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Abstract Upward leaf movement (hyponastic growth) is

adopted by several plant species including Arabidopsis

thaliana, as a mechanism to escape adverse growth con-

ditions. Among the signals that trigger hyponastic growth

are, the gaseous hormone ethylene, low light intensities,

and supra-optimal temperatures (heat). Recent studies

indicated that the defence-related phytohormones jasmonic

acid (JA) and salicylic acid (SA) synthesized by the plant

upon biotic infestation repress low light-induced hypo-

nastic growth. The hyponastic growth response induced by

high temperature (heat) treatment and upon application of

the gaseous hormone ethylene is highly similar to the

response induced by low light. To test if these environ-

mental signals induce hyponastic growth via parallel

pathways or converge downstream, we studied here the

roles of Methyl-JA (MeJA) and SA on ethylene- and heat-

induced hyponastic growth. For this, we used a time-lapse

camera setup. Our study includes pharmacological appli-

cation of MeJA and SA and biological infestation using the

JA-inducing caterpillar Pieris rapae as well as mutants

lacking JA or SA signalling components. The data dem-

onstrate that MeJA is a positive, and SA, a negative reg-

ulator of ethylene-induced hyponastic growth and that both

hormones repress the response to heat. Taking previous

studies into account, we conclude that SA is the first among

many tested components which is repressing hyponastic

growth under all tested inductive environmental stimuli.

However, since MeJA is a positive regulator of ethylene-

induced hyponastic growth and is inhibiting low light- and

heat-induced leaf movement, we conclude that defence

hormones control hyponastic growth by affecting stimulus-

specific signalling pathways.
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npr1-1 Non-expresser of PR genes 1 mutant

coi1-1 Coronatine insensitive1-1 mutant

Introduction

Upward leaf movement (hyponastic growth), driven by dif-

ferential cell elongation in the petiole is a mechanism

exploited by several plant species to outgrow growth ham-

pering environmental conditions (Voesenek et al. 2006; van

Zanten et al. 2010a; Polko et al. 2011). Recent studies have

indicated that in Arabidopsis thaliana hyponastic growth is

induced upon exposure to ethylene (Millenaar et al. 2005,

2009; van Zanten et al. 2010a, b), low light conditions

(Millenaar et al. 2005, 2009; Mullen et al. 2006; Ritsema

et al. 2010) and high temperatures (heat) (Koini et al. 2009;

van Zanten et al. 2009a; Vasseur et al. 2011). All these sig-

nals induce hyponastic growth within 1 h and the kinetics of

the response to these signals are remarkably similar.

Therefore, it was proposed that these three parallel signalling

pathways may merge downstream and operate a shared set of

functional hyponastic growth-associated genetic compo-

nents (van Zanten et al. 2010a). Yet, among all hormonal

interactions and genetic components that so far have been

described to control hyponastic leaf movements in Arabid-

opsis, only gibberellin was shown to be a synonymous

(positive) controller of the response to all treatments (Peña-

Castro et al. 2011). For example, mutant and pharmacolog-

ical analyses have shown that low light-induced hyponastic

growth is independent of ethylene action, whereas heat-

induced hyponastic growth is inhibited by this gaseous

hormone (van Zanten et al. 2009a). Auxin and polar auxin

transport do not seem to play a direct role in ethylene-

induced hyponastic growth (van Zanten et al. 2009b), but are

required for the response induced by low light and elevated

temperatures (Millenaar et al. 2005; Koini et al. 2009; van

Zanten et al. 2009a). Abscisic acid (ABA) antagonizes eth-

ylene-induced hyponastic growth (Benschop et al. 2007) and

is a positive regulator of heat-induced hyponastic growth

(van Zanten et al. 2009a).

Recently, we demonstrated that the phytohormones,

methyl jasmonic acid (MeJA) and salicylic acid (SA), that

direct induced defence against various biotic attackers in

plants (Glazebrook 2005) are negative regulators of hyp-

onastic growth induced by low light intensities (Ritsema

et al. 2010). This interaction between light signalling and

defence hormones was predicted using kinase substrate

peptide-containing PepChip arrays.

