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 1Petiole hyponasty: an ethylene-driven, adaptive response to 
changes in the environment

Joanna K. Polko, Laurentius A.C.J. Voesenek, Anton J.M. Peeters and Ronald Pierik

Plant Ecophysiology, Institute of Environmental Biology, Utrecht University, Padualaan 8, 3584 
CH Utrecht, the Netherlands

This chapter has been published in AoB Plants (2011): doi:10.1093/aobpla/plr031

SUMMARY

Many plant species can actively reorient their organs in response to dynamic envi-
ronmental conditions. Organ movement can be an integral part of plant develop-
ment or can occur in response to unfavourable external circumstances. These ac-
tive reactions take place with or without a directional stimulus and can be driven 
either by changes in turgor pressure or by asymmetric growth. Petiole hyponasty is 
upward movement driven by a higher rate of cell expansion on the lower (abaxial) 
compared to the upper (adaxial) side. Hyponasty is common among rosette species 
facing environmental stresses such as flooding, proximity of neighbours or elevated 
ambient temperature. The complex regulatory mechanism of hyponasty involves ac-
tivation of pathways at molecular and developmental levels with ethylene playing a 
crucial role. We present current knowledge on the mechanisms that promote hypo-
nasty in the context of other organ movements, including tropic and nastic reactions 
together with circumnutation. We describe major environmental cues resulting in 
hyponasty and briefly discuss their perception and signal transduction. Since ethyl-
ene is a central agent triggering hyponasty, we focus on ethylene in controlling dif-
ferent stages during plant development and summarize current knowledge on the 
relationship between ethylene and cell growth.

INTRODUCTION 

All living organisms are challenged to cope with environmental heterogeneity. For 
the past century, the phenomenon of phenotypic plasticity, which allows individual 
genotypes to adjust to multiple environments, has been a focus of much interest. 
Due to lack of short-term migration ability, plants have evolved a range of traits and 
processes which allow them to maintain their functions in dynamic environments 
(Bradshaw, 1965; Schlichting, 1986; Sultan, 2000). Ultimately, these processes lead 
to morphological and physiological modifications, some of which appear to have an 
adaptive role (Van Kleunen and Fischer, 2005; Ghalambor et al., 2007). 
 Plant organ movements play a special role in coping with ambient changes 
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and have been given much attention since the birth of modern plant biology. Ac-
cording to the commonly accepted classification they are divided into three arbi-
trary categories: tropisms, nutations and nastic movements. Tropic reactions are 
triggered by an exogenous directional stimulus to which a plant can react either 
with asymmetric axial (differential) growth or changes in turgor status (Shropshire, 
1979). Although the vast majority of studies have been carried out on photo- and 
gravitropsim (Shropshire, 1979; Hart, 1990), which are induced by light and gravity, 
respectively (Firn and Digby, 1980; Morita and Tasaka, 2004; Iino, 2006), the clas-
sification of tropisms extends far beyond that. There are other tropic reactions such 
as heliotropism (sun-tracking) (Jaffe, 1970; Ehleringer and Forseth, 1980), thigmot-
ropism (reaction to touch or physical contact with an object) (Shropshire, 1979), 
chemotropism (response to a chemical substance) (Tsao, 1949; Kim et al., 2003), hy-
drotropism (Jaffe et al., 1985; Takahashi, 1997) or even traumatropism (response to 
wounding and injuries) (Hart, 1990). Some tropic movements, however, might be 
induced by non-directional stimuli, e.g. ethylene application or oxygen withdrawal 
from the roots can cause negative shoot gravitropsim in a diageotropic Solanum 
lycopersicon mutant (Jackson, 1979). 
 Circumnutations are autonomous, helical movements which require a circa-
dian oscillator (Johnsson, 1979; Stolarz, 2009). They occur usually in young organs 
of a wide range of plants species, e.g. Pisum sativum tendrils (Jaffe, 1972), Helianthus 
annuus hypocotyls (Brown et al., 1990) or coleoptiles of Avena sp. (Anker, 1972). 
Alongside the numerous, rather descriptive studies on circumnutations, molecular 
tools for studying the regulatory mechanism have now become available. Recent 
studies, for example, demonstrated the importance of endodermal development and 
gravitropsim in circumnutational movements (Kitazawa et al., 2005; Johnsson et al., 
2009).
 Nastic movements occur without a strong directional component (Brauner, 
1954; Romberger et al., 1993). The most extensively studied rapid nastic move-
ments such as closing of the Aldrovanda or Dionaea trap to catch insects (Iijima and 
Sibaoka, 1985; Hodick and Sievers, 1989) and seismo- and thigmonastic movements 
of Mimosa leaves (Sibaoka, 1962; Sibaoka, 1991) are based on changes in the os-
motic status of specific cells. Some species, belonging to Fabaceae family in particu-
lar, possess specialized structures, pulvini, which consist of motor cells with elastic 
cell walls and a large, quickly contractable vacuole (Satter et al., 1990; Romberger 
et al., 1993). Although initially classified as movements driven by reversible turgor 
reactions, many nastic responses depend on unequal growth rates between two ana-
tomically different sides of the organ (differential growth) (Romberger et al., 1993). 
Thermonastic opening of Tulipa and Crocus tepals is one of the elegant examples of 
differential growth triggered by differences in tissue sensitivity to ambient tempera-
ture, where the outer epidermis of the perianth has a growth optimum about 10°C 
lower than the inner one (Wood, 1953).
 Epinasty is usually described for leaves and floral organs and takes place 
when, as a result of differential growth, an organ bends outward and downward 
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(Kang, 1979). It is usually triggered by unfavourable ambient conditions such as wa-
terlogging (Kawase, 1974; Jackson and Campbell, 1976), salinity stress (Jones and 
Elabd, 1989), drought (Ruiz-Sanchez et al., 2000) or pathogen attack (Evidente et 
al., 1996; Michielse and Rep, 2009). The complex regulation of epinastic movements 
consists of many factors among among which gravity, ethylene and auxin play a cen-
tral role (Stewart and Freebairn, 1969; Lin et al., 2008; Perez-Perez et al., 2010). The 
opposite type of asymmetric growth, when abaxial tissue exhibits higher growth 
rates in comparison to adaxial cells, is called hyponasty (Kang, 1979) (Fig.1.1). Hy-
ponasty has been mostly reported for leaf blades of monocots and dicots (Lippin-
cott and Lippincott, 1968; Street et al., 1992) as well as leaf petioles (Voesenek and 
Blom, 1989; Cox et al., 2003; Pierik et al., 2003). Hyponastic responses are of high 
functional significance in coping with a wide range of abiotic types of stress such as 
flooding, shade or elevated temperatures (reviewed in Van Zanten et al., 2010). 

(a) (b)

(c) (d)

Fig. 1.1 (a-b) Ethylene-induced hyponasty in Rumex palustris and (c-d) Arabidopsis thaliana. (a,c) Plants 
after 6h in control conditions and (b,d) after 6h of ethylene exposure.

HYPONASTY IN RESPONSE TO ABIOTIC STRESS

Flooding
 
Various types of environmental stress can cause plant organs to grow hyponastical-
ly. Studies on semi-aquatic species led to the identification of a suite of submergence 
escape characteristics which include hyponasty (reviewed in Voesenek et al., 2006). 
Waterlogging, partial and total submergence have a significant effect on leaf angle 
of Rumex palustris (Voesenek and Blom, 1989), Leontodon taraxoides (Grimoldi et 
al., 1999), Paspalum dilatatum (Insausti et al., 2001) or Rorippa sylvestris (Stift et 
al., 2008). Although initial studies on submergence–induced differential growth fo-
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cused mostly on species naturally occurring in occasionally flooded habitats, recent 
experiments revealed that hyponasty in Arabidopsis thaliana can be used to unravel 
mechanisms explaining flooding-induced hyponasty (Peeters et al., 2002; Millenaar 
et al., 2005; Pierik et al., 2005; Vashisht et al., 2011). Hyponasty in flood tolerant 
species is a prerequisite for non-differential petiole/leaf blade elongation (Cox et 
al., 2003). The combined action of hyponasty followed by accelerated linear elon-
gation helps the plant to re-establish contact with air and, in turn, restore success-
ful gas exchange (Voesenek and Blom, 1989) and aerial photosynthesis (Mommer 
et al., 2005). The significance of hyponasty preceding petiole elongation has been 
demonstrated with experiments where submerged R. palustris petioles were fixed at 
certain angles. If the angle was set below 40° relative to the horizontal plane, rates of 
underwater elongation were much lower than in control plants, whereas fixing the 
angle closer to the vertical (approximately 80° ) permitted petiole elongation rates 
to increase. In the first instance, faster elongation rates were restored when the be-
low 40° fixation angle was released (Cox et al., 2003). The volatile phytohormone 
ethylene plays a central role in this complex regulatory mechanism of hyponastic 
response. Its diffusion from submerged tissues is severely reduced when submerged 
and as a result its endogenous concentrations significantly increase (Jackson, 1985; 
Voesenek et al., 1993; Banga et al., 1996). This physical entrapment is crucial for both 
hyponasty and non-differential linear petiole or internode elongation (Voesenek 
and Blom, 1989; Banga et al., 1997; Kende et al., 1998). Ethylene involvement is 
indicated by the strong inhibition of petiole angles in submerged R. palustris plants 
by application of the ethylene perception inhibitor 1-methylocyclopropene (1-MCP) 
(Cox et al., 2004). Moreover, it has been demonstrated that ethylene regulates two 
crucial events during the first phase of submergence response: a rapid acidification 
of the apoplast (Vreeburg et al., 2005) and up regulation of expansin transcript lev-
els (Vriezen et al., 2000; Vreeburg et al., 2005). Different stages of submergence-
induced hyponasty can be positively regulated by auxin (IAA) and gibberellins (GA) 
as downstream targets for ethylene, whereas the growth inhibitory hormone, ab-
scisic acid (ABA), negatively influences the response. Since deblading experiments 
resulted in a dramatic delay in the hyponastic response to submergence, it has been 
concluded that the onset of petiole hyponasty depends on auxin transport from the 
leaf lamina (Cox et al., 2006). Furthermore, the stage when hyponastic growth is 
fastest coincides with a lateral redistribution of IAA (Cox et al., 2004). Importantly, 
the stimulating effect of auxin and ethylene on hyponasty is independent of the ef-
fect of these hormones on the subsequent non-differential linear petiole elongation. 
Submergence depresses endogenous levels of ABA within 2 h of submergence. This 
decrease is an outcome of an inhibition of ABA biosynthesis and has a stimulatory 
effect on all stages of submergence-induced hyponasty (initiation, speed and main-
tenance). In contrast, following the reduction of ABA levels, increased concentra-
tions of GA serve a promoting function during the speeding-up phase of differential 
growth (Benschop et al., 2006). Recently, it has been discovered that the increase in 
expression of SNORKEL genes, which belong to the ethylene response factor (ERF) 
family, is required for submergence-induced internode elongation in deepwater rice 
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(Hattori et al., 2009) and that it might act through the GA signalling pathway. Since 
the hyponastic response in dicot species is also GA dependent, ethylene response 
factors (ERFs) could be crucial components of the mechanism also in this case. 

Shade 

Many plants, particularly angiosperms, display the so-called shade avoidance syn-
drome (SAS) when growing in dense communities. SAS consists of various phe-
notypic adjustments which affect all stages in a plants life cycle, influencing their 
germination, chloroplast development, extension growth, apical dominance, distri-
bution of assimilates and flowering time (Smith and Whitelam, 1997; Smith, 2000). 
Depending on the overall plant morphology, extension growth applies to different 
organs. It can stimulate elongation of internodes, as in Sorghum bicolor (Finlayson 
et al., 1998), Urtica dioica, Senecio vulgaris (Morgan and Smith, 1979), prairie eco-
type of Stellaria longipes (Sasidharan et al., 2008), Datura ferox (Ballaré et al., 1990) 
or in case of the rosettes species, such as Arabidopsis or R. palustris, causes hypo-
nastic growth and elongation of petioles (Pierik et al., 2005). When proximity of 
other plants reduces photosynthetic performance, petiole hyponasty is a successful 
escape strategy (Hutchings and de Kroon, 1994; Ballaré et al., 1995; Schmitt, 1997; 
Pierik et al., 2003; Pierik et al., 2004). Experiments on two Potentilla species dem-
onstrated that, despite the lack of homology between petioles and internodes, they 
show a similar response to shade (Huber, 1996). This is in accordance with the hy-
pothesis that analogous organs which share ecological function can show similar 
plasticity in response to environmental changes (Ballaré, 1994). Discovery of the 
Red:Far-red (R:FR) ratio as the primary signal triggering SAS prior to actual physical 
shading (Morgan and Smith, 1976; Ballaré et al., 1987; Ballaré et al., 1990) has gen-
erated a wide interest in this area and contributed to our current understanding of 
the molecular sensory mechanism for detecting the threat of shade. Photoreceptors 
involved in the perception of light changes include a set of phytochromes respond-
ing to altered R:FR ratio’s (Quail et al., 1995; Neff et al., 2000; Smith, 2000) together 
with blue light-induced cryptochromes and phototropins (Briggs and Huala, 1999; 
Christie et al., 1998; Cashmore et al., 1999). Molecular aspects of signal transduction 
and transcriptional regulation upon shade has been rigorously reviewed by Frank-
lin (2008). Studies on dense canopies of Nicotiana tabacum demonstrated that the 
perception of ethylene plays a crucial role in competition for light. In canopies, ethyl-
ene concentrations are elevated by almost four-fold compared to the ambient atmo-
sphere and ethylene-insensitive plants display delayed shade avoidance responses 
in comparison to the wild type (Pierik et al., 2003; Pierik et al., 2004). Not surpris-
ingly, auxin and its transport, which play an important role in most of the differential 
growth processes, are key players in the regulation of growth responses upon shade 
(Morelli and Ruberti, 2000; Keuskamp et al., 2010; Kozuka et al., 2010; Keuskamp 
et al., 2011). Detailed studies by Tao et al. (2008) have confirmed that activation of 
tryptophan-dependent pathway of auxin synthesis is absolutely necessary for SAS. 
Additionally, the blockage of auxin receptor TIR1 as well as impairment of a trans-
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porting protein, PIN3, lessens the auxin gradient thereby reducing shade avoidance 
symptoms, including hyponasty (Keuskamp et al., 2010). Auxin acts synergistically 
with brassinosteroids (BR) since the inhibition of both hormones almost entirely 
blocks elongation of the hypocotyl (Keuskamp et al., 2011). Although these experi-
ments were carried out on hypocotyls, it is likely that such contributory function 
of BRs applies to hyponasty since the exclusive role of auxin in ethylene-induced 
hyponasty is still under debate (Van Zanten et al., 2009a). Notably, a set of BR re-
sponsive genes is essential for petiole elongation in shade (Kozuka et al., 2010). Gib-
berellins (GAs) and GA-mediated DELLA degradation have been demonstrated to 
contribute to SAS (Djakovic-Petrovic et al., 2007), however, there is evidence that the 
GA pathway acts in an ethylene and auxin-independent manner (Pierik et al., 2009). 
At a cellular level, low R:FR ratios and green shade lead to the apoplastic acidifica-
tion and increase in the levels of certain cell wall modifying enzymes – expansins 
and xyloglucan endotransglucosylases/ hydrolases (XTHs) (Sasidharan et al., 2008; 
2010). 
 Studies from the past decade have demonstrated that light perception in-
teracts tightly with temperature signaling and that phytohormones and transcrip-
tional regulators probably serve as nodes in this crosstalk (Franklin, 2009; Koini et 
al., 2009). Common responses to these stresses include clear morphological changes 
such as hypocotyl elongation (Gray et al., 1998) or early flowering (Balasubrama-
nian et al., 2006). Interestingly, elevated temperatures lead also to hyponastic re-
sponses (Koini et al., 2009; Van Zanten et al., 2009b) and ethylene has been shown 
to regulate heat-induced hyponasty negatively (Van Zanten et al., 2009b). Previous 
experiments have revealed that leaf inclination is tightly associated with leaf tem-
perature and that elevated angles influence cooling properties (Medina et al., 1978). 
According to King (1997), vertical leaf orientation in Eucalyptus sp. is highly benefi-
cial when dealing with low temperatures. 
 As mentioned above, ethylene is one of several key regulators of hyponastic 
responses to various environmental changes. As shown by Pierik et al. (2005) appli-
cation of ethylene alone can mimic the response of plants to flooding or shaded con-
ditions in both Arabidopsis and R. palustris. Therefore, ethylene-induced hyponasty 
is a suitable study system to help identify the regulatory network and developmen-
tal switches in differential petiole growth. 

ETHYLENE AND PLANT DEVELOPMENT

A number of observations that illuminating gas leaking from pipes in orchards had 
a dramatic effect on plants growing in the vicinity (Girardin, 1864) led to the dis-
covery of ethylene as a plant hormone. The analysis of active compounds in the il-
luminating gas performed by Neljubow (1901) identified ethylene as a component 
responsible for its strong morphogenetic effects at high dilution. Subsequently, a 
number of descriptive reports, such as ethylene’s influence on the development of 
flowers in carnations (Crocker and Knight, 1908) or epinasty and leaf abscission 
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(Doubt, 1917) promoted much subsequent interest in ethylene biology. 
 The mosaic effect of ethylene on plant growth concerns alterations of fun-
damental processes at all developmental stages. Due to technical challenges, little is 
known about the role of ethylene during zygotic embryogenesis. The peak of ethyl-
ene concentration in Brassica napus embryos has been detected at the torpedo stage 
(Johnson-Flanagan and Spencer, 1994) and, as shown by studies on microspore-de-
rived embryos, ethylene is necessary for the lateral expansion of cotyledons (Hays 
et al., 2000), whereas antagonistic interaction between ethylene and ABA leads to 
breaking of dormancy (Koornneef et al., 2002; Gniazdowska et al., 2010). At the 
post-embryonic stage, the best recognized effect of ethylene during skotomorpho-
genesis is the so called triple response. It consists of inhibition of hypocotyl and 
root elongation, exaggeration of the apical hook and hypocotyl thickening (Knight 
and Crocker, 1913; Pratt and Biale, 1944) and has been used as an efficient bioassay 
in identifying ethylene-related mutations (Bleecker et al., 1988; Guzman and Ecker, 
1990). During formation of the apical hook, ethylene causes differential cell elonga-
tion (Lehman et al., 1996; Raz and Ecker, 1999) and, as revealed by detailed study 
on the kinetics of the response, prevents it from opening (Lehman et al., 1996; Gal-
lego-Bartolome et al., 2011). Smalle and Van Der Straeten (1997) showed that eth-
ylene has a stimulatory effect on hypocotyl expansion in light. In the below-ground 
tissues, ethylene stimulates roots to expand radially (Dolan, 1997; Smalle and Van 
Der Straeten, 1997), regulates adventitious root formation (Jusaitis, 1986; Liu et al., 
1990), affects differentiation pattern of atrichoblasts and trichoblasts (Schneider et 
al., 1997) and, through crosstalk with auxin, inhibits lateral root formation (Ruzicka 
et al., 2007; Ivanchenko et al., 2008; Negi et al., 2008; Lewis et al., 2011). Its role in 
reproductive development includes flowering induction, e.g. in Ananas sativus (Burg 
and Burg, 1966) and promoting female sex determination in Cucumis sativus and 
Cucumis melo (McMurray and Miller, 1968; Boualem et al., 2008; Wang et al., 2010). 
Other thoroughly studied properties of ethylene concern the final events in plant 
development such as fruit ripening (Burg and Burg, 1962; Barry and Giovannoni, 
2007) onset of leaf senescence (Zacarias and Reid, 1990; Thomas et al., 2003) and 
leaf abscission (Abeles and Rubinstein, 1964). Interestingly, as shown by Summers 
et al. (1996) the complete absence of ethylene biosynthesis does not cause a dis-
turbed overall development in Potamogeton pectinatus Accordingly, ethylene-insen-
sitive mutant and transgenic genotypes under optimal growth chambers conditions 
do not display disturbed growth (Tholen et al., 2004).

ETHYLENE AND ORGAN GROWTH 

Cell expansion

Early observations of cell growth in the presence of ethylene provided data about 
its inhibitory function on various types of tissues (Hayashi and Maclachlan, 1984). 
A number of experiments on Arabidopsis roots have shown that ethylene treatment 
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leads to isodiametric cell growth which is dependent both on auxin biosynthesis in 
the root tip (Stepanova et al., 2005; Swarup et al., 2007) and rootward auxin trans-
port (Ruzicka et al., 2007). Often, ethylene–treated cells do not cease their growth 
entirely but, instead, start to expand in a radial dimension, e.g. in epicotyl cells of 
Pisum sativum (Apelbaum and Burg, 1971). It is not clear, though, if this effect is 
a result of cell wall metabolism and matrix composition changes due to ethylene 
treatment (Eisinger et al., 1983). On the other hand, studies on Picea abies show that 
ethylene can negatively affect the incorporation of wall carbohydrates (Ingemarson 
et al., 1991). Naturally, this lateral expansion requires a different orientation of corti-
cal cytoskeleton and, therefore, ethylene has also been associated with longitudinal 
organization of cortical microtubules (CMTs) (Yuan et al., 1994; Steen and Chadwick, 
1981; Lang et al., 1982; Roberts et al., 1985; Soga et al., 2010).
 Although obviously legitimate, this classical concept of ethylene’s inhibi-
tory effect on cell elongation has been complemented with reports of its stimulatory 
properties (reviewed in Pierik et al., 2006). These include stem elongation in Callitri-
che platycarpa (Musgrave et al., 1972), previously mentioned cell expansion-driven 
petiole elongation in submerged R. palustris plants (Cox et al., 2004), internode elon-
gation in submerged deepwater rice (Kende et al., 1998) or Arabidopsis hypocotyl 
elongation in light (Smalle and Van Der Straeten, 1997; Le et al., 2005). Moreover, 
it has been demonstrated that low-nutrient grown Arabidopsis seedlings exhibit 
transverse (elongation stimulating) CMT orientation upon treatment with the eth-
ylene precursor, 1-aminocyclopropane-l-carboxylic acid (Le et al., 2005). Recently, 
a study of cell sizes at two sides of ethylene-treated Arabidopsis petioles provided 
evidence that ethylene and ad- and abaxial identity defines whether the orientation 
of cytoskeleton is transverse or longitudinal (Polko et al., 2012, Chapter 2). The two 
contrasting ideas on the effect of ethylene on the direction of cell expansion can be 
species as well as concentration dependent. In some plants, e.g. Triticum aestivum, 
low ethylene concentrations stimulate growth whereas high levels have an inhibi-
tory effect. Almost 4 decades ago Konings and Jackson (1979) already highlighted 
this dual role of ethylene which was coined the Janus face of ethylene by Pierik et al. 
(2006) in their review of a biphasic model for growth control by ethylene.

Cell division and endocycle

Apelbaum and Burg (1972) showed that ethylene dramatically reduces cell divi-
sion frequencies in meristematic tissues of Pisum sativum and that it is likely due 
to lower rates of DNA synthesis. A similar decrease was observed in prothallia of a 
fern, Onoclea sensibilis, (Edwards and Miller, 1972) which suggests that this inhibi-
tory effect on cell proliferation might be conserved within the plant kingdom. On the 
other hand, studies on the early petiole ontogeny in Nymphoides peltata revealed 
that ethylene stimulates cell proliferation in a dose dependent manner (Ridge and 
Amarasinghe, 1984). More recent analysis of growth responses in vascular cambium 
of Populus showed that ethylene can have a positive effect on cell divisions in this 
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meristem leading to stimulation of xylem growth (Love et al., 2009). As shown by 
Kazama et al. (2004) in Cucumis sativus, ethylene does not only affect cell divisions 
per se, which results in increased stomata and trichome abundance, but also alters 
cell polarity and division planes. Another well-known response of cells to ethylene 
is enhanced ploidy which results from increased number of DNA replication rounds 
without mitosis. This endoreduplication is, in turn, often coupled with increased cell 
sizes e.g. in hypocotyls of Cucumis (Gendreau et al., 1999; Dan et al., 2003) or in 
Arabidopsis petal tissue (Roeder et al., 2010). The possibility of ethylene directly 
affecting the cell cycle has generated a wide interest in unravelling its targets in the 
cell cycle machinery. A study by (Skirycz et al., 2011) demonstrated that ethylene 
acts on cell cycle progression by reducing the activity of CDKA1, possibly by post-
transcriptional regulation. The exact mechanism of this interaction, though, has yet 
to be elucidated. 

