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General Introduction 

 

Stomata are pores located in the epidermis of the aerial parts of plants. 

These pores open and close by the shape change of the pairs of surrounding 

specialized cells, termed “guard cells”, Plants regulate the aperture of the stomatal 

pore in response to water stress and photosynthetic capacity. Since drought is a 

major environmental factor that influences plant growth, a lot of studies have been 

performed about the regulation of the stomatal opening and closing. 

Stomata close in response to environmental signals such as light, carbon 

dioxide, and humidity. During this process, a phytohormone abscsic acid (ABA) plays 

a major role. Other than stomata closing, this phytohormone is involved in bud and 

seed dormancy, growth regulation, leaf senescence and abscission and a variety of 

plant stress responses. A rapid increase in ABA concentration triggers ion efflux 

from the guard cells resulted in a decrease of the osmotic pressure. This decrease 

then causes water efflux and the guard cell volume decreases. The volume change in 

the guard cells is the major motive power for the stomatal opening and closing.  

To adapt the environmental stress, it is well known that gaseous 

phytohormone ethylene is also involved. However, the effect of ethylene on the 

ABA-induced stomatal closure has not yet been clarified. Therefore, in Chapter I, I 

investigated the interaction between ABA and ethylene during stomatal closing. In 

this study, I used Arabidopsis thaliana for an experimental material because various 

mutant plants are available in this species including ethylene signaling. In Chapter 

II, I next investigated the effect of cytokinin and auxin against ABA-induced 

stomatal closure. They are major phytohormones and widely accepted to increase 

stomatal aperture and inhibit the effect of ABA, Since they are also known to 

increase ethylene biosynthesis, I tried to explain the above established theory from a 
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point of view of ethylene synthesis. In Chapter III, I further investigated the cross 

talk point in which ethylene inhibit the effect of ABA from view points of guard cell 

volume, vacuolar volume in the guard cells and vacuolar structural changes. 
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Chapter I 

Ethylene inhibits ABA – induced stomatal closure in Arabidopsis 

thaliana 

 

Summary 

 

In order to examine the crosstalk between the abscisic acid (ABA) and 

ethylene signal transduction pathways, signaling events during ABA-induced 

stomatal closure were examined in Arabidopsis wild type (WT) plants, in an 

ethylene-overproducing mutant (eto1-1), and in two ethylene-insensitive mutants 

(etr1-1 and ein3-1). Using isolated epidermal peels, stomata of WT plants were found 

to close within a few minutes in response to ABA, whereas stomata of the eto1-1 

mutant showed a similar but less sensitive ABA response. In addition, ABA-induced 

stomatal closure could be inhibited by application of ethylene or the ethylene 

precursor, ACC. In contrast, stomata of the etr1-1 and ein3-1 mutants were able to 

close in response to concomitant ABA and ACC application, although to a lesser 

extent than in WT plants. Moreover, expression of the ABA-induced gene, RAB18, 

was reduced following ACC application. These results indicate that ethylene delays 

stomatal closure by inhibiting the ABA signaling pathway. The same inhibitive 

effects of ethylene on stomatal closure were observed in ABA-irrigated plants and 

the plants in drought condition. Furthermore, upon drought stress, the rate of 

transpiration was greater in eto1-1 and WT plants exposed to ethylene than in 

untreated WT control plants, indicating that the inhibitive effects of ethylene on 

ABA-induced stomatal closure was also observed in planta. 
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Introduction 

 

Guard cells are highly specialized epidermal cells that are located in pairs on 

the aerial organs of plants. Each pair of guard cells forms a pore or “stoma” that 

closes and opens in response to osmotic shrinking and swelling of the guard cells, 

respectively. Stomata play a major role in controlling gaseous exchange, especially of 

photosynthetic carbon dioxide uptake, and in water release by transpiration in 

response to changes in the surrounding environment. The regulation of stomatal 

conductance is thus extremely important for the survival of plants. Abscisic acid 

(ABA), synthesized in response to drought stress, is known to induce stomatal 

closure and to reduce transpirational water loss (Schroeder et al., 2001). ABA also 

regulates other plant growth and developmental processes, such as embryo 

maturation, seed dormancy and adaptation to environmental stresses (Leung and 

Giraudat, 1998). Among the various phytohormones, ABA appears to play the most 

important role in the control of stomatal responses (Dodd, 2003). However, as 

stomata respond to various external conditions that may alter the plants’ 

phytohormone balance, stomatal movement may in fact be controlled by the 

interactions between multiple phytohormones. Indeed, numerous recent studies 

indicate a cooperative effect between ABA and other phytohormones in various 

physiological events, and that these effects are dependent on the species, conditions, 

periods and sites in which the hormones function. Such examples include the 

antagonism between gibberellins and ABA in cereal aleurone layers (Lovegrove and 

Hooley, 2000); the effects of methyl jasmonate on plant transpiration (Lee et al., 