Since the kinetics and amplitude of the hyponastic growth

response induced by ethylene, low light and heat are highly

similar and the signal cascades may merge downstream, we

tested if MeJA and SA repress hyponastic growth induced by

ethylene and heat in a similar way as in low light-induced

hyponastic growth (Ritsema et al. 2010). Our results, how-

ever, demonstrate that MeJA is a positive, and SA, a negative

regulator of ethylene driven hyponastic growth in a dose-

dependent manner. Both hormones repress the response to

heat treatment. Our data suggest complex cross talk between

the biotic and abiotic environment at multiple levels in the

signal transduction towards hyponastic growth. Because

MeJA has a positive effect on ethylene-induced hyponastic

growth and is inhibiting low light- and heat-induced hypo-

nastic growth, we conclude that defence hormones at least

partly affect different signalling components/pathways

towards induction of hyponastic growth and that the specific

role the defence-related hormones play in the control of leaf

movement thus depends on the hyponastic growth-inducing

stimulus. Nevertheless, SA is the first identified component

which represses hyponastic growth under all tested inducing

environmental stimuli (i.e. ethylene, low light and heat).

Materials and methods

Plant material and growth conditions

Arabidopsis thaliana L. Col-0 (N1092) and Col-5 (N1644)

seeds were obtained from the Nottingham Arabidopsis

Stock Centre. Npr1-1 is described in Cao et al. (1994),

coi1-1 is from Feys et al. (1994) and is in the Col-gl with

gl1 marker genetic background (alias Col-5). Before pot-

ting, the seeds were stratified in the dark at 4�C for 4 days

to synchronize germination. Because coi1-1 is male-sterile,

this line was propagated in a heterozygous state. Mutant

coi1-1 plants were grown on � Murashige and Skoog

medium containing 1% sucrose and 0.01 mM MeJA before

use, and JA resistant plants were selected and transplanted

to the soil mixture based on their root phenotype.

Plants were grown on a fertilized mixture of pot-soil and

perlite (1:2 v/v) as described previously by Millenaar et al.

(2005) in 20�C, 70% (v/v) relative humidity, 200 lmol

m-2 s-1 photosynthetic active radiation (PAR), 9 h short-

day photoperiod. Plants were automatically saturated with

water each day, at the start of the photoperiod.

Treatments

Plants in developmental stage 1.10–1.12, according to

Boyes et al. (2001) were used for all the experiments.

Plants subjected to JA and SA treatment were withheld

from water 3 days prior to the experiment and were

transferred to the experimental setup 1 day before the

experiment started to allow acclimatization. Treatments

started (t = 0) 1.5 h after the start of the photoperiod to

minimize diurnal and/or circadian effects.
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Ethylene was applied in continuous flow-through. In the

camera setup, plants were positioned in glass cuvettes

containing one plant each, as described in Millenaar et al.

(2005, 2009) and Benschop et al. (2007). For the dose–

response measurements, plants were placed in a Microclima

1750 growth cabinet (Snijders Scientific, Tilburg, The

Netherlands).

Ethylene (Hoek Loos, Amsterdam, The Netherlands)

and air [70% (v/v) relative humidity] were mixed using

flow meters to generate a concentration of 5 ll l-1 (camera

setup) and 1.5 ll l-1 (dose–response experiments) which

are saturating for the hyponastic response (Polko et al.

2011). The ethylene concentration was checked regularly

on a gas chromatograph (GC955, Synspec, Groningen, The

Netherlands) and remained constant for the duration of

the experiment. Control plants were flushed with air [70%

(v/v) relative humidity] at the same flow rate. Heat treat-

ment consisted of a sudden temperature increase, from

20�C (control) to 38�C. This was accomplished by

adjusting the programme of the used growth cabinet.

MeJA (Serva, Heidelberg, Germany) was dissolved in

ethanol and subsequently diluted in water (milliQ) to the

required concentration. SA (Duchefa, Haarlem, The

Netherlands) was dissolved in water and ethanol was added

to the SA solution to allow direct comparison with MeJA

experiments. Mock solutions only contained ethanol. The

standard mock solution, 100 lM MeJA and 1 mM all

contained 1 % ethanol. All solutions were added to the soil

until saturation 1 hour prior to the start of the experiment

(0.5 h after start of the photoperiod).

Pieris rapae larvae were raised essentially as described

in De Vos et al. (2005). Three first-instar larvae were

applied to each plant, 20 h before the start of the treatment

with a small paintbrush. The control solution for the P. rapae

experiments was MilliQ purified water.

Computerized image analysis of angle kinetics

and calculations

Plants used for dose–response experiments were manually

photographed from the side. Angles were measured using

the freeware algorithm; ImageJ (http://rsb.info.nih.gov/ij).

For all replicate plants, two representative petioles were

measured and the values were averaged before subjection

to further analysis. At least 12 plants (24 petioles) were

used for each tested hormone concentration.