CONCLUSIONS and FORWARD LOOK

For the last decade, hyponasty has been given considerable attention as part of a 
general escape mechanism from unfavourable ambient conditions. Despite the 
broad knowledge on the functionality and hormonal regulation of ethylene-induced 
hyponasty (reviewed in Van Zanten et al., 2010) and growing insights into the de-
velopmental alterations leading to upward petiole movement, there are still many 
important questions to be answered. Since hyponasty involves asymmetric cell 
expansion, a process that often coincides with enhanced endoreduplication, one 
might expect differential regulation of cell cycle-related components. Our current 
knowledge on the co-ordination of cell expansion during the organogenesis allows 
the assumption that specific gradients of the growth-regulating factors might play 
a role in the regulation of hyponasty. Although auxins are major regulators of hypo-
nasty in response to light and temperature, their role in ethylene-induced hyponasty 
might be marginal (Van Zanten et al., 2009a; Franklin et al., 2011). Another group 
of growth stimulating hormones, BRs could serve as potential players. Experiments 
have demonstrated BR perception and signal transduction are crucial for the occur-
rence shade avoidance-related traits (Kozuka et al., 2010; Keuskamp et al., 2011) 
and that under certain conditions, BR-ethylene crosstalk is crucial for elongation 
responses in hypocotyls (De Grauwe et al., 2005). Moreover, as shown by Gonzalez-
Garcia et al. (2011) the progression in cell cycle in the Arabidopsis root meristem 
is BR dependent which suggests a hypothetical role for both in regulation of hypo-
nasty. Integration of multidisciplinary approaches such as plant physiology, devel-
opmental biology, biophysics and modelling not only could help in understanding 
the complex mechanism of hyponasty, but any other alterations of plant architecture 
resulting from diverse external stresses.
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OUTLINE OF THE CHAPTERS

The focus of this thesis is the cellular basis and molecular regulation of ethylene-
induced hyponastic growth in Arabidiopsis thaliana. In Chapter 2 morphological 
changes during hyponasty are described. A detailed analysis of the epidermal cell 
sizes revealed that, upon ethylene treatment, longitudinal cell expansion occurs in 
a localized zone of the abaxial side of the petiole. This result was confirmed by the 
study of cortical microtubule (CMT) reorientation events in the same tissue. The 
region in which cells elongate exhibits a transverse orientation of CMT which stimu-
lates longitudinal expansion. On the other hand, the adaxial side of the petiole shows 
a longitudinal CMT organisation, which, in turn, inhibits cell elongation in that part 
of the organ. Based on the cell length data a mathematical model is provided that 
predicts petiole angle change which is highly similar to the observed value. The 
subsequent chapters focus on the results from genetic screens using two different 
transgenic populations. The methodological Chapter 3 describes the use of next 
generation Illumina sequencing technique as a way of mapping T-DNA insertions 
in activation-tagging lines. Identification of T-DNA loci in such lines is occasionally 
problematic due to the complexity of integration events. In a screen of T-DNA acti-
vation-tagging lines carrying 35S CaMV enhancers, four candidates were selected. 
These lines exhibited aberrant petiole angles in control conditions, ethylene and low 
light treatments. The genomic DNA of those lines was pooled and subjected to Illu-
mina sequencing which resulted in identification of three out of four insertion loci. 
One of the selected candidates, which exhibited decreased petiole angle in all treat-
ments and was designated ddd1, was studied in detail and the results are presented 
in Chapter 4. The phenotype of ddd1 is linked to the T-DNA insertion in the intra-
genic region of ROTUNDIFOLIA3 (ROT3) gene which encodes an enzyme involved 
in the synthesis of brassinosteroids (BRs). The lack of cell expansion in ddd1 upon 
ethylene exposure led to the hypothesis about an interrelation of ethylene and BRs 
during cell elongation. This is supported by the pharmacological experiments which 
indicate a potential role of ethylene in sensitisation the tissue to BRs. Chapter 5 
aims to describe the involvement of ethylene response factors (ERFs) in regulation 
of hyponasty. A forward genetic screen of plants over-expressing ERFs resulted in 
a selection of several candidate ERF genes. Their transcriptional regulation during 
ethylene treatment is shown and possible scenarios of their involvement during the 
induction of hyponasty are discussed. Chapter 6 describes the role of cell cycle-
related mechanisms in regulation of the magnitude of hyponastic response. Over-
expression of a core cell cycle gene, CYCA2;1, leads to enhanced hyponasty indepen-
dent of endoreduplication. It is shown that ethylene inhibits the progression of a 
mitotic cell cycle and mathematical modelling shows that this fine-tuning process 
provides a subtle balance between cell expansion and cell division which controls 
the degree of an upward petiole movement. Chapter 7 is a summation of research 
presented in this thesis and aims to discuss future perspectives regarding the insight 
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SUMMARY

Hyponastic growth is an upward petiole movement induced by plants in response to 
various external stimuli. It is caused by unequal growth rates between adaxial and 
abaxial sides of the petiole, which bring rosette leaves to a more vertical position. 
The volatile hormone ethylene is a key regulator inducing hyponasty in Arabidopsis 
thaliana. We studied whether ethylene–mediated hyponasty occurs through local 
stimulation of cell expansion and if this involves reorientation of cortical microtu-
bules (CMTs). To study cell size differences between two sides of petioles in ethylene 
and control conditions, we analysed epidermal imprints. We studied involvement of 
CMT orientation in epidermal cells using the tubulin marker line as well as genetic 
and pharmacological means of CMT manipulation. Our results demonstrate that eth-
ylene induces cell expansion at the abaxial side of the- petiole and that this can ac-
count for the observed differential growth. At the abaxial side ethylene induces CMT 
reorientation from longitudinal to transverse, whereas at the adaxial side has an 
opposite effect. Inhibition of CMTs disturbed ethylene-induced hyponastic growth. 
This work provides evidence that ethylene stimulates cell expansion in a tissue-spe-
cific manner and that it is associated with tissue-specific changes in arrangement of 
CMTs along the petiole.

INTRODUCTION

The capacity to adjust to changes in the environment is a fundamental property of 
living organisms. To cope with environmental changes, plants evolved plasticity in a 
range of metabolic, physiological and morphological processes, which allow them to 
survive unfavourable conditions (Lambers et al., 1998). Plant organ movements are 
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an adaptation to, mainly abiotic, stresses and have been given much attention ever 
since Darwinian times. Some species, such as rain tree (Samanea saman) (Satter et 
al., 1974), sensitive plant (Mimosa pudica) (Allen, 1969) and runner bean (Phaseolus 
coccineus) (Mayer et al., 1985), possess specialized structures, pulvini, which allow 
rapid collapse and closing movements (Kang, 1979). Tropic movements position or-
gans directionally to the environmental stimulus, e.g. phototropism and gravitrop-
ism in which plants bend their stems towards the light or away from the gravitation-
al vector, respectively (Firn and Digby, 1980; Morita and Tasaka, 2004; Iino, 2006).
Nastic movements occur without a directional external stimulus. Among the best de-
scribed examples is upward leaf movement called hyponastic growth, which is a rap-
id reaction of plants in response to several external stimuli (Kang, 1979; Van Zanten 
et al., 2010). A number of plant species, including the model species Arabidopsis 
thaliana ( Arabidopsis), use hyponasty as part of an escape mechanism from unfa-
vourable conditions such as complete submergence (Pierik et al., 2005; Voesenek et 
al., 2006), proximity of neighbors (Ballare and Scopel, 1997; Keuskamp et al., 2010) 
low light intensity (Millenaar et al., 2005) and supraoptimal temperatures (heat) 
(Koini et al., 2009; Van Zanten et al., 2009b). 
 The volatile phytohormone ethylene is one of the main factors controlling 
hyponastic growth in Arabidopsis (Cox et al., 2003; Cox et al., 2004; Van Zanten et al., 
2010) and has been used as a tool to unravel the underlying control mechanisms. 
When plants are exposed to ethylene, it induces a marked hyponastic growth re-
sponse and accordingly ethylene accumulation is required for the induction of sub-
mergence-induced hyponastic growth (Millenaar et al., 2005). However, ethylene 
is not involved in the control of low light-induced hyponastic growth (Millenaar et 
al., 2009) and even acts antagonistically to heat-induced hyponasty (Van Zanten et 
al., 2009a). Cox et al. (2003) showed that hyponasty in flooded semi-aquatic Rumex 
palustris is driven by differential cell expansion on the abaxial side of the petiole. R. 
palustris belongs to a group of flood-tolerant species which respond to high concen-
trations of ethylene by cell expansion (Voesenek et al., 2006) and can only respond 
positively to high ethylene concentrations once a minimal hyponastic leaf angle has 
been achieved (Cox et al., 2003; Heydarian et al., 2010). Most plant species, includ-
ing Arabidopsis, are not flood-tolerant (Peeters et al., 2002; Vashisht et al., 2011) 
and typically show growth inhibition by high concentrations of exogenous ethylene 
(Abeles et al., 1992; Pierik et al., 2006; Pierik et al., 2007). 
 Despite the increasing insight into the physiological and hormonal regula-
tion of ethylene-induced hyponasty, we still lack fundamental knowledge about the 
anatomical and morphological changes that lead to the upward petiole movement 
in Arabidopsis. A clear correlation between arrangement of cortical microtubules 
(CMTs) and the direction of cellular expansion has been demonstrated in a variety of 
plant species and it is well known that growth stimulating hormones, such as auxins 
or gibberellins, promote a transverse alignment of CMTs which favours cell elonga-
tion (reviewed in (Shibaoka, 1994; Inada and Shimmen, 2000; Wiesler et al., 2002; 
Foster et al., 2003; Li et al., 2011). Although the functional correlation between CMT 
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alignment and directional cell expansion is complex and still debated, it is probably 
also associated with CMT-mediated delivery of cellulose synthases and other pro-
teins to the plasma membrane (Gutierrez et al., 2009; Fujita et al., 2011). In pea 
(Pisum sativum) ethylene induces reorientation of CMTs from transverse to longi-
tudinal, allowing lateral cell expansion of epidermal cells and arresting longitudinal 
growth (Yuan et al., 1994). However, it has been shown that the ethylene precursor, 
1-aminocyclopropane-l-carboxylic acid, can promote the transverse orientation in 
light-grown Arabidopsis seedlings on low-nutrient medium (Le et al., 2005). If hypo-
nasty in Arabidopsis involves a local stimulation of cell expansion in abaxial epider-
mis cells, a stimulation of transverse CMTs would be predicted. 
 We tested whether ethylene–mediated hyponasty in Arabidopsis occurs 
through local stimulation of cell expansion and if this involves reorientation of CMTs. 
Since the epidermal cell layer has an important role in both driving and limiting 
plant growth (Savaldi-Goldstein et al., 2007), we focused our study on this tissue, 
both on the abaxial and the adaxial sides of petioles. Our data demonstrate that 
ethylene primarily induces hyponastic petiole growth by driving longitudinal cell 
expansion specifically in a restricted abaxial region, proximal to the shoot Analysis 
of CMT orientation revealed that ethylene-induced reorientation from longitudinal 
to transverse also occurs predominantly at this proximal, abaxial side of the peti-
ole and disruption of CMTs prevented ethylene-induced hyponasty. Together with 
evidence from a geometrical model, these data show that localized cell expansion 
drives hyponasty in Arabidopsis.

MATERIALS and MEHODS 

Plant material and growth conditions

Arabidopsis thaliana Col-0 (N1092) was obtained from the Nottingham Arabidopsis 
Stock Centre (NASC), 35S::TUA6:GFP (Ueda et al., 1999) was a gift of Douglas Muench 
(University of Calgary) and mor1-1 seeds (Whittington et al., 2001) were provided 
by David Collings (University of Canterbury). Seeds were dark stratified for 4 days 
at 4ºC on filter papers. Germinated seedlings were transferred onto pots contain-
ing fertilized mixture of soil and perlite (RHP, ’s Gravenzande, the Netherlands) in a 
1:2 ratio and grown in a controlled growth chamber (20ºC, 70% relative humidity 
and 200 µmol m-2 s-1 photosynthetic active radiation (PAR); 9 h photoperiod) as de-
scribed in Millenaar et al., 2005. Each day at the start of the photoperiod plants were 
automatically watered until saturation.

Ethylene treatment and petiole angle measurements

For all experiments 30 day old plants in stage 3.9 (Boyes et al., 2001) were used. To 
allow acclimation, plants were transferred to the experimental setup (Microclima 
1750 growth cabinet; Snijders Scientific, Tilburg, the Netherlands), with similar con-
ditions to the growth chambers (described above), one day before the start of the 
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experiment. Ethylene (Hoek Loos, Amsterdam, the Netherlands) application started 
(t=0 h) 1.5 h after the beginning of the photoperiod to prevent the effects of diurnal 
leaf movements. The experimental setup was flushed with 1.5 ppm ethylene which is 
a saturating concentration for hyponastic growth (Fig. 2.1) with a continuous flow 
of 75 L h-1. For the dose response experiment pure ethylene and air were mixed at 
different flow rates to achieve the concentrations between 10 ppb and 10 ppm. The 
concentrations were checked on a gas chromatograph (GC995, Synspec, Groningen, 
the Netherlands). Plants were placed in glass cuvettes (18 L, 8 plants per cuvette) 
and subjected to different concentrations of ethylene. 
For petiole angle measurements, side pictures were taken with a digital camera 
(Canon PowerShot A530, Amstelveen, the Netherlands) at the start of the experi-
ment and after 6 h of ethylene/control treatment. Petiole angles were measured 
relative to the horizontal plane, by drawing a straight line from the petiole base to 

the leaf base, using ImageJ 
software (Abramoff et al., 
2004). The differential angle 
was calculated as the differ-
ence between the angle of 
ethylene treated petioles and 
the control at the same time 
point (Benschop et al., 2007).

Epidermal cell length measurements and calculations

To obtain epidermal imprints, petioles of 1 cm or 5 mm length were covered with 
polyvinylsiloxane paste (type 3) (Coltene Whaledent, Langenau, Germany). After so-
lidification, the imprint was removed and brushed with 1 layer of transparent nail 
polish. When dried, the film was placed on a microscopic slide and observed under 
an Olympus BX50WI microscope. Pictures were taken with an Olympus DP70 cam-
era and the obtained photos were merged in Paint (Microsoft). Cell length measure-
ments were performed with the use of a custom made macro, in KS400 software 
(Carl Zeiss Vision, Oberkochen, Germany). Cell width measurements were done on 
the first 3mm of the petiole using ImageJ software. 
 To allow calculations of average cell sizes relative to the distance along the 
petiole, each cell was assigned to a 200 μm class, depending on its position relative 
to the most proximal part (close to the stem) of the petiole (see Fig. 2.2a for details). 

Disruption and visualization of CMTs

Fig. 2.1 Dose response curve 
for the petiole hyponasty in eth-
ylene (means ±SE).
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To inhibit the expansion of cells driving hyponastic growth, oryzalin (Sigma Aldrich, 
Zwijndrecht, the Netherlands) solution (200 μM in water and 0.2% dimethyl sulf-
oxide (DMSO); containing 0.1% Tween 20) was applied 24 h before the start of the 
experiment at the abaxial side of each petiole. To genetically disrupt the organiza-
tion of CMTs, the heat-inducible mor1-1 mutant was used (Whittington et al., 2001). 
Plant were treated with ethylene at noninductive  20°C and inductive 30°C and after 
6 h compared with controls at the corresponding temperatures. 
 The arrangement of CMTs was studied with 35S::TUA6:GFP reporter lines 
(Ueda et al., 1999). Four week-old plants were subjected to ethylene/control treat-
ment and after 5 h CMTs of petiole epidermal cells were visualized using an inverted 
confocal laser scanning microscope (Leica CS SPII, 63x C-apochromat objective, ex-
citation wavelength of 488 nm, collecting at 505-530 nm for GFP emission). Petioles 
were divided in 4 parts depending on their distance from the base and the abaxi-
al and adaxial sides were observed separately. CMT areas at least twice as long as 
cell width were taken into account (Himmelspach and Nick, 2001). The CMTs were 
grouped in categories relatively to the long cell axis: transverse (0°), oblique 30°, 
oblique 60°, longitudinal (90°) and randomly oriented according to (Himmelspach 
and Nick, 2001). 

Analysis of At1g20190 (EXPA11) expression 

Col-0 petioles of 8-12 mm length were harvested, divided in quarters (Fig. 2.3a) 
and snap frozen in liquid nitrogen. RNA was isolated using the RNeasy extraction kit 
(Qiagen, Venlo, the Netherlands) and genomic DNA was removed with the on-column 
DNase digestion (Qiagen). 1 µg of total RNA was used for cDNA synthesis conducted 
with random hexamer primers using the SuperScript III RNase H Reverse Transcrip-
tase kit (Invitrogen, Breda, the Netherlands). Real time RT-PCR was performed us-
ing the MyiQ Single-Color Detection System (Bio-Rad, Veenendaal, the Netherlands) 
with iQ SYBR Green Supermix Fluorescein (Bio-Rad) and gene specific primers 
(At1g20190, 5’-TGCTTTGCCTAACAACAACG-3’, 5’-TCGCTCAGGGAGAAAAGAAA-3’). 
Relative mRNA values were calculated using the 2−ΔΔCt method (Livak and Schmitt-
gen, 2001) with β-Tubulin-6 (At5g12250 5’-ATAGCTCCCCGAGGTCTCTC-3’, 5’-TC-
CATCTCGTCCATTCCTTC-3’) as an internal reference gene. 

A mathematical model to predict petiole angles from cell length data

In the model, the petiole is divided into a series of consecutive sections, denoted s. 
Each section is represented by an arc with a constant radius (see Fig. S2.1). Since 
the relative size of those sections determines the spatial resolution of the model, we 
used sections equal in size to the classes of the cell length data (i.e. 200 μm). Each arc 
can be defined by its radius, which is calculated relative to the centre of the petiole 
cross-section, and its angle. Both can be calculated from the adaxial and abaxial sec-
tion length and the petiole thickness: 

29 02.indd   23 4-3-2012   20:42:34



Chapter 2

24

Where  rs = the arc radius;  θs = the arc angle;  d = the petiole diameter;  is = the adaxial 
arc length;  js = the abaxial arc length; and a positive value of  rs indicates an upward 
bend. The model seeks to link observed changes in cell length under ethylene treat-
ment to the observed changes in petiole shape. To do so, we used the observed peti-
ole shape under air treatment as a reference shape. A detailed description is given in 
Methods S2.1, but basically, given the known petiole shape under air treatment and 
a measured petiole thickness of d = 700 µm we can straightforwardly calculate the 
adaxial and abaxial arc length for each segment is and js. Moreover, the measured cell 
length data supplies us with the information needed to calculate, under air treat-
ment, the average number of cells spanning each segment along both the adaxial and 
abaxial side. Using this reconstruction as the starting point, we then want to pre-
dict the petiole shape under ethylene treatment. To do so, we calculate a predicted 
change in length for each adaxial and abaxial section, using the measured changes in 
mean cell length due to the ethylene treatment (see Methods S2.1 for details and a 
discussion on the role of cell division). Once  is and jsare estimated, equations (1) and 
(2) allow to calculate for each segment the corresponding arc angle. The predicted 
petiole shape can be calculated from the arc angles in the following way. The relative 
x and y coordinate of the end-point of each arc are given by: 

To correct for the curvature of the previous petiole sections, the x, y coordi-
nates of each section are rotated using the cumulative angle of all previous 
sections. The initial angle (θ0) at which petiole emerges from the shoot is also 
taken into account:

Where ϕs is the cumulative rotation until section s and xs’ and ys’ are its ro-
tated x,y coordinates. Finally, the absolute x and y coordinates of each section 
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are calculated:
 

Where  xs’’ and ys’’ and  are the absolute coordinates of the end-points of sec-
tion s. These coordinates of each section can be used to plot the predicted 
petiole shape. Additional details about calibration of the model are given in 
the Supporting Information, Methods S1. 

RESULTS

Epidermal cells at the abaxial, proximal side of the petiole elongate upon eth-
ylene exposure

Differential petiole growth depends on unequal growth rates between the ab- and 
adaxial sides of an organ (Kang, 1979). In the case of hyponasty this can be achieved 
either by an arrest of longitudinal cell expansion at the adaxial side, by enhance-
ment of cell elongation - at the abaxial side of a petiole, or a combination of both. To 
determine which of these events occur during ethylene-induced hyponasty, we first 
performed a comparative analysis of cell lengths using epidermal imprints of both 
the adaxial and abaxial part of 1 cm long petioles. To this aim, petioles of plants sub-
jected for 10 h to a saturating concentration of 1.5 ppm ethylene (Fig. 2.1) and con-
trol treated plants were used since the hyponastic growth response is strongest at 
this time point (Millenaar et al., 2005). No difference in cell length (see Fig. 2.2a for 
experimental details) was found at the adaxial surface between ethylene and control 
treatment (Fig. 2.2 b). By contrast, cell length at the abaxial side was significantly in-
creased upon ethylene treatment in approximately first 3-4 mm from the base (Fig. 
2.2 c) which suggests that the expansion does not occur along the entire petiole, but 
is restricted to the region proximal to the shoot Moreover, we observed a significant 
reduction of lateral expansion in this region at the abaxial side of the petiole and 
widening of cells of the adaxial epidermis (Fig. S2.2a, b). Interestingly, in the case of 
younger petioles (5 mm), the pattern of cell expansion differs. The increase in lon-
gitudinal cell size occurs abaxially along the entire organ (Fig. S2.3b). This implies 
that the cells involved in hyponastic growth differ between developmental stages. 
Cell wall loosening proteins are well known downstream target genes involved in 
cell elongation in many organ types and species (Cosgrove, 2005). We examined the 
expression of EXPANSIN11 (EXPA11) in the petiole as a marker to identify the region 
of elongation in ethylene exposed petioles. This gene has been shown in a genome-
wide gene expression profiling study to be differentially expressed in petioles upon 
ethylene treatment (Millenaar et al., 2006). To assess the differential expression of 
EXPA11 along petiole segments, we analyzed distinct parts of the petiole (Fig. 2.3a). 
A significant increase in expression between ethylene and control treated plants 

     ∑     
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     (9) 
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was observed in sections located on the abaxial side of the petiole (sections 2 and 4) 
(Fig. 2.3b). Strikingly, the highest up regulation was noted in the abaxial proximal 
region, where ethylene-induced cell elongation was observed (Fig. 2.2c). Taken to-
gether, these data support the hypothesis that cell expansion at the proximal abaxial 
petiole side, rather than inhibition of cell growth at the adaxial side, drives ethylene-
induced hyponastic growth.

Ethylene induces the local reorientation of CMTs in petiole epidermis

A transverse arrangement of CMTs is associated with cell elongation, whereas the 
longitudinal promotes the lateral expansion (Yuan et al., 1994). To study the in-
volvement of CMTs in ethylene-induced hyponastic growth, 24 h prior to exposing 
plants to ethylene, we applied oryzalin which prevents the polymerization of tubu-
lin (Morejohn et al., 1987). After 6 h of ethylene treatment, oryzalin-treated plants 
had a significantly lower leaf angle than mock treated plants (P<0.05). Calculation of 
the differential angle change (which is the difference between the mock and treat-

Fig. 2.2 (a) Schematic rep-
resentation of the classes 
used for cell length calcula-
tions in the petiole epider-
mis. Cells are classified de-
pending on their distance 
from the base of a petiole. 
Each class consists of 200 
µm. (b-c) Epidermal cell 
length of a 1 cm petiole. 
Data points represent the 
means ±SE of cell lengths 
of the first 6.6 mm at the 
adaxial (b) and abaxial (c) 
side of a petiole after 10h 
of ethylene and control 
treatment. Asterisks indi-
cate significant differences 
relative to the cell lengths 
of control treated petioles 
(P<0.05), n=17.
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ed plants at the same time point) confirmed that oryzalin inhibits the hyponastic 
growth response to ethylene (Fig. 2.4a). The ±50% reduction in the response per-
sists also after 10h of ethylene exposure when in control plants the differential re-
sponse is at its maximum (data not shown).

To test the involvement of CMTs in hy-
ponastic growth genetically, we used a 
temperature sensitive mutation in MI-
CROTUBULE ORGANIZATION1 (MOR1), 
which is required for CMT organization 
in plants by controlling their polymeriza-
tion (Whittington et al., 2001). The petiole angles of mor1-1 in mock and ethylene 
treated plants are similar to wild type plants at non-inductive 20°C, whereas at in-
ductive 30°C they are significantly reduced (Fig. 2.4b). Together, these experiments 
support the hypothesis that reorientation of CMTs is required for ethylene-induced 
hyponasty. 
 To gain further insight into the involvement of CMTs in ethylene-induced 
hyponastic growth, we investigated CMT arrangement in the epidermal cells at both 
the ad- and abaxial sides of the petiole. Transgenic plants carrying a 35S::TUA6:GFP 
reporter construct, which exhibits normal hyponasty in response to ethylene (Fig. 
S2.4), were subjected to ethylene and control treatments and images of the epider-
mal cells were taken using confocal microscopy. Ad- and abaxial sides were divided 
into four segments (Fig. 2.5a) and, subsequently, the CMT orientation was classified 
for each section. Figure 2.5b-c shows a typical CMT orientation in air and control 
conditions, whereas Figure 2.5d-e the detailed frequency of CMTs in a transverse 
orientation (promoting cell expansion) and longitudinal (inhibiting cell expansion) 
(Wilms and Derksen, 1988; Wasteneys and Williamson, 1993). The complete cover-
age including the intermediate (oblique 30°, 60°) and random orientations is pre-
sented in the supporting information (Fig. S2.5). 
 The orientation of CMTs in control conditions is largely transverse at the 
adaxial side of the petiole and longitudinal at the abaxial side. Upon ethylene treat-
ment, these proportions change significantly in the first 3 classes with the adaxial 
side displaying the highest frequency of longitudinal CMTs, whereas the elongation-
stimulating transverse orientation at the abaxial side increases from 5% to ±30%. 
Moreover, in case of the abaxial side, there is a reduction in the frequency of trans-

Fig. 2.3 (a) Schematic representation of petiole 
quarters used for studies of EXPA11 expression. 
(b) Expression of EXPA11 upon ethylene treat-
ment. Petioles were divided in 4 quarters and the 
expression measurements done separately on each 
quarter. Data points represent the fold change of 
EXPA11 expression (means ±SE) after 6 h of eth-
ylene exposure relative to the control conditions 
and relative to β-Tubulin-6. Asterisks indicate sig-
nificant differences between the two treatments 
(P<0.05).
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verse CMTs towards the leaf lamina. The sections which have the highest abundance 
of this type of CMTs (1ab-2ab) co-localize with the region in which we detected cell 

expansion and elevated levels of EX-
PANSIN11 mRNA (Fig. 2.2c and 2.3b). 
To calculate whether ethylene-induced 
changes in longitudinal cell expansion 
can explain the observed hyponastic 
growth, we have constructed a geo-
metrical model that predicts petiole 
shape from the measured ad- and ab-
axial cell lengths. Our model is related 
to the one used by Cox et al., 2004, 
which calculates the ratio between peti-
ole angles from the difference in adax-
ial and abaxial petiole length. To allow 
prediction of local changes in petiole 
shape, we divided the petiole into sec-
tions and calculated the curvature for 
each of these sections separately. The 
results show that, if we normalize for 
the observed petiole elongation due to 
ethylene treatment (derived from (Mil-
lenaar et al., 2005)), the hyponastic 
growth and resulting petiole shape are 
correctly predicted from the measured 
cell lengths (Fig. 2.6). The prediction is 
accurate to within a single degree. As an 
overall conclusion, the model supports 
the hypothesis that hyponastic growth 
observed during ethylene treatment is 
caused by increased abaxial cell elonga-
tion.