1996; Wang, 1999), through the regulation of stomatal closure (Raghavendra and 

Reddy, 1987) in cooperation with ABA and mediated by production of reactive oxygen 

species (Suhita et al., 2004); as well as the interaction between ethylene and ABA. 
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Ethylene regulates numerous plant processes, including seed germination, 

root-hair initiation, leaf and flower senescence and abscission, fruit ripening, 

nodulation, and plant responses to a wide variety of stresses (Bleecker and Kende, 

2000). Although its role in stomatal closure has been suggested (Giulivo 1986), its 

effect in this process seems rather contradictory. In the early stages of Arabidopsis 

seedling development, ethylene appears to act as a negative regulator of ABA action 

while in Arabidopsis roots it has a positive synergistic effect on ABA action by 

modulating the overall carbon status (Ghassemian et al., 2000). Under water stress 

conditions, the increased endogenous ABA levels limit ethylene production and so 

maintain the growth ratio between shoots and roots (Sharp, 2002).  

Despite these advances in my understanding of both ABA and ethylene, 

studies on the mechanisms by which ethylene interacts with ABA in guard cells are 

still in their infancy. Over the past decade, genetic screens that were based on 

ethylene’s triple-response phenotype have been extensively conducted on 

Arabidopsis, and more than a dozen unique mutants have been identified. Ethylene 

is synthesized from methionine via S-adenosyl-L-methionine (AdoMet) and 

1-aminocyclopropane-1-carboxylic acid (ACC) (Adams and Yang, 1979). The 

conversion from AdoMet to ACC, catalyzed by ACC synthase (ACS), is generally the 

rate limiting step of ethylene biosynthesis. In the ethylene over-producer1-1 (eto1-1) 

mutant, ethylene is overproduced due to a reduction of ETO1 activity, which 

promotes ACS5 degradation by a proteasome-dependent pathway (Wang et al., 2004). 

The ethylene perception and signal transduction pathways have also been 

investigated using Arabidopsis mutants. Genetically dominant mutations in 

ETHYLENE RESISTANT1 (ETR1) result in ethylene insensitivity (Bleecker and 

Kende, 2000), whereas mutations at the ETHYLENE INSENSITIVE3 (EIN3) locus 

cause reduced ethylene sensitivity (Roman et al., 1995).  
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To further investigate the interactions between ABA and ethylene, I have in 

this chapter compared the stomatal responses of three Arabidopsis mutants, eto1-1 

(ethylene over-producer1-1), etr1-1 (ethylene resistant1-1) and ein3-1 (ethylene 

insensitive3-1) to those of wild type (WT) plants. In addition to these phenotypic 

observations, the differential expression of the ABA-induced gene, RAB18, which 

accumulates only in guard cells (Nylander et al., 2001), was investigated in these 

plant. 

 

 

Materials and Methods 

 

Plant materials and culture conditions 

Arabidopsis thaliana seeds of Col-0, eto1-1 (stock# CS3072), etr1-1 (CS237) and 

ein3-1 (CS8052) were obtained from the Arabidopsis Biological Resource Center 

(Columbus, OH). All mutants used were of the Col-0 background. Seeds were 

germinated and grown on vermiculite that was irrigated daily with mineral 

nutrients as described by Naito et al. (1994) in growth chambers at 23.5°C, a relative 

humidity of 60%, and under a photosynthetic photon flux density (PPFD) of 50 µmol 

photons m-2 s-1 in 12-h light / 12-h dark cycles.  

 

Measurement of stomatal aperture  

The abaxial epidermis was peeled from rosette leaves of 5- to 6-week-old plants 3 h 

after the beginning of the light period. Epidermal peels were floated, peeled-side 

down, on opening buffer (10 mM KCl, 10 mM CaCl2 and 10 mM MES, 0.01% Tween 

20, pH 6.5) and incubated under light conditions for 2 h to open the stomata. 

Subsequently, the epidermal peels with preopened stomata were transferred to the 
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same buffer supplemented with 10 µM ABA (Sigma-Aldrich, MO, USA), either with 

or without bubbling 100 µL L-1 ethylene gas (GL sciences, Tokyo, Japan) or 

alternatively with the addition of 10 µM ACC. For dark conditions, preopened 

epidermal peels were incubated in the dark for 2 h. Stomatal apertures were 

measured from the pore widths that were observed by light microscopy (Olympus 

BX51), using a fitted camera (Olympus DP70 digital camera unit), and measured 

with a digital ruler in Adobe Photoshop 6 (Adobe systems, CA, USA). 

