilizes BZR1, a positive regulator of the brassinosteroid signaling pathway in Arabidopsis. Proc. 
Natl. Acad. Sci. U. S. A. 99: 10185–90.

Hedden, P. (2003). The genes of the Green Revolution. Trends Genet. 19: 5–9.
Hématy, K., Sado, P.-E., Van Tuinen, A., Rochange, S., Desnos, T., Balzergue, S., Pelletier, S., Renou, J.-P., 



112

References

and Höfte, H. (2007). A receptor-like kinase mediates the response of Arabidopsis cells to the inhibition of 
cellulose synthesis. Curr. Biol. 17: 922–31.

Hill, M.O. (1999). Ellenberg’s indicator values for British plants. ECOFACT Volume 2 Technical Annex.
Hong, S.-Y., Seo, P.J., Ryu, J.Y., Cho, S.-H., Woo, J.-C., and Park, C.-M. (2013). A competitive peptide 

inhibitor KIDARI negatively regulates HFR1 by forming nonfunctional heterodimers in Arabidopsis 
photomorphogenesis. Mol. Cells 35: 25–31.

Hornitschek, P., Kohnen, M. V, Lorrain, S., Rougemont, J., Ljung, K., López-Vidriero, I., Franco-Zorrilla, J.M., 
Solano, R., Trevisan, M., Pradervand, S., Xenarios, I., and Fankhauser, C. (2012). Phytochrome interacting 
factors 4 and 5 control seedling growth in changing light conditions by directly controlling auxin signaling. 
Plant J. 71: 699–711.

Hornitschek, P., Lorrain, S., Zoete, V., Michielin, O., and Fankhauser, C. (2009). Inhibition of the shade 
avoidance response by formation of non-DNA binding bHLH heterodimers. EMBO J. 28: 3893–902.

Hou, X., Lee, L.Y.C., Xia, K., Yan, Y., and Yu, H. (2010). DELLAs Modulate Jasmonate Signaling via Competitive 
Binding to JAZs. Dev. Cell 19: 884–894.

Hsu, P.Y. and Harmer, S.L. (2013). Wheels within wheels: the plant circadian system. Trends Plant Sci. 19: 
240–249.

Huang, H., Yoo, C.Y., Bindbeutel, R., Goldsworthy, J., Tielking, A., Alvarez, S., Naldrett, M.J., Evans, B.S., 
Chen, M., and Nusinow, D.A. (2016). PCH1 integrates circadian and light-signaling pathways to control 
photoperiod-responsive growth in Arabidopsis. Elife 5: 1–27.

Huq, E., Al-Sady, B., Hudson, M., Kim, C., Apel, K., and Quail, P.H. (2004). Phytochrome-interacting factor 1 
is a critical bHLH regulator of chlorophyll biosynthesis. Science 305: 1937–41.

Hyun, Y. and Lee, I. (2006). KIDARI, encoding a non-DNA Binding bHLH protein, represses light signal 
transduction in Arabidopsis thaliana. Plant Mol. Biol. 61: 283–96.

Johnson, E., Bradley, M., Harberd, N.P., and Whitelam, C.C. (1994). Photoresponses of Light-Crown phyA 
Mutants of Arabidopsis. Plant Physiol. 105: 141–149.

Joo, S.H., Kim, T.W., Son, S.H., Lee, W.S., Yokota, T., and Kim, S.K. (2012). Biosynthesis of a cholesterol-
derived brassinosteroid, 28-norcastasterone, in Arabidopsis thaliana. J. Exp. Bot. 63: 1823–1833.

Jung, C., Lyou, S.H., Yeu, S., Kim, M.A., Rhee, S., Kim, M., Lee, J.S., Choi, Y. Do, and Cheong, J.J. (2007). 
Microarray-based screening of jasmonate-responsive genes in Arabidopsis thaliana. Plant Cell Rep. 26: 
1053–1063.

Kamiya, Y. and García-Martínez, J.L. (1999). Regulation of gibberellin biosynthesis by light. Curr. Opin. Plant 
Biol. 2: 398–403.

Kebrom, T.H. and Brutnell, T.P. (2007). The molecular analysis of the shade avoidance syndrome in the 
grasses has begun. J. Exp. Bot. 58: 3079–89.

Kegge, W. and Pierik, R. (2010). Biogenic volatile organic compounds and plant competition. Trends Plant 
Sci. 15: 126–32.

Keller, M.M., Jaillais, Y., Pedmale, U. V, Moreno, J.E., Chory, J., and Ballaré, C.L. (2011). Cryptochrome 1 
and phytochrome B control shade-avoidance responses in Arabidopsis via partially independent hormonal 
cascades. Plant J. 67: 195–207.

Keuskamp, D.H., Pollmann, S., Voesenek, L.A.C.J., Peeters, A.J.M., and Pierik, R. (2010). Auxin transport 
through PIN-FORMED 3 (PIN3) controls shade avoidance and fitness during competition. Proc. Natl. Acad. 
Sci. U. S. A. 107: 22740–22744.

Keuskamp, D.H., Sasidharan, R., Vos, I., Peeters, A.J.M., Voesenek, L.A.C.J., and Pierik, R. (2011). Blue-light-
mediated shade avoidance requires combined auxin and brassinosteroid action in Arabidopsis seedlings. 
Plant J. 67: 208–17.

Kidokoro, S., Maruyama, K., Nakashima, K., Imura, Y., Narusaka, Y., Shinwari, Z.K., Osakabe, Y., Fujita, Y., 
Mizoi, J., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2009). The phytochrome-interacting factor PIF7 
negatively regulates DREB1 expression under circadian control in Arabidopsis. Plant Physiol. 151: 2046–



113

References

2057.
Kim, J., Yi, H., Choi, G., Shin, B., Song, P., and Choi, G. (2003). Functional Characterization of Phytochrome 

Interacting Factor 3 in Phytochrome-Mediated Light Signal Transduction The Plant Cell. 15: 2399–2407.
Kitajima, K. (1994). Relative importance of photosynthetic traits and allocation patterns as correlates of 

seedling shade tolerance of 13 tropical trees. Oecologia 98: 419–428.
Kozuka, T., Kobayashi, J., Horiguchi, G., Demura, T., Sakakibara, H., Tsukaya, H., and Nagatani, A. (2010). 

Involvement of auxin and brassinosteroid in the regulation of petiole elongation under the shade. Plant 
Physiol. 153: 1608–18.

Lariguet, P. and Dunand, C. (2005). Plant photoreceptors: phylogenetic overview. J. Mol. Evol. 61: 559–69.
Lau, O.S. and Deng, X.W. (2012). The photomorphogenic repressors COP1 and DET1: 20 years later. Trends 

Plant Sci. 17: 584–93.
Leivar, P. and Monte, E. (2014). PIFs: Systems Integrators in Plant Development. Plant Cell: 1–24.
Leivar, P., Monte, E., Al-Sady, B., Carle, C., Storer, A., Alonso, J.M., Ecker, J.R., and Quail, P.H. (2008). The 

Arabidopsis phytochrome-interacting factor PIF7, together with PIF3 and PIF4, regulates responses to 
prolonged red light by modulating phyB levels. Plant Cell 20: 337–52.

Leivar, P. and Quail, P.H. (2011). PIFs: pivotal components in a cellular signaling hub. Trends Plant Sci. 16: 
19–28.