DISCUSSION

Ethylene-induced hyponastic leaf movement depends on unequal growth rates be-
tween the ad- and abaxial sides of the petiole. In this work, we investigated what 
event drives this process. In accordance to the observation by Cox et al. (2003) that 
hyponasty is driven by differential cell expansion in submerged Rumex palustris, we 
found that epidermal cells at the abaxial side of Arabidopsis petioles elongate rapidly 
upon ethylene treatment, while cells on the adaxial side do not. We did not assess 
elongation of underlying mesophyll tissues because elongation 

Fig. 2.4 (a) Effect of 200 μM oryzalin on petiole angle 
in control and 6 h ethylene treatment. (b) Effect of 
the heat-inducible mor1-1 mutation on hyponasty. 
Asterisks indicate significant differences (P<0.05) 
relative to the angles of mock and untreated petioles 
(a) or differences between Col-0 and mor1-1 plants 
(b) (P<0.05). Data points represent means ±SE of 
petiole angles, n=40-63.
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growth of the epidermis is considered both required for and sufficient to drive and 
restrict growth of underlying basal tissues (Savaldi-Goldstein et al., 2007; Savaldi-
Goldstein and Chory, 2008). In accordance, prediction of the resulting leaf angle 
matched the observed hyponastic leaf movement measured after ethylene treat-
ment, suggesting that the observed cell elongation is sufficient to drive hyponasty. 
Our non-invasive method of epidermal imprints allowed studying changes in cell 
size without affecting the biomechanical integrity that would be distorted upon tis-
sue excision.
 The measurements performed on 1 cm petioles revealed that the expan-
siontakes place in the most proximal zone of the abaxial side of the petiole, approxi-
mately within the first 3-4 mm. By contrast, in younger (5 mm) petioles hyponasty is 
triggered by elongation of all cells along the petiole, rather than in a restricted part 
of the organ (Fig. S2.3). The latter was previously observed for ethylene-induced 
epinasty in castor oil plant (Ricinus sp.), Datura sp., coleus (Coleus sp.) and Hibiscus 
sp. (Doubt, 1917). This observation would be consistent with the idea that petiole 
epidermis cells loose the capacity to elongate upon ethylene treatment when they 
become older.
 Several lines of independent evidence strongly suggest that CMT reorga-
nization is involved in ethylene-induced hyponastic growth. First, application of 

Fig. 2.5 (a) Schematic illustration of the experimental setup of CMT visualization. Petioles were di-
vided in 4 sections, and the adaxial parts (1ad, 2ad, 3ad, 4ad) were observed separately from the abaxial 
(1ab, 2ab, 3ab, 4ab). The orientation of CMTs in petiole epidermal cells changes upon 6-10 h of ethylene 
treatment. Confocal images of a longitudinal arrangement of CMTs at the abaxial side of a petiole upon 
control conditions (b) and a transverse orientation in ethylene (c). (d-e)Data points refer to the average 
number of areas representing either a transverse or a longitudinal class of CMT orientation ±SE, n=3. (d) 
The frequency of CMT categories at the adaxial side and (e) the abaxial side. Asterisks indicate signifi-
cant differences (P<0.05) between the frequency in control and ethylene treated plants.
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the drug oryzalin inhibited ethylene-
induced hyponasty. Oryzalin has been 
successfully used to assess the role of 
CMTs in plant development in several 
other studies before (Morejohn et al., 
1987; Baskin et al., 1994). Microtu-
bule depolimerization by oryzalin 
causes swelling of cells and prevents 
CMTs from orienting in a transverse 
direction, thereby arresting the aniso-
tropic growth (Grandjean et al., 2004; 
Hamant et al., 2008). Application of 
oryzalin at the abaxial side of the peti-
ole resulted in a significant reduction 
in the petiole angle already before in-
duction of hyponastic growth by eth-
ylene treatment and also significantly reduced the response to this hormone. Since 
the petiole inclination in response to ethylene was not completely absent, it can be 
concluded that besides the anisotropic growth, there may be other factors playing a 
role in the induction of hyponasty. A similar effect was observed in studies on apical 
meristem growth, where oryzalin only partially prevented the organ outgrowth (Ha-
mant et al., 2008). The additional, more specific, genetic approach involving plants 
carrying the temperature sensitive mor1-1 mutation (Whittington et al., 2001; Sugi-
moto et al., 2003; Collings et al., 2006) confirmed the role of CMT reorganization in 
the induction of hyponastic growth. 
 Subsequent visualization of CMT orientation demonstrated that two types 
of CMT reorientation events take place. At the adaxial side ethylene changes the 
alignment of CMTs from transverse (stimulating elongation) to longitudinal. How-
ever, at the abaxial side of the petiole, CMTs reorient from longitudinal to transverse, 
thus indicating local cell expansion. The frequency of the CMTs in the transverse 
category is the highest in the region located at the petiole base (proximal) and de-
creases towards the leaf lamina (distal). This matches our observation that ethyl-
ene-induced cell elongation is strongest at the proximal, abaxial side of the petiole 
and is likely sufficient for the occurrence of hyponasty. 
 Since cell expansion requires primary cell wall modifying agents which, ac-
cording to the acid growth hypothesis, bring about the wall loosening (Rayle and 
Cleland, 1970; Cosgrove, 1989), we used the expression of an expansin gene as 
another marker for cell expansion. A previous microarray study on whole petioles 
showed EXPA11 to be the only cell wall modifying enzyme differentially regulated 
in petioles upon ethylene treatment (Millenaar et al., 2005). The spatial analysis of 
EXPA11 expression, which is most strongly induced in the proximal abaxial region, is 
consistent with our observations on cell expansion and CMT rearrangement which 
also occur in the same region. It has previously been demonstrated that ethylene 
specifically regulates transcription of one EXPA gene in petioles of submerged R. 

Fig. 2.6 Geometrical model predicting petiole cur-
vature after ethylene treatment (ethylene predicted) 
that is consistent with observed differential growth 
values (ethylene observed) upon 6 h of ethylene ex-
posure.
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palustris (Vreeburg et al., 2005), which was associated with enhanced physiological 
cell wall loosening activity. It is possible that only few specific members of this fam-
ily are recruited by ethylene to adjust the plant phenotype but control at levels other 
than transcription is certainly also possible. To obtain a more comprehensive under-
standing of the involvement of cell modifying proteins in the regulation of ethylene-
induced hyponasty in Arabidopsis it would be crucial to test expression profiles as 
well as knockout mutant phenotypes of more expansins and other cell wall modify-
ing agents in future studies. 
 High ethylene concentrations are frequently associated with inhibitory 
growth effects on terrestrial plants (reviewed in Pierik et al., 2006). In Arabidopsis 
this includes the triple response, characterized by an inhibition of hypocotyl and 
root elongation, and an exaggerated apical hook formation (Guzman and Ecker, 
1990; Abeles F.B. et al., 1992). In accordance, ethylene has been so far mostly im-
plicated in promoting the longitudinal orientation of CMTs, thereby causing lateral 
expansion (Steen and Chadwick, 1981; Lang et al., 1982; Roberts et al., 1985; Soga et 
al., 2010). Our results provide evidence of an opposite effect of high ethylene levels 
at the cellular level and provide support for the dual role of ethylene in growth con-
trol (Pierik et al., 2006; Pierik et al., 2007 and references therein). Interestingly, the 
ad- and abaxial sides of a petiole respond differently to ethylene treatment, making 
it an elegant example of asymmetric growth. This is in line with a growing number 
of studies, which indicate its stimulatory function, e.g.  Arabidopsis hypocotyl elon-
gation in light (Smalle et al., 1997; Le et al., 2005; Pierik et al., 2006), submergence 
escape by petiole elongation and hyponastic growth in Rumex palustris (Cox et al., 
2003; Cox et al., 2004; Vreeburg et al., 2005), elongation growth in rice (Kende et 
al., 1998) and shade-avoidance by hyponasty and internode elongation in tobacco 
(Pierik et al., 2004). It has been reported that ethylene can stimulate endoredupli-
cation levels in Arabidopsis (Gendreau et al., 1999; Dan et al., 2003) and cucumber 
hypocotyls (Dan et al., 2003). Increased ploidy levels are also tightly associated with 
cell size in Arabidopsis petal tissue (Roeder et al., 2010) and in peri- and mesocarp in 
tomato fruit (Cheniclet et al., 2005; Nafati et al., 2011). It is, therefore, possible that 
local, tissue-specific ethylene induced stimulation of cell expansion might involve 
control through the endocycle. 
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SUMMARY

T-DNA activation-tagging method has been used to identify novel gene functions in 
Arabidopsis thaliana. Its popularity and usefulness are expressed by the possibil-
ity of isolating dominant phenotypes and characterizing genes belonging to large 
families where redundancy is a common phenomenon. Standard ways of mapping 
T-DNA insertions in activation-tagging lines include, e.g. plasmid rescue or Thermal 
Asymmetric Interlaced–PCR (TAIL–PCR). In some cases, however, these methods 
fail to provide satisfactory results, usually due to post-insertional rearrangements 
within T-DNA and/or plant DNA. Here, we describe the use of the next generation se-
quencing technique to identify T-DNA insertion loci. Genomic DNA of four T-DNA ac-
tivation-tagging lines, selected for their aberrant hyponasty phenotypes, was pooled 
and subjected to Illumina sequencing. The bioinformatics analysis and further PCR 
confirmation enabled us to identify three out of four insertion loci. Our results show 
that next generation sequencing methods can be successfully used to identify prob-
lematic activation-tagging candidates.

INTRODUCTION

Forward and reverse genetics provide successful means to identify novel compo-
nents of genetic pathways and to characterize functions of genes. Reverse genetics 
aims to isolate mutations in known sequences and, in plants, include methods such 
as homologous recombination, gene silencing, random mutagenesis, TILLING or ec-
topic expression (reviewed in Alonso and Ecker, 2006). Forward genetic screens are 
a common unbiased tool in which initially selected phenotypes are linked back to 
a gene linked to the expressed phenotype. In Arabidopsis thaliana forward genetic 
screens using T-DNA activation tagging methods are a common way of identifying 
genes (crucial) in various biological processes. Vectors with cassettes containing 
multimerised copies of 35S promoters derived from cauliflower mosaic virus (35S 
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CaMV) have been widely used as means of achieving dominant, over-expression, 
gain of function phenotypes (Hayashi et al., 1992; Kardailsky et al., 1999; Weigel et 
al., 2000; Nakazawa et al., 2003). They allow studying members of large gene fami-
lies which are often functionally redundant and, therefore, hard to identify in loss 
of function screens. Another advantage is that these gain-of-function mutations are 
dominant and able to be recognized already in T1 generations (Ostergaard and Ya-
nofsky, 2004). Plasmid rescue and thermal asymmetric interlaced PCR (TAIL-PCR) 
(Liu et al., 1995) have been effectively employed in order to recover Arabidopsis 
sequences flanking T-DNA insertions (Behringer and Medford, 1992; Mandal et al., 
1993; Weigel et al., 2000; Nakazawa et al., 2003). In some instances, however, these 
two techniques do not yield expected results, possibly due to potential sequential 
complexities following integration events (Palin et al., 1998; McElver et al., 2001).
 Illumina sequencing belongs to the next generation sequencing techniques 
and its popularity has been growing throughout the last years. It incorporates an at-
tachment of single-stranded DNA fragments of 300-500 bases to a solid flow-cell us-
ing adapters. The DNA-adapter hybrid subsequently bends over, forming a “bridge” 
which serves as a template for PCR amplification. After a series of complementary 
strand formation events, a cluster of approximately 1000 copies is formed. Conse-
quently, these clusters are sequenced in a parallel manner which is possible due to 
attachment of fluorescent reversible chain terminator nucleotides (Bentley, 2006; 
Morozova et al., 2008; Quail et al., 2008). Each sequencing reaction bears reads of 
50-75 bases. Illumina sequencing has been widely used in identifying, e.g. transpo-
son insertions in Zea mays (Williams-Carrier et al., 2010), obtaining large transcript 
sequences in Sesamum indicum (Wei et al., 2011) and in sequencing of chloroplast 
genomes (Cronn et al., 2008) .
 In this chapter, we present how the Illumina technique can be used to iden-
tify T-DNA loci in activation-tagging Arabidopsis plants. We conducted a genetic 
screen for plants with aberrant petiole angle in ethylene and low light, two factors 
that induce upward leaf movement, called hyponasty, which resulted in selection 
of four candidate lines. The standard techniques of plasmid rescue and TAIL-PCR 
failed to provide insertion loci in these lines. The Illumina sequencing method per-
formed on a pool of genomic DNA from selected candidates provided a set of poten-
tial breakpoints. Subsequently, we confirmed three out of four T-DNA insertion sites 
responsible for the hyponasty-related phenotypes. 

MATERIALS and METHODS

Plant material and growth conditions

Arabidopsis thaliana Col-7 (N1092) and activation tagged lines (N21991, N23153 
(Weigel et al., 2000) were obtained from the Nottingham Arabidopsis Stock Centre 
(NASC). Before potting, seeds were dark stratified for 4 days at 4°C on moisturized 
filter papers. Germinated seedlings were transferred onto pots containing fertilized 
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mixture of soil and perlite (RHP, the Netherlands) in a 1:2 ratio and grown in a con-
trolled growth chamber (20°C, 70% relative humidity and 200 µmol m-2 s-1 photosyn-
thetic active radiation (PAR); 9 h photoperiod) as described in Millenaar et al., 2005. 
At the start of each photoperiod plants were automatically watered until saturation.

Screening, ethylene treatment and petiole angle measurements

17.500 plants carrying the Cauliflower Mosaic Virus (CaMv) 35S enhancer (Weigel 
et al,. 2000) were screened. Plants were examined for initial petiole angle at the 
start of the screen, after 6h ethylene treatment and overnight recovery, and after 6h 
of low light exposure. Candidates selected in the screen were designated according 
to the principle: ‘S’ was used for similar, ‘E’ for enhanced and ‘D’ for decreased in i) 
initial petiole angle, ii) angle after ethylene treatment and iii) petiole angle after low 
light treatment respectively. For classification as ‘E’ or ‘D’, an arbitrary threshold of 
minimal 5 degrees was set. Plants with petiole angles within 5 degrees of difference 
were assigned to the ‘S’ category.
 For all experiments 30 day old plants in stage 3.9 (Boyes et al., 2001) were 
used. To allow acclimation, one day before the start of the experiment plants were 
transferred to the experimental setup with similar conditions to the growth cham-
bers (Microclima 1750 growth cabinet; Snijders Scientific, Tilburg, the Netherlands). 
Ethylene (Hoek Loos, Amsterdam, the Netherlands) application started (t=0 h) 1.5 
h after the beginning of the photoperiod. The experimental setup was flushed with 
1.5 ppm ethylene with a continuous flow of 75 L h-1. For low light experiments the 
photosynthetic active radiation (PAR) levels were reduced to 20 µmol m-2 s-1 without 
changing light quality.
 At the start of the experiment and after 6 h of ethylene/control treatment 
side pictures of plants were taken with a digital camera (Canon PowerShot A530). 
Petiole angles were measured relative to the horizontal plane using ImageJ software 
(http://rsbweb.nih.gov/ij/; Abramoff et al., 2004). The differential angle was calcu-
lated as the difference between the angle of ethylene treated petioles and the control 
at the same time point (Benschop et al., 2007). 

Segregation analysis

Candidate lines containing a phosphinothricin resistance gene (BAR) (Weigel et al., 
2000) were crossed with wt Col-7 plants as a female receiver and self-pollinated. 
The F2 progeny was sown on agar plate containing 8 gL-1 plant agar (Duchefa, Brus-
sels, Belgium), 0.22 g L-1 Murashige-Skoog (Duchefa) and 50 µg mL-1 phosphinothri-
cin/ glufosinate ammonium (also known as BASTA®) (Duchefa). Following sowing 
seeds were dark stratified for 4 days at 4 °C and then transferred to a growth cham-
ber with conditions described above. The survival rates were scored after 3 weeks.

Illumina sequencing
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Equimolar concentrations of genomic DNA of four individual activation-tagged lines 
(SDS2, SDS4, DDD1 and EDD1) were pooled. One sample preparation according to 
the Illumina protocol “Preparing Samples for Paired-End Sequencing” was per-
formed (http://tucf.org/htseq_Paired-End_Seq_SamplePrep_1005063_RevA.pdf). 
The sample was clustered on one lane of a flow cell for sequencing on the Genome 
Analyzer IIx (GAII; Illumina, San Diego, USA) according the Paired-End Sequencing 
protocol. The quality and integrity of the DNA sample(s) was analysed by gel elec-
trophoresis on a 0.6% agarose gel. Sample quality met the requirements for sam-
ple preparation. The Illumina ‘Paired-End DNA sequencing Sample Prep Kit (cat# 
1001809)’ was used to process the sample. Fragmentation of the DNA by nebulisa-
tion, ligation of sequencing adapters, and PCR amplification of the resulting product 
was performed according the Illumina protocol ‘Preparing Samples for Paired-end 
Sequencing (1005063 Rev. A)’. The quality and yield after sample preparation was 
measured with Lab-on-a-Chip analysis. The size of the resulting product was con-
sistent with the expected size of approximately 300 bp after excision from a 2% 
agarose gel. The sample was sequenced on the GAII. Clustering and DNA sequencing 
using the GAII was performed according manufacturer’s protocols. A total of 8 pmol 
DNA was used. Two sequencing reads of 51 cycles each using the Read 1 sequencing 
and Read 2 sequencing primers were performed with the flow cell. 

PCR and RT-PCR

For PCR analysis leaves were harvested and snap frozen in liquid nitrogen. Genomic 
DNA isolation was carried out using the Nucleon Phytopure DNA extraction kit (GE 
Healthcare/Amersham, Den Bosch, the Netherlands). PCR was conducted on 100 
ng of DNA with TDNA and Arabidopsis specific primers (Table 3.1). For RT-PCR RNA 
from 8-12mm petioles which had been harvested and snap frozen in liquid nitro-
gen was isolated using the RNeasy extraction kit (Qiagen, Venlo, the Netherlands) 
and genomic DNA was removed with the on-column DNase digestion (Qiagen). 
1 µg of total RNA was used for cDNA synthesis conducted with random hexamer 
primers using the SuperScript III RNaseH- Reverse Transcriptase kit (Invitrogen, 
Breda, the Netherlands). Real time RT-PCR was performed using the MyiQ Single-
Color Detection System (Bio-Rad, Veenendaal, the Netherlands) with iQ SYBR Green 
Supermix Fluorescein (Bio-Rad) and gene specific primers (Table S3.1). Relative 
mRNA values were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001) 
with β-Tubulin-6 (At5g12250 5’-ATAGCTCCCCGAGGTCTCTC-3’, 5’-TCCATCTCGTC-
CATTCCTTC-3’) as an internal reference gene.

RESULTS and DISCUSSION

Screening and selection of candidate lines 

To identify molecular components during hyponastic growth in Arabidopsis thaliana 
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(for reviews on this topic see Van Zanten et al., 2010 and Polko et al., 2011), we con-
ducted a forward genetic screen on a population of plants carrying a tetramer of 35S 
CaMV enhancer (pSKI015) (Weigel et al., 2000). Prior to the actual mutant screen, 
we verified that low light-induced hyponasty would not be affected by a previous 
ethylene treatment the day before. Indeed, ethylene treatment did not interfere with 
the response to low light the following day (data not shown). Plants were screened 
for altered petiole angles at the start of the experiment (initial), after 6h of ethylene 
exposure (6h ethylene) and after 6h in low light conditions (6h low light). A set of 
candidate lines with aberrant petiole angle phenotypes was isolated and classified. 
Lines addressed in this study were designated SDS2, SDS4, DDD1, and EDD1 (Fig. 
3.1a-e). 

Fig. 3.1. Visual phenotypes of activation-tagged lines selected in a screen.
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SDS2 and SDS4 have a wt-like initial petiole angles and decreased angles in eth-
ylene, line DDD1 exhibits decreased hyponasty at the start of the experiment and 
in both treatments, and line EDD1 has a constitutively high petiole angles but de-
creased responses to ethylene and low light (Fig 3.2a). To verify the number of T-
DNA insertions in each line, we back-crossed them with wt Col-7 and scored the 
phosphoinotricin resistance in self-pollinated F2 progeny. Since herbicide resistance 
is a dominant trait, the Mendelian segregation (75% resistant, 25% non-resistant) 
would correspond with one T-DNA insertion in each line. As shown in Fig. 3.2b, 75% 
of plants in SDS2, SDS4 and DDD1 are resistant. The lack of phosphoinotricin resis-
tance in EDD1 is not likely due to loss of insertion since the amplification of T-DNA 
sequences in EDD1 gave positive results (data not shown). It is possible that the 
selection marker site has been silenced in subsequent generations. Silencing of ex-
ogenous DNA through methylation is a known in case of retrotranspozons (Suzuki 
et al., 2007) or siRNA-mediated silencing of T-DNA (Schubert et al., 2004; Daxinger 
et al., 2008). 

Illumina sequencing and data analysis

To identify TDNA insertion loci in SDS2, SDS4, DDD1 and EDD1, we followed a novel 
approach using Illumina next generation sequencing. Genomic DNA of four lines was 
pooled and subjected to sequencing as described in “Materials and Methods”. 50 bp 
paired reads with 204 +/- 63 bases insert size were used. The total number of reads 
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Fig. 3.2. (a) Peiole angles of activation-tagged 
candidate lines. The initial petiole angle is an 
absolute angle; 6h ethylene and 6h low light 
indicate the differential petiole angle (differ-
ence between petiole angle in ethylene/low 
light exposure and control treatment) n>15 
± SE. Asterisks indicate significant differ-
ences in petiole angle between an activation-
tagged line and wt Col-7 in the same treatment 
(P<0.05). (b) phosphoinothricin resistance 
scores in F2 progeny of backcrosses between 
each activation-tagged line and wt Col-7.
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in the lane was 20,419,624 reads. The data generated by the GAII was a set of 2 files; 
one file contained the forward reads and the second file contained the reverse reads. 
The files were in a proprietary format called SCARF (Solexa compact ASCII read 
format). First, the files were converted to the standard/Sanger FASTQ format. Sub-
sequently, the forward and reverse reads were aligned separately to the reference 
genome of T-DNA (pSKI015) and Arabidopsis using the Bowtie aligner (Langmead 
et al. 2009). Aligned reads were stored and for each sequence the chromosome, the 
position and the orientation was added. Unaligned reads were stored in a different 
fastq file. The aligned reads were then paired based on their ID using R program-
ming language (R Development Core Team. 2009). As shown in Fig. 3.3a, three types 
of pairing are possible: Arabidopsis/Arabidopsis, T-DNA/T-DNA, and Arabidopsis/T-
DNA. The detection of T-DNA insertion locus is possible based on the latter pairing 
(Arabidopsis/T-DNA). The unaligned reads may be of interest, as some reads can 
map over the breakpoint and thus be composed of a bases coming from T-DNA and 
the other bases coming from Arabidopsis. Such reads, if identified, would give the 
exact location of the breakpoint. In order to detect such sequences, unaligned reads 
were blasted against reference genomes and sub-sequences of the same read that 
map both to Arabidopsis and T-DNA were selected and analysed. The pipeline used 

for searching the Arabidopsis/T-DNA paired reads detected three 
majors breakpoints having two or more supporting paired-reads and 7 breakpoints 
with only one supporting paired-read (Table S3.2). For the breakpoint 1 we also 
found a read which maps over the breakpoint (Fig. 3.3b; T-DNA in brown, Arabi-
dopsis in green). The position of this breakpoint is: 7742 (T-DNA)/ 17189850 (Ara-
bidopsis). 

Sequencing confirmation 

The next step involved a validation of the sequencing results and identification of 
particular breakpoints in lines selected in our screen. Based on the sequences from 
pair-reads (Table S3.2), we designed primers and conducted a PCR on each candi-
date line separately. To amplify a substantial part of DNA primers were designed at 

Arabidopsis/Arabidopsis

Arabidopsis/T-DNA

T-DNA/T-DNA

(a)

(b)

ACTCATTGCTGATCCATGTAGAT CTCTACATGTACGTCCACCACGTCAT

T-DNA Arabidopsis

Fig. 3.3. (a) Illustration of the possible reads obtained with Il-
lumina sequencing. Reads can cover either only Arabidopsis se-
quences, only T-DNA sequences or both Arabidopsis and T-DNA 
sequences harbouring a potential breakpoint. (b) Breakpoint 
1- a read mapping over the breakpoint.
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~200bp up- and downstream from each breakpoint. The PCR amplification yielded 
satisfactory results for three out of four lines: SDS2, SDS4, DDD1. The results are 
presented in Table 3.1. 
 Breakpoint 1, detected on chromosome 4, in the intragenic region of 
At4g36380, corresponds with line DDD1. Breakpoint 2 is situated on chromosome 
2, in the intragenic region of At2g20050 and corresponds with line SDS2. Break-
point 3 was detected line SDS4 on chromosome 1, in the intergenic region between 
At1g60050 and At1g60060. We were not able to identify the insertion locus for 
EDD1. One possibility is that that the T-DNA insertion in EDD1 is situated in a repeat 
area and thus difficult to detect. Following the confirmation, we studied expression 
of genes in the vicinity of the T-DNAs (Fig. 3.4). 
RT-Q-PCR analysis revealed that in DDD1 transcript levels of ROTUNDIFOLIA3 (ROT3; 
At4g36380) were substantially lower in comparison to wt Col-7 plants. Two more 
genes in the vicinity - PURPLE ACID PHOSPHATASE 25 (PAP25; At4g36350) and D-
2-HYDROXYGLUTARATE DEHYDROGENASE (D2HGDH; At4g36400) had slightly but 
significantly disturbed levels of mRNA (Fig. 3.4a). In the case of SDS2, the inser-
tion resulted in lower transcript levels of T2G17.15 (At2g20050) compared to Col-7. 
Also, mRNA levels of two other genes - T2G17.13 (At2g20070) and T2G17.10, basic 
helix-loop-helix (bHLH) DNA-binding superfamily protein (At2g20100) were down 
regulated (Fig. 3.4b). The third breakpoint in SDS4 resulted in a tremendous (~550 
times) up regulation of mRNA levels of At1g60060 which encodes the serine/threo-
nine-protein kinase WNK (With No Lysine)-related protein. The expression of other 
genes flanking the insertion site was not substantially affected (Fig. 3.4c). These 
data illustrate various possible scenarios of T-DNA integration in the Arabidopsis 
genome. In principle, the presence on 35S enhancers lead to an over-expression of 
gene(s) flanking the insertion but might also, when inserted in the intragenic region, 
result in a knock-down of a gene. In this case of just 4 phenotypically selected lines 
the number of intragenic insertions is high. 
 Our results show that Illumina sequencing can serve as a method to suc-
cessfully map T-DNA insertions and potentially other insertion constructs in Ara-
bidopsis. We were able to map T-DNA in three out of a pool of four candidates. We 
do not know what the limit of number in the pool might be, but it may be that with 
longer reads more resolution can be obtained and therefore more lines could be 
screened in one sequencing event. With the constant improvement of the next gen-
eration sequencing techniques which provide longer reads, identification of more 
difficult inserts will soon be possible.
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Fig. 3.4. Schematic illustration of the locus sur-
rounding T-DNA insertion site in 3 activation-
tagged lines and the expression values of genes 
flanking the T-DNA. (a) chromosome 4 - DDD1, 
(b) chromosome 2 – SDS2; (c) chromosome 
1– SDS4. Arrows indicate a direction of gene 
transciption (AGI codes on the left hand side, bp 
distances in between). Data points in the right 
panels represent mean expression values of 
corresponding genes; n≥5 ± SE. Asterisks indi-
cate significant differences between expression 
values of an activation-tagged line and wt Col-7 
(P<0.05); not detectable=nd.