 

Treatment with 1-methylcyclopropene (1-MCP) and aminoethoxyvinyl glycine (AVG) 

Treatment of samples with 1-MCP was conducted by evaporating 5.6 mg 1-MCP, 

dissolved in 85 µL distilled water, in a closed chamber (5.8 L) for 12 h. The final 

concentration of 1-MCP in the gas phase was expected to be about 500 pL L-1 

(Tamaoki et al., 2003). For treatment with aminoethoxyvinyl glycine (AVG), 100 

µM AVG was added to the opening buffer during the experiment.  

 

Expression Analyses 

For analysing ABA responses of epidermal tissues, rosette leaves from 5- to 6-week 

old-plants were homogenized in opening buffer for 2 min and the epidermal 

fragments then collected on a 20 µm (pore size) nylon mesh as described in Allen et 

al. (1999). These fragments were then incubated in the opening buffer without 

Tween 20 for 2 h, and then treated with 10 µM ABA or with 10 µM ABA and 100 µM 

ACC for another 2 h. The epidermal fragments were again collected on a 20 µm 

nylon mesh and immediately frozen in liquid nitrogen. Total RNA was extracted 

from 100 mg of frozen tissue using the Qiagen Plant RNeasy Kit (Qiagen, CA, USA), 

according to the manufacturer’s specifications. For reverse transcription PCR 

(RT-PCR) analysis, 5 µg of total RNA was reverse transcribed with M-MLV Reverse 

 7 



 

Transcriptase (Promega, WI, USA) and the resulting cDNAs then used for the 

subsequent PCR steps.  

Real-time quantitative PCR was conducted in a Smart Cycler II System (Cepheid, 

CA, USA) and using SYBR Premix Taq (Takara Bio, Shiga, Japan) according to the 

manufacture’s specifications. As an internal standard for cDNA amounts, a 143-bp 

fragment of actin-7 cDNA was amplified with PCR primers 5’ 

-GGAAATTGTCCGTGACATAAAGGAG- 3’ (upstream primer) and 5’ 

–CTCTCAGCTCCGATGGTTATGACTT- 3’ (downstream primer). A 226-bp fragment 

of the RAB18 cDNA was amplified with PCR primers 5’ 

–ACGAGTACGGAAATCCGATG- 3’ (upstream primer) and 5’ 

–ACCACCACTTTCCTTGTGGA- 3’ (downstream primer).  

 

Treatment with ABA and drought stress in planta 

Treatment with ABA in planta was carried out by irrigation of 100 µM ABA dissolved 

in distilled water for 30 min. For drought stress, the aerial parts of 5-week-plants 

were detached from the roots. Total RNA was extracted from rosette leaves of treated 

plants, before or 30 min after the treatment and real-time quantitative PCR was 

conducted as described above. 

 

Stomatal imaging of in vivo leaves  

Stomatal shapes were observed by Suzuki's Universal Micro-Printing (SUMP) 

method using SUMP liquid and SUMP plate (SUMP laboratory, Tokyo, Japan). Here, 

the abaxial side of the leaves was pressed onto 10 uL of SUMP liquid placed on a 

cover glass until the liquid became solid. The copied SUMP resin images were then 

observed by light microscopy (Olympus BX51, Olympus, Tokyo, Japan).
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Ethylene gas treatment and water loss measurements   

Five-week-old WT plants were exposed to a dose of 100 µL L-1 ethylene gas (GL 

sciences, Tokyo, Japan) for 3 h in a transparent plastic, air-tight container. An 

appropriate amount of 100% ethylene was injected into the chamber so as to bring 

the gas composition to 100 µL L-1, and the presence of ethylene gas was verified by 

observing the triple response of etiolated Arabidopsis seedlings (Guzmán and Ecker, 

1990). Conditions within the container were maintained at 23.5°C, with a PPFD of 

50 µmol photons m-2 s-1 under continuous light. Control plants were kept in the 

same conditions described above but without ethylene gas. After the treatments, the 

aerial parts of the plants were detached from the roots and their fresh weights 

measured. 

 

 

Results 

 

Ethylene inhibits ABA - induced stomatal closure 

To first examine the effects of ABA on stomata, I employed an in vitro system 

using isolated epidermal peels in which I could measure stomatal apertures. After 

light illumination of WT plants (Fig. I-1A, C and E), the stomatal apertures reached 

approximately 1.47 µm (Fig. I-1G). Time course observations demonstrated that 

within 5 min of start of ABA application, the stomata almost completely closed (Fig. 