Angle kinetics experiments were conducted using an

automated time-lapse camera setup as described in Mil-

lenaar et al. (2005). Per treatment and data point, 12–28

petioles of 6–18 individually grown plants have been

measured, derived from at least two independently grown

batches. Plants were placed individually in glass cuvettes

with the petiole of study perpendicular to the axis of the

camera. Petioles were marked at the petiole/lamina junc-

tion with orange paint (Decofin Universal, Apeldoorn, The

Netherlands). These preparations did not influence the

response of the petiole (data not shown). The light regime

in the cuvettes was kept the same as during the growth

period. Pictures of two petioles per plant were taken every

10 min. To enable continuous photography, no dark period

was included in the 24 h experimental period. Angles were

measured between the orange painted point at the petiole/

lamina junction and a fixed basal point of the petiole and

compared to the horizontal, by using KS400 (Version 3.0)

software package (Carl Zeiss Vision, Hallbergmoos, Ger-

many) and a customized macro. Pair wise subtraction was

performed to take into account, the circadian and/or diurnal

variations in petiole angle during the course of the exper-

iments. For this, we calculated the difference between the

angles of treated and control plants for each time point

(Benschop et al. 2007). Calculation of the new standard

error for the differential response was performed by taking

the squared root from the summation of the two squared

standard errors.

Results

MeJA and SA have opposing, dose-dependent effects

on ethylene-induced hyponastic growth and repress

heat-induced hyponastic growth

Our previous study indicated that MeJA and SA repress

hyponastic growth induced by low light intensity and that

the combination of these treatments (MeJA/SA) led to the

abolishment of this leaf movement response (Ritsema et al.

2010). To allow the study of the effects of MeJA and SA on

hyponastic growth induced by ethylene, we first applied

different concentrations of MeJA and SA to A. thaliana

accession Columbia-0 (Col-0) and monitored the hypo-

nastic growth response after 9 h of ethylene treatment. In

the absence of MeJA or SA pre-treatment, ethylene

induced a leaf movement response of *12� (Fig. 1). MeJA

enhanced the response to ethylene in a dose–response

manner, reaching a maximum angle difference of *30� in

the range *100–175 mM JA. Higher concentrations

([175 mM) led to a repression of the stimulating effect

(Fig. 1a). In contrast, SA pre-treatment led to inhibition of

ethylene-induced hyponastic growth at all concentrations

and the response saturated at 1 mM SA (Fig. 1b).

To avoid detrimental effects of high MeJA concentra-

tions, we used 100 mM for the subsequent experiments in

which the kinetics of the leaf movement was measured

using a time-lapse camera setup. These experiments

confirmed that pre-treatment with MeJA led to a strongly

enhanced ethylene-induced hyponastic growth response,
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starting approximately 4 h after ethylene treatment and

lasting throughout the experimental period (Fig. 2a).

Similar results were obtained when plants were infested

with caterpillars of the JA-inducing herbivore P. rapae

(Fig. 2b). The specificity of the hormonal action was

tested with the aid of specific mutants. MeJA was unable

to affect ethylene-induced hyponastic growth in the

JA-insensitive coronatine insensitive1-1 (coi1-1) receptor

mutant (Fig. 2c, in the Col-gl/Col-5 genetic background).

This shows that intact JA signalling is required for MeJA

effects on hyponastic growth, but that the sensitivity for

ethylene is not altered in this mutant. In contrast, the SA-

insensitive mutant non-expresser of PR genes 1 (npr1-1)

showed an enhanced ethylene-induced hyponastic growth

response upon MeJA pre-treatment, similar as in wild

type (Fig. 2d).

An opposite specificity was found for SA. Pre-treatment

with 1 mM SA suppressed ethylene-induced hyponastic

growth in Col-0 (Fig. 2e). Similar to MeJA, the effects

could be noticed approximately 4 h after the start of eth-

ylene treatment and lasted throughout the experimental

period (Fig. 2b). The repressing effect of SA as observed in

wild type was also apparent in the coi1-1 mutant back-

ground (Fig. 1f), whereas ethylene-induced hyponastic

growth in the npr1-1 mutant was not inhibited by SA

(Fig. 2g). When a combination treatment of SA and MeJA

(SA/MeJA) was applied, this resulted in a repressed eth-

ylene-induced hyponastic growth response reminiscent of

the reaction to SA in wild-type plants (Fig. 2h).