Breakpoint Position 
(+) 

Position 
(-) 

Primer T-DNA Primer Arabidopsis Line 

 
Breakpoint 
1 

 
1718985
0 

 
7742 

 
TAACGCTGCGGACA
TCTACA (Rev) 

 
CTCCCAATTCCAATTTACGC 
(Fwd) 

 
DDD1 

Breakpoint 
2 

4272 851419 CGTCTTCAAAGCAA
GTGGA (Fwd) 

TGGAATCACTAACGAGTAT
GACAA (Rev) 

SDS2 

Breakpoint 
3 

2213739
8 

7736 TAACGCTGCGGACA
TCTACA (Rev) 

TGCAAGTTGCTAACCTTTTT
GA (Fwd) 

SDS4 

 

Table 3.1. Localisation of detected breakpoints in activation-tagged lines; position (+) corresponds with 
forward reads and (-) with reverse reads; primers (forward; Fwd, and reverse; Rev) used for confirmation 
of the sequencing and a corresponding activation-tagged line.
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SUMMARY 
 
Hyponastic leaf growth is an example of the ability of plants to cope with adverse 
environmental conditions. It is an active repositioning of organs, mainly petioles and 
leaves, which occurs as a consequence of differential growth. The exact hormonal 
regulation depends on the signal that initiates hyponasty. Ethylene is a central play-
er in the regulation of the hyponastic response during flooding, heat or shade and its 
application alone can successfully mimic hyponastic responses. In Arabidopsis thali-
ana ethylene promotes epidermal cell expansion in a proximal zone of the abaxial 
side of a petiole which leads to leaf movement. Brassinosteroids (BRs) are a class of 
phytohormones involved in many developmental processes including organ growth, 
cell expansion, cell division and responses to abiotic and biotic stresses. 
Here, we tested the interaction between BRs and ethylene in the control of hyponas-
tic growth and provide evidence that response to BRs is a crucial step in the regula-
tion of ethylene-induced hyponasty. We show that BR biosynthesis mutants have re-
duced differential growth and that pharmacological inhibition of BR synthesis leads 
to similar reduction in petiole angle. Analysis of epidermal imprints together with 
gene expression studies indicate a role for BRs in regulating longitudinal cell expan-
sion at the abaxial side of the petiole during hyponasty. 

INTRODUCTION

Upward petiole movement, referred to as hyponastic growth, is an active response of 
several plant species to adverse environmental conditions such as flooding, elevated 
temperatures or dense canopies (Ballaré and Scopel, 1997; Cox et al., 2003, Koini et 
al., 2009; Keuskamp et al., 2010). Hyponasty is an increase in petiole angle which 
is an outcome of unequal growth rates between two (ad- and abaxial) sides of the 
organ. Ethylene-induced hyponasty has been given much attention due to the dis-
covery that ethylene is a key player in the regulation of hyponasty in Arabidopsis and 
that exogenous ethylene application on its own rapidly induces plants to show hy-
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ponastic growth (Cox et al., 2003; Millenaar et al., 2005). The cellular mechanism of 
this nastic movement consists of enhanced longitudinal cell expansion at the abaxial 
side of the petiole which requires the reorientation of cortical microtubules and re-
cruitment of cell wall modifying proteins in a region proximal to the rosette (Cox 
et al., 2003, Polko et al., 2011, Chapter 2). A number of studies have contributed to 
today’s understanding of the regulation and significance of ethylene-induced hypo-
nasty and have indicated an interaction between ethylene and other plant hormones 
(i.e. auxin, ABA and GA; reviewed in  van Zanten et al., 2010).
 Brassinosteroids (BRs) are a family of plant steroid hormones involved in 
many, generally growth promoting, processes. Initially purified from Brassica napus 
pollen (Mitchell et al., 1970; Grove et al., 1979), they are widespread among the en-
tire plant kingdom and present in various organs (Rao et al., 2002). The highest con-
centrations of BRs, however, are found in young tissues, reproductive organs, seeds 
and fruits (reviewed in  Symons et al., 2008). The impressive range of developmental 
processes they control include cell elongation and division, cell cycle progression, 
vascular differentiation and fruit ripening (Szekeres et al., 1996; Altmann, 1998; 
Hu et al, 2000; Nakaya et al., 2002; Cano-Delgado et al., 2004; Symons et al., 2006; 
Gonzalez-Garcia et al., 2011).  Therefore, BRs are an integral part of several signal-
ing cascades during biotic and abiotic stress responses (reviewed in Krishna, 2003). 
Since their discovery and purification from plant tissue, a great number of studies 
expanded our knowledge and understanding of both regulatory processes they are 
involved in and their signal transduction (Kim et al., 2010). In contrast to animal 
steroids, which bind to nuclear receptors (Mangelsdorf et al., 1995), the perception 
of BRs starts at the plasma membrane by their binding to the receptor-like kinase 
BRASSINOSTEROID INSENSITIVE (BRI1). This initiates a signal transduction cas-
cade leading to activation of several transcription factors controlling gene expres-
sion (reviewed in Clouse, 2011) involved in e.g. ion exchange, water uptake and cell 
wall modifications which lead to cell expansion (Zhang et al., 2005; Xie et al., 2011).
During the plant life cycle BRs interact with other phytohormones. Due to their 
general growth-stimulating function in plant development they interact with auxin 
having even the same molecular targets (Halliday et al., 2004). Despite the differ-
ences in the complexity of downstream signaling, brassinosteroids and auxin share 
a considerable number of responsive genes, e.g. from the Auxin/Indole-3-Acetic Acid 
(Aux/IAA) or Small Auxin Up RNAs (SAUR) gene families (Nakimamura et al., 2003; 
Goda et al., 2004; Nemhauser et al., 2004; Nakamura et al., 2006; Vert et al., 2008). In 
contrast to increasing knowledge regarding potential nodes in the auxin-BR cross-
talk, relatively few studies have focused on a functional interdependence of these 
two hormones. These particularly include a crosstalk between auxin and BRs in re-
sponses to light cues (Kozuka et al., 2010; Keuskamp et al., 2011). De Grauwe et al. 
(2005) have shown an brassinosteroid-auxin interplay in development of the api-
cal hook in dark-grown seedlings which changes in light. Furthermore, mutant and 
pharmacological analyses demonstrated that exogenous application of the ethylene 
precursor, 1-aminocyclopropane-1-carboxylic acid (ACC), also induces expression of 
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BR-related genes, suggesting an elaborate network between these three hormones. 
Ethylene and brassinosteroids have been shown to affect one another in various 
ways (Schlagnhaufer and Arteca, 1985; Arteca et al., 1983). More recent, studies at-
tempting to elucidate this interaction have shown that brassinopride, a novel inhibi-
tor of BR action, additionally promotes ethylene synthesis (Gendron et al., 2008). 
In a study by Deslauriers et al. (2010) FERONIA (FER), a gene typically responsible 
for male-female gametophyte interplay during pollen tube reception (Huck et al., 
2003), was shown to function as a node in the inhibitory interaction between BRs 
and ethylene during hypocotyl elongation in darkness. Interestingly, BR also acts in 
crosstalk with ethylene during thermotolerance and salt stress (Divi et al., 2010). 
 We recently performed a screen to isolate activation-tagged lines affected 
in petiole hyponasty in Arabidopsis. One of the lines, showing reduced hyponasty 
in ethylene treatment, is here reported to be allelic to a mutant in ROTUNDIFOLIA3 
(ROT3), a BR biosynthesis-related gene. We report that rot3 mutants have a reduced 
petiole hyponasty in ethylene and that this reduction is reflected at the cellular lev-
el. We further provide evidence for BR importance in the occurrence of hyponastic 
growth. We conclude that brassinosteroids control differential cell expansion during 
ethylene-induced hyponasty. 

MATERIALS and METHODS

Plant material and growth conditions

Arabidopsis thaliana Col-0 (N1092), Col-7 (N3731), activation tagged lines (N21991, 
N23153 (Weigel et al., 2000), rot3-1 mutant (N3727), SALK 043566C (N670634) 
and SALK 003225C (N671057) were obtained from the Nottingham Arabidopsis 
Stock Centre (NASC; Stock numbers between brackets). SALK lines belong to a ho-
mozygous collection and were confirmed by a PCR amplification with T-DNA-specif-
ic (LBb1.3) primer and At-specific (RP) primer, as described on http://signal.salk.
edu/. Seeds were dark stratified for 4 days at 4ºC on moist filter papers and there-
after kept in light for three days. Seedlings were subsequently transferred to pots 
containing a fertilized mixture of soil and perlite (RHP,’s-Gravenzande, the Nether-
lands) in a 1:2 ratio and grown in a growth chamber under controlled conditions 
(20ºC, 70% relative humidity and 200 µmol m-2 s-1 photosynthetic active radiation 
(PAR); 9 h photoperiod) as described by Millenaar et al., 2005. For hypocotyl experi-
ments seeds were surface sterilized in an ethanol : bleach solution (8:2), sown on 
agar plates containing 8 g L-1 agar and 0.22 g L-1 Murashige and Skoog medium (both 
Duchefa, Haarlem, the Netherlands), dark-stratified for 4 days at 4ºC and transferred 
to the indicated growth cabinets. 

Ethylene and green shade treatment

30 day-old plants in stage 3.9 (Boyes et al., 2001) were used for all experiments. 
One day before the start of the treatment plants were transferred to the experimen-

29 02.indd   45 4-3-2012   20:42:47



Chapter 4

46

tal setup with similar conditions to the growth chambers (Microclima 1750 growth 
cabinet; Snijders Scientific, Tilburg, the Netherlands). To exclude a rapid downward 
petiole movement due to diurnal leaf oscillation, ethylene (Hoek Loos, Amsterdam, 
the Netherlands) application always started (t=0 h) 1.5 h after the beginning of the 
photoperiod. The setup was flushed with 1.5 µL L-1 ethylene with a continuous flow 
of 75 L h-1. The control treatment was done in the same experimental cabinet. For 
green shade experiments, Lee 122 Fern Green (Lee Hampshire, United Kingdom) fil-
ters were applied, reduced the photosynthetic active radiation (PAR) to 65 µmol m-2 

s-1, R/FR to 0.19 and blue light to < 2 µmol m-2 s-1. The control experiment was car-
ried out under white light at a PAR of 140 µmol m-2 s-1 and R/FR of 2.1. For ethylene 
treatment of seedlings, after 4 days in 4°C plates were uncovered and placed in the 
experimental setup flushed with 5 µL L-1 ethylene at a continuous flow of 75 L h-1. 
High humidity (95%) prevented agar plates from drying out. Hypocotyl length was 
measured using ImageJ software (Abramoff et al., 2004).

Petiole angle measurements and camera setup

Side pictures were taken (Canon PowerShot A530) at the start of the experiment, 
after 6 h of ethylene/control treatment, or in case of green shade experiment - af-
ter 24h of treatment. Petiole angles were measured relative to the horizontal plane 
and the rosette base, using ImageJ software (Abramoff et al., 2004). The differential 
angle was calculated as a difference between the angle of ethylene treated petioles 
and the control at the same time point (Benschop et al., 2007). For petiole kinetics 
measurements, we used a custom-built digital camera system as described in Mille-
naar et al. (2005). Plants were placed in glass cuvettes and side pictures were taken 
every 10 min for 24h in constant light. Petiole angles were measured with the use of 
a custom made macro (KS400, Carl Zeiss Vision, Hallbergmoos, Germany). 

Epidermal cell length measurements and calculations

Cell length measurements were performed on epidermal imprints as described in 
Chapter 2 with the use of a custom made macro in KS400 software (Carl Zeiss Vi-
sion, Oberkochen, Germany). To allow calculations of average cell sizes relative to 
the distance along the petiole, each cell was assigned to a 200 µm class, depending 
on its position relative to the most proximal part (close to the stem) of the petiole 
(Polko et al., 2011).

Pharmacological treatments 

For the hypocotyl experiments, seeds were sterilized as described above and the 
agar medium was supplemented with 1-aminocyclopropane-1-carboxylic-acid 
(ACC) (Sigma Aldrich, Zwijndrecht, the Netherlands), brassinazole (Brz) (TCI Eu-
rope, Hannover, Germany) or epi-brassinolide (BL) (Sigma Aldrich, Zwijndrecht, the 
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Netherlands). 
 For petiole experiments 100µM Brz solution (TCI Europe, Hannover, Ger-
many) containing 0.1% DMSO and 0.1% Tween 20 was applied on the abaxial side 
of each petiole. The control treatment contained 0.1% DMSO and 0.1% Tween 20. 
To ensure the penetration of the tissue by Brz, the application was conducted 24, 20 
and 16 hours before the start of the experiment. The abaxial sides of petioles were 
brushed with the solution and side pictures were taken at the beginning of the ex-
periment and after 6h of control/ethylene exposure. 

Gene expression studies

Petioles of 8-12 mm length were harvested, snap frozen in liquid nitrogen and RNA 
was isolated using the RNeasy extraction kit (Qiagen, Venlo, the Netherlands). Ge-
nomic DNA was removed using on-column DNase digestion (Qiagen). For the analy-
sis of gene expression in different petiole quarters, petioles were divided in four 
sections and 1 µg of total RNA was used for cDNA synthesis conducted with random 
hexamer primers using the SuperScript III RNase H Reverse Transcriptase kit (Invi-
trogen, Breda, the Netherlands). Real time RT-PCR was performed using the MyiQ 
Single-Color Detection System (Bio-Rad, Veenendaal, the Netherlands) with iQ SYBR 
Green Supermix Fluorescein (Bio-Rad), ROTUNDIFOLIA-3 (At4g36380) and BRASSI-
NOSTEROID-6 OXIDASE (At5g38970) specific primers. Relative mRNA values were 
calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001) with β-Tubulin-6 
(At5g12250) as an internal reference gene. Primer sequences are listed in the table 
(Table S4.1).

Statistics

For the comparison of means a non-paired Student T-test was used. 

Results

decreased initial decreased ethylene decreased low light (ddd1) exhibits re-
duced hyponasty and no cell expansion at the abaxial side of the petiole

ddd1 was isolated in a forward genetic screen of 35S CaMV promoter-tagged plants 
based on its decreased petiole angles (Chapter 3). The angle measurements were 
carried out at the start of the screen, after 6 h in ethylene and after 6 h in low light. 
The isolated line was therefore named decreased initial decreased ethylene decreased 
low light (ddd1). A full description of the screen is presented in Chapter 3. In the veg-
etative stage the distinctive phenotype of ddd1 included compact rosettes, broader 
leaf blades and shorter petioles compared to wild type Col-0 plants (Fig. 4.1a, b). 
Detailed analysis of ddd1 petiole kinetics using a time-lapse camera setup shows 
that hyponastic response in ethylene is reduced throughout the duration of the ex-
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periment (24 hours) (Fig. 4.1c-e) and that induction of the response is moderately 
delayed.

Ethylene–induced hyponasty de-
pends on unequal growth rates 
between two sides of the petiole 
which is driven by a local stimu-
lation of cell expansion at the 
abaxial side of the petiole (Chap-
ter 2). Since hyponasty is highly 
reduced in ddd1, we analysed 
epidermal imprints of 1cm peti-
oles after 10 hours of ethylene 
and control treatment. In Col-
0 plants, in approximately the 
first 3-4 mm cells at the abaxial 
side of the petiole increase their 
length (Chapter 2, Fig. 2.2c). 
Despite the small hyponastic re-
sponse of ddd1, no difference in 
longitudinal cell expansion be-
tween the two treatments was 
observed in ddd1 (Fig. 4.2a, b). 

   As mentioned above, 
the phenotype of ddd1 consists 

of short petioles and relatively compact rosettes. To test whether the reduction of 
ethylene-induced hyponasty in ddd1 is a result of mechanical constraints, we tested 
its response to green shade, which mimics dense canopy conditions leading to hy-
ponasty and petiole elongation (Pierik et al., 2005). Despite the initial difference 
between petiole angles of Col-0 and ddd1 before the start of the experiment, the 24-
hour green shade exposure resulted in comparable increase in petiole angles of both 
genotypes (Fig. 4.3a-e). This implies that reduced hyponastic growth in ddd1 is not 
due to physical limitations but due to a molecular effect downstream of ethylene 
signalling. 

ddd1 has reduced levels of ROT3 expression which does not affect ethylene 
sensitivity

To identify the genetic nature of the ddd1 phenotype we used Illumina® sequencing 
(Chapter 3) which revealed that the T-DNA insertion is located on chromosome 2 in 
the fourth exon of the ROTUNDIFOLIA3 gene (ROT3, At4g36380). Subsequent analy-
sis of the ROT3 transcript levels confirmed substantial decrease in the expression of 
ROT3 in the ddd1 line (see Chapter 3 for details). To confirm that a mutation in rot3 
is causal to the ddd1 phenotype, we tested responses of a previous described rot3-1 
(Kim et al., 1998) mutant and of two additional T-DNA insertion lines in ROT3 SALK 

Fig. 4.1 (a) Phenotype of Col-0 and (b) ddd1 in control condi-
tions. (c) Kinetics of Col-0 and ddd1 petiole angle in ethylene 
(means ±SE; n>10) (d) Col-0 and (d) ddd1 after 10h of ethyl-
ene treatment.
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043566C and SALK 003225C. Rot3-1 
has a deletion of at least 1 kb in the 
promoter region and in the first in-
tron (Kim et al., 1998) while both the 
SALK lines carry a T-DNA insertion 
in the promoter area of ROT3 (Fig. 
4.4a). The analysis of petiole angle 
in ethylene shows that the rot3-1 
mutant had a significantly reduced 
hyponastic response, comparable 
to ddd1 (Fig. 4.4b), whereas the 
two SALK lines did not. Moreover, 
the phenotype of rot3-1 consists of 
compact rosettes, broad leaves and 
shorter petioles clearly resembling 
ddd1 (Fig. 4.4c, d). To confirm the 
genetic interrelation between ddd1 
and rot3-1 we performed a genetic 
complementation test by crossing 
ddd1 and rot3-1 and examining the 
resulting phenotype of the F1 off-
spring (Fig. 4.4c-e). The character-
istic appearance remained in the 
F1, confirming that ddd1 and rot3-1 
are allelic. Therefore the subsequent 
experiments were carried out using 
the rot3-1 line. 

Ethylene sensitivity can be studied using 
the so called triple response assay which in 
Arabidopsis consists of inhibition of hypo-
cotyl elongation, exaggerated apical hook 
and swelling of the hypocotyl in darkness 
(Bleecker et al., 1988; Guzman and Ecker, 
1990). To exclude that impaired hyponasty 
of rot3-1 is due to a generally reduced re-
sponsiveness to ethylene, we tested the mu-
tant’s hypocotyl elongation in presence of 

Fig. 4.2 Epidermal cell lengths of 1-cm petioles of the 
ddd1 line. Data points represent the means ± SE of cell 
lengths at the (a) adaxial and (b) abaxial sides of petioles 
after 10 h of ethylene and control treatment. Asterisks in-
dicate significant differences relative to the cell lengths of 
control-treated petioles (P < 0.05), n = 12-16. 

Fig. 4.3 Hyponasty under spectral (green) shade. (a, b) 
Col-0 and (c, d) ddd1 plants in (a, c) control conditions 
and (b, d) after 24h of green shade exposure. (e) Peti-
ole angles in control conditions and green shade. Data 
points represent means ± SE of petiole angles (n=40). 
Asterisks indicate significant differences relative to peti-
ole angle in control-treated plants (P < 0.05).
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exogenous ACC. Rot3-1 has typi-
cally less elongated hypocotyls 
in darkness, however the growth 
inhibition by ACC resembles the 
wild-type response (Fig. 4.6). 
This result suggests that general 
sensitivity to ethylene is unaf-
fected in rot3-1. 

Brassinosteroid action is re-
quired for ethylene-induced 
hyponasty

ROT3 encodes a member of the 
cytochrome P450 family, CY-
P90C1, an enzyme involved in 
the conversion of typhasterol 
(TY) to castasterone (CS), which 
is the last step in the synthesis 
of bioactive BRs (Kim et al. 2004, 
2005). Based on the previous 
experiments, we hypothesized 
that ROT3 acts as an important 
component in ethylene-induced 
hyponasty and that its expres-
sion might change upon ethylene 
exposure. We examined the tran-
scription of ROT3 together with 
another BR biosynthesis-related 
gene, BRASSINOSTEROID-6 OXI-

DASE (BR6OX), in four separate petiole segments (Fig. 4.6a). Surprisingly, 3 and 6 
hours after start of ethylene exposure the expression of ROT3 significantly declines 
in quarter 2, which corresponds with the abaxial side proximal to the rosette where 
hyponastic growth is known to be induced (Chapter 2). The analysis of BR6OX ap-
pears to be less straightforward, with only a slight reduction of gene expression in 
the mentioned segment.
 Along with the notion that brassinosteroids play an important role in regu-
lating ethylene-induced hyponasty, we tested whether perturbation of their synthe-
sis reflects on the petiole angle. We applied brassinazole (Brz), an inhibitor of cyto-
chrome CYP450 function specifically during steroid synthesis (Asami et al., 2000). 
Clearly, Brz application reduced petiole angles in both air and ethylene. In addition, 
the ethylene-induced angle increase was also reduced by Brz (Fig. 4.7). 
 BR involvement in ethylene-induced leaf movement responses implies that 

Fig. 4.4 Mutations associated with the ROT3 locus. (a) Sche-
matic illustration of the insertion sites within the ROT3 locus. 
(b) Hyponasty in lines with disrupted ROT3 expression. Data 
points represent means ± SE of petiole angles (n=15); aster-
isks represent significant differences between mutants and 
wild type Col-0. (c) The phenotype of ddd1 (d) rot3-1 and (e) 
F1 of a cross between the two lines (ddd1 and rot3-1).
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ethylene either stimulates BR syn-
thesis or BR responsiveness. Since 
BR application to petioles on itself 
does not affect petiole angles, we 
tested BR responsiveness on an al-
ternative system that involves cell 
expansion. Ethylene can induce hy-
pocotyl elongation in light-grown 
seedlings (Smalle et al., 1997) and 
we used this to study whether 
brassinosteroid responsiveness is 
modulated by ethylene application. 
We applied a range of epibrassino-
lide (BL) concentrations and exam-
ined effects on hypocotyl elongation 
under control air and high ethylene 
conditions. Furthermore, we in-

cluded a Brz treatment to inhibit endogenous BR biosynthesis to separate effects of 
ethylene on biosynthesis from effects on BR responsiveness. Brz application alone 
substantially inhibited hypocotyl elongation 
in ethylene-exposed seedlings, which suggests 
a role of brassinosteroids in this process (Fig. 
4.8; De Grauwe et al., 2005), consistent with 
observations described earlier for hyponasty. 
BL stimulated hypocotyl elongation in a dose-
dependent manner, but was much more effec-
tive in the low concentration range in the pres-
ence of ethylene as compared to control air, 
indicating an ethylene-induced increase of BL 
responsiveness. 
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Fig. 4.6 (a) Schematic representation of petiole quar-
ters used for studies of gene expression. Petioles were 
divided into four quarters and expression measure-
ments were performed separately for each quarter. (b-
c) Expression of ROT3 and BR6OX after 3 and 6 hours 
of ethylene exposure. Data points represent the fold 
change of gene expression (means ± SE) after 3 and/or 6 
h of ethylene exposure relative to the control conditions 
and relative to β-Tubulin-6. Asterisks indicate significant 
differences between results from ethylene and control 
treatments (P < 0.05). 

Fig. 4.5 Inhibition of hypocotyl elongation in darkness 
by ACC. Data points represent average hypocotyl length 
of Col-0 and rot3-1 seedlings. Asterisks indicate signifi-
cant differences between hypocotyl the two treatments 
(P < 0.05), n = 70-120.
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DISCUSSION

Hyponastic growth is 
driven by differential 
growth rates between 
the ad- and abaxial side 
of the petiole. In a previ-
ous study on cell length 
dynamics in ethylene we 
have shown that a local 
longitudinal expansion 
of cells at the abaxial side 
of the petiole is a driv-
ing force in hyponastic 
response (Chapter 2). In 
the current report, we 
present data that indi-
cate that BRs function 
as an integral part of the 
signalling cascade to-
wards differential tissue 
growth in response to 

ethylene. The mutant line, ddd1, that we isolated in our screen (Chapter 3) shows 
a clear reduction in the hyponastic response and consistently lacks the response at 
the cellular level. Given the fact that hyponasty in ddd1 is not completely absent, it 
is feasible that minor changes in cell expansion dynamics still occurred beyond the 
resolution of the measurement and were responsible for the small angle increase. 
One of the explanations for the decreased hyponasty in ddd1 would be that its dis-
tinctive phenotype - broad leaf blades, short petioles and compact rosettes - could 
potentially mechanically interfere with the upward petiole movement. However, in 
experiments using spectral (green) shade to induce hyponasty, ddd1 has a response 
almost identical to wild type plants. Petioles of both genotypes reached a similar an-
gle of ± 25 degrees indicating that reduced hyponasty in ethylene is not due to bio-
physical constraints and is therefore the consequence of interference with the signal 
transduction pathway from ethylene towards differential petiole growth. Since ddd1 
petioles in selected for this experiment were much shorter (<5mm) than petioles 
used for standard ethylene experiments (10 mm), they displayed a slightly yet sig-
nificantly enhanced initial petiole angle in comparison to Col-0. These development-
related differences in petiole angle might be due mechanical properties of compact 
rosettes in ddd1. 