Leivar, P., Tepperman, J.M., Cohn, M.M., Monte, E., Al-Sady, B., Erickson, E., and Quail, P.H. (2012). 
Dynamic antagonism between phytochromes and PIF family basic helix-loop-helix factors induces selective 
reciprocal responses to light and shade in a rapidly responsive transcriptional network in Arabidopsis. 
Plant Cell 24: 1398–419.

Leone, M., Keller, M.M., Cerrudo, I., and Ballaré, C.L. (2014). To grow or defend? Low red : far-red ratios 
reduce jasmonate sensitivity in Arabidopsis seedlings by promoting DELLA degradation and increasing 
JAZ10 stability. New Phytol.

Levée, V., Major, I., Levasseur, C., Tremblay, L., MacKay, J., and Séguin, A. (2009). Expression profiling and 
functional analysis of Populus WRKY23 reveals a regulatory role in defense. New Phytol. 184: 48–70.

Li, C. et al. (2015). Glycosylphosphatidylinositol-anchored proteins as chaperones and co-receptors for 
FERONIA receptor kinase signaling in Arabidopsis. Elife 4: 1–21.

Li, J., Li, G., Wang, H., and Wang Deng, X. (2011). Phytochrome signaling mechanisms. In The Arabidopsis 
book (American Society of Plant Biologists).

Li, L. et al. (2012). Linking photoreceptor excitation to changes in plant architecture. Genes Dev. 26: 785–90.
Li, L., Stoeckert, C.J., and Roos, D.S. (2003). OrthoMCL: identification of ortholog groups for eukaryotic 

genomes. Genome Res. 13: 2178–89.
Lin, C. (2000). Plant blue-light receptors. Trends Plant Sci. 5: 337–342.
Lindner, H., Müller, L.M., Boisson-Dernier, A., and Grossniklaus, U. (2012). CrRLK1L receptor-like kinases: 

Not just another brick in the wall. Curr. Opin. Plant Biol. 15: 659–669.
Lister, R., Gregory, B.D., and Ecker, J.R. (2009). Next is now: new technologies for sequencing of genomes, 

transcriptomes, and beyond. Curr. Opin. Plant Biol. 12: 107–18.
Liu, H., Liu, B., Zhao, C., Pepper, M., and Lin, C. (2011). The action mechanisms of plant cryptochromes. 

Trends Plant Sci. 16: 684–91.
Lorrain, S., Allen, T., Duek, P.D., Whitelam, G.C., and Fankhauser, C. (2008). Phytochrome-mediated 

inhibition of shade avoidance involves degradation of growth-promoting bHLH transcription factors. Plant 
J. 53: 312–23.

Lorrain, S., Trevisan, M., Pradervand, S., and Fankhauser, C. (2009). Phytochrome interacting factors 4 and 
5 redundantly limit seedling de-etiolation in continuous far-red light. Plant J. 60: 449–61.

Lu, X.-D., Zhou, C.-M., Xu, P.-B., Luo, Q., Lian, H.-L., and Yang, H.-Q. (2015). Red-Light-Dependent Interaction 
of phyB with SPA1 Promotes COP1–SPA1 Dissociation and Photomorphogenic Development in Arabidopsis. 



114

References

Mol. Plant 8: 467–478.
de Lucas, M., Davière, J.-M., Rodríguez-Falcón, M., Pontin, M., Iglesias-Pedraz, J.M., Lorrain, S., Fankhauser, 

C., Blázquez, M.A., Titarenko, E., and Prat, S. (2008). A molecular framework for light and gibberellin 
control of cell elongation. Nature 451: 480–4.

Lucas, M. De and Prat, S. (2014). PIFs get BRright : PHYTOCHROME INTERACTING FACTORs as integrators of 
light and hormonal signals. New Phytol.

Lusk, C.H., Reich, P.B., Montgomery, R.A., Ackerly, D.D., and Cavender-Bares, J. (2008). Why are evergreen 
leaves so contrary about shade? Trends Ecol. Evol. 23: 299–303.

Ma, D., Li, X., Guo, Y., Chu, J., Fang, S., Yan, C., Noel, J.P., and Liu, H. (2016). Cryptochrome 1 interacts with 
PIF4 to regulate high temperature-mediated hypocotyl elongation in response to blue light. Proc. Natl. 
Acad. Sci. U. S. A. 113.

Maloof, J.N., Borevitz, J.O., Dabi, T., Lutes, J., Nehring, R.B., Redfern, J.L., Trainer, G.T., Wilson, J.M., Asami, 
T., Berry, C.C., Weigel, D., and Chory, J. (2001). Natural variation in light sensitivity of Arabidopsis. Nat. 
Genet. 29: 441–6.

McCarthy, D.J., Chen, Y., and Smyth, G.K. (2012). Differential expression analysis of multifactor RNA-Seq 
experiments with respect to biological variation. Nucleic Acids Res. 40: 4288–4297.

Mccormac, A., Whitelam, G., and Smith, H. (1992). Light-grown plants of transgenic tobacco expressing an 
introduced oat phytochrome A gene under the control of a constitutive viral promoter exhibit persistent 
growth inhibition by far-red light. Planta 188: 173–181.

Melis, A. and Harvey, G.W. (1981). Regulation of photosystem stoichiometry, chlorophyll a and chlorophyll b 
content and relation to chloroplast structure. Biochem. Biophys. Acta 637: 138–145.

Monte, E., Tepperman, J.M., Al-Sady, B., Kaczorowski, K.A., Alonso, J.M., Ecker, J.R., Li, X., Zhang, Y., and 
Quail, P.H. (2004). The phytochrome-interacting transcription factor, PIF3, acts early, selectively, and 
positively in light-induced chloroplast development. Proc. Natl. Acad. Sci. U. S. A. 101: 16091–8.

Moreno, J.E., Tao, Y., Chory, J., and Ballaré, C.L. (2009). Ecological modulation of plant defense via 
phytochrome control of jasmonate sensitivity. Proc. Natl. Acad. Sci. U. S. A. 106: 4935–4940.

Morgan, D.C. and Smith, H. (1979). A Systematic Relationship between Phytochrome-controlled 
Development and Species Habitat, for Plants Grown in Simulated Natural Radiation. Planta 145: 253–258.

Morgan, P.W., Finlayson, S.A., Childs, K.L., Mullet, J.E., and Rooney, W.L. (2002). Opportunities to Improve 
Adaptability and Yield in Grasses : Lessons from Sorghum. Crop Sci. 42: 1791–1799.

Ni, M., Tepperman, J.M., and Quail, P.H. (1999). Binding of phytochrome B to its nuclear signalling partner 
PIF3 is reversibly induced by light. Nature: 781–784.

Niinemets, U. and Valladares, F. (2004). Photosynthetic acclimation to simultaneous and interacting 
environmental stresses along natural light gradients: optimality and constraints. Plant Biol. 6: 254–68.

Nilsson, M.-C. and Wardle, D.A. (2005). Understory Vegetation as a Forest Ecosystem Driver: Evidence from 
the Northern Swedish Boreal Forest. Front. Ecol. Environ. 3: 421.

Nito, K., Kajiyama, T., Unten-Kobayashi, J., Fujii, A., Mochizuki, N., Kambara, H., and Nagatani, A. (2015). 
Spatial Regulation of the Gene Expression Response to Shade in Arabidopsis Seedlings. Plant Cell Physiol. 
56: 1306–1319.

Nozue, K., Covington, M.F., Duek, P.D., Lorrain, S., Fankhauser, C., Harmer, S.L., and Maloof, J.N. (2007). 
Rhythmic growth explained by coincidence between internal and external cues. Nature 448: 358–61.