In contrast to the observed effect of MeJA on ethylene-

induced hyponastic growth, pre-treatment with MeJA

suppressed the hyponastic growth response to heat treat-

ment (38�C) (Fig. 3a). Similarly, SA also repressed the

response to heat in Col-0 (Fig. 3b). Simultaneous appli-

cation of SA and MeJA resulted in the abolishment of the

response to heat treatment (Fig. 3c).

Together, these data demonstrate that phytohormones

produced upon pathogen or insect attack influence leaf

movement responses in a complex manner. Our data suggest

that SA and MeJA act additive in inhibiting heat-induced

hyponastic growth and that SA-mediated repression is

dominant over the enhancing effects of MeJA on ethylene-

induced hyponasty.

Discussion

In this work we demonstrate that the defence-related phy-

tohormones MeJA and SA control upward leaf movement

induced by ethylene and high temperature (heat) in A.

thaliana Col-0. Studies on the interaction between the

expression of defence and the responses to the abioic

environment mainly focused on neighbour competition and

the associated changes in spectral quality perceived by the

plant. This interrelation is therefore now relatively well

understood (reviewed in Ballaré 2011; Kazan and Manners

2011). For example, MeJA and SA have been associated

with the so-called shade avoidance syndrome (Kurashige

and Agrawal 2005; McGuire and Agrawal 2005; Faigon-

Soverna et al. 2006; Izaguirre et al. 2006; Moreno et al.

2009), which is a suite of traits induced in dense canopies

as a mechanism to outgrow the neighbouring competitors.

Hyponastic growth is among the most striking component

traits of the shade avoidance syndrome in rosette species

and both MeJA and SA repress hyponastic growth induced

by low light intensity (without changing the spectral

composition of the light) in A. thaliana Col-0, whereas the

combined treatment even abolished the response (Ritsema

et al. 2010). In addition, constitutive shade-avoiding

Fig. 1 MeJA and SA dosage effect on ethylene-induced hyponastic

growth. Depicted angles represent the absolute difference in leaf

angle before (0 h) and after (9 h) treatment with ethylene enriched

(1.5 ll l-1) air, in the presence of different MeJA (a) or SA

(b) concentrations. Note that the standard hyponastic growth response

to ethylene treatment can be seen at concentration 0. Error bars
represent SE, n [ 12
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mutant plants are more susceptible to herbivore attack than

wild-type plants (McGuire and Agrawal 2005; Faigon-

Soverna et al. 2006) and plants subject to light competition

or spectral shade allow a better survival and growth of

caterpillars (Kurashige and Agrawal 2005; Izaguirre et al.

2006). Pseudomonas-induced SA signalling was found to

depend on the light and day length after inoculation, and is

specifically dependent on phytochrome-mediated signal-

ling pathways (Genoud et al. 2002; Griebel and Zeier

2008).

In this work we showed that besides interactions with

low light signalling, MeJA and SA also modulate ethylene-

induced hyponastic growth which is associated with

submergence avoidance (Voesenek et al. 2006). Under

complete flooding, this phytohormone becomes entrapped

in plants and is the main trigger for hyponastic growth in

several semi-aquatic species to restore gas-exchange with

the environment by reaching above the water table. This

trait is conserved in Arabidopsis (Millenaar et al. 2005,

2009). Heat-induced hyponasty in Arabidopsis is assumed

to be an adaptation to reduce the heat flux of direct sunlight

and enhances evaporative cooling (van Zanten et al. 2009a,

2010a; Vasseur et al. 2011). Taken together, our results

suggest that cross talk between defence signalling and

abiotic signals is not limited to neighbour competition and

low light signalling only, but likely can be broadened to

various relevant natural situations in which multiple stresses

are simultaneously imposed on the plant.

Different pathogens and herbivore insects induce dif-

ferent blends of defence hormones in the plant. Moreover,

these hormones influence each other’s action (Pieterse et al.

2009). For example, SA is induced upon the attack of

biotrophic pathogens, and MeJA is synthesized upon insect

herbivory (Glazebrook 2005; De Vos et al. 2005). The type

of the infesting pathogen and parameters in the abiotic

environment therefore highly determine the nature of the

Fig. 2 Effects of defence hormones on ethylene-induced hyponastic

growth. a, c, d (1 h) pre-treatment with 100 lM MeJA (closed
squares). e–g 1 mM SA (closed circles). b Infestation with P. rapae
caterpillars (closed triangles) and h combination SA ? MeJA (SA/

MeJA) (closed triangles), compared to mock or controls (open

symbols) on differential growth of Arabidopsis petioles (angles) in

ethylene enriched air (5 ll l-1). a, b, e, h Col-0 wild type. c, f coi1-1.

d, g npr1-1. Error bars represent SE, n [ 12. Data are pair wise

subtracted, which is the difference between the angles of treated and

control plants for each time point (Benschop et al. 2007)
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leaf angle phenotype. As mentioned before, the hyponastic

growth response to the different environmental signals (low

light, heat, ethylene) is tightly controlled by a blend of

several phytohormones (reviewed in van Zanten et al.