Fig. 4.7 (a) Effect of brassinazole on petiole hyponasty in ethylene. Data 
points show means ± SE of petiole angles and asterisks indicate signifi-
cant differences (P < 0.05) between brassinazole and mock treatment 
(n=15). (b, c) Appearance of plants after mock and brassinazole treat-
ment.
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 Sequencing of ddd1 revealed that the T-DNA insertion is located within the 
ROT3 gene (At4g36380). Previously characterized rot3 mutants showed an identi-
cal phenotype consisting of shorter petioles and larger leaf laminas. As described 
by Kim et al., (1998, 1999), ROT3, encoding an enzyme important for BR synthesis, 
is responsible for polar elongation of cells, specifically in leaves and flower organs. 
The sequencing result was 
confirmed by the analysis of 
an independent mutant as-
sociated with the ROT3 locus, 
rot3-1. This mutant displayed 
a significant and similar re-
duction in the hyponastic re-
sponse as did ddd1. Two other 
lines, harbouring T-DNA inser-
tions in the close proximity of 
the ROT3 locus, revealed a hy-
ponastic response similar to 
the wild-type. This is probably 
caused by the position of the 
T-DNA insertions that were 
found to be in the promoter 
region and not in the coding 
sequence of the gene. Impor-
tantly, rot3-1 does not display 
a general difference in sensitivity to ethylene, since the triple response induced by 
the ethylene precursor ACC, was nearly identical between rot3-1 and wild type Col-
0. The fact that the hypocotyl shortening at ACC concentrations ≥ 1µM is the same in 
both rot3-1 and Col-0 suggests that the inhibition effect reaches its saturation.
 To assess whether the expression of ROT3 and another BR biosynthesis-
related gene, BR6OX, changes during ethylene exposure, we looked at the transcript 
levels of these genes in different sections of the petiole. The region in which cell ex-
pansion occurs exhibited significantly lower expression of ROT3 and slightly lower 
levels of BR6OX transcripts already after 3 hours in ethylene. It is likely that this 
reduction is an outcome of a negative feedback loop between increased levels of 
BRs which would result in a decline in transcript abundance of genes involved in 
their biosynthesis. This would be in agreement with a study by Tanaka et al. (2005), 
which illustrated a tight negative feedback regulation of BR homeostasis by expres-
sion dynamics of BR metabolism-related genes. Exogenous application of BL result-
ed in a substantial decrease in transcript levels of ROT3 and BR6OX together with 
other BR biosynthesis genes such as DWARF5 (DWF5) or CONSTITUTIVE PHOTO-
MORPHOGENIC DWARF (CPD) in Arabidopsis seedlings already after 2 hours of hor-
mone treatment. Even though the molecular mechanism of this negative feedback 
loop has not been fully recognized, a downstream component of BR signaling, BRAS-

Fig. 4.8 Hypocotyl elongation in ethylene. The effect of differ-
ent concentrations of BL in ethylene and control treatment. Data 
points show hypocotyl length of wild-type Col-0 seedlings n=40-
50 in various treatments.
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SINAZOLE-RESISTANT1 (BZR1) has been shown to bind to cis regulatory elements of 
CPD and DWF4 (He et al., 2005), thereby negatively regulating their expression (Kim 
et al., 2006). 
 ROT3 encodes a cytochrome P450, CYP90C1, catalysing a late step in 
castasterone (CS) synthesis (Kim et al., 2005; Ohnishi et al., 2006). CS is a direct 
precursor of brassinolide (BL), and, together with BL, serves as an active form of 
BR (Grove et al., 1979; Suzuki et al., 1993). We used brassinazole (Brz), a chemical 
inhibitor of CS biosynthesis (Asami et al., 2000) to test in an independent way if 
brassinosteroid synthesis is required for hyponasty. Indeed, brassinazole modestly 
inhibited hyponasty, indicating that BR synthesis contributes to the occurrence of 
hyponasty. The fact that the reduction was not complete suggests that either BR bio-
synthesis was only partially inhibited by brassinazole or that other regulators are 
also involved. Since many studies have demonstrated synergistic relation between 
BRs and auxin (reviewed in Halliday et al., 2004), it is possible that there is a cross-
talk between these two hormones in the hyponastic response in Arabidopsis. 
 It is known that ethylene application in light results in Arabidopsis hypo-
cotyl elongation (Smalle et al., 1997). Because the combined treatment of BL and 
ethylene does not lead to enhanced hyponasty (data not shown/supplementary in-
formation), we used hypocotyl elongation in seedlings as a system to assess whether 
or not ethylene increases responsiveness to brassinosteroids. As expected, Brz in-
hibits hypocotyl elongation in ethylene when no additional BL was supplied which 
suggests that its synthesis is crucial for hypocotyl cell elongation in ethylene. This 
is consistent with earlier studies on dark grown seedlings which demonstrated that 
apical hook formation in presence of ethylene strongly depends on a functional BR 
pathway (De Grauwe et al., 2005). Moreover, we found that ethylene clearly sen-
sitizes cell expansion to BL application, since very low BL levels (0.001-0.01 µM) 
stimulated elongation in ethylene, whilst being ineffective in control plants. 
 Taken together, our data provide evidence for a positive role of BRs, down-
stream of ethylene, in regulation of ethylene-induced increase of petiole angle. 
Consistent with this conclusion, BR signalling has been shown to be crucial to or-
gan growth by controlling cell expansion in the epidermis (Savaldi-Goldstein et al., 
2007), where also hyponasty is likely controlled. We also provide evidence that eth-
ylene can sensitize tissue to BRs, at least in hypocotyls. Future studies should eluci-
date whether ethylene also promotes the synthesis of BRs, if such regulation would 
be tissue specific and which are the molecular mechanisms behind this interaction.
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SUMMARY

Hyponastic growth is a response of several rosette plant species, including Rumex 
palustris and Arabidopsis thaliana, to unfavourable environmental conditions. This 
response is characterized by upward repositioning of leaves driven by differential 
growth within a petiole. Previous studies have demonstrated that ethylene, a gas-
eous phytohormone, plays a crucial role during shade and submergence-induced 
hyponasty. Despite the substantial knowledge on hormonal regulation during eth-
ylene-driven hyponasty, the direct molecular downstream components during this 
response remain to be elucidated. Ethylene response factors (ERFs) belong to a large 
superfamily of transcription factors involved in many biological processes such as 
organogenesis or response to environmental cues. They have been reported to regu-
late responses to biotic (such as pathogen attack) as well as abiotic stresses (e.g. 
drought, high salinity and flooding). Transcriptional regulation of ERFs is often in-
duced within several hours or even minutes after perception of the external signal. 
Since not all ERFs are ethylene-inducible, we performed a forward genetic screen 
of an ORF collection of Arabidopsis plants over-expressing various ERFs. The aim of 
this study was to identify ERFs involved in ethylene-induced hyponasty which would 
provide a solid basis for studying their transcriptional control and downstream tar-
gets during hyponastic growth. 

INTRODUCTION

Ethylene is a gaseous phytohormone controlling a wide range of events in plant de-
velopment such as breaking of seed dormancy (Koornneef et al., 2002), adventitious 
root formation (Jusaitis, 1986), sex determination (McMurray and Miller, 1968) leaf 
abscission (Abeles and Rubinstein et al., 1964), fruit ripening (Burg and Burg, 1962), 
enhanced shoot elongation (Bailey-Serres and Voesenek, 2008) or programmed cell 
death (Young et al., 1997). Furthermore, its production is highly regulated by diverse 
abiotic and biotic stresses, such as chilling and freezing, drought, hypoxia, mechani-
cal wounding, pathogen and insect attack (reviewed in Abeles et al., 1992). Ethylene 
has been also recognized as a primary signal in triggering submergence escape re-
sponses including non-differential shoot elongation in Oryza sativa and differential 
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petiole elongation in Rumex palustris (Jackson, 1985; Voesenek et al., 1993; Banga et 
al., 1996; Bailey-Serres and Voesenek, 2010). The accumulation of ethylene in sub-
merged plant tissues induces a set of downstream events including crosstalk be-
tween ABA, GA and auxin, changes in apoplastic pH, activation of cell wall modifying 
enzymes and, eventually, tissue growth (reviewed in Jackson, 2008; Bailey-Serres 
and Voesenek, 2008; Voesenek et al., 2006). Experiments from the last decade have 
demonstrated that ethylene application on its own can mimic submergence-induced 
hyponasty in R. palustris as well as in Arabidopsis thaliana making it a useful system 
for studying downstream targets of ethylene regarding differential organ growth.
In brief, ethylene biosynthesis in vascular plants (the MSAE pathway) starts with 
S-adenosylmethionine (SAM or AdoMet) generated in the Yang cycle. ACC synthase 
(ACS) converts SAM into 1-aminocyclopropane (ACC) which is then degraded into 
ethylene by ACC-oxidase synthase (ACO) (reviewed in Lin et al., 2009). This process 
can be induced under stressful environmental conditions and depends on a mito-
gen-activated protein kinase (MAPK) cascade (Liu and Zhang, 2004). Although some 
aspects remain unknown, many events in the ethylene perception mechanism have 
been unravelled (reviewed in Lin et al., 2009). The earliest-described component 
of the pathway, ETHYLENE RESPONSE1 (ETR1), was discovered using the so called 
triple response (Bleecker et al., 1988) which, in Arabidopsis, consists of swelling 
and shortening of the hypocotyl and an exaggerated apical hook formation (Knight, 
1912). Shortly, ethylene perception starts with a group of endoplasmic reticu-
lum (ER) membrane-associated proteins: ETR1, ETHYLENE RESPONSE SENSOR1 
(ERS1), ETR2 and ETHYLENE INSENSITIVE4 (EIN4). In the absence of ethylene 
this group of receptors physically activates a negative regulator of ethylene action, 
(CONSTITUTIVE TRIPLE RESPONSE) (CTR1), which in turn represses downstream 
ethylene responses. In the presence of ethylene, however, CTR1 dissociates from the 
membrane complex and the repression is inactivated. Thereafter, a positive compo-
nent of ethylene signalling, EIN2 promotes downstream transcription factors, EIN3 
and EIN3-LIKE proteins (EILs) which activate ethylene-regulated gene expression 
through, e.g. ETHYLENE RESPONSE FACTOR1 (ERF1) (reviewed in Lin et al., 2009). 
Ethylene response factors (ERFs) belong to an ERF subfamily of AP2/ERF superfam-
ily of transcription factors (TFs) which were initially identified in Nicotiana tabacum 
as ethylene-responsive element-binding proteins (EREBP’s) and subsequently re-
named as ERFs (Suzuki et al., 1998). ERF proteins bind to GCC-boxes in ethylene re-
sponsive genes (Ohme-Takagi and Shinshi, 1995). According to Sakuma et al. (2002) 
there are 121 genes in the ERF subfamily in the Arabidopsis genome, whereas Na-
kano et al. (2006) distinguishes 122 genes. The latter study resulted in the construc-
tion of the ERF phylogenetic tree which consists of 10 subgroups.
 ERFs have been implicated in various biological processes including regu-
lation of developmental events such as petiole development (Van der Graaff et al., 
2000) and shoot regeneration (Banno et al., 2001). Moreover, they play a central role 
in regulation of plant defence mechanisms (Yamamoto et al., 1999; Gu et al., 2000; 
Cao et al., 2005, Pré et al., 2008) and responses to abiotic stresses such as drought 
and salt stress (Karaba et al., 2007; Trujillo et al., 2008; Abogadallah et al., 2011), 
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submergence (Fukao and Bailey-Serres, 2008; Fukao et al., 2011) or hypoxia (Yang 
et al., 2011). Recently, it has been demonstrated that in low oxygen conditions one 
of the Arabidopsis plasma membrane-associated ERFs, RAP2.12, is released from the 
plasma membrane-bound acyl-CoA binding proteins (ACBP’s) and transported to 
the nucleus where it activates hypoxia-related genes. Upon re-oxygenation RAP2.12 
functions as a substrate for the N-end rule-regulated protein degradation (Licausi et 
al., 2011; Gibbs et al., 2011). 
Regardless of their name, not all ERFs are ethylene-inducible (reviewed in Ohme-
Takagi et al., 2000). The goal of this report was to identify ERFs which both posi-
tively and negatively regulate ethylene-induced hyponasty. Here, we present re-
sults from a forward genetic screen of Arabidopsis ERF-over-expression lines which 
exhibit altered petiole hyponasty upon ethylene exposure. The established set of 
candidate ERF lines with aberrant petiole angle has been then tested for ethylene 
biosynthesis. To understand their role in petiole hyponasty, we consequently exam-
ined transcriptional regulation of ERFs of interest during ethylene treatment. These 
results provide a platform for future studies regarding ERF functioning in various 
developmental and physiological aspects of ethylene signalling pathway. 

MATERIALS and METHODS

Plant growth 

Arabidopsis thaliana Col-0 (N1092) and SALK 063727 (N563727) were obtained 
from the Nottingham Arabidopsis Stock Centre (NASC; stock numbers between 
brackets). SALK 063727 line belongs to a homozygous collection and was confirmed 
by a PCR amplification with T-DNA-specific (LBb1.3) primer and At-specific (RP) 
primer, as described on http://signal.salk.edu/. The collection of ERF over-expres-
sion lines (Weiste et al., 2007) was a gift from Prof. Wolfgang Dröge-Laser (Univer-
sity of Göttingen, Germany). Seeds were sown on moisturised filter papers and dark 
stratified at 4ºC for 4 days. Afterwards, seeds were transferred to a growth chamber 
(20ºC, 70% relative humidity and 200 µmol m-2 s-1 photosynthetic active radiation 
(PAR); 9 h photoperiod) where they were left for germination and after 4 days pot-
ted on a fertilized mixture of soil and perlite (RHP,’s-Gravenzande, the Netherlands) 
in a 1:2 ratio. The growth conditions were as described by Millenaar et al., 2005. 

Ethylene treatment and petiole angle measurements

30 day-old plants in stage 3.9 (Boyes et al., 2001) were used for all experiments. 
One day before the start of the treatment, plants were transferred to the experimen-
tal setup with similar conditions to the growth chambers (Microclima 1750 growth 
cabinet; Snijders Scientific, Tilburg, the Netherlands). Ethylene (Hoek Loos, Amster-
dam, the Netherlands) application always started (t=0 h) 1.5 h after the beginning of 
the photoperiod. The setup was flushed with 1.5 µL L-1 ethylene with a continuous 
flow of 75 L h-1 and the control treatment was conducted in the same experimental 
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cabinet. Side pictures were taken with a digital camera (Canon PowerShot A530) at 
the start of the experiment, after 6h in control or ethylene treatment. Petiole angles 
were measured relative to the horizontal plane using ImageJ software: http://rsb.
info.nih.gov/ (Abramoff et al., 2004). The differential angle was calculated as a dif-
ference between petiole angles of 6 h ethylene- and control-treated plants as de-
scribed by (Benschop et al., 2007). 

Validation of ERF over-expression lines and gene expression studies

For DNA extraction leaf material was harvested and snap-frozen in liquid nitrogen. 
Genomic DNA was extracted using the Nucleon Phytopure DNA extraction kit (GE 
Healthcare/Amersham, Den Bosch; the Netherlands). To identify ERF genes over-
expressed in an individual line, PCR amplification was conducted on 100 ng of DNA 
with Gateway® att specific primers as described by Weiste et al. (2007).  Obtained 
product was purified and sequenced (BaseClear®, Leiden; the Netherlands).  
For the Real Time qPCR (RT-Q-PCR) RNA from 8-12mm petioles, that were snap-
frozen in liquid nitrogen, was isolated using the RNeasy extraction kit (Qiagen, 
Venlo; the Netherlands) and genomic DNA was removed with on-column DNase di 
gestion (Qiagen). 1 µg of total RNA was used for cDNA synthesis conducted with 
random hexamer primers using the SuperScript III RNase H Reverse Transcriptase 
kit (Invitrogen, Breda; the Netherlands). RT-Q-PCR was performed using the MyiQ 
Single-Color Detection System (Bio-Rad, Veenendaal, the Netherlands) with iQ SYBR 
Green Supermix Fluorescein (Bio-Rad) and gene specific primers. Relative mRNA 
values were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001) with 
β-Tubulin-6 (At5g12250) as an internal reference gene. Primer sequences are pre-
sented in Table S5.1.

Ethylene production measurements

Fresh leaf material (0.3 g) from 28-day-old plants was collected and placed in a 2.5 
mL syringe. After 15 minutes, the formed overhead gas was transferred to another 
syringe of 1 mL volume and injected into a gas chromatograph (GC) (GC955; Syn-
spec, Groningen; the Netherlands).  Obtained values (ppb) were recalculated into 
nmol gFW-1 h-1.

Statistics

For the comparison of means a non-paired Student T-test was used. 

RESULTS and DISCUSSION

Over-expression of several ethylene response factors (ERFs) in Arabidopsis af-
fects petiole angle in response to ethylene
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We conducted a forward genetic screen of an open reading frame (ORF) collection of 
T2 seeds over-expressing ethylene response factors (ERFs) generated by Weiste et al. 
(2007). In an initial screen on this ERF over-expression population we selected 32 
individual plants (data not shown) with either enhanced or decreased petiole angle 
at the start of the experiment or/and in ethylene. For the subsequent studies, we 
then narrowed down the selection to the 10 lines that displayed the most extreme 
phenotypes (Fig. 5.1a-d). 

Most of the plants had an aberrant (increased or reduced) petiole angle upon ethyl-
ene treatment, with only one line (designated ERF4k12) exhibiting increased peti-
ole angles only at the start of the experiment (0h). To identify which particular ERF 
gene is over-expressed by each line, we amplified a region with T-DNA specific prim-
ers and sequenced the product. The results are presented in Table 5.1. The 1k13 
line harboured two independent T-DNA insertions of ERF96 (At5g43410) and ERF7 
(At4g06746), whereas the rest of the candidates had a single insertion. Interesting-
ly, lines 4k11 and 4k15, which exhibit highly similar phenotypes in all treatments, 
both were found to harbour insertion of ERF112 (At2g33710) and were therefore 
designated ERF112a and ERF 112b. Figure 5.2a-k shows general phenotypes of se-
lected candidates. Most were similar to the wt Col-0 and showed no striking mor-
phological defects. However, leaf development is strongly affected in line ERF87 

6h Control

Line

P
et

io
le

 a
ng

le
 (d

eg
re

es
)

0

10

20

30

40

50

6h Ethylene

Line

P
et

io
le

 a
ng

le
 (d

eg
re

es
)

0

10

20

30

40

50

Differential 

Line

P
et

io
le

 a
ng

le
 (d

eg
re

es
)

0

10

20

30

40

50

0h (Start)

Line

Col-
0

1k
7

4k
19 1k

4
1k

5
2k

5
1k

10
4k

12
1k

13
4k

11
4k

15

P
et

io
le

 a
ng

le
 (d

eg
re

es
)

0

10

20

30

40

50

Col-
0

1k
7

4k
19 1k

4
1k

5
2k

5
1k

10
4k

12
1k

13
4k

11
4k

15

Col-
0

1k
7

4k
19 1k

4
1k

5
2k

5
1k

10
4k

12
1k

13
4k

11
4k

15
Col-

0
1k

7
4k

19 1k
4

1k
5

2k
5

1k
10

4k
12

1k
13

4k
11

4k
15

*

*

*

*
*

*
* *

*

*

*
*

*

**

*

*

*

*

(a) (b)

(c) (d)

Fig. 5.1 Screen results 
of ERF over-expres-
sion lines showing 
petiole angles of se-
lected candidate lines. 
(a) Petiole angles at 
the start of the experi-
ment, (b) after 6 h in 
control conditions, (c) 
after 6 h in ethylene 
and (d) differential 
petiole angles as a 
result of subtraction 
between ethylene 
and control values. 
Data points represent 
mean values (n=10) ± 
SE. Asterisks indicate 
significant difference 
in comparison to wild 
type Col-0 plants (P < 
0.05).
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(At1g28160) (Fig. 5.2b), which has no distinctive petioles and curled leaf blades. 
ERF 95 (At3g23220) has a dwarfed phenotype with constitutively high petiole an-
gles (± 36 degrees), elongated petioles and small leaf blades (Fig. 5.2c). 

To examine whether a knock-out mutation 
results in a contrasting response, we then 
compared the response of the available SALK 
line (SALK063727) for the ERF112. ERF112 
and SALK063727 display contrasting petiole 
angles already at the start of the experiment, 
and, as expected respectively, showed an en-
hanced and reduced response upon ethylene 
exposure (Fig. 5.3). 
 

Table 5.1 Sequencing results of candidate 
ERF lines selected in a screen.

Name At code ERF number 

 

Group 
ERF1k7 At1g28160 

 
ERF87 VIIIb 

ERF4k19 At3g23220 
 

ERF95 IXc 
ERF1k4 At4g06746 

 
ERF7 IIa 

ERF1k5 At5g18560 
 

ERF86 VIIIb 
ERF2k5 At1g74930 

 
ERF18 Ib 

ERF1k10 At5g21960 
 

ERF16 IIb 
ERF4k12 At2g46310 

 
ERF68 VI 

ERF1k13 At5g43410 + At4g06746 
 

ERF96+7 IXc + IIa 
ERF4k11 At2g33710 

 
ERF112a Xc 

ERF4k15 At2g33710 
 

ERF112b Xc 
 

Fig. 5.2 (a-k) Phenotypes of ERF lines selected in a screen.
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Some of the lines selected 
in our screen harbour an 
over-expression construct 
of an ERF that has pre-
viously been described 
regarding responses to 
various stresses. ERF18 
(At74930) is involved in 
response to wounding, 
methyl jasmonate (MeJA) signalling and JA biosynthesis (Walley et al., 2007, Pau-
wels et al., 2008). ERF95 (Ethylene and salt-induced ERF - ESE1) is implicated in re-
sponse to salt stress. Recently, a study by Zhang et al. (2011) showed that ESE1 is 
transcriptionally modulated by EIN3 which binds directly to its promoter region. 
Other ERF lines are involved in development-related processes such as in vitro shoot 
regeneration (ERF87 or ENHANCER OF SHOOT REGENERATION-LIKE2 - ESL2) (Mase 
et al., 2007) or early lateral root primordium initiation (ERF86, PUCHI, At5g18560) 
(Hirota et al., 2007). The remarkable phenotype of ERF87 with no clear petiole-
leaf lamina transition resembles a previously described activation tagging line of 
LEAFY PETIOLE (LEP) (Van der Graaff et al., 2000). LEP (ERF85; At1g13910) as well 
as ERF87 belong to the subgroup VIII in the ERF family and show a high degree of 
homology (Nakano et al., 2006). This implies that both genes could potentially share 
molecular targets during petiole development. Interestingly, ERF112 has been de-
scribed as a general stress response factor (Feng et al., 2005) but is also implicated 
in female gametophyte development (Wang et al., 2010), suggesting a pleiotropic 
role.
 Next, we examined whether the selected over-expression lines have altered 
ethylene biosynthesis since ethylene signalling has been reported to show such feed-
back control. Most of the candidates show unaltered ethylene production compa-
rable to Col-0 (Fig. 5.4). Significantly higher levels of ethylene were present in lines 
ERF95, ERF87, ERF7 and ERF96+7 which suggests a potential positive feedback be-
tween transcriptional regulation of ERF genes and ethylene biosynthesis. Such an ef-
fect has been previously described for Solanum lycopersicum and N. tabacum plants 
which exhibit an increased ethylene production upon over-expression of LeERF2/
TERF2. This effect is most likely due to the interaction of LeERF2/TERF2 with the 
cis-regulatory elements in ACO and ACS genes (Zhang et al., 2009). Ethylene is also 
shown to stimulate its own production during flower senescence and fruit ripening 
(Nakatsuka et al., 1997, 1998). On the other hand, it has been demonstrated that fol-
lowing pollination, tomato pistils exhibit highly reduced ethylene production levels 
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Treatment

start air ethylene differential

P
et

io
le

 a
ng

le
 (d

eg
re

es
)

0

10

20

30

40

Col-0 
ERF112 
SALK 063727 

*

*
*

*

*

Fig. 5.3 Hyponasty of ERF112 
and SALK 063727 in ethylene. 
Data points indicate mean values 
(n=15) ± SE. Asterisks indicate 
significant differences in com-
parison to wild type Col-0 plants 
(P < 0.05).

29 02.indd   61 4-3-2012   20:42:58



Chapter 5

62

triggered by a negative feedback in which ethylene auto-inhibits its own production 
(Llop-Tous et al., 2000). 

Expression of ERF genes changes in ethylene

To test whether ethylene mediates transcriptional regulation of ERF genes in leaf 
angle control, we examined the kinetics of ERF95, ERF7, ERF18, ERF68 (At2g46310) 
and ERF112 expression upon ethylene application. Due to low transcript abundance, 
other candidate genes (ERF87, ERF86 and ERF16) are not included in the results. In 
the first hour of ethylene exposure transcript levels of ERF95, ERF68 and ERF112 
increased significantly in comparison to control conditions (Fig. 5.5a, d, e), whereas 
expression of ERF7 and ERF18 remained unaltered (Fig. 5.5b, c). Such rapid induc-
tion might imply a function in early signalling events. Accordingly, up-regulation of 
genes encoding TFs is usually very rapid upon perception of the inducing stimulus. 
Brenner et al. (2005) observed a substantial up-regulation of TFs in response to 
cytokinin treatment already after 15 min of hormone treatment. Mechanical injury 
in tobacco plants results in a rapid (5-30 min) induction of expression of several 
ERFs which after 1h returned to the initial or even below initial levels (Nishiuchi et 
al., 2002). Likewise, Suzuki et al. (1998) demonstrated a very rapid up-regulation 
of ERF transcription upon ethylene treatment which reached its peak after 30 min 
and disappeared soon thereafter. It is, therefore, possible that the lack of differences 
in expression of several of the target ERF genes in the current study is masked by 
the specific time-points we used here, which might not overlap with the transient 
changes in transcriptional regulation of certain ERF genes.  
 In Chapter 4 we presented data indicating that ROTUNDIFOLIA3 (ROT3) is 
a positive regulator during ethylene-induced hyponasty. According to the data pre-
sented above, two ERF genes (ERF95 and ERF112) are likely to have a promoting 
effect on petiole angle. Therefore, we tested a possible relationship between these 
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Fig. 5.4 Ethylene production in ERF 
lines. Data points indicate mean values 
(n=8) ± SE. Asterisks indicate signifi-
cant difference in comparison to wild 
type Col-0 plants (P < 0.05).
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ERFs and ROT3. To do so, we measured ROT3 
transcript levels in the in over-expression lines 
of ERF95 and ERF112. The constitutively hypo-
nastic ERF95 line has higher expression levels 
of ROT3 which suggests a potential interaction 
between the ERF activity and brassinosteroid 
action in the control of ethylene-induced hypo-
nasty. Since ERF95 is also transiently induced 
by ethylene this could be part of the mecha-
nism that underpins the predicted ethylene-
mediated induction of brassinosteroids that is 
required to induce hyponastic petiole move-
ment in Arabidopsis.
The exact mechanism of ERF action in hypo-
nasty in ethylene remains unknown. Future studies focusing on detailed kinetics 
of gene expression, tissue localisation of ERF proteins and their molecular targets 
should elucidate their role in the signalling network downstream of ethylene signal-
ling. 

Fig. 5.5 Kinetics of ERF lines isolated in the screen. Gene expression after 1, 3 and 6 h of control and 
ethylene treatment. Data points represent mean values (n=5-7) ± SE. Asterisks indicate significant dif-
ference in comparison to wild type Col-0 plants (P < 0.05).
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Fig. 5.6 ROTUNDIFOLIA3 (ROT3) expres-
sion levels in ERF 95 and ERF 112. Data 
points indicate mean values (n=15) ± SE. 
Asterisks indicate significant difference in 
comparison to wild type Col-0 plants (P < 
0.05).
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SUMMARY

Plant growth and survival largely depends on the ability to adjust their phenotypes 
to changes in the environment. Upward leaf movement (hyponastic growth or hypo-
nasty), driven by differential petiole growth, is an example of a response operated 
to outgrow unfavorable conditions. Hyponastic growth is induced to a similar ex-
tent by different abiotic stimuli, including enhanced ethylene levels, shade, low light 
intensity and increased temperatures. Despite its functional importance, relatively 
little is known about the molecular mechanisms that control hyponasty. In our study 
we applied a forward genetic approach in which we isolated and characterized an 
activation-tagged Arabidopsis thaliana line with enhanced hyponastic response to 
ethylene and shade. We found that ectopic expression of the core cell cycle gene 
CYCLINA2;1 causes its phenotype. Further analyses of cell cycle-related events dur-
ing hyponasty indicated that ethylene triggers a reduction in cell division by affect-
ing transcription of the core cell cycle machinery at the abaxial side of the petiole. 
Together with results presented in Chapter 2, these findings indicate that ethylene-
induced hyponasty is a response in which one signalling component has a dual role 
within the same tissue; stimulation of cell expansion and inhibition of cell division. 