Nozue, K., Harmer, S.L., and Maloof, J.N. (2011). Genomic analysis of circadian clock-, light-, and growth-
correlated genes reveals PHYTOCHROME-INTERACTING FACTOR5 as a modulator of auxin signaling in 
Arabidopsis. Plant Physiol. 156: 357–72.

Nozue, K., Tat, A. V., Kumar Devisetty, U., Robinson, M., Mumbach, M.R., Ichihashi, Y., Lekkala, S., and 
Maloof, J.N. (2015). Shade Avoidance Components and Pathways in Adult Plants Revealed by Phenotypic 
Profiling. PLOS Genet. 11: e1004953.

Oh, E., Zhu, J.-Y., Bai, M.-Y., Arenhart, R.A., Sun, Y., and Wang, Z.-Y. (2014). Cell elongation is regulated 



115

References

through a central circuit of interacting transcription factors in the Arabidopsis hypocotyl. Elife 3: 1–19.
Oh, E., Zhu, J.-Y., and Wang, Z.-Y. (2012). Interaction between BZR1 and PIF4 integrates brassinosteroid and 

environmental responses. Nat. Cell Biol. 14: 802–9.
Östin, A., Kowalyczk, M., Bhalerao, R.P., and Sandberg, G. (1998). Metabolism of indole-3-acetic acid in 

Arabidopsis. Plant Physiol. 118: 285–296.
Pedmale, U. V., Huang, S.C., Zander, M., Cole, B.J., Hetzel, J., Ljung, K., Reis, P.A.B., Sridevi, P., Nito, K., 

Nery, J.R., Ecker, J.R., and Chory, J. (2016). Cryptochromes Interact Directly with PIFs to Control Plant 
Growth in Limiting Blue Light. Cell: 1–13.

Pěnčík, A., Rolčík, J., Novák, O., Magnus, V., Barták, P., Buchtík, R., Salopek-Sondi, B., and Strnad, M. 
(2009). Isolation of novel indole-3-acetic acid conjugates by immunoaffinity extraction. Talanta 80: 651–
655.

Pierik, R., Cuppens, M.L.C., Voesenek, L.A.C.J., and Visser, E.J.W. (2004a). Interactions between Ethylene 
and Gibberellins in Phytochrome-Mediated Shade Avoidance Responses in Tobacco 1. Plant Physiol. 136: 
2928–2936.

Pierik, R., Djakovic-Petrovic, T., Keuskamp, D.H., de Wit, M., and Voesenek, L.A.C.J. (2009). Auxin and 
ethylene regulate elongation responses to neighbor proximity signals independent of gibberellin and della 
proteins in Arabidopsis. Plant Physiol. 149: 1701–12.

Pierik, R. and Testerink, C. (2014). The art of being flexible: how to escape from shade, salt and drought. 
Plant Physiol. 166: 5–22.

Pierik, R., Tholen, D., Poorter, H., Visser, E.J.W., and Voesenek, L.A.C.J. (2006). The Janus face of ethylene: 
growth inhibition and stimulation. Trends Plant Sci. 11: 176–83.

Pierik, R., Visser, E.J.W., De Kroon, H., and Voesenek, L.A.C.J. (2003). Ethylene is required in tobacco to 
successfully compete with proximate neighbours. Plant, Cell Environ. 26: 1229–1234.

Pierik, R., Whitelam, G.C., Voesenek, L.A.C.J., de Kroon, H., and Visser, E.J.W. (2004b). Canopy studies on 
ethylene-insensitive tobacco identify ethylene as a novel element in blue light and plant-plant signalling. 
Plant J. 38: 310–319.

Pierik, R. and De Wit, M. (2013). Shade avoidance: Phytochrome signalling and other aboveground 
neighbour detection cues. J. Exp. Bot. 65: 2815–2824.

Pierik, R., De Wit, M., and Voesenek, L. a C.J. (2011). Growth-mediated stress escape: convergence of signal 
transduction pathways activated upon exposure to two different environmental stresses. New Phytol. 
189: 122–134.

Pieterse, C.M.J., Leon-Reyes, A., Van der Ent, S., and Van Wees, S.C.M. (2009). Networking by small-
molecule hormones in plant immunity. Nat. Chem. Biol. 5: 308–316.

Pieterse, M.J., Does, D. Van Der, Zamioudis, C., Leon-reyes, A., and Wees, S.C.M. Van (2012). Hormonal 
Modulation of Plant Immunity. Annu. Rev. Cell Dev. Biol. 28: 189–521.

Qin, M., Kuhn, R., Moran, S., and Quail, P.H. (1997). Overexpressed phytochrome C has similar photosensory 
specificity to phytochrome B but a distinctive capacity to enhance primary leaf expansion. Plant J. 12: 
1163–72.

Quail, P.H. (2002). Phytochrome photosensory signalling networks. Nat. Rev. Mol. Cell Biol. 3: 85–93.
Quail, P.H. (2010). Phytochromes. Curr. Biol. 20: 504–507.
Reddy, S.K., Holalu, S. V., Casal, J.J., and Finlayson, S.A. (2013). Abscisic Acid Regulates Axillary Bud 

Outgrowth Responses to the Ratio of Red to Far-Red Light. Plant Physiol. 163: 1047–1058.
Reed, J.W., Foster, K.R., Morgan, P.W., and Chory, J. (1996). Phytochrome B affects responsiveness to 

giberellins in Arabidopsis. Plant Physiol. 112: 337–342.
Reed, J.W., Nagatani, A., Elich, T.D., Fagan, M., and Chory, J. (1994). Phytochrome A and Phytochrome 

B Have Overlapping but Distinct Functions in Arabidopsis Development. Plant Physiol. 104: 1139–1149.
Reich, P.B., Tjoelker, M.G., Walters, M.B., Vanderklein, D.W., and Buschena, C. (1998). Close association of 



116

References

RGR, leaf and root morphology, seed mass and shade tolerance in seedlings of nine boreal tree species 
grown in high and low light. Funct. Ecol. 12: 327–338.

Rijnders, J.G.H.M., Yang, Y., Kamiya, Y., Takahashi, N., Barendse, G.W.M., Blom, C.W.P.M., and Voesenek, 
L.A.C.J. (1997). Ethylene enhances gibberellin levels and petiole sensitivity in flooding-tolerant Rumex 
palustris but not in flooding-intolerant R. acetosa. Planta 203: 20–25.

Rittenberg, D. and Foster, G.L. (1940). A new procedure for quantitative analysis by isotope dilution, with 
application to the determination of amino acids and fatty acids. J. Biol. Chem. 133: 737–744.

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor package for differential 
expression analysis of digital gene expression data. Bioinformatics 26: 139–140.

Robson, F., Okamoto, H., Patrick, E., Harris, S.-R., Wasternack, C., Brearley, C., and Turner, J.G. (2010). 
Jasmonate and Phytochrome A Signaling in Arabidopsis Wound and Shade Responses Are Integrated 
through JAZ1 Stability. Plant Cell 22: 1143–1160.

Robson, P.R.H., Mccormac, A.C., Irvine, A.S., and Smith, H. (1996). Genetic engineering of harvest index in 
tobacco through overexpression of a phytochrome gene. Nat. Biotechnol. 14.

Roig-Villanova, I., Bou-Torrent, J., Galstyan, A., Carretero-Paulet, L., Portolés, S., Rodríguez-Concepción, 
M., and Martínez-García, J.F. (2007). Interaction of shade avoidance and auxin responses: a role for two 
novel atypical bHLH proteins. EMBO J. 26: 4756–67.