2010a), which includes gibberellins and auxins, hormones

that now also have been associated to defence signalling

(reviewed in Ballaré 2011; Kazan and Manners 2011).

Given these complex multi-level interactions, it is very

delicate to speculate on the functional, ecological, and

evolutionary implications, and the mechanism(s) of the

interaction between defence hormones and hyponastic

growth. However, it is apparent that MeJA and SA have

important functions in inducing, guarding, and fine-tuning

responses to the biotic and abiotic environment. Obtaining

full understanding of the functional mechanistic details and

ecological implications would require mathematical mod-

elling. Quantification of the effects of JA and SA on leaf

angles under different environmental stresses as presented

in this study and in Ritsema et al. (2010) would be useful

for such an approach.

Based on the data presented in this paper, in Ritsema

et al. (2010) and the parsimonious model presented in our

recent review (van Zanten et al. 2010a), we propose a

model how hyponastic growth induced by different envi-

ronmental signals is modulated by JA and SA (Fig. 4).

MeJA and SA enhance and repress the hyponastic

response induced by ethylene in a COI1 and NPR1

dependent manner, respectively (Fig. 2). The enhancing

effect of MeJA on ethylene-induced hyponastic growth is

in sharp contrast to what we observed previously for low

light (Ritsema et al. 2010) and heat (Fig. 3). This indicates

that hyponastic growth induced by different environmental

signals is, at least partly, regulated via distinct pathways by

these defence-related hormones (Fig. 4). SA appears to act

dominantly over MeJA during ethylene-induced hyponastic

growth, as a repressed hyponastic growth response was

observed in a combined treatment SA/MeJA, reminiscent

to single application of SA. SA is known to inhibit JA

signalling in an NPR1-dependent manner and this likely

contributes to the observed effect (Spoel et al. 2003).

Fig. 3 MeJA and SA effects on heat-induced hyponastic growth.

a Effect of (1 h) pre-treatment with 100 lM MeJA (closed squares).

b 1 mM SA (closed circles) on Arabidopsis Col-0 petiole angles of

plants subjected to heat treatment (shift from 20 to 38�C). Error bars
represent SE, n [ 12. See Fig. 2 for more details

Fig. 4 Proposed signalling network of JA and SA modulation of

ethylene, heat and low light-induced hyponastic petiole growth. See text

for details. Model based on the parsimony model presented in van

Zanten et al. (2010a). Note that order of the signals along the arrows
does not necessarily reflect the order of interactions occurring. Bold
lines indicate dominant effects. Dotted lines between heat and low light

signalling indicate that we cannot distinguish if low light sensitizes the

plant for heat or vice versa. The box indicated by X represents a putative

integrative factor downstream of JA and SA signalling that controls

heat- and low light-induced hyponastic growth in an additive manner.

The dotted line between NPR1 and COI1 action indicates possible

inhibition of JA signalling via NPR1 dependent SA signalling. The

dashed lines and the box indicated by Y at the bottom indicate the likely

convergence of downstream signalling pathways in which the same

functional genetic components are utilized by the different signals to

control hyponastic growth (see also van Zanten et al. 2010a). However,

we cannot rule out the existence of independent inducing-stimulus

dependent parallel signalling cascades towards hyponastic growth
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It has been shown before that ethylene modulates the