INTRODUCTION

Plant growth and reproduction are influenced by various environmental factors. 
Many plant species have acquired acclimation mechanisms to increase their survival 
chances under unfavourable conditions. Among the strategies employed by plants 
to escape adverse conditions is a particular type of leaf movement called hyponastic 
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growth (reviewed in Chapter 1 and in Van Zanten et al., 2010). Hyponasty is an up-
ward leaf movement driven by unequal growth rates between ad- and abaxial sides 
of the petiole. Repositioning of leaves to a more vertical position allows plants to 
avoid complete submergence or shade, thereby restoring contact with the atmo-
sphere and light, respectively (Voesenek and Blom, 1989, Cox et al., 2004; Pierik et 
al., 2005). Arabidopsis thaliana exhibits a marked hyponastic response upon several 
environmental signals, e.g. submergence, direct proximity of neighbours, shade or 
supra-optimal temperatures (Ballaré and Scopel, 1997; Hangarter et al., 1997; Mil-
lenaar et al., 2005, 2009; Pierik et al., 2005; Mullen et al., 2006; Benschop et al., 
2007; Koini et al., 2009; Van Zanten et al., 2009b). The volatile phytohormone eth-
ylene plays a primary role in the regulatory network of responses to submergence 
and shade (Banga et al., 1997; Pierik et al., 2003, 2004). The complex interactions 
between ethylene and other plant hormones, e.g. abscisic acid, gibberellin or auxin 
in the control of hyponasty in Arabidopsis is relatively well understood (reviewed 
in Van Zanten et al., 2010) and the cellular basis for hyponasty in Rumex palustris 
and Arabidopsis has been characterized. It has been shown that longitudinal cell ex-
pansion in the proximal part of the abaxial side of the petiole is a driving force in 
upwards petiole movement in both species (Cox et al., 2004; Polko et al., 2011, Chap-
ter 2). Downstream molecular targets of ethylene in this response remain largely 
unknown.
 The tight control and coordination of the cell cycle allows growth and dif-
ferentiation of all living organisms. Two major events, cell division (mitosis – M) and 
DNA replication (synthesis – S) are preceded by the so called gap phases G2 and G1, 
respectively. During the post-mitotic G1, and pre-mitotic G2, cells undergo a series 
of complex processes allowing completion of the preceding phase and entry into 
the following (reviewed in Inzé and De Veylder, 2006). Cyclin-Dependent Kinases 
(CDKs) are integral general components of the progression control between sub-
sequent phases of the cell cycle. Their inactive state is removed once they bind to 
their cyclin (CYC) partners. The conformational changes triggered by CYC binding 
to CDKs are a central step in the process of kinase activation (Jeffrey et al., 1995). So 
far, 7 classes of cyclins have been characterized in plants (A – D, H, P and T) (Fran-
cis et al., 2007) and although some of the cyclins have been shown to interact with 
CDKs, their precise role in the regulation of cell cycle remains elusive. According to 
a generally accepted notion A-type cyclins regulate S to M phases, D-type cyclins 
control the G1/S progression and B-type cyclins are active during the transition be-
tween G2 to M and within the M phase itself (reviewed in Inzé and De Veylder, 2006). 
Four members of the A2-type cyclin family – CYCA2;1, CYCA2;2, CYCA2;3, CYCA2;4 
are transcriptionally regulated starting in the S phase, with their expression peak 
during the G2–M progression. Additionally, they regulate the mitosis-related CDK 
activity (Shaul et al., 1996; Vanneste et al., 2011). Expression of CYCA2’s has been 
associated with cells either undergoing mitosis or endoreduplication events (Imai et 
al., 2006). Yoshizumi et al. (2006) demonstrated that transcriptional down-regula-
tion of CYCA2;1 leads to increased ploidy levels and described a role for INCREASED 
LEVEL OF PLOIDY (ILP) as a central regulator of endocycle regulation. The relation-
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ship between the plant cell cycle and stress responses has been reported in a variety 
of cases. For example, in Arabidopsis salt stress results in a transcriptional down-
regulation of CYCA2;1 and CDC2a (CDKA) genes which in turn regulates the develop-
ment of lateral roots (Burssens et al., 2000b). A similar study by West et al. (2004) 
showed that high salinity strongly reduces the cell cycle activity, thereby affecting 
root meristem size. Moreover, elicitor-treated Nicotiana tabacum cells exhibit down-
regulation of cell cycle-related gene expression which might in turn regulate growth 
inhibition (Suzuki et al., 2006; Ohno et al., 2011). 
 To identify novel components controlling upward petiole movement, we 
followed a forward genetic approach. From a population of 35S Cauliflower Mo-
saic Virus (CaMV)-promotor tagged plants (Weigel et al., 2000), we selected a line 
(SIMILAR INITIAL ENHANCED ETHYLENE ENHANCED LOW LIGHT ANGLE-D (SEE-
D)) which shows enhanced hyponasty in response to exogenous ethylene and in low 
light conditions. The enhanced leaf movement phenotype of SEE-D is caused by an 
ectopic expression of the core cell cycle gene CYCLINA2;1. We show that cell cycle-
regulatory mechanisms play a crucial role in the control of the petiole hyponasty 
and that its magnitude is a result of a subtle balance between longitudinal cell ex-
pansion and reduction in the mitotic cell cycle. 

MATERIALS and METHODS

Plant material and growth conditions

Arabidopsis thaliana lines: Col-0 (N1092), activation-tagged lines (Weigel et al., 
2000; N21991, N23153), cyca2;1-1 (Alonso et al.,2003; SALK_121077), cyca2;2-1 
(Rosso et al., 2003, GABI_120D03), ilp1-2, ILP1-1D (Yoshizumi et al., 2006), AtTOTF-
Ex ERF ectopic expression library (Weiste et al., 2007) were obtained from the Not-
tingham Arabidopsis Stock Centre or were a gift of the authors who described them 
(NASC Stock IDs and authors between brackets). 35S::TUA6:GFP (Ueda et al., 1999) 
was a gift of Douglas Muench (University of Calgary). For detection of T-DNA in-
serts in SALK and GABI lines left border specific primers of the T-DNA insert (LBC1, 
LB_GABI) were used in combination with gene-specific primers. To generate the 
35S::CYCA lines, the full-length cDNAs were cloned through GATEWAY technology 
(Invitrogen, Gaithersburg, MD, USA) in pDONR221 and sub-cloned into pK2GW7,0 
and pKGWFS7,0 respectively (Karimi et al., 2002). 
Seeds were sown on moist filter papers and dark-stratified at 4°C for 4 d. Germi-
nated seedlings were potted on a fertilized mixture of soil and perlite (1:2; v/v) and 
grown at 20°C, 70% (v/v) relative humidity, 200 μmol m-2 s-1 photosynthetic active 
radiation (PAR), 9 h short-day photoperiod as described in Millenaar et al. (2005). 
Each day at the start of the photoperiod plants were automatically watered until 
saturation.

Forward genetic screen
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To facilitate easy and fast screening, we first checked if Arabidopsis Columbia (Col-0) 
was able to exhibit a normal low light-induced hyponastic response after 6 h eth-
ylene treatment and an overnight recovery. Ethylene-induced hyponastic growth 
was, as expected, quickly reversed by removing the ethylene source (Millenaar et al., 
2005) and this treatment did not interfere with low light-induced hyponasty in the 
subsequent photoperiod (data not shown). In total, 17.500 individual Cauliflower 
Mosaic Virus (CaMV) 35S enhancer (activation) tagged (Weigel et al., 2000) vegeta-
tive plants in developmental stage 3.7 (Boyes et al., 2001), pooled in batches of ap-
proximately 500 plants each, were screened. The plants were visually monitored 
for i) initial petiole angles, ii) petiole angle after 6 h ethylene treatment and after 
overnight recovery iii) the petiole angle after 6 h low light treatment. 

Cloning of the SEE-D T-DNA locus

To identify the T-DNA locus in SEE-D, TAIL-PCR was conducted as described by Liu et 
al. (1995a, b). Genomic-DNA was isolated using Nucleon Phytopure DNA extraction 
kit, (GE Healthcare/Amersham, Den Bosch, the Netherlands). Subsequent TAIL-PCR 
was conducted using the degenerate primer: AD2; 5’- NGTCGASWGANAWGAA-3’, 
TTCWTNTCWSTCGACN; (Liu et al., 1995a, b) in combination with nested primers 
from the Left-border: 5’-ATCTAAGCCCCCATTTGGAC-3’ (primary PCR); 5’-TAACGCT-
GCGGACATCTACA-3’ (secondary PCR); 5’-CGGACATGAAGCCATTTACA-3’ (tertiary 
PCR). PCR products were separated on agarose gel. Excised bands containing DNA 
were purified using a GFX-spin column (GE Healthcare/Amersham) and subjected 
to direct sequencing (Macrogen, Seoul, South-Korea) using the tertiary PCR primer.

Ethylene, low light and pharmacological treatments 

30 d-old plants in stage 3.9 (Boyes et al., 2001) were used for all experiments. One 
day before the start of the experiments plants were transferred to the experimen-
tal setup with similar conditions to the growth chambers (Microclima 1750 growth 
cabinet; Snijders Scientific, Tilburg, the Netherlands). Ethylene (Hoek Loos, Amster-
dam, the Netherlands) application started (t=0 h) 1.5 h after the beginning of the 
photoperiod. The setup was flushed with 1.5 µL L-1 ethylene with a continuous flow 
of 75 L h-1. The control treatment was done in the same experimental cabinet. For 
low light treatment PAR-level of 200 μmol m-2 s-1 was decreased to 20 μmol m-2 s-1 us-
ing spectrally neutral shade cloth. Light quality remained unaffected (checked with a 
LI-COR 1800 spectro-radiometer (LI-COR, Lincoln, NE, USA)). 

Petiole angle measurements

Side pictures were taken (Canon PowerShot A530) at the start of the experiment, af-
ter 6 h of ethylene/low light/control treatment. Petiole angles were measured rela-
tive to the horizontal plane and the rosette base, using ImageJ software (Abramoff 
et al., 2004). The differential angle was calculated as a difference between the angle 
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of ethylene treated petioles and the control at the same time point (Benschop et al., 
2007). For petiole kinetics measurements, we used a custom-built automated digital 
camera system as described in Millenaar et al. (2005). Plants were placed in glass 
cuvettes and side pictures were taken every 10 min for 24h in constant light. Petiole 
angles were measured with the use of a custom made macro (KS400, Carl Zeiss Vi-
sion, Hallbergmoos, Germany). 

Epidermal cell length measurements and calculations

Cell length measurements were performed on epidermal imprints of 1 cm long peti-
oles as described in Chapter 2 with the use of a custom made macro in KS400 soft-
ware (Carl Zeiss Vision, Hallbergmoos, Germany). To allow calculations of average 
cell sizes relative to the distance along the petiole, each cell was assigned to a 200 
µm class, according to its position relative to the proximal part (closer to the stem) 
of the petiole. 

Ploidy measurements

Two petioles or petiole segments of two petioles of Col-0 plants were harvested and 
snap frozen in liquid nitrogen. The material was ground in 200 µl nuclei extraction 
buffer (CyStain UV precise buffer P; Partec, Münster, Germany) and then diluted 
in a Staining buffer (CyStain UV precise buffer P; Partec) containing DAPI (4',6-di-
amidino-2-phenylindole). Samples were analyzed on a Cytoflow ML flow-cytometer 
(Partec).

Real-Time Reverse Transcriptase-Q-PCR

Tissues were harvested and snap-frozen in liquid nitrogen. RNA was isolated us-
ing the RNeasy Plant Mini Kit (Qiagen, Leusden, the Netherlands). Genomic DNA 
was removed using the DNA-Free kit (Ambion, Cambridgeshire, United Kingdom). 
Superscript III RNaseH- Reverse Transcriptase (Invitrogen, Breda, the Nether-
lands) with Random-Hexamer Primers, was used for cDNA synthesisis. Real-Time 
RT- PCR reactions were performed on a MyiQ Single-Color Real-Time PCR Detection 
System and Software using iQ SYBR Green Supermix Fluorescein (Bio-Rad labora-
tories, Veenendaal, the Netherlands). Primers for SEE-D T-DNA flanking genes are 
described in Table S6.1. Primers for A2-Cyclin genes and cycle-specific genes are de-
rived from Richard et al. (2001), Mariconti et al. (2002) and Yoshizumi et al, (2006). 
Relative mRNA values were calculated using the comparative cycle threshold (Ct) 
method described by Livak and Schmittgen (2001), expressing mRNA values rela-
tive to ß-Tubulin-6 (At5g12250, 5’-ATAGCTCCCCGAGGTCTCTC-3’, 5’-TCCATCTCGTC-
CATTCCTTC-3’; Czechowski et al., 2004). 

Visualization of cortical microtubules
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Arrangement of cortical micro tubules (CMTs) was performed as described as in Polko 
et al., 2011 and Chapter 2. For this aim, visualizing microtubules in a 35S::CYCA2;1 
background, we crossed 35S::CYCA2;1 with 35S::TUA6:GFP reporter lines (Ueda et 
al., 1999). 30 d-old plants in stage 3.9 (Boyes et al., 2001) were subjected to eth-
ylene/control treatment and at 5-10 h of the treatment CMTs of petiole epidermal 
cells were visualized using an inverted confocal laser scanning microscope (Leica 
CS SPII, 63x C-apochromat objective, excitation wavelength of 488 nm, collecting at 
505-530 nm for GFP emission). Petioles were divided in 4 parts depending on their 
distance from the base and the abaxial and adaxial sides were observed separately. 
CMT areas at least twice as long as cell width were taken into account (Himmelspach 
and Nick, 2001). The CMTs were grouped in categories relatively to the long cell axis: 
transverse (0°), oblique 30°, oblique 60°, longitudinal (90°) and randomly oriented 
according to (Himmelspach and Nick, 2001). 

Theoretical analysis of cell division rates

The model that we used to predict cell division rates from measured cell lengths is 
similar to the one used in Chapter 2. As a first step we fitted a function to describe 
the petiole shape, using the measured petiole angle data describing the initial angle 
at which the petiole emerges from the shoot, and the final angle at the intersection 
between the petiole and the leaf blade (see Fig. S6.1 and Table S6.2 for used param-
eters).
 In the next step, we fitted a function to the measured cell lengths along the 
petiole. Moreover, we tested for significant differences in cell length before and after 
ethylene and control treatments for each 200 µm interval along the petiole. Given 
that along the adaxial side we hardly found significant differences, we decided to fit 
all adaxial cell length data collectively to a single overarching function. In contrast, 
the abaxial cell length data, which are significantly different in the proximal part of 
the petiole, were fitted for each individual dataset (cell length data per genotype per 
time point and per treatment) independently, although we did introduce an extra 
constraint to the fitting, requiring that the maximum cell length (in the distal part 
of the petiole) would be the same for the different datasets, given that no significant 
differences could be found along this part of the petiole (see Fig. S6.2 and Table 
S6.2). 
In the next step, the curve fitted to the petiole angle for the ‘start’ (T0) data was 
divided into 200 μm sections. To each section a circular arc was fitted, and by com-
bining the curve of the arc with the function fitted to the measured cell lengths, the 
number of adaxial and abaxial cells per section could be calculated. (See box S6.1 
and Table S6.2). We started from the null hypothesis that no cell divisions at all took 
place during the treatments. The number of cells per section before treatment com-
bined with the function describing the adaxial and abaxial cell lengths for the 10 h 
control and 10 h ethylene treatments allows us to calculate a predicted petiole shape 
after treatment. The deviation from the predicted petiole shape to the observed 

29 02.indd   70 4-3-2012   20:43:00



71

  

 6

Cell cycle regulation during hyponasty

shape allowed us to predict adaxial or abaxial cell division. (See box S6.2). The thus 
obtained cell division rates represent relative rather than absolute values.

RESULTS

Isolation and cloning of SEE-D

To identify novel genetic components involved in hyponastic growth in Arabidopsis, 
we conducted a forward genetic screen using a population of 35S CaMV promoter-
tagged Columbia (Col-0) plants (derived from Weigel et al., 2000). Among the se-
lected lines one candidate had an initial petiole angle similar to wild type Col-0 and 
an exaggerated response to both ethylene and low light treatment (Fig. 6.1a). 

Therefore, this line was designated SIMILAR INITIAL ENHANCED ETHYLENE EN-
HANCED LOW LIGHT ANGLE-D (SEE-D). Its enhanced hyponastic growth was con-
firmed by a quantitative analysis of the response kinetics using a time-lapse digi-
tal camera setup (Fig. 6.1b, c). To check the number of T-DNA insertions in SEE-D, 
BASTA resistance in self-pollinated heterozygous SEE-D plants was scored. The seg-
regation resulted in a 3:1 ratio (77.3±2.0 resistant), indicating that a single T-DNA 
integration locus in SEE-D is responsible for its phenotype (data not shown). The 
T-DNA flanking borders were amplified by Thermal Asymmetric Interlaced-PCR 
(TAIL-PCR; Liu et al., 1995a, b) and sequencing revealed that the insertion locus is 
on chromosome 5 in the intergenic region between ETHYLENE RESPONSE FACTOR/
APETALA2 (ERF/AP2 transcription factor subfamily B-6; SHINE3/WAX INDUCER1) 
(SHN/WIN1; At5g25390, ERF5; Nakano et al., 2006) and the core cell cycle gene CY-
CLINA2;1 (CYCA2;1; At5g25380) (Fig. 6.2a). 
 To identify the most likely candidate explaining the SEE-D phenotype, we 
measured transcript levels of the genes within 15 kb up- and downstream of the 
T-DNA integration site. A cluster of five genes surrounding the insertion site (four 
downstream and one upstream) were markedly up regulated in comparison to the 
wt including the T-DNA flanking genes; SHN3/WIN1 and CYCA2;1 (Fig. 6.2b). Since 
ETHYLENE RESPONSE FACTORs (ERFs) control many developmental and physio-
logical processes in Arabidopsis, together with several ethylene-mediated responses 
(Nakano et al., 2006; Chapter 5), we first tested if SHN3/WIN1 (also known as ERF5) 
could be responsible for the enhanced differential petiole growth of SEE-D. Ecto-
pic over expression of SHN3/WIN1 (35S::At5g25390; isolated from the collection of 
Weiste et al., 2007) did not result in an altered hyponastic response upon ethylene 
(Fig. 6.2c), indicating that over-expression of other gene(s) is causal to the SEE-D 
phenotype.

A2-cyclins redundantly control ethylene-induced hyponastic growth

To test if CYCLINA2;1 (CYCA2;1; At5g25380) could be causal for the enhanced petiole 
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angle in SEE-D, we generated plants expressing CYCA2;1 under control of the consti-
tutive 35S CaMV promoter. Three individual transformants with enhanced expres-
sion of CYCA2;1 were isolated (Fig. S6.3) and one of them (Hmz B, further referred to 
as 35S::CYCA2;1; Fig. S6.3) was used for further studies. The 35S::CYCA2;1 exhibited 
an enhanced hyponastic growth under ethylene treatment (Fig. 6.2d), comparable 
to SEE-D. Other CYCA2 members and various marker genes for specific stages of the 
cell cycle (based on Yoshizumi et al., 2006) were not regulated in SEE-D (Fig. 6.3a). 

 Interestingly, two independent mutant alleles of cyca2;1 (Yoshizumi et al., 
2006) also showed an enhanced hyponastic growth response (Fig. 6.3b, c). Possibly, 
loss of cyca2-1 is compensated for by an up-regulation of other CYCA2s genes in this 
mutant (Vandepoele et al., 2002; Pillitteri et al., 2007). To confirm the role of CYCA2 
in controlling hyponastic growth, we tested the activation-tagged line INCREASED 
LEVEL OF POLYPLOIDY1-1D (ILP1-1D), which has reduced expression of all four A2-
type cyclin genes (Yoshizumi et al., 2006). Indeed, this line exhibited a substantially 
reduced hyponastic growth response (Fig. 6.3d). In contrast, the ilp1-2 mutant al-
lele (Yoshizumi et al., 2006), with enhanced expression of all CYCA2s showed an in-
creased petiole angle in response to ethylene treatment (Fig. 6.3e). To examine if 
CYCA2;1 is regulated at a transcriptional level by ethylene and to asses if this corre-
sponds with expression changes in the mitotic marker gene - CYCB1;1, we conducted 
RT-PCR after 3 hours of ethylene treatment using different fragments of a petiole 
(proximal ad- and abaxial; distal ad- and abaxial). Transcription of both genes was 
down-regulated in the proximal part of the petiole. In case of CYCA2;1, this reduction 
takes place in both ad- and abaxial sides of the petiole, whereas significant down-
regulation of CYCB1;1 occurs only in the proximal, abaxial side of the petiole (Fig. 
6.4a, b). Together, our data demonstrate that CYCA2;1 over-expression likely causes 
the SEE-D phenotype. 
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 CYCA2 proteins are known to control the balance between mitosis and en-
doreduplication (Imai et al., 2006; Yoshizumi et al., 2006). It is well known that eth-
ylene can promote endoreduplication events in plant tissues (Gendreau et al., 1999; 
Dan et al., 2003) and that increased ploidy levels can account for development of 
larger cells (Cheniclet et al., 2005; Roeder et al., 2010). Therefore, we tested if SEE-D 
and/or 35S::CYCA2;1 show increased petiole ploidy levels, but no such differences 
were observed as compared to wt Col-0 (Fig. 6.5a). Furthermore, we separately 
analysed proximal and distal fragments of wt petioles exposed to ethylene and con-

trol conditions to verify if ethylene changes the endoreduplication state. Interest-
ingly, this revealed slight differences in DNA content between proximal and distal 
parts of the petiole, but this was not influenced by ethylene (Fig. 6.5b). Therefore, 
we conclude that enhanced hyponasty in SEE-D and 35S::CYCA2;1 is not caused by 
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(ethylene-mediated) differences in ploidy levels.

35S::CYCA2;1 exhibits wild type-like epidermal cell expansion in ethylene 

To test if exaggerated ethylene-induced hyponasty in 35S::CYCA2;1 is due to more 
pronounced epidermal cell expansion in comparison to wt Col-0, we examined epi-

dermal imprints of ad- and abaxial sides of the 35S::CYCA2;1 petiole in ethylene 
and control conditions. Interestingly, longitudinal cell expansion in 35S::CYCA2;1 
petioles resembles the pattern observed in wt Col-0 when exposed to ethylene (Fig. 
6.6a, b; for comparison with wt Col-0 see Chapter 2, Fig. 2.2b, c). The significant ab-
axial cell elongation occurs approximately within the first 2 mm of the petiole which 
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is also observed in Col-0. Additionally, we examined the arrangement of CMTs in 
the background of 35S::CYCA2;1. Despite some minor differences in the orientation 
of CMTs between 35S::CYCA2;1 and Col-0, mostly in ethylene-treated petioles, the 
overall patterns in both genotypes is highly similar (Fig. S6.4). These results show 
no substantial difference in neither cell expansion nor rearrangements of CMTs be-
tween Col-0 and 35S::CYCA2;1. 

Inhibition of cell division is a prerequisite for ethylene-induced petiole angle 
change

According to the mathematical model presented in Chapter 2, a reduction in cell di-
vision at the abaxial side of a petiole contributes to the changes in petiole angle upon 
ethylene exposure. We predict a reduction of cell division up to 17% in the proximal 
part of the abaxial side of the petiole. As a consequence, the final predicted peti-
ole angle is 23.1, whereas the observed angle 22.0 degrees (Fig. 2.6, for details see 
Supporting methods S2.1). To examine the degree to which the mitotic activity of 
cells changes in both Col-
0 and 35S::CYCA2;1 we 
calculated the predicted 
cell division rates in both 
genotypes upon ethylene 
and control treatment. 
The predicted cell divi-
sion rates are shown in 
Fig. 6.7. Cell division is 
presented as the percent-
age of difference between 
adaxial and abaxial cell 
division rate. A value of 
0 represents a situation 
where adaxial cell divi-
sion is equal to abaxial 
cell division. Positive val-
ues indicate more adaxial 
cell divisions and nega-
tive values indicate more 
abaxial cell divisions. For the wt control treatment our model predicts a bias towards 
adaxial cell divisions in the proximal part of the petiole. In contrast, this bias is not 
observed for the 35S::CYCA2;1 line. After the ethylene treatment we predict an en-
hanced (~40%) bias towards adaxial cell divisions in the wt Col-0. This means that 
either adaxial cell division is increased or abaxial cell division is decreased. Such an 
effect is not observed in the 35S::CYCA2;1 line, where the cell division profile after 
ethylene treatment is very comparable with the cell division profile after the control 
treatment. In general, the effect of ethylene treatment is predominantly observed 
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in the more proximal petiole zone, 
with hardly any noticeable differ-
ences in the more distal part of the 
petiole. 