Roig-Villanova, I., Bou, J., Sorin, C., Devlin, P.F., and Martínez-García, J.F. (2006). Identification of Primary 
Target Genes of Phytochrome Signaling. Early Transcriptional Control during Shade Avoidance Responses 
in Arabidopsis. Plant Physiol. 141: 85–96.

Rolauffs, S., Fackendahl, P., Sahm, J., Fiene, G., and Hoecker, U. (2012). Arabidopsis COP1 and SPA genes 
are essential for plant elongation but not for acceleration of flowering time in response to a low red light 
to far-red light ratio. Plant Physiol. 160: 2015–27.

Rousseaux, M.C., Ballare, C.L., Jordan, E.T., and Vierstra, R.D. (1997). Directed overexpression of PHYA 
locally suppresses stem elongation and leaf senescence responses to far-red radiation. Plant, Cell Environ. 
20: 1551–1559.

Salter, M.G., Franklin, K.A., and Whitelam, G.C. (2003). Gating of the rapid shade-avoidance response by 
the circadian clock in plants. Nature 426: 1–4.

Sasidharan, R., Chinnappa, C.C., Staal, M., Elzenga, J.T.M., Yokoyama, R., Nishitani, K., Voesenek, L.A.C.J., 
and Pierik, R. (2010). Light quality-mediated petiole elongation in Arabidopsis during shade avoidance 
involves cell wall modification by xyloglucan endotransglucosylase/hydrolases. Plant Physiol. 154: 978–90.

Sasidharan, R., Keuskamp, D.H., Kooke, R., Voesenek, L.A.C.J., and Pierik, R. (2014). Interactions between 
auxin, microtubules and XTHs mediate green shade- induced petiole elongation in Arabidopsis. PLoS One 
9: e90587.

Schmitt, J. and Wulff, R.D. (1993). Light spectral quality, phytochrome and plant competition. Trends Ecol. 
Evol. 8: 47–51.

Sessa, G., Carabelli, M., Sassi, M., Ciolfi, A., Mittempergher, F., Becker, J., Morelli, G., and Ruberti, I. (2005). 
A dynamic balance between gene activation and repression regulates the shade avoidance response in 
Arabidopsis. Genes Dev. 19: 2811–5.

Shahnejat-Bushehri, S., Tarkowska, D., Sakuraba, Y., and Balazadeh, S. (2016). Arabidopsis NAC transcription 
factor JUB1 regulates GA/BR metabolism and signalling. Nat. Plants 2: 16013.

Shan, X., Zhang, Y., Peng, W., Wang, Z., and Xie, D. (2009). Molecular mechanism for jasmonate-induction 
of anthocyanin accumulation in Arabidopsis. J. Exp. Bot. 60: 3849–3860.

Sicard, A., Stacey, N., Hermann, K., Dessoly, J., Neuffer, B., Bäurle, I., and Lenhard, M. (2011). Genetics, 
evolution, and adaptive significance of the selfing syndrome in the genus Capsella. Plant Cell 23: 3156–71.

Slotte, T., Hazzouri, K.M., Stern, D., Andolfatto, P., and Wright, S.I. (2012). Genetic architecture and adaptive 
significance of the selfing syndrome in Capsella. Evolution (N. Y). 66: 1360–1374.

Smith, H. (1992). The ecological functions of the phytochrome family. Clues to a transgenic programme of 



117

References

crop improvement. Photochem. Photobiol. 56: 815–822.
Smith, H. and Whitelam, G.C. (1997). The shade avoidance syndrome: multiple responses mediated by 

multiple phytochromes. Plant, Cell Environ. 20: 840–844.
Soy, J., Leivar, P., González-Schain, N., Sentandreu, M., Prat, S., Quail, P.H., and Monte, E. (2012). 

Phytochrome-imposed oscillations in PIF3 protein abundance regulate hypocotyl growth under diurnal 
light/dark conditions in Arabidopsis. Plant J. 71: 390–401.

Spartz, A.K., Lee, S.H., Wenger, J.P., Gonzalez, N., Itoh, H., Inzé, D., Peer, W.A., Murphy, A.S., Overvoorde, 
P.J., and Gray, W.M. (2012). The SAUR19 subfamily of SMALL AUXIN UP RNA genes promote cell expansion. 
Plant J. 70: 978–990.

Stamm, P. and Kumar, P.P. (2010). The phytohormone signal network regulating elongation growth during 
shade avoidance. J. Exp. Bot. 61: 2889–903.

Steindler, C., Matteucci, A., Sessa, G., Weimar, T., Ohgishi, M., Aoyama, T., Morelli, G., and Ruberti, I. 
(1999). Shade avoidance responses are mediated by the ATHB-2 HD-zip protein, a negative regulator of 
gene expression. Development 126: 4235–45.

Stephenson, P.G., Fankhauser, C., and Terry, M.J. (2009). PIF3 is a repressor of chloroplast development. 
Proc. Natl. Acad. Sci. U. S. A. 106: 7654–9.

Swaczynová, J., Novák, O., Hauserová, E., Fuksová, K., Šíša, M., Kohout, L., and Strnad, M. (2007). New 
techniques for the estimation of naturally occurring brassinosteroids. J. Plant Growth Regul. 26: 1–14.

Symons, G.M., Schultz, L., Kerckhoffs, L.H.J., Davies, N.W., Gregory, D., and Reid, J.B. (2002). Uncoupling 
brassinosteroid levels and de-etiolation in pea. Physiol. Plant. 115: 311–319.

Tao, Y. et al. (2008). Rapid synthesis of auxin via a new tryptophan-dependent pathway is required for shade 
avoidance in plants. Cell 133: 164–76.

Tofts, R.J. (2004). Geranium robertianum L . J. Ecol. 92: 537–555.
Toledo-Ortiz, G., Huq, E., and Rodríguez-Concepción, M. (2010). Direct regulation of phytoene synthase 

gene expression and carotenoid biosynthesis by phytochrome-interacting factors. Proc. Natl. Acad. Sci. U. 
S. A. 107: 11626–11631.

Ugarte, C.C., Trupkin, S.A., Ghiglione, H., Slafer, G., and Casal, J.J. (2010). Low red/far-red ratios delay spike 
and stem growth in wheat. J. Exp. Bot. 61: 3151–3162.

Valladares, F. and Niinemets, Ü. (2008). Shade Tolerance, a Key Plant Feature of Complex Nature and 
Consequences. Annu. Rev. Ecol. Evol. Syst. 39: 237–257.

Vandenbussche, F., Pierik, R., Millenaar, F.F., Voesenek, L.A.C.J., and Van Der Straeten, D. (2005). Reaching 
out of the shade. Curr. Opin. Plant Biol. 8: 462–8.

van Veen, H., Mustroph, A., Barding, G.A., Vergeer-van Eijk, M., Welschen-Evertman, R.A.M., Pedersen, 
O., Visser, E.J.W., Larive, C.K., Pierik, R., Bailey-Serres, J., Voesenek, L.A.C.J., and Sasidharan, R. (2013). 
Two Rumex Species from Contrasting Hydrological Niches Regulate Flooding Tolerance through Distinct 
Mechanisms. Plant Cell 25: 4691–707.