effects of SA and JA (Glazebrook et al. 2003; Glazebrook

2005; Leon-Reyes et al. 2009). SA-dependent defence is

generally stimulated by ethylene. The situation with MeJA

is more complex, the wound response is repressed, whereas

the so-called pathogen response is enhanced by ethylene

(Thatcher et al. 2005; Leon-Reyes et al. 2009). JA, together

with an ethylene burst, is predominantly induced upon

necrotrophic pathogen infestation. It should be noted in this

context that heat represses ethylene production and that

ethylene is a dominant negative regulator of heat-induced

hyponastic growth (van Zanten et al. 2009a). Since no

interaction between low light and ethylene was found

(Millenaar et al. 2009), ethylene accumulation cannot

interfere with the JA- and MeJA/SA-mediated effects to

shade. This indicates that JA and SA may affect the same

unknown downstream regulator that controls the hypo-

nastic growth to low light and heat, but not ethylene

(indicated by Box X in Fig. 4), and that these signals do so

in an additive manner since the combined effect of MeJA/

SA is the abolishment of the hyponastic response. This is in

the assumption that NPR1 and COI1 are required for,

respectively, SA- and JA-mediated inhibition of heat-

induced hyponastic growth, which is highly likely, given

their requirement for SA and JA effects on ethylene-

induced (Fig. 2) and low light-induced (Ritsema et al.

2010) hyponastic growth. The results here presented on SA

are in line with the observations that protection against heat

stress (oxidative damage to membranes) involves SA

(Larkindale and Knight 2002).

Taken together, the effects of MeJA, SA, and SA/MeJA

application on heat- and low light-induced hyponastic

growth are highly comparable and differ from the effects of

MeJA on ethylene-induced hyponastic growth (Fig. 4).

This is in line with the notion that ethylene and low light

signalling towards differential petiole growth are due to

largely independent signal transduction cascades (Millen-

aar et al. 2005, 2009) and is in accordance with the

observation that heat- and low light-induced hyponastic are

synonymously controlled by several (other) phytohor-

mones (i.e., auxin and ABA; reviewed in van Zanten et al.

2010a) and act additively (van Zanten et al. 2009a).

SA single treatment represses hyponastic growth induced

by ethylene, low light, and heat and thus seems to be a

general repressor of hyponastic growth irrespective of the

inducing signal. This conclusion is significant because,

based on the high similarity in the kinetics of the hyponastic

growth response, it was postulated that the signal transduc-

tion routes induced by different stimuli integrate down-

stream towards induction of hyponastic growth and probably

target the same functional mechanism(s) (van Zanten et al.

2010a). However, to date, none of the phytohormones or

genetic components described to control hyponastic growth

in Arabidopsis has been shown to do so in a synonymous

negative manner (Mullen et al. 2006; Benschop et al. 2007;

Millenaar et al. 2009; van Zanten et al. 2010a, b). Testing if

down regulation of the SA level is an integral part of the

induction of hyponastic growth to all these treatments would

require direct measurements of SA levels in response to these

treatments. However, as hyponastic growth is typically

induced already within an hour after start of the treatment

(Millenaar et al. 2009) and given that small amounts of SA

already strongly affect the hyponastic growth response

(Fig. 1), we conclude that the leaf movement response is

likely induced much faster than the time required for com-

plete metabolic turnover of the SA compound.

We demonstrated that the enhancing effect of MeJA on

ethylene-induced hyponastic growth was absent specifi-

cally in the JA-insensitive coi1-1 mutant and that the

repressing SA effect was absent specifically in the SA-

insensitive npr1-1 mutant. This shows that both phyto-

hormones require intact but different signalling routes,

which add to the suggestion that at least upstream hor-

mone-specific pathways to exert effects on hyponastic

growth differ. Also, taking into account that the combined

SA/MeJA application had different effects than the single

application, we conclude that JA and SA likely affect a

common downstream target(s) in an additive manner in the

control of hyponastic growth (Box Y in Fig. 4).

It can be seen in Fig. 2d, g that the npr1 mutant has

reduced ethylene-induced hyponastic growth. This suggests

that the ethylene-induced hyponastic growth requires

NPR1, which is normally identified as an essential com-

ponent of SA signalling. Although the exact interpretation

for the apparent reduced hyponasty when ethylene is added

to npr1 mutant plants is unclear, direct interactions

between ethylene and NPR1 have been observed before.

For example, it was shown that ethylene can bypass the

need for NPR1 in the cross talk between SA and JA (Leon-

Reyes et al. 2009), indicating that NPR1 and ethylene

interact directly without the need for SA. In the same

paper, it was shown that this ethylene effect is dependent

on the ethylene receptor protein ETHYLENE INSENSI-

TIVE 2 (EIN2). Furthermore, it was speculated that this

effect of NPR1 is served by cytosolic NPR1, whereas its

role in SA-mediated transcription requires the protein to

travel to the nucleus. Also indicative for an SA-indepen-

dent function of NPR1, and a possible interference with

ethylene signalling is a role for NPR1 in JA- and ethylene-

dependent resistance against the pathogenic fungus Verti-

cillium longisporum (Johansson et al. 2006).
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