DISCUSSION

Hyponastic growth is an active 
process by which a plant reposi-
tions its leaves to a more vertical 
position. Longitudinal cell expan-
sion in a localized zone at the ab-
axial side of the petiole is a driv-
ing force during ethylene-induced 
hyponasty in Arabidopsis (Chapter 
2). To identify molecular regula-
tors of this nastic movement, we 

conducted a forward genetic screen of activation-tagged plants, which led to an 
identification of SEE-D, with enhanced petiole angle in ethylene and low light. Wei-
gel et al. (2000) showed that activation-tagged lines often exhibit over-expression 
of a range of genes in the proximity of the T-DNA. The analysis of gene expression in 
the vicinity of the T-DNA in SEE-D revealed a significant up-regulation of five genes 
flanking the insertion. Because ERFs are known to control several responses to abi-
otic stresses (Chapter 5; Karaba et al., 2007; Fukao and Bailey-Serres, 2008; Trujillo 
et al., 2008; Abogadallah et al., 2011; Fukao et al., 2011; Yang et al., 2011), SHN3/
WIN1 (ERF5) was a likely candidate. However, targeted over-expression of this spe-
cific gene did not lead to enhanced hyponastic growth as observed in SEE-D. Fur-
ther analysis of the 35S::CYCA2;1 line demonstrated that increased expression of the 
plant specific CYCA2;1 gene does result in enhanced hyponasty in ethylene. 
 A2-type cyclins are required for cell cycle progression and function as 
specific regulatory subunits of Cyclin-Dependent Kinase (CDK)-complexes, which 
control the transition from S-to-G2 in planta (Roudier et al., 2000, 2004; Inzé and 
De Veylder, 2006). They are, among other cyclins, expressed throughout the plant 
life cycle and required for vascular-differentiation and patterning (Burssens et al., 
2000a). As shown by interaction and co-overexpression analyses (Boudolf et al., 
2009), CYCA2;3 in complex with CDKB1;1, is also involved in G2-to-M transition. 
Recently, Vanneste et al. (2011) demonstrated that individual CYCA2 genes are often 
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expressed in an overlapping manner. Other studies indicated that loss of function in 
one of the A-type cyclins can lead to a (over)compensation of other, highly redun-
dant family members (Fisher and Nurse, 1996; Vandepoele et al., 2002; Pilliterri et 
al., 2007). This compensation could explain our observation of enhanced hyponasty 
in single cyca2;1-1 and cyca2;1-2 mutants. 
 To gain more insight into the spatial transcriptional regulation of cell-cycle 
related genes during hyponasty in ethylene, we examined the expression of CYCA2;1 
together with a mitotic cyclin, CYCB1;1, in specific segments of a petiole. Interest-
ingly, the expression of both genes is significantly down-regulated in a part of the 
petiole where, in ethylene-induced hyponasty, cell elongation occurs (Chapter 2, Fig. 
2.2c). This suggests that the increased longitudinal cell expansion is associated with 
a reduction of cell cycle progression in that particular region of a petiole. This is con-
sistent with a recently reported negative effect of ethylene on cell cycle progression 
during drought stress (Skirycz et al., 2011), which results in a growth repression 

of early developing leaves in a reversible manner. Likewise, during hyponasty, eth-
ylene-induced inhibition of cell divisions, tentatively through the observed control 
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of cyclins, reduces abaxial petiole 
growth thereby preventing exces-
sive hyponastic growth. 
 Although inhibition of cyclins 
will slow down cell cycle pro-
gression and thereby cell divi-
sions, it can in specific instances 
also result in endoreduplication, 
a process in which subsequent 
DNA replication rounds occur 
without cell division (reviewed 
in Sugimoto-Shirasu and Roberts, 
2003; John and Qi, 2008). Endo-
reduplication is often associated 
with larger cells, e.g. in suspen-
sor of Phaseolus sp. (Nagl, 1976) 
or Brassica oleracea petals (Kudo 
and Kimura, 2002) but the exact 
mechanism of this correlation is 
unknown. Because changes in ex-
pression of A2-type cyclins are 
known to affect endocycle entry 
(Burssens et al., 2000a; Dewitte 
and Murray, 2003; Yu et al., 2003; 

Yoshizumi et al., 2006; Imai et al., 2006; Boudolf et al., 2009), we tested ploidy levels 
in petioles of SEE-D and 35S::CYCA2 lines in comparison to wt Col-0. The results indi-
cate similar constitutive endoreduplication levels. However, because ethylene on its 
own can induce endoreduplication events in hypocotyls of Cucumis sativus (Gendrau 
et al., 1999; Dan et al., 2003), we also verified the effect of ethylene on ploidy levels 
in different sections of petioles. We did not observe differences between untreated 
petioles and 6h ethylene-treated plants and controls. Therefore, it is unlikely that 
ethylene-induced hyponastic growth is regulated by the effect of CYCA2;1 via the 
endocycle. These results are in agreement with Kozuka et al. (2005) who studied 
DNA content in petioles exposed to darkness which leads to both differential peti-
ole growth and non-differential petiole elongation. The authors demonstrated that 
petiole elongation in the dark is driven by cell expansion and that this process is not 
correlated with altered ploidy levels in the petiole. Importantly, endoreduplication 
is likely to drive cell growth (increase in cytoplasmic macromolecular mass) rather 
than cell expansion (increase in cell volume via vacuolation) (Sugimoto-Shirasu and 
Roberts, 2003). Taken the time-frame of ethylene-induced hyponasty (observed 
within 2 h after start of ethylene treatment) and previous results (Chapter 2), it is 
unlikely that macromolecular cell growth would be an important factor during peti-
ole movement, whereas cell expansion can be regulated very rapidly. 
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treatment. Values above 0 indicate that adaxial cell divi-
sion is predominant; values below 0 indicate that abaxial 
cell division is predominant.
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 35S::CYCA2;1 was found not to have any substantial increase of cell expan-
sion relative to wt Col-0, despite its exaggerated hyponastic response to ethylene. 
This lack of enhanced cell expansion is consistent with the fact that its CMT reorien-
tation in ethylene is not different from wt Col-0. Therefore, it is likely that enhanced 
hyponasty in 35S::CYCA2;1 is due to mitotic cell cycle/cell division. Indeed, based on 
a combination of experimental studies and mathematical modelling, we predicted 
in Chapter 2 that ethylene-induced hyponasty in wt Col-0 is partly constrained by 
an ethylene-induced inhibition of cell division rates at the abaxial, proximal zone of 
the petiole. Similar modelling exercises using the experimental data provided here 
confirm an increased ratio of adaxial/abaxial cell division rates in ethylene-exposed 
wt Col-0. The data in Fig. 6.7 give a clear indication of the influence of ethylene 
treatment and constitutive CYCA2;1 expression on cell division rates. For ethylene 
treatment we observe a relative increase of adaxial cell divisions. Theoretically, this 
could be caused by an increase in adaxial cell division, a decrease of abaxial cell 
division or a combination of both. Since a decrease in abaxial CYCA2;1 expression 
was measured, the latter scenario is more likely. It is also in line with the prediction 
of reduced cell division at the abaxial petiole side presented in Chapter 2 (Support-
ing information). According to our findings, upon a constitutive over-expression of 
CYCA2;1 no clear change in in cell division can be observed due to ethylene treat-
ment. In conclusion, this analysis and the analysis discussed in Chapter 2 both indi-
cate that while enhanced cell elongation provides the extra tissue required to bend 
the petiole upwards, the magnitude of hyponastic growth is controlled by regulat-
ing cell division. It appears that ethylene, while triggering hyponastic petiole move-
ment, prevents an excessive response by reducing adaxial cell division rates. It is 
likely that the switch between mitotic cycle activity and cell expansion are the two 
major processes regulating hyponasty in ethylene.
 The increasing number of studies indicating a dual role of ethylene in plant 
development continue to lend support to the idea that ethylene is not a straight-
forward growth inhibitor, but rather inhibits or stimulates growth in a more subtle 
way that integrates information about environmental conditions and developmental 
state (reviewed in Pierik et al., 2006). The data presented in this chapter demon-
strate that ethylene induces inhibition of the mitotic cell cycle while at the same time 
promoting longitudinal cell expansion in the exact same proximal region of the ab-
axial side of a petiole. This fine-tuning appears to be of great importance during hy-
ponastic petiole movement since the lack of cell division inhibition in 35S::CYCA2;1 
line leads to increased hyponasty. To our knowledge, this is the first study showing 
inhibitory and stimulatory functions of ethylene on two growth-control processes 
simultaneously involved in regulating one response.
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General discussion

Phenotypic plasticity, defined as the ability of an individual genotype to display vari-
ous phenotypes (Bradshaw, 1965), allows all living organisms to effectively adjust 
to dynamic environments. The relatively large morphological plasticity of plants in 
comparison to animals, is related to two major aspects of their development: i) the 
existence of meristems which throughout a plant’s lifetime constantly generate new 
cells and ii) the organization of a basic body plan which consists of reiterating semi-
independent subunits. Paradoxically, the early studies on plant organ movements 
claimed their alleged resemblance to animal behaviour (reviewed in Whippo and 
Hangarter, 2009). Modern plant science focuses on different aspects of this phenom-
enon, namely, the regulatory networks controlling organ repositioning. The occur-
rence of a physical reorientation of an organ or a part of it is the final result of a 
number of events tightly regulated on molecular, physiological and cellular levels. 
The subject of this dissertation is ethylene-induced hyponastic growth in Arabidop-
sis thaliana. Hyponasty consists of an upward organ (in this case – petiole) move-
ment and in natural environments is a part of responses to e.g. neighbour proximity, 
flooding or elevated temperatures. Previous reports have demonstrated that Arabi-
dopsis is an ideal model system in studying the genetic and molecular basis of petiole 
movement (Pierik et al., 2005, Millenaar et al., 2007, 2009). The functionality of this 
response has been recently reviewed in Van Zanten et al. (2010a). An interplay be-
tween several plant hormones – ethylene (ET), abscisic acid (ABA) and auxin during 
hyponastic growth in Rumex palustris and Arabidopsis has been mostly elucidated 
(Cox et al., 2003; Benschop et al., 2007; Millenaar et al., 2007). The aim of the current 
study was to provide new insights into the molecular regulation of ethylene-induced 
hyponasty and link it to the developmental alterations that plants follow to modify 
their phenotypes. The novelties brought about by this project will be further dis-
cussed in light of existing knowledge. This will be done by first addressing upstream 
signalling events in ethylene-induced plasticity, followed by a discussion of the cel-
lular localisation and cell growth processes that contribute to this response. 

UPSTREAM SIGNALLING EVENTS

The research presented in Chapter 5 resulted in an identification of several ERF can-
didates involved in hyponasty. Importantly, our data indicate that their function can 
be both inhibitory and stimulatory to the response, as different candidate lines dis-
play enhanced or decreased petiole angles in ethylene. Furthermore, the expression 
of two potentially positive regulators of hyponasty, ERF95 and ERF112, increases in 
the first hour of ethylene treatment. We did not detect significant mRNA reduction 
of studied ERFs, but this might be due to sensitivity of our technique which could 
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miss out on down-regulation of already low-abundant transcripts. The involvement 
of ERFs in abiotic and biotic stress responses has been previously shown for a vari-
ety of cases, including submergence responses (Xu et al., 2006; Fukao et al., 2008, 
2011), drought and salt stress (Karaba et al., 2007; Trujillo et al., 2008; Abogadallah 
et al., 2011). Hattori et al. (2009) showed that submergence of some deepwater rice 
varieties triggers transcriptional up-regulation of the ERF-encoding SNORKEL genes 
which, via gibberellic acid (GA), induce internode elongation. Recent studies proved 
that the oxygen-sensing mechanism in plants relies on the N-end rule pathway of a 
targeted proteolysis of the group VII ERFs (Licausi et al., 2011, Gibbs et al. 2011). De-
spite their name, not all ERFs are ethylene-inducible and studies show that their in-
volvement ranges from regulation of developmental processes to stress-related re-
sponses such as the ones mentioned above. Similar to our observations, antagonistic 
relationships between closely related ERFs have been previously demonstrated for 
rice. The master regulator of the quiescence strategy during submergence in some 
cultivars of rice, SUBMERGENCE1A-1 (SUB1A-1), confers submergence tolerance. Its 
growth-restricting and energy-reducing role is achieved through limiting mRNA lev-
els of another allele of the same gene, SUB1C which, together with gibberellic acid 
(GA), positively influences internode elongation. Moreover, SUB1A-1 inhibits ethyl-
ene synthesis by a negative feedback mechanism (Fukao et al., 2006, Xu et al., 2006). 
In our study, several ERF over-expression lines exhibited elevated ethylene levels. It 
is likely that similar complex interrelations between ERFs and regulation of endog-
enous ethylene levels are also taking place during hyponastic growth. 
 What are the likely downstream components of ERF action in ethylene-in-
duced hyponasty? The antagonizing relationship between ethylene and abscisic acid 
(ABA) has been reported during submergence-induced hyponasty and petiole elon-
gation in R. palustris (Cox et al., 2004; Benschop et al., 2005). Moreover, internode 
elongation in the deepwater rice requires a decline in ABA levels and up-regulation 
of GA (Hoffmann-Benning and Kende, 1992; Kende et al., 1998) and a negative ef-
fect of ABA in ethylene-induced hyponasty in Arabidopsis has been reported (Ben-
schop et al., 2007). As shown by studies on development of tobacco seedlings, an 
ERF protein, TOMATO STRESS RESPONSIVE FACTOR1 (TSR1), positively regulates 
ABA-related developmental processes. A recent work by Yaish et al., 2010 demon-
strated the interaction between rice AP2-like transcription factor gene, OsAP2-39, 
and ABA. OsAP2-39 binds to the promoter sequence of a key ABA-biosynthesis gene, 
OsNCED-1 (encoding the 9-cis-epoxycarotenoid dioxygenase), indirectly affecting 
seed germination rates and internode development. In Chapter 4 we show that 
brassinosteroids (BRs) play a crucial role in induction of hyponasty and that it is 
likely through their stimulation of cell expansion. Experiments on seed germination 
strongly suggest that ABA inhibits BR outputs and that this interaction is indepen-
dent of the BR receptor complex and acts through primary ABA signalling compo-
nents (Zhang et al., 2009). So far, to our knowledge no direct link between ERFs and 
BRs has been demonstrated, but one cannot exclude an indirect ERF-BR link via ABA 
signalling. 

29 02.indd   82 4-3-2012   20:43:03



83

  

 7

General discussion 

LOCALISED GROWTH

As presented in Chapter 2, the cellular mechanism driving hyponasty depends on 
the longitudinal cell expansion of cells in the proximal region of the abaxial side of 
the petiole. According to our mathematical model, the observed increase in cell size 
is sufficient to drive hyponasty (Fig. 2.2 and 2.6). The cells examined in this study are 
likely to follow expansion-related events since their enlargement is coupled with up-
regulation of the EXPANSIN11 gene which is expected to facilitate cell wall loosening 
(Lee et al., 2001). The presented results are consistent with previous observations 
by Cox et al. (2004) which indicated a similar mechanism in petioles of submerged 
R. palustris. An analogous situation was described for tepals of Tulipa sp. and Crocus 
sp. in which opening and closing of flowers is driven by cell expansion differences 
related to their ad- and/or abaxial identity (Wood, 1953). One logical upstream can-
didate involved in stimulation of cell expansion would be the general growth pro-
moting hormone in above-ground tissues, auxin. Its role in regulating cell expansion 
has been shown for a tremendous number of biological processes (reviewed in Abel 
and Theologis, 2010) including organ movements, such as epinasty in Solanum ly-
copersicum (Keller et al., 1997). Studies on submergence-induced hyponasty in R. 
palustris also demonstrated a clear involvement of auxin (Cox et al., 2004). Previous 
research has shown that the role of auxin in ethylene-induced hyponasty in Ara-
bidopsis remains elusive. The disruption of polar auxin transport (PAT) and use of 
several PAT-related mutants and mutant combinations did not result in an inhibition 
of hyponasty in ethylene (Millenaar et al., 2009; Van Zanten et al., 2009). This led to 
the speculation that it would not be the long-distance PAT but a local auxin activity 
which is required for this type of a differential growth. Although the involvement of 
auxin in ethylene-induced hyponasty is thus still speculative, in this thesis (Chapter 
4) evidence is provided for involvement of yet another hormone, brassinosteroid 
(BR), which shares various molecular targets with auxin (Bao et al., 2004; Nemhaus-
er et al., 2004; Vert et al., 2008). It is especially likely since the mutant line used in 
our study, which is allelic to rot3-1, lacks ethylene-induced cell elongation. ROT3 has 
been previously associated with polar cell expansion in Arabidopsis leaves and peti-
oles, as reported by Tsuge et al. (1996) and Kim et al. (1998, 1999). Based on dose-
response assays on seedling hypocotyls, we suggest that ethylene might sensitize 
the tissue for BR action and, therefore, indirectly stimulate cell expansion. A growth-
stimulating effect of BR during petiole elongation was also shown in response to 
light signals (Kozuka et al., 2010). 
 Another aspect highlighted in this project concerns down-regulation of the 
cell cycle. In Chapter 6, it was demonstrated that the over-expression of CYCA2;1 
leads to enhanced petiole angles in ethylene. It was also shown that, in a wild-type 
situation, ethylene causes an inhibition of the expression of cell cycle-related genes 
and that this reduction is required for regulating the magnitude of hyponastic 
growth. The exact mechanism of this mitotic cycle interplay is not yet known. One 
might speculate that it could be achieved through the interaction between ERFs and  

29 02.indd   83 4-3-2012   20:43:03



Chapter 7

84

components of the cell cycle machinery. Such interactions have been reported by, 
e.g. Ikeda et al. (2006) who showed that ENHANCER OF SHOOT REGENERATION 
2 (ESR2) directly targets CYCLIND1;1 (CYCD1;1), thereby activating cell cycle and 
promoting shoot regeneration. Moreover, an over-expression of an ERF gene, BO-
LITA, reduces cell proliferation possibly through interaction with RETINOBLASTO-
MA-RELATED (RBR) and CYCLIND genes (Marsh-Martinez et al., 2006). Because BRs 
have only been reported to maintain regular cell cycle progression (Miyazawa et al., 
2003; Hacham et al., 2011, Gonzalez-Garcia et al., 2011), their role in this particular 
interaction remains ambiguous. 

CONCLUSIONS and FUTURE PERSPECTIVES

Experiments from the last decade have significantly contributed to our understand-
ing of the mechanisms driving differential petiole growth. The goal of this thesis was 
to advance the knowledge on the molecular regulation of hyponasty and examine 
it from a developmental angle. Not surprisingly, far downstream in the machinery, 
it employs the regulation of cell expansion and mitotic cell cycle, which ultimately 
contribute to the (organ) growth of any living organism. One of the remaining chal-
lenges is to connect all the known players into a fine network of interactions, es-
pecially regarding the upstream ERF regulators. Further research should focus on 
establishing their precise localisation within a petiole and identification of their di-
rect targets. Another interesting question concerns the ethylene-BR interaction and 
whether ethylene only modulates tissue sensitivity to BRs or if it simultaneously 
affects BR biosynthesis. 
 A major question regarding the cellular aspect of hyponasty still remains: 
why a particular group of cells expands and whether similar expansion patterns are 
present in hyponastic responses induced by other stimuli. It could be a matter of 
sensitivity to an inducing signal together with the developmental potential of re-
sponding cells. This point could be experimentally addressed by e.g., a specific and 
localised inhibition of cell expansion and studying responses of the adjacent cells. 
Such precise inhibition could result in two possible outcomes: i) either a complete 
suppression of hyponasty or ii) the maintenance of hyponasty due to neighbouring 
cells adopting the function in driving petiole movement. The dual role of ethylene 
as a growth stimulator and growth inhibitor within the same organ contributes to 
the realisation of subtle processes regulating plant responses to stress. A multidisci-
plinary approach with detailed genetic and molecular analyses will further contrib-
ute to the understanding of plant organ movement phenomena. 
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Fig. S2.1 To reconstruct petiole shape, it was divided into small sections (s). (a) Each section is repre-
sented by an arc. From the ad- and abaxial section length and the petiole diameter, the radius and angle 
of the arc can be calculated (Eq. 1, 2). (b) The arc angle and radius are used to calculate the x and y coor-
dinates at the end of the arc (Eq. 3, 4). (c) These coordinates are rotated (Eq. 6,7) to account for the cu-
mulative angle (Eq. 5) of all previous sections as well as the angle at which the petiole emerges from the 
shoot. (d) The absolute coordinates (Eq. 8, 9) of each section can be used to draw the shape of the petiole.

Chapter 2
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Fig. S2.2 Epidermal cell width of first 3 mm of a 1cm petiole. Data points represent the means ±SE of cell 
width at the adaxial (a) and abaxial (b) side of the petiole after 10h of ethylene and control treatment. As-
terisks indicate significant differences relative to the cell width of control treated petioles (P<0.05); n=5
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(a)
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adaxial

 abaxial

Fig. S2.3 Epidermal cell length of a 5mm petiole. Data points represent the means ±SE of cell lengths at 
the adaxial (a) and abaxial (b) side of the petiole after 10h of ethylene and control treatment. Asterisks 
indicate significant differences relative to the cell lengths of control treated petioles (P<0.05); n=12¬–20.
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Fig. S2.4 Petiole angle of 35S::TUA:GFP line at the start of the experiment, after 6h in control conditions 
and in ethylene (means ±SE). Asterisk indicates significant difference relative to the control treatment 
(P<0.05); n=5.
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Fig. S2.5 Orientation of CMTs in petiole epidermal cells changes upon ethylene treatment. (a) Schematic 
illustration of classes of different CMT orientations that have been scored in this study: transverse to the 
long cell axis (0°), oblique (30°), oblique (60°),  longitudinal (90°) and random. (b) The full coverage of 
different CMT orientation in ethylene and control conditions described in this study. Data points refer to 
the average number (n=3) of areas representing categories of CMT arrangement ± SE. Asterisks indicate 
significant differences (P<0.05) between the frequency in control and ethylene treated plants.
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Fig.  S2.6 The observed petiole shape after air 
treatment is described with a second degree 
polynomial equation (eq. 10).
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Fig. S2.7 For the model, the observed cell lengths are fitted using using Eq.11. The adaxial cell lengths 
were fitted as one dataset, while for the abaxial side the air and ethylene datasets were fitted separately.
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Predicted petiole curvature for the null model
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Fig. S2.8 For the null-hypothesis of no changes in cell division rate, both the predicted petiole curvature 
and the petiole elongation are an overestimate of the observed values.

Methods S2.1 

Calibration of the model

To link observed changes in cell length under ethylene treatment to the observed 
changes in petiole shape, we use the observed petiole shape under air treatment as a 
reference shape. To calculate the ad- and abaxial length of each section, the observed 
petiole shape is described as a second-degree polynomial equation which was fitted 
to match the observed initial and final petiole angle (Fig. S2.6): 

Giving a = -1.27*10-5 µm-1 and b = 0.27. To gage the accuracy of the predicted petiole 
shape, the function was also fitted to the observed petiole shape after ethylene treat-
ment, giving a = 1.30*10-5 µm-1 and b = 0.27.
 By integrating along this curve, the x and y coordinates at the end of each 
200 μm section were determined, and, by inverting equations (1) and (2), the effec-
tive corresponding ad- and abaxial arc length, radius and angle were calculated. In 
the next step, the average number of cells spanning along both the ad- and abaxial 
side of each section was calculated, using the measured cell length data for the air 
treatment. Note that while the arc length along the centre of the petiole is exactly 
200 µm, this is not true for the adaxial and abaxial arc lengths  and  . Consequently, 
the spatial 200 µm intervals over which adaxial and abaxial mean cell length are 
measured do not map directly to the petiole segments  , and therefore a weighted 
contribution has to be used to calculate the average cell length within a segment, 
based upon multiple measurement blocks. Also note that these weighted contri-
butions differ between the adaxial and abaxial side, because both have a different 
build-up of total length along the curve. 

 ( )           (10)      

 

 

                                                                                                                    
(10) 
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Assuming no difference in total cell number and using the measured cell length data, 
the average number of cells per section could then straightforwardly be used to pre-
dict the change in ad- and abaxial section length due to the ethylene treatment, by 
calculating the change in cell length in each segment. Due to the small section size, 
the cell length data is relatively noisy. Since the cumulative angle of a section  de-
pends on the curvature of all previous sections (Eq. 5), this not only can influence 
the local petiole shape but also the overall petiole shape. To prevent strong effects 
on the predicted petiole shape due to irregularities in cell length, we smoothed the 
measured cell lengths by fitting the following function to the data (Fig. S2.7): 

Because at the adaxial side only one significant difference in cell length was found 
between the air and ethylene treatment, both sets of adaxial cell length data were fit-
ted using the same function, giving a=200.14μm, b=113.23μm, c=834.29μm. At the 
abaxial side, however, ethylene treatment caused significantly enhanced cell elonga-
tion, although the differences were mainly found at the proximal part of the petiole. 
This has been captured by fitting the data to two separate functions, but with the 
same maximal cell length, giving a=234.06μm, b=163.60μm, c=572.60μm for the air 
treatment and a=234.06μm, b=152.63μm, c= 426.50μm for the ethylene treatment. 

Predicted petiole shape assuming no differential cell division 

We first assumed that ethylene treatment causes only differential cell elongation, 
with no effect on the cell division rate. The corresponding predicted petiole shape 
is compared with the observed petiole shape after ethylene treatment in Fig. S2.8. 
There are two clear discrepancies between the predicted and observed petiole 
shape. First, the petiole curves much stronger upwards: The predicted final petiole 
angle is 36.9 degrees, compared to the observed 22.0 degrees. Second, the predicted 
petiole elongation due to the ethylene treatment is higher than observed by Mille-
naar et al., 2005. The model predicts a petiole elongation of 2.5 % as opposed to the 
observed 1.8 %. 

Predicted petiole shape assuming reduced abaxial cell division 

From the above analysis we can conclude that abaxial cell elongation is indeed the 
driving force behind hyponastic growth. However, the large discrepancy between 
predicted and observed petiole shape shows that the changes in cell elongation 
alone cannot accurately explain the observed changes in petiole shape. Clearly, the 
model overestimates the total abaxial length of all petiole sections together as de-
rived from the cell length measurements, which gives rise to both an overestimation 
of the hyponastic growth and the petiole elongation. Since the petiole length is a 
function of both cell length and cell number, we therefore conclude that the ethylene 
treatment not only causes enhanced cell elongation, but that this coincides with re-

 ( )     
   

 
  

         (11) 
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duced cell division. To predict the petiole shape taking the reduced cell division into 
account, we reduced the average number of cells per section weighted with respect 
to the observed increase in petiole elongation, i.e. we assumed that, for each sec-
tion, reduced cell division is correlated with cell expansion, and that hence segments 
which present less cell expansion also undergo a smaller reduction in cell division. 
The total reduction in cell division was adjusted to fit the predicted petiole length to 
the observed petiole length after ethylene treatment. This method predicts a reduc-
tion in cell division of up to 17% for the most proximal parts of the petiole, where 
cell elongation is highest. Since we now fit the petiole length to its observed value, 
we can no longer use it as a proxy to gage the accuracy of the model. The petiole 
shape itself, however, is still predicted without using the observed petiole curva-
ture. Fig.2.6 shows that the model now correctly predicts the final petiole shape 
after ethylene treatment. The final predicted angle is 23.1 degrees compared with 
the observed 22.0 degrees. Moreover, the local petiole curvature is also correctly 
predicted, both the upward curvature at the proximal part of the petiole and the 
straightness at the distal part of the petiole match the observations. 
References:
Millenaar FF, Cox MC, van Berkel YE, Welschen RA, Pierik R, Voesenek LA, 
Peeters AJM. 2005. Ethylene-induced differential growth of petioles in Arabidopsis. 
Analyzing natural variation, response kinetics, and regulation. Plant Physiology 137: 
998-1008. 
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Table S3.1. Primer sequences used for the RT-Q-PCR of genes flanking T-DNA inser-
tions. 