Voesenek, L.A.C.J., Jackson, M.B., Toebes, A.H.W., Huibers, W., Vriezen, W.H., and Colmer, T.D. (2003). 
De-submergence-induced ethylene production in Rumex palustris: regulation and ecophysiological 
significance. Plant J. 33: 341–52.

Wang, Q., Zeng, J., Deng, K., Tu, X., Zhao, X., Tang, D., and Liu, X. (2011). DBB1a, involved in gibberellin 
homeostasis, functions as a negative regulator of blue light-mediated hypocotyl elongation in Arabidopsis. 
Planta 233: 13–23.

Wang, Z.-Y., Bai, M.-Y., Oh, E., and Zhu, J.-Y. (2012). Brassinosteroid Signaling Network and Regulation of 
Photomorphogenesis. Annu. Rev. Genet. 46: 701–724.

Warburg, A.E.F. (1938). Taxonomy and Relationship in the Geraniales in the Light of their Cytology. New 
Phytol. 37: 130–159.

Whitelam, G.C. and Johnson, C.B. (1982). Photomorphogenesis in Impatiens parviflora and other plant 
species under simulated natural canopy radiations. New Phytol. 90: 611–618.



118

References

de Wit, M. (2012). Neighbour detection and pathogen defence during competition for light. (PhD thesis).
de Wit, M., Costa Galvão, V., and Fankhauser, C. (2016). Light-Mediated Hormonal Regulation of Plant 

Growth and Development. Annu. Rev. Plant Biol. 67.
de Wit, M., Kegge, W., Evers, J.B., Vergeer-van Eijk, M.H., Gankema, P., Voesenek, L.A.C.J., and Pierik, R. 

(2012). Plant neighbor detection through touching leaf tips precedes phytochrome signals. Proc. Natl. 
Acad. Sci. U. S. A. 109: 14705–14710.

de Wit, M., Ljung, K., and Fankhauser, C. (2015). Contrasting growth responses in lamina and petiole during 
neighbor detection depend on differential auxin responsiveness rather than different auxin levels. New 
Phytol. 208: 198–209.

de Wit, M., Lorrain, S., and Fankhauser, C. (2013a). Auxin-mediated plant architectural changes in response 
to shade and high temperature. Physiol. Plant. 105: 13–24.

de Wit, M., Spoel, S.H., Sanchez-Perez, G.F., Gommers, C.M.M., Pieterse, C.M.J., Voesenek, L.A.C.J., and 
Pierik, R. (2013b). Perception of low red:far-red ratio compromises both salicylic acid- and jasmonic acid-
dependent pathogen defences in Arabidopsis. Plant J. 75: 90–103.

Wolf, S. and Höfte, H. (2014). Growth Control: A Saga of Cell Walls, ROS, and Peptide Receptors. Plant Cell 
26: 1848–1856.

Xu, K., Xu, X., Fukao, T., Canlas, P., Maghirang-Rodriguez, R., Heuer, S., Ismail, A.M., Bailey-Serres, J., 
Ronald, P.C., and Mackill, D.J. (2006). Sub1A is an ethylene-response-factor-like gene that confers 
submergence tolerance to rice. Nature 442: 705–8.

Yamashino, T., Nomoto, Y., Lorrain, S., Miyachi, M., Ito, S., Nakamichi, N., Fankhauser, C., and Mizuno, 
T. (2013). Verification at the protein level of the PIF4-mediated external coincidence model for the 
temperature-adaptive photoperiodic control of plant growth in Arabidopsis thaliana. Plant Signal. Behav. 
8: e23390.

Young, M.D., Wakefield, M.J., Smyth, G.K., and Oshlack, A. (2010). Gene ontology analysis for RNA-seq: 
accounting for selection bias. Genome Biol. 11: R14.

van Zanten, M., Pons, T.L., Janssen, J.A.M., Voesenek, L.A.C.J., and Peeters, A.J.M. (2010). On the Relevance 
and Control of Leaf Angle. CRC. Crit. Rev. Plant Sci. 29: 300–316.

Zhao, X., Yu, X., Foo, E., Symons, G.M., Lopez, J., Bendehakkalu, K.T., Xiang, J., Weller, J.L., Liu, X., Reid, J.B., 
and Lin, C. (2007). A Study of Gibberellin Homeostasis and Cryptochrome-Mediated Blue Light Inhibition 
of Hypocotyl Elongation. Plant Physiol. 145: 106–118.

Zheng, Z., Guo, Y., Chen, W., Ljung, K., Noel, J.P., and Chory, J. (2016). Local auxin metabolism regulates 
environment-induced hypocotyl elongation. Nat. Plants: 1–9.

Zimmermann, P., Hirsch-hoffmann, M., Hennig, L., and Gruissem, W. (2004). GENEVESTIGATOR . Arabidopsis 
Microarray Database and Analysis Toolbox. Bioinformatics 136: 2621–2632.



119

Appendix

Appendix A

Table 1. Primers used in this thesis for RT qPCR, listed per species.

Species OMCL group Description Forward Reverse

G. pyrenaicum OMCL1609 JR3 TTTTGCCCCTTCACCTCGTT ATGCCCACACTACCATGCTC

OMCL5926 TT7 ATCTTCCTGAACAAGCGCCA GAGCCAAACACGTCGCTTAC

OMCL4985 PAP1 TCAACCACCTCAGTCTACAGC TGGTGAAGGAAGATGGCACC

OMCL14968 KDR CATGATCTCCGACGACCAGA CTTGCAACACCTTCGAAGCT

OMCL1872 THE1 GGGCCACACAGCAACAATAA TTCCTTCTTCGTCGGCAGAT

OMCL2164 FER CAGCAGGGTACGTAACAGTC ACGGGATTGTTCAGGTCATG

OMCL15305 GA20OX2 ATTACCACGCACACTCCCTT CGGGCCTGATTTTGAACCAA

OMCL2675 CIB TTCCAAGGTTGCATCAGAGG GCTCCAAATTGCCGTCTTTC

OMCL9475 BZIP61 AGTGGTGCGTTCTGGCTAAA TGTCACAATCTGGCCCCATC

OMCL703 PDF1 (ref.) TCTGGAGACCCTTTGCTCTG CCACCAGATCACTCTCCCTC

G. robertianum OMCL1609 JR3 CCCGACTGTGAACGATCCAA CGGTGAAAGTTGGAGCCAGT

OMCL5926 TT7 TCTCGCCCAACAACAGAGTC GACGTCAAGCACTGTGGAGT

OMCL4985 PAP1 TCGCTGTTCTTCCAAACCCA TGATCCAGCTTTCGACCACA

OMCL14968 KDR GGATGATTTGAGCGAGCGTT TGCGAATAATGGCTGCTTGA

OMCL1872 THE1 AGGTTGAAGTTTCCGTTGCC ACACCCGAAACAGCTCCTAA

OMCL2164 FER GTCATGTTCGGATCAGCAGT CGGGACTGTTTAGGTCATGG

OMCL15305 GA20OX2 CTGCCACTTGTTTTCGGTGA TCAGGATTGACACTCGGGAC

OMCL2675 CIB TGCTCAACCTTCATATGCCC TCGGGATTCTGAGACGATGA

OMCL9475 BZIP61 TTACCGCCCAAAGTACCGAC AGTCGTCCACCCAACAAGTT

OMCL703 PDF1 (ref.) CCAGAGGCGATGAAGACTGA TTCCCCAAGTTTGATGCAGC

A. thaliana KDR CAACACCTCATCCCTGAACT ACGGTCACTGAGGTCATCAAC

XTH15 CGGCACCGTCACTGCTTAC TCTCCTTTCCCTTGAGCAAA

THE1 GTTCTTTGGTTGGTGCGGTT TTCTTGAGGACTCGTCGACC

PIL1 AGACCACCTACGATGTTGCC TAGCATTTGTGGTGGTGCAT

FER GGTTTCTTCCCCGATTCTTCAG AGAAGAAGAAGAGAGAGACGGAA

HFR1 ACGTCGTATCCAGGTCTTAAGT GAGAACCGAAACCTTGTCCG

LLG1 CAGAGTTTGGTTCTTGGCAGA CTTGAAGGCGCCACAACATT

APT1 (ref.) AATGGCGACTGAAGATGTGC TCAGTGTCGAGAAGAAGCGT

AT1G13320 (ref.) GTAGGACCGGAGCCAACTAG ACAGGGAAGAATGTGCTGGA

UBQ5 (ref.) CGGACCAGCAGCGATTGATT CCTCTTCTTAGCACCACCACG

AT4G26410 (ref.) ATTGGTGTCGCTGCTAGTCT TAAAGCCGTCCTCTCAAGCA
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Nederlandse samenvatting

Planten gebruiken licht als energie voor fotosynthese en zijn dus afhankelijk van licht 
om te groeien. Om die reden zullen de meeste planten er alles aan doen om niet in de 
schaduw van buurplanten terecht te komen. De fotosynthese reactie wordt voornamelijk 
gevoed door rood (R, golflengte 655 – 665 nm) en blauw licht (B, 400 – 500 nm), terwijl 
ver-rood licht (far-red, FR, 725 – 735 nm)  door de bladeren gereflecteerd wordt. In dichte 
plantengemeenschappen zorgt dit voor een afname in de hoeveelheid blauw en rood licht, 
terwijl het ver-rood licht nauwelijks afneemt. Deze verandering wordt waargenomen door 
fytochromen, een groep R en FR licht gevoelige lichtreceptoren, waarover alle planten 
beschikken. In normaal zonlicht, wanneer de ratio tussen R en FR licht (R:FR) hoog is (> 
1.0), is fytochroom B actief, en bindt aan fytochroom-gebonden-eiwitten (‘phytochrome 
interacting factors’, PIFs), welke daardoor geïnactiveerd worden. Wanneer de R:FR daalt (< 
0.5), leidt dit tot fytochroom B inactivatie. Als gevolg daarvan worden PIFs actief, en dit 
leidt tot de expressie van genen die strekking van stengels en bladstelen, en een opwaartse 
beweging van de bladeren (hyponastie) mogelijk maken. Deze aanpassingen zorgen ervoor 
dat de plant richting het licht groeit; de schaduw ontwijkende groei, of wel ‘shade avoidance 
syndrome’ (SAS). De SAS wordt voor een groot deel gereguleerd via de groei-stimulerende 
plantenhormonen auxine, brassinosteroide (BR) en gibberelline (GA). 

 Echter, er zijn ook plantensoorten die voortdurend in de schaduw staan van grote 
bomen waar ze niet bovenuit kunnen groeien. Deze planten zijn schaduw tolerant en dus 
aangepast aan een leven in de schaduw: dunnere bladeren zorgen voor optimale licht 
opname en opgebouwde suikers worden beschermd tegen schade. Bovendien onderdrukken 
deze tolerante soorten de SAS. 

 Hoewel er al veel onderzoek is gedaan naar de SAS, is tot op heden niet bekend 
hoe schaduw tolerante planten deze onderdrukken, terwijl zij wel sterke schaduwsignalen 
waarnemen. In dit proefschrift staat het onderzoek beschreven aan twee wilde 
plantensoorten van het genus Geranium, beide aangepast aan een andere (licht)omgeving: 
Geranium pyrenaicum (bermooievaarsbek) groeit in graslanden, terwijl G. robertianum in 
bossen gevonden kan worden. 

Hoe twee wilde Geranium soorten tegenovergesteld reageren op schaduw
In hoofdstuk 2 wordt de groei van G. pyrenaicum en G. robertianum onder verschillende 
lichtcondities beschreven. R:FR licht heeft in G. pyrenaicum een sterke strekking van de  
bladstelen tot gevolg, terwijl G. robertianum blind lijkt te zijn voor de behandeling. Een 
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gedetailleerde meting van de bladsteelgroei over de tijd laat echter zien dat in eerste 
instantie beide soorten groei induceren na het starten van de laag R:FR behandeling, maar 
aan het eind van de dag onderdrukt G. robertianum de groei in laag R:FR, resulterend 
in een netto verschil met de controle van nul na 24 uur. Deze groei-onderdrukking in G. 
robertianum is gekoppeld aan een specifiek moment op de dag en wordt herstart na een 
donker periode. Bovendien wordt in dit hoofdstuk aangetoond dat het laag R:FR licht wordt 
waargenomen in de bladstelen, en veel minder in de bladschijven, en dat groei wordt 
geïnduceerd in het meest apicale deel van de bladsteel. Daarnaast initiëren ook andere 
schaduwbehandelingen, zoals laag B licht, of meer natuurlijke schaduw (door een groen 
filter: combinatie van laag B, milde laag R:FR en lage lichtintensiteit), strekking in bladstelen 
van G. pyrenaicum, maar niet van G. robertianum. Enkel een combinatie van vrijwel geen B 
en erg lage R:FR kan strekking induceren in G. robertianum. De data uit dit hoofdstuk vormt 
de basis voor de rest van dit proefschrift.

 In hoofdstuk 3 maken we gebruik van moderne RNA sequencing technieken om 
de genen te identificeren die tijdens schaduw tot expressie worden gebracht. Aangezien 
gewerkt wordt met niet-modelsoorten, is eerst een referentie transcriptoom (verzameling 
sequenties van al het aanwezige mRNA) gemaakt voor beide Geraniums. Vervolgens is 
onderzocht welk effect 2 uur of 11.5 uur laag R:FR behandeling heeft op de expressie van 
alle aanwezige genen. 

Hormonale regulatie van (de afwezigheid van) de SAS
De genexpressie patronen laten zien dat beide soorten na 2 uur ver-rood behandeling veel 
licht- en hormoon-gerelateerde genen activeren. Opmerkelijk is dat de schaduw tolerante G. 
robertianum in het latere tijdspunt (11.5 uur low R:FR) expressie van negatieve regulatoren 
van GA synthese (GA20OX2, een gen coderend voor een GA kataboliserend enzym) en 
signaaltransductie (RGL1, coderend voor een DELLA eiwit met een negatieve werking op PIFs, 
dat door de aanwezigheid van GA wordt geremd) induceert. Mogelijk is GA een belangrijk 
hormoon is dat de verschillen tussen de Geraniums in laag R:FR licht kan verklaren. 

 In hoofdstuk 4 wordt niet alleen de focus gelegd op de functie van GA, maar ook 
van auxine en BR in de tegenovergestelde groeipatronen van de Geraniums. De hoeveelheid 
auxine en BR zijn gemeten in de twee soorten. G. pyrenaicum had na 11.5 uur laag R:FR 
een verhoogde hoeveelheid auxine in de bladstelen, en in G. robertianum werden geen 
verschillen waargenomen. Auxine is een belangrijk hormoon bij de regulatie van de SAS, 
dus dit verschil zou een verklaring kunnen zijn voor de verschillen in groei. Anderzijds, nam 
de concentratie actieve BR af in laag R:FR-behandelde G. pyrenaicum bladstelen, maar bleef 



123

Samenvatting

onveranderd in G. robertianum. Hoewel BR noodzakelijk is bij de schaduw ontwijkende 
groei, zal vervolgonderzoek moeten uitsluiten of deze afname in G. pyrenaicum functioneel 
is. 