Gene Forward primer Reverse primer

At4g36280 GGCGGGAGATTACTTTGTGA AGAATGCCAACGCTCTGAGT

At4g36290 TGGGATCAGAAAATGCATGA TCTCGGAGCCGTATATCCAC

At4g36350 TGGTGATGTGAAACCGAAAA AACGGTGAATGTAGGGCTTG

At4g36360 ACAGAATCGGCAGCAAGAGT CAAAGGCAGAACCTGAAAGC

At4g36370 GCGGTGTCGATGATGACATA GCTCGAGAAAATTTAGACGAAAA

At4g36380 AGATTTCGTCAGCGGAAAGA CCAAAGGGTGTGAAGCAAAT

At4g36390 AGCGCAGAAGTCATTTTCGT CCAACCTCGCGGATTATAGA

At4g36400 ACCCTTTGTTTTCGTCGTTG ACGGATTAGACGCAAACCAC

At4g36410 AGTTCATGGAGTGGCAAACC TTGTCTTTCGGCTTTTGCTT

At4g36420 CGTGTCCAAAATCGTCAATG TTGTTCTTGCTCATGCTCCA

At4g36430 GGCTGCTTCCTTGTTGAGAC ACTACCGGAGAGAGCGACAA
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At2g19990 GACCATTCGGCGAGAATCTA CCCGGAGGATCATAGCTACA

At2g20000 GGGAACACAAATGGCTCAGT CCTCATATGCAGCCCAAAGT

At2g20010 GGGGAAGTTCCTTCCTCAAG ACGGCAGCAGAGTCTTGAAT

At2g20020 TCCTATTCCGTGGCAGAAAC CATGAGCTCTCGTCCTTTCC

At2g20030 CGATCAGAGACCGACAGTGA TCAAGCCCTTGTTTCAATCC

At2g20050 ATCCTCGAGATGCTTGTGCT CATCCAAAGGTGGAAGGAGA

At2g20060 GCCTAAAACCTTCACCACCA TCCAAAAGTGCGAAAAATCC

At2g20070 GATCCGATGTGTCCTGGAGT CAATCAAGCAGTTGGTGGAA

At2g20080 GCCACAGAGAGGTCTTGGAG CTTGGATTCCAGCTCATGGT

At2g20100 TTTGGCAAGACTGACACAGC TTTTGATTGTCCGTCGATGA

At2g20110 TCCACATGGTGGACGAGATA CCAAGCATTTGCAGTTCTCA

At1g60000 GGTGCAAGTGCTGTTCTTGA TCTAGCCCCAACCACATCTC

At1g60010 TCCTTTGCCGGAGAAGAATA TCCCTCACGTAAAACCCAAA

At1g60020 AGAAGCTCCTCAACCGTGAA TGAGTCGCACCACTATCGAG

At1g60030 TCGGTCTTCATGGGCTTATC AAACAGGCACACACCACAAA

At1g60040 ATCTCCATGTTTGGCCTCAG ATCCATTCCCGTGTAAGCTG

At1g60050 ACCCTTCCTCACGAAACCTT TCCAAATGGAGATGGAGAGC

At1g60060 AAATGAGCTCCGGAGAAGGT GGAGAAGCGTTGATGAAAGG

At1g60070 TTGTCACCAACTCGCTGAAG TCCAGCGACGTCATACTCAG

At1g60080 GCTTGGATGGGTTATCTGGA CAGCTCTTGATGGCTGATGA

At1g60090 ACCCAAAGAGCCCAAGATTT TTTGAGCACACCACCAATGT

At1g60095 AAGTGGAAAAGCGTGAGCAT ACTTGACGAATGCGATACCC

Table S3.2. Position coordinates and sequences of paired-reads from Arabidopsis 
and T-DNA genome. (a-b) breakpoint 1 is located on chromosome 4 and has 15 
supporting paired reads (a) Arabidopsis (b) T-DNA. (c-d) breakpoint 2 is located on 
chromosome 2 and has 4 supporting paired reads (c) Arabidopsis (d) T-DNA. (e-f) 
breakpoint 3 is located on chromosome 1 and has 4 supporting paired reads (e) 
Arabidopsis (f) T-DNA. (g) other potential breakpoints with only one supporting 
paired-read.

(a)
 

POS DIR READ

1 17189364 + GGCGTTAATACAAATCGTCCTGCTCTGACAGCCGTCCACTCTGTTTTCTT

2 17189571 + TTAAAATCTCCTCACAAGACAAACATCTAATCTAACGGTCCACAGACGTC

3 17189669 + TGCACATCAATACGTACCACGAGTTTGGCTAGAGCGACGGGGTTGTCACT

4 17189698 + TAGAGCGACGGGGTTGTCACTTAAGAATTTGACAGCCAAGGTCATCGCCG

5 17189714 + TCACTTAAGAATTTGACAGCCAAGGTCATCGCCGTTGGCATTGTTTCCTC

6 17189714 + TCACTTAAGAATTTGACAGCCAAGGTCATCGCCGTTGGCATTGTTTCCTC
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7 17189745 + CCGTTGGCATTGTTTCCTCTCCGGGTATCATCATCTCAACGATCTTTCCG

8 17189858 - GAGGAGAGACAAGTGGCGATGACAACGACGTCTCCGGCAAATGACGTGGG

9 17189938 - TTAGTGTGTAAATACTAGGGTTTAATACTTCAATCATGCAGGCGAAAGAG

10 17189944 - ATTTTGTTAGTGTGTAAATACTAGGGTTTAATACTTCAATCATGCAGGCG

11 17189952 - CTGATTTCATTTTGTTAGTGTGTAAATACTAGGGTTTAATACTTCAATCA

12 17189959 - TCAATATCTGATTTCATTTTGTTAGTGTGTAAATACTAGGGTTTAATACT

13 17189993 - AAGGTAAAATATTTCCTTATAATACATGAGCATATCAATATCTGATTTCA

14 17190041 - ATTTGTATCCCCATCAAATTCCCTGGCACTAGACTCTACAAATCCTTAAA

15 17190107 - AGCACATCTCCTGGTGAAGATATGAACATTCTCAAACTTGAGTTCGAAGA

(b)
 

POS DIR READ

1 7753 - GGTAATTACTCTTTCTTTTCCTCCATATTGACCATCATACTCATTGCTGA

2 7863 - CTTGCTTTCGCCTATAAATACGACGGATCGTACTTTTCCGTTTTATCAAA

3 7727 - ATTGACCATCATACTCATTGCTGATCCATGTAGATTTCCCGGACATGAAG

4 7781 - ATCTACATTTTTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCCT

5 7771 - TTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCCTCCATATTGAC

6 7778 - TACATTTCTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCCTCCA

7 7786 - CGGACATCTACATTTTTGAATTGAAAAAAAAATTGTAAATAATTTTTTCT

8 8071 - GTGACGACAAATCGTTGGGCGGGTCCAGGGCGAATTTTGAGACAACATGT

9 8028 - AACATGTCGAGGCTCAGCAGGACCTGCAGGCATGCAAGCTTATCGATATC

10 7746 - ACTCTTTCTTTTCCTCCATATTGACCATCATACTCATTGCTGATCCATGT

11 7762 - AAAAAAATTGGTAATTACTCTTTCTTTTCCTCCATATTGACCATCATACT

12 7768 - AATTGAAAAAAAATTGGTAATTACTCTTTCTTTTCCTCCATATTGACCAT

13 7936 - TCATCTAAGCCCCCATTTGGACGTGAATGTAGACACGTCGAAATAAAGAT

14 7894 - ATAAAGATTTCCGAATTAGAATAATTTGTTTATTGCTTTCGCCTATAAAT

15 7850 - ATAAATACGACGGATCGTAATTTGTCGTTTTATCAAAATGTACTTTCATT

(c)
 

POS DIR READ

1 8650997 + TGAGCAAATTTTCTTTATCTTTCAAATGCACGAGCCCAATCTCACTACAG

2 8651019 + CAAATGCACGAGCCCAATCTCACTACAGTCTGTTGTACTCAAGCATGTTG

3 8651461 - TATGACAATCTTGAAATCGGAACAGAAGTCTCCATAGACAAGCATGAAGG

4 8651477 - TGGAATCACTAACGAGTATGACAATCTTGAAATCGGAACAGAAGTCTCCA

(d)

 POS DIR READ

1 4225 + AGCAAGTGGATTGATGTGATATCTAGATCCGAAACTATCAGTGTTTGAAT

2 4228 + AAGTGGATTGATGTGATATCTAGATCCGAAACTATCAGTGTTTGAATGGT
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3 4216 + CGTCTTCAAAGCAAGTGGATTGATGTGATATCTAGATCCGAAACTATCAG

4 4224 + AAGCAAGCGGATTGATGTGATATCTAGATCCGAAACTATCAGTGTTTGAA

(e)
 

POS DIR READ

1 7764 - GAAAAAAAATTGGTAATTACTCTTTCTTTTCCTCCATATTGACCATCATA

2 8081 - AACCTTGACAGTGACGACAAATCGTTGGGCGGGTCCAGGGCGAATTTTGC

(f)

POS DIR READ

1 22137215 + ATTAATGAAGTCTAATTCATTTCTTAAGTTAATTTTTAAAAATATTAAAC

2 22137338 + TATTCTCCAAAATCATTAAAGATGAATTTAAAGTCGCAAATCACATTACG

(g)

Chr1 17678800 - GAGTCAGAATTACCTTTCAAGGATAAGTATCAGTCATTAGTGCCACACTA

TDNA 2611 + CTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCTG

Chr1 29052364 - TCACTACCGTCTTTACCCTGAAATTTATTTTATGAAGTATACGCTAATCA

TDNA 9031 + GGAGCCCAGTCCCGTCCGCTGGTGGCGGGGGGAGACGCTCACGGTTGACT

Chr2 3261127 - GAGTCGATCCCGACTTGGGAAGCAAGGGTCTCGGAGTTCAGGAAGCAGTT

TDNA 1497 - TGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAA

Chr2 12247295 + ACCAGAGTCGTCTCATAAACGCTACTGCCATTTTAGAAGATCTAATCTTG

TDNA 9921 + AAATGCCAATTTCTCAGACCTACCTCGGCTCTGCGAAGGCCCCCGCTGGT

Chr3 1877464 - ATATTAGCCTAATATATACACAAAATATTCGATTTATGATGAAATTTGNA

TDNA 9734 - GAGTCAGTTTTTATTTTTCTACTACTTTGGTCGTTTATTTCGGCGTGTAG

Chr5 16110755 - TTTCTGGGTTTTTTCTAATTCTTCCATTTTCGTAGATATTTTGTGGGTTT

TDNA 9973 - CCTTCTCGTTGAGGTCGGTCGCGCCATGTCGGATGAAATAAAAACTTTTG

Chr5 23194947 + CTCAAAACTCCCATTGTCGAGAACCTGCAGGTTACTGTTATAAACTTTCT

TDNA 8520 + TTCAGCACAATATATTGTTTTCATTTTAATATTGTACATATAAGTAGTAG

Table S4.1 Primer sequences used for RT-Q-PCR.

Gene Forward primer Reverse primer

BR6OX CCCAACCATGATGAAAGACC TCTCAAGATCATCCCAACCAC

ROT3 AGATTTCGTCAGCGGAAAGA CCAAAGGGTGTGAAGCAAAT

β-TUB-6 ATAGCTCCCCGAGGTCTCTC TCCATCTCGTCCATTCCTTC

Chapter 4
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Table S5.1 Primer sequences used for the RT-Q-PCR.

Gene Forward primer Reverse primer

ERF95 (At3g23220) GGAGATTCGCGACTCAGCTA CCTCTATATCCCGACGACGA

ERF112 (At2g33710) ATTCCAGTGCCAACTTGTCC GCGCCTAAAATGATCAAAGC

ROT3 (At4g36380) AGATTTCGTCAGCGGAAAGA CCAAAGGGTGTGAAGCAAAT

β-TUB-6 (At5g12250) ATAGCTCCCCGAGGTCTCTC TCCATCTCGTCCATTCCTTC

Supporting figures
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Fig. S6.1. Extrapolated petiole shape. The measured initial and final petiole angles were used to extrapo-
late petiole shape using the function: f(x)=ax2+bx.
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Fig. S6.2. Extrapolated cell length. The cell length data was used to describe the cell length along the 
petiole with the function: f(x) = a-b/(1+(x2/c2)). Abaxial cell lengths were fitted concurrently; adaxial cell 
lengths were fitted separately but with the same maximal cell length.

Fig. S6.3. Quantitative RT-Q-PCR analysis of CYCA2;1 expression in four independent 35S::CYCA2;1 trans-
formants and SEE1-1D. Expression levels were assayed in homozygous plants (gray bars) (n≥4 ±SE). 
Transgenic line Hmz B was further characterized and is referred to as 35S::CYCA2;1.
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Fig S6.4. (a) Schematic illustration of CMT orientation types. (b-c) Orientation of CMTs in petiole epi-
dermal cells upon ethylene treatment at the (a) adaxial and (b) abaxial side of a petiole. Data points 
refer to the average number (n = 3) of areas representing categories of CMT arrangement ± SE. Asterisks 
indicate significant differences (P < 0.05) between the frequency in control and ethylene treated plants.

Supporting tables

 
Gene/AGI code Forward primer Reverse primer

At5g12250 ATAGCTCCCCGAGGTCTCTC TCCATCTCGTCCATTCCTTC

At5g25350 CTTTCACGGTGTCCTGGAAT GTGGGCAGCTCCTGATAGAG

At5g25360 AAGCCAAGCGTATCAGAGGA CAGAGGTTCAATCCGTGGTT

At5g25370 ATTCAATTTATGCGGCAAGG CGGTGTAGACGTGGAAGGAT

At5g25380-a ATCAGTTCCCACCACCAAAA CCGCGAAATAGTTGGCTAAG

At5g25380-b AGCGTGTTGCTAGACCGAGT TTCTTTACCACCTCGCTTGC

At5g25390 GGGTCAAAAACGAGTCCAAA CGCCATTTGATCATCTTCCT

At5g25400 CCTTGGATTGTCGTGGAGTT CAGAGGTTTTCCCAACCAAA

At5g25410 TGGAGACCCAAAGGAATCAG TTGGCAAATGTCAAACTCCA

At5g25415 CATGAACCAGAGACCAGCAA GAAGGATCTGAGAGGCAACG
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At5g25420 TGATCGCTTCGGCTTCTTAT AGCAATCGACAGAGGGCTTA

At5g25430 CCTATGGCCGGGATATTTTT CCGCGTCGTAGAATTCATCT

CYCA2;2/At5g11300 TGTATGTGTTGGCCGTAATG TGGTGTCTCTTGCATGCTTA

CYCA2;3/At1g15570 CTCTATGCCCCTGAAATCCA ACCTCCACAAGCAATCAAC

CYCA2;4/At1g80370 CAAAGCCTCCGATCTCAAAG CTTGTCCGGTAGCTCTCCAG

HISTONE H4/
At2g28740

CCAAGCCTGCGATCCGAAGATTGGC CGCTACCGCAAACTGAACGCCAAACCC

CYCA1;1/At1g44110 CGATGACGAAGAAACGAGCA TGGCATTAACGCAAACACTTG

CYCD3;1/At4g34160 GCCACCGTCTCCTCCTCTCTGTAAT GCCCATGGCAGATGCAAAATCGGCT

CYCA2;1/At5g23580 CGCTTCAGCGGTTTTCTTAG ATCCTCCATTGCAAGTACCG

ILP1/At1g17210 AGCTTGCCAAGAAGGCATTG TCATCAACGACGCAGTCAGA

CYCB1;1/At1g16330 CGAGACGCCCCCACTACTTAGACTT CGGGTTTAGCTCGAATCGGACATGC

Table S6.2. Parameters used to profile cell division rates.

 Length Thickness Initial 
angle 

Final 
angle 

Petiole shape Cell length - adaxial  Cell length - abaxial 
f(x)= 𝑎𝑎 2 + 𝑏𝑏 𝑥𝑥 𝑔𝑔 𝑥𝑥 = 𝑎𝑎

𝑏𝑏

+ 𝑥𝑥
𝑐𝑐

 

a b a b c a b c 
Col-0 start 10000 

µm 
700 µm 15.7 ° 12.0 ° -6.5 * 

10-6 
0.27 201.3 117.6 870.3 233.3 187.8 694.0 

Col-0 10 h 
control 

- 700 µm 15.7 ° 8.2 ° 
 

-1.2 * 
10-5 

0.27 201.3 117.6 870.3 233.3 174.4 598.4 

Col-0 10 h 
ethylene 

- 700 µm 15.7 ° 22.7 ° 1.1 * 
10-6 

0.27 201.3 117.6 870.3 233.3 167.1 439.7 

35S::CYCA2;1 
start 

10000 
µm 

700 µm 15.7 ° 21.2 ° 9.7 * 
10-6 

0.27 229.6 193.5 915.4 194.3 156.7 435.1 

35S::CYCA2;1 
10 h control 

- 700 µm 15.7 ° 14.2 ° -2.5 * 
10-6 

0.27 229.6 193.5 915.4 194.3 164.0 300.1 

35S::CYCA2;1 
10 h 
ethylene 

- 700 µm 15.7 ° 40.3 ° 4.4 * 
10-5 

0.27 229.6 193.5 915.4 194.3 176.2 241.3 
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SAMENVATTING IN HET NEDERLANDS

(Summary in Dutch)

Fenotypische plasticiteit, dat wil zeggen het vermogen van een individueel geno-
type om verschillende fenotypes aan te nemen, stelt levende organismen in staat om 
zich effectief aan te passen aan hun dynamische omgeving. De relatief sterk feno-
typische plasticiteit van planten ten opzichte van dieren, heeft te maken met twee 
aspecten van hun ontwikkeling: i) de aanwezigheid van meristemen die een plant in 
staat stellen constant nieuwe cellen aan te maken, en ii) de opbouw van planten die 
bestaat uit zich herhalende eenheden. Desondanks benadrukten de vroegste stud-
ies naar plantbewegingen voornamelijk de ogenschijnlijke gelijkenis met dierlijk 
gedrag. De moderne plantenwetenschap richt zich echter voornamelijk op de regu-
latienetwerken die ten grondslag liggen aan levensprocessen, zo ook aan bewegin-
gen van plantenorganen. De fysieke heroriëntatie van, delen van, plantenorganen is 
het gevolg van een scala aan regulatiestappen op moleculair, fysiologisch en cellulair 
niveau. Het onderwerp van dit proefschrift is ethyleen-geïnduceerde hyponastische 
groei in Arabidopsis thaliana (zandraket).
 Hyponastische groei is een opwaartse beweging van een orgaan (in dit geval 
een petiool ofwel bladsteel) waardoor bladeren in een meer verticale positie komen 
te staan. Verschillende, veelal stressvolle, omgevingsvariabelen kunnen hyponast-
ische groei veroorzaken. Onderzoek aan semi-aquatische plantensoorten heeft laten 
zien dat planten door een combinatie van hyponastische groei en verhoogde pet-
ioolstrekking, bladeren aan een overstroming kunnen ontsnappen. Bodemoverstro-
ming, alsmede volledige overstroming bëinvloeden de bladhoeken in verschillende 
soorten zoals Rumex palustris, Leontodon taraxoides, Paspalum dilatatum or Rorippa 
sylvestris. Ofschoon vroegere studies zich vooral richtten op soorten die van nature 
voorkomen in frequent overstroomde gebieden, laten recente experimenten zien 
dat het bestuderen van hyponastie in Arabidopsis thaliana van grote waarde kan zijn 
in het ontrafelen van de mechanismen van overstromingsgeïnduceerde hyponastie. 
Het gasvormige plantenhormoon ethyleen vervult een centrale functie in het com-
plexe regulatienetwerk van hyponastie. De diffusie van dit gas  vanuit de plant naar 
buiten wordt ernstig beperkt onder water, waardoor het zich in overstroomde plant-
en passief ophoopt tot hoge concentraties. Deze ethyleenophoping is cruciaal voor 
hyponastie en voor niet-differentiële, lineaire strekking van petiolen en internodiën. 
Hyponastie wordt gestimuleerd door twee andere plantenhormonen auxine (indol 
azijnzuur, IAA) en gibberelline zuur (GA), die worden geactiveerd door ethyleen. Een 
vierde hormoon, abscisine zuur (ABA) remt juist hyponastie en wordt door hoge 
ethyleen concentraties afgebroken en verminderd aangemaakt. Als gevolg van deze 
ABA daling kan GA juist in concentratie toenemen en stimuleert vervolgens de hy-
ponastie. De hoogste snelheid van opwaartse bladbeweging correspondeert met een 
toegenomen zijwaartse verdeling van IAA in de petiolen. Deze hormonen werken 
ook tijdens niet-differentiële ethyleen-geïnduceerde petioolstrekking, maar deze 
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twee processen zijn niet direct gekoppeld via hormoonregulatie.
 Een tweede omgevingsfactor die hyponastie veroorzaakt in plantensoorten 
zoals R. palustris en A. thaliana is beschaduwing. Wanneer planten in dichte veg-
etatie elkaar beschaduwen is petiool hyponastie een succesvolle strategie om aan 
de schaduw te ontsnappen. De ontdekking van de rood:verrood (R:FR) ratio als 
het primaire signaal om nabije vegetatie op te merken, zelfs al voordat er werkelijk 
beschaduwing plaatsvindt,  en daarop te reageren met schaduw mijdende reacties 
(shade avoidance responses) is uitgebreid bestudeerd. Fotoreceptor eiwitten (fy-
tochromen) nemen het licht waar. De fytochromen zijn specifiek gevoelig voor de 
R:FR ratio, terwijl cryptochromen en fototropines blauw licht waarnemen. In dichte 
vegetaties van Nicotiana tabacum is aangetoond dat ook het waarnemen van het 
gasvormige plantenhormoon ethyleen een belangrijke rol speelt in de competitie 
om licht. Ethyleen concentraties in de atmosfeer binnen deze vegetaties waren vier 
keer verhoogd ten opzichte van normaal en ethyleen-ongevoelige planten bleken 
vertraagde shade avoidance reacties te vertonen vergeleken met controle planten. 
Auxine and auxine transport spelen eveneens een zeer belangrijke rol in deze shade 
avoidance reacties, waarbij auxine veelal synergistisch met brassinosteroïden (BRs) 
werkt. Regulatie van DELLA eiwitten door GA draagt ook bij aan shade avoidance 
reacties en deze regulatie lijkt onafhankelijk te zijn van auxine en ethyleen.  Eerdere 
studies hebben aangetoond dat licht perceptie sterk interacteert met de waarnemi-
ng van temperatuur , waarbij plantenhormonen en transcriptionele regulatoren de 
knooppunten van deze interacties vormen. Hoge temperatuur en schaduw leveren 
vergelijkbare reacties op, zoals hypocotylstrekking en versnelde bloei. Hogere tem-
peraturen leiden ook tot hyponastie, waarbij ethyleen een negatieve regulator is. 
De bladhoek blijkt sterk gecorreleerd te zijn aan de bladtemperatuur en verhoogde 
bladhoeken beïnvloeden de koelcapaciteit van de bladeren.
 Zoals eerder genoemd is ethyleen van de belangrijke regulatoren van hy-
ponastische groei in reactie op veranderende omgevingscondities en toediening 
van ethyleen zelf kan de reacties nabootsen van planten die onder water staan of 
beschaduwd worden. Ethyleen-geïnduceerde hyponastie is derhalve een bruikbaar 
systeem om het regulatienetwerk te onderzoeken dat deze veranderingen in de 
ontwikkeling van petiolen reguleert. Het doel van deze studie was om inzicht verkri-
jgen in de moleculaire regulatie van ethyleen-geïnduceerde hyponastie in A. thali-
ana, en deze inzichten te verbinden de aanpassingen in de ontwikkeling van planten 
om zo hun fenotype aan te passen. In hoofdstuk 2 worden de morfologische aan-
passingen tijdens hyponastie beschrijven. Op basis van een gedetailleerde analyse 
van epidermis cellen tijdens een behandeling met ethyleen wordt aangetoond dat 
longitudinale cel expansie optreedt in een specifieke zone van cellen aan de abax-
iale zijde van de petiool. In deze zone treedt ook voornamelijk transverse oriëntatie 
op van microtubuli (CMT: cortical microtubules), hetgeen longitudinale cel expan-
sie faciliteert. Op basis van cellengte data is een mathematisch model opgesteld dat 
nauwkeurig de gevonden hyponastie voorspelt. De daarop volgende hoofdstukken 
maken gebruik van genetische selectieprocedures (screen) op basis van twee trans-
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gene populaties. Het methodische hoofdstuk 3 beschrijft een nieuwe DNA basevol-
gorde analyse techniek (Ilumina sequencing) om de locatie van T-DNA inserties op 
het chromosoom terug te vinden in een zogenaamde activation-tagging populatie. 
Deze identificatie kan namelijk problematisch zijn met conventionele methodes. In 
de activation-tagging screen werden vier kandidaat lijnen geselecteerd met afwijk-
ende petioolhoeken in controle-, ethyleen- en/of laag licht condities. Het genomische 
DNA van deze vier lijnen werd gemengd en met behulp van Illumina sequencing 
kon van drie van de vier lijnen de precieze locatie van de T-DNA insertie worden 
vastgesteld. Een van de kandidaten vertoonde een verlaagde petioolhoek onder alle 
condities, werd ddd1 genoemd, en in meer detail bestudeerd in hoofdstuk 4. Het 
fenotype van ddd1 correspondeert met een T-DNA insertie in de intragene regio 
van het ROTUNDIFOLIA3 (ROT3) gen, hetgeen codeert voor een enzym in de bio-
synthese van BRs. De observatie dat de typische ethyleen-geïnduceerde lokale cel 
expansie niet optreedt in ddd1, leidde vervolgens tot de hypothese dat er een inter-
actie is tussen ethyleen, BRs en cel expansie.  Dit werd aangetoond doordat planten 
met geremde BR biosynthese een verminderde hyponastische groei vertoonden. Te-
vens werden duidelijk effecten van ethyleen op de transcriptie van BR-gerelateerde 
genen gevonden. Geconcludeerd wordt dat BRs een belangrijke rol spelen in de lon-
gitudinale cel expansie in de abaxiale zone van petiolen tijdens het optreden van hy-
ponastie. Hoofdstuk 5 beschrijft de invloed van Ethyleen Respons Factoren (ERFs) 
op hyponastische groei. ERFs zijn onderdeel van een grote familie van transcripti-
efactoren die betrokken zijn bij veel verschillende biologische processen. ERFs reg-
uleren reacties op biotische (bijvoorbeeld pathogenen)  en abiotische (bijvoorbeeld 
droogte, zout en overstroming) stressen. Met behulp van een zgn. forward genetic 
screen werden kandidaat ERFs gezocht die een rol van betekenis spelen tijdens 
ethyleen-geïnduceerde hyponastie. Van de subset van kandidaat ERF genen die tot 
overexpressie gebracht waren werd vervolgens de ethyleenproductie gemeten en 
de expressie van verschillende ERF genen in ethyleen behandelde controleplanten 
werd onderzocht. Op basis van deze data kunnen vervolgstudies worden opgezet 
om de precieze rol van ERFs bij de regulatie van ethyleen-geïnduceerde hyponas-
tie te onderzoeken. Hoofdstuk 6 beschrijft de rol van de cel cyclus gedurende de 
regulatie van hyponastie. Overexpressie van het cel cyclus gen CYCLINA2;1 stimu-
leert hyponastische groei. Verdere studies aan de cel cyclus laten zien dat ethyleen 
de transcriptie van cel cyclus genen reguleert aan de adaxiale zijde van de petiool, 
waardoor celdeling wordt geremd. Gecombineerd met resultaten uit hoofdstuk 2 
laten deze bevindingen zien dat ethyleen een duale functie vervult in de regulatie 
van hyponastie: het stimuleert cel expansie aan de abaxiale zijde en remt celdeling 
aan adaxiale zijde.
Dit proefschrift heeft tot doel om de moleculaire regulatie van hyponastische groei 
verder op te helderen. Vervolgonderzoek zou zich kunnen richten op het vaststellen 
van de exacte rol en localisatie van ERFs in de petiool alsmede het vinden van de di-
recte doelgenen/doeleiwitten. Verder staat de vraag nog open of ethyleen BRs regu-
leert op het niveau van biosynthese of uitsluitend op het niveau van gevoeligheid. 
Een laatste, maar zeer belangrijke vraag die beantwoord moet worden is waarom 
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een specifieke groep cellen t.o.v. de overige cellen, versneld groeit in ethyleen en of 
vergelijkbare patronen optreden wanneer hyponastie wordt geïnduceerd door een 
ander signaal dan ethyleen.
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