 Na het toedienen van auxine, BR of GA gaan beide soorten hard groeien, dus 
G. robertianum is niet simpelweg ongevoelig voor deze hormonen. Met verschillende 
chemische remmers kan de aanmaak van, en de gevoeligheid voor auxine, BR en GA worden 
geremd. Hoewel een remming van GA synthese de SAS in G. pyrenaicum kan remmen, 
leek deze soort ongevoelig voor alle andere gebruikte chemicaliën. Anderzijds induceert 
de afwezigheid van deze drie hormonen de SAS in G. robertianum, wat erop duidt dat de 
specifieke groeipatronen van deze soort hormoon-afhankelijk zijn.     

Wie niet groeit moet sterk zijn 
Uit de genexpressie data van hoofdstuk 3 blijkt daarnaast dat laag R:FR licht een 
tegenovergesteld effect heeft op de immuunsystemen van de twee soorten. In hoofdstuk 5 
wordt aangetoond dat laag R:FR licht een negatief effect heeft op de expressie van genen die 
door jasmonzuur (JA) worden geïnduceerd in G. pyrenaicum, maar niet in G. robertianum. 
JA is een hormoon dat de afweer van planten tegen pathogenen en insecten reguleert. 
Inderdaad blijkt dat G. robertianum een versterkte immuunreactie tegen de schimmel 
Botrytis cinerea heeft in laag R:FR licht, terwijl G. pyrenaicum in de schaduw juist meer lijdt 
onder de infectie. Deze resultaten passen binnen de ecologische theorie die beschrijft dat 
schaduw tolerante planten beter bestand zijn tegen biotische en abiotische stressen, om op 
die manier de kostbare geproduceerde suikers te beschermen. 

Nieuwe spelers in de regulatie van de SAS
In hoofdstuk 6 wordt gezocht naar eiwitten die mogelijk verantwoordelijk zijn voor de 
verschillende groeicurves in laag R:FR licht van de Geraniums. Daarvoor is gezocht naar 
genen waarvan de expressie na twee uur in beide soorten geïnduceerd wordt door laag R:FR 
(als beide ook groei induceren), maar na 11.5 uur alleen nog in G. pyrenaicum. Dit leverde 
een lijst met 31 genen op, waaruit de transcriptiefactor KIDARI (KDR) en de ‘receptor-like-
kinases’ THESEUS1 (THE1) en FERONIA (FER) zijn gekozen voor verder onderzoek. Om aan 
te tonen of deze genen daadwerkelijk van belang zijn voor het induceren de SAS, is gebruik 
gemaakt van mutanten van Arabidopsis thaliana, omdat van de Geraniums geen mutanten 
bekend zijn. KDR-, THE1- of FER-deficiënte A. thaliana zaailingen blijken sterk verminderd te 
strekken in een laag R:FR behandeling. In volwassen planten zorgen mutaties in KDR en THE1, 
maar niet FER, voor minder sterke inductie van bladsteel groei in laag R:FR. Onder invloed 
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van een schaduwbehandeling worden KDR en THE1, maar niet FER verhoogd tot expressie 
gebracht, echter dit was afhankelijk van het ontwikkelingsstadium (zaailing of volwassen 
rozet), het orgaan (stengel of kiemblaadjes) en de lichtbehandeling (laag R:FR, laag blauw, of 
een combinatie). Door het gebruik van verschillende pif-mutanten is bovendien aangetoond 
dat KDR expressie in laag R:FR afhankelijk is van werkende PIF4, PIF5 en PIF7 eiwitten. 

 De data in dit hoofdstuk bewijzen dat deze eiwitten, die nog niet eerder geassocieerd 
werden met schaduw-responsen, van groot belang zijn voor de SAS in A. thaliana. 

Conclusie
Schaduw tolerantie is een complexe overlevingsstrategie, waarbij geoptimaliseerde 
fotosynthese en lichtvangst, stress tolerantie en het onderdrukken van de SAS van belang 
zijn. In dit proefschrift ligt de focus op dit laatste kenmerk, en is bewezen dat de schaduw 
tolerante soort G. robertianum niet simpelweg ‘blind’ is voor schaduw signalen, maar een 
specifieke onderdrukking van de groei heeft geëvolueerd. Er is aangetoond dat verschillende 
hormonen belangrijk zijn in dit proces en bovendien is nieuw inzicht geboden in de effecten 
van de schaduw op het planten immuunsysteem. Verschillende organen spelen een 
gespecificeerde rol in de perceptie van schaduw (hoofdstuk 2), de synthese van hormonen 
(hoofdstuk 4), genexpressie (hoofdstuk 6) en de groei (hoofdstuk 2 en 6). Er zijn bovendien 
nieuwe sleutelspelers geïdentificeerd in de SAS, welke hoogstwaarschijnlijk niet gevonden 
zouden zijn in een studie met slechts één soort, en één orgaan.

 De inzichten van dit werk vormen een basis voor het begrijpen van schaduw 
tolerantie. Daarnaast zal de opgedane kennis over het onderdrukken van de SAS in de 
toekomst nuttig zijn bij het veredelen van gewassen, die nu nog vaak energie verliezen 
aan buurplant-geïnduceerde strekkingsgroei, vaak ten koste van vruchtontwikkeling en het 
immuunsysteem.
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Met een driedubbel gevoel van blijdschap, trots en een beetje somberheid komt dit boekje, 
en mijn aio-tijd, tot een eind. Uiteraard had ik dit allemaal niet waar kunnen maken zonder 
de steun, afleiding, hulp en borrels van / met een heleboel mensen. Daarvoor veel dank!

I realize more than anyone how extremely lucky I was with a great department like EvP! 
From the first week I visited south 3 to just take a look around, until now (and in the future) 
I have felt (and will feel) at home among this group of sweet, smart and cool people.

 Allereerst Ronald, bedankt voor je eindeloze vertrouwen in zowel mij als het 
project. Ik heb vanaf dag één met veel enthousiasme aan de schaduwtolerantie gewerkt, en 
daarvan geef ik jou graag de schuld. Ik heb superveel van je geleerd, zowel in het lab, aan de 
tap, tijdens het schrijven, en onze vele discussies, maar vooral ook dat wetenschap leuk is! 
Dankjewel daarvoor, en ik hoop dat onze wegen in de toekomst nog vaak zullen kruisen!

 En Rens, heel erg bedankt voor je enorme gastvrijheid, zowel bij EvP als bij jou en 
Carla thuis om het groepsgevoel nog sterker aan te wakkeren! En natuurlijk ook bedankt 
voor je adviezen, kritische vragen, vertrouwen en gevoel voor humor (je bent altijd welkom 
om kroketten te komen eten!).

 Dan mijn mooie lieve paranimfen, vriendinnen. Franca, jij was vanaf het begin van 
mijn tijd in Utrecht een gezellige vaste factor aan de koffie, in het lab en daarbuiten. Ik 
bewonder je eerlijkheid, kritische blik en eindeloze vermogen om vragen te stellen (ook al 
doe je soms als of je moleculaire biologie niet leuk vindt), en bovenal je interesse in anderen 
en goede humor! En Emilie, jouw ‘sollicitatie gesprek’ was al gezellig en sinds dien is in zuid 
3 een zonnetje blijven schijnen. Dankjewel voor alle lab-hulp, baksels, grappen, roddels, 
kopjes koffie en goede gesprekken! Ik ben echt heel blij dat ik jullie als vriendinnen heb, en 
kon me daarom geen betere paranimfen wensen!

 That brings me to the other EvP ‘ladies’. Rashmi, thanks for being a great example 
and great help, especially in communicating with Koreans such as ‘Waterbeter’ and ‘Stacy’. 
I hope to stand by your side one day, both wearing our ‘toga’! Chrysa, your first visit to the 
group was gezellig and I think that the few people present that day immediately knew we 
should keep you (at least me!). Thanks for always being interested in other people, generous, 
lovely and a great singer. Sara, I’m glad to leave ‘my’ precious project to someone as nice 
and smart as you. I learned a lot from you, not at the least what wigs can do to neat Italian 
girls.. Chiakai, it was always fun having you around! You’re a loyal friend, good cook and 
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have the best sense of humour, thanks! Elaine, I admire your scientific drive and laugh, even 
when virusses screw up your experiments. Shanice, in het echt ben je niet ‘scary’, wel spicy! 
Het was fijn je erbij te hebben! Sarah, merci for being my neighbour, our time was short, but 
very gezellig! Nikita, good luck with group-hopping and thanks for the fun. Jana, still a bit 
part of ‘the girls’, thanks for your short but joyful stay in the group! Judith, dankjewel voor 
je vertrouwen in mijn acteerkunsten en goede zeroes dans moves!

 Then the guys. Kasper, bedankt voor de expertise, humor en enthousiasme die 
je meenam naar zuid 3. Het was erg gezellig om je erbij te hebben, zowel op het lab, aan 
de bar en in Texas (je was een goede echtgenoot!). Scott, ik bewonder je enorme kennis 
en aanpassingsvermogen (daarom in het Nederlands!) en ik ben blij dat ik je nog even (te 
kort!) als kamergenoot heb gehad. Bedankt voor je adviezen, Engelse les, gezelligheid op 
congressen, borrels en je vriendschap! Zeguang, good luck for the future and I’m proud to 
see you become more and more Dutch. Sjon en Jesse, de twee grote vriendelijke talenten; 
bedankt voor alle lol en trouw aan de groep. Veel succes met jullie projecten, oh, en pas 
(allebei!) goed op mijn oud kamergenootjes. Diederik, je wist het misschien niet, maar 
voor een groot deel door jouw enthousiasme voor de fotobiologie, heb ik in 2011 mijn hart 
verkocht aan de groep. Nog dank daarvoor, en voor het terugkomen!

 Natuurlijk kon de groep (en ik!) niet draaien zonder de onuitputtelijke hulp 
van Ankie, Rob, en eerder Judith, Yvonne en Marleen (zelfs van samen weekenden lang 
Pseudomonas kolonies tellen maakte jij een feest!). Heel erg bedankt voor jullie geduld, 
hulp bij (soms priegelige) experimenten, lol tijdens uitjes en kritische blik!

 Toen ik begon in 2012 werd ik meteen warm verwelkomd door veel mensen die 
ik helaas al eerder heb moeten uitzwaaien. Paulien, jij hebt me meteen met open armen 
ontvangen en onder je hoede genomen. Dankjewel voor je humor, (dans)uitjes en alles dat 
ik van je hebt geleerd; van praktische (trein) zaken tot het begrijpen van wereldproblemen, 
het doen van experimenten en het shinen op een congres. Je bent een topper! Net als Hans 
trouwens! Dankjewel voor je eindeloze geduld, de introductie in de wereld van de RNAseq 
(was zonder jou nooit gelukt!), en in de wereld van de 90’s dansmoves uiteraard. Hopelijk 
zullen we ooit weer samen meeblèhren met de muziek in het lab. Maarten, dankjewel voor 
al je hulp, ‘quick-and-dirty-protocollen’, pizza, ‘ping’ en Italiaanse school. Met jou was het 
nooit saai! Debatosh, it was an honour to be your roommate and paranimph and thanks a 
lot for always being able to instantly help other people (like me!). Still waiting for the curry-
party though.. I wish you a all the best for the future! Kate, Divya and Wouter, it feels like 
such a long time ago you were around! But thanks a lot for helping me, the newby, around 
in the lab and the academic ‘jungle’. I learned a lot from you!
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 In de afgelopen jaren heb ik veel hulp gehad van studenten. Francine, Heleen, 
Marlon and Vincent, thanks a lot for the help and trust you gave me! En speciale dank 
natuurlijk voor Iko en Jason. Ook al waren jullie projecten soms een uitdaging voor ons 
allemaal, ik ben supertrots op jullie en blij te zien dat de wetenschap twee koppige 
slimmeriken rijker is!

 Ook verderop in het Kruyt gebouw was altijd een lach, borrel of hulp te halen. 
Dank voor alle collega’s binnen het IEB, en in het speciaal voor Lotte, Nora, Nicole en Tom, 
omdat het ook buiten het Kruyt (en Nederland) feest was met jullie! And outside of Utrecht; 
Setareh, Hanna, Magda and Lotte (again!), thanks for the fun, drinks and good advices, in- 
and outside of the PhD council!

Natuurlijk stonden de afgelopen jaren niet alleen in het teken van de wetenschap en alle 
lol en drukte die daar bij komt kijken. Ook daarbuiten, voornamelijk rond mijn thuisbasis 
Nijmegen, werd hulp geboden. Allereerst Hilke, Thomas, Judith, Rob en Nieke, bedankt voor 
de nodige ontspanning, relativering, weekendjes weg, feesten, slappe lachbuien en brakke 
ochtenden, maar ook grote interesse in mijn nerden-bestaan tussen de plantjes, niet alleen 
de afgelopen vier jaar, maar ook daar voor en in de toekomst! En vaker dan eens deelden 
we deze lol met een trouwe club BeeVee-passee-ers, dank allemaal! Eline, Lonneke, Joyce 
en Tine, dank jullie wel voor de goede vriendschap, gezellige uitjes en het soms best wel ver 
op-en-neer reizen daarvoor. Mieke en Joost (en Boaz) heel erg bedankt voor jullie lekkere 
etentjes, met zorg uitgezochte biertjes, feestjes en goede gesprekken.

 Ad, Neeltje, Sander, Lotte, Mieke, Daan en Renske, dank jullie wel voor het warme 
tweede thuis, de lol die we samen hebben, en de eeuwige interesse in mijn (soms best 
ingewikkelde) onderzoek! 

 Dan lieve papa en mama, Saskia, Pieter, Mark en Sera. Heel erg bedankt voor jullie 
steun, niet alleen de afgelopen jaren, maar al sinds ik me kan heugen (en daarvoor!), en bij 
alles wat gaat komen. Ik ben trots op jullie en heel blij met zo’n lieve familie! 

En dat brengt me bij  jou, lieve Tom. Dankjewel, voor alle heerlijke maaltijden die voor me 
klaar stonden na een barre reis uit Utrecht, het extreem vroege opstaan en het aandachtig 
aanhoren van mijn blije (maar soms ook klagerige) verhalen, zelfs na een lange dag voor 
de klas. En bovenal voor je blinde vertrouwen, oppeppende woorden, je steun en lieve 
knuffels, niet alleen wanneer het écht nodig was, maar altijd! Zonder jou had ik hier niet zo 
trots gestaan. Op naar ons volgende avontuur!
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