I-1D), with stomatal apertures decreasing to approximately 0.64 µm and being 

maintained in this condition for at least 30 min (Fig. I-1G). Using the same system, I 

examined the effects of ethylene on ABA-induced stomatal closure. When gaseous 

ethylene was applied together with ABA to the isolated epidermal peels, the stomata 

started to close within 5 min after the treatment. However, stomatal closure was 
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incomplete (Fig. I-1F, G), with stomatal apertures reaching about 0.83 µm and being 

maintained at this level until 30 min (Fig. I-1E, G). To confirm the efficacy of 

exogenous ethylene treatment, I applied the ethylene precursor, ACC, instead of 

ethylene. Following treatment with 10 µM ACC, ABA-induced stomatal closure was 

inhibited again, with the stomata remaining in a half-opened state. Similar pattern 

of changes in stomatal aperture was observed in the eto1-1 plants (Fig. I-1B, G), a 

mutant that overproduces ethylene without treatment with either ethylene or ACC. 

These observations indicate that both endogenous and exogenous ethylene have an 

inhibitive effect on ABA-induced stomatal closure. 

 

Ethylene signaling impairs ABA regulation of stomatal closure 

To examine the effects of ethylene on ABA-induced stomatal closure in 

further detail, I measured the stomatal apertures in the following three 

experimental systems: using ethylene biosynthesis and/or signaling mutants; 

treatment with ethylene reception inhibitors; and treatment with an ACS inhibitor.  

First, I compared the stomatal responses of WT plants with those of the 

three ethylene mutants, eto1-1, ein3-1 and etr1-1. The stomata in WT plants closed 

in response to either dark or ABA (Fig. I-2A). In contrast, the ABA-induced stomatal 

closure of eto1-1 plants was suppressed, although stomatal closure in response to 

darkness occurred to the same extent as in WT plants (Fig. I-2A). As with WT plants, 

stomatal apertures of the etr1-1 and ein3-1 mutants decreased to about 0.60 µm 

after either dark or ABA treatment (Fig. I-2A). However, the ABA-induced stomatal 

closure could not be restored by ACC treatment in these mutants (Fig. I-2A).  

I next examined the effects of a competitive inhibitor of ethylene receptor(s), 

1-methylcyclopropene (1-MCP) (Sisler and Serek, 1997), on stomatal responses. 

After an overnight treatment with 1-MCP, stomata of both WT and eto1-1 closed 
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after ABA treatment and the closure was not restored even in the presence of ACC 

(Fig. I-2B). These results suggest that ethylene signaling is necessary for the 

inhibition of ABA-induced stomatal closure. 

I subsequently investigated the effects of ethylene in WT and eto1-1 plants 

treated with aminoethoxyvinyl glycine (AVG), an inhibitor of ACS (Yoshii and 

Imaseki, 1982). In WT plants, ABA-induced stomatal closure did not differ between 

AVG treated- and non-treated-plants (compare Fig. I-2A and Fig. I-2C). In contrast, 

AVG-treated eto1-1 plants showed an ABA-induced stomatal closure response 

similar to that of the WT plants (Fig. I-2C). Such a stomatal response was not the 

result of the toxic side effects of AVG treatment, since AVG together with exogenous 

ACC inhibited ABA-induced stomatal closure in both WT and eto1-1 plants (Fig. 

I-2C). These results suggest that the inhibition of ABA-induced stomatal closure 

observed in the eto1-1 plants resulted from the over-production of ethylene. 

 

Differential expression of an ABA-induced gene in guard cells 

To monitor the inhibition of ABA-signaling by ethylene in guard cells tissues 

at the molecular level, the expression of an ABA-induced gene, RAB18, was 

examined by quantitative real-time PCR.  Following treatment with ABA, RAB18 

expression was enhanced in both WT and eto1-1, but the level of RAB18 expression 

in eto1-1 plants was significantly lower than that in WT plants (P<0.01). 

Simultaneous treatment with ACC and ABA resulted in decreased RAB18 transcript 

levels in both WT (0.01≤P<0.05) and eto1-1 plants (Fig. I-3). These results suggest 

that induction of RAB18 expression by ABA is inhibited by exogenous ACC 

application. 

 

Ethylene inhibits stomatal closure upon ABA treatment and drought stress in 

 11 



 

planta 

The above results indicated that ethylene repressed the ABA-induced 

closure of stomata in vitro, but provided no evidence in planta. I therefore carried 

out an examination of whether ethylene affects stomatal closure even in planta or 

not. I irrigated ABA to WT, eto1-1 and WT plants previously exposed to gaseous 

ethylene. The level of RAB18 expression was elevated in leaves of WT plants by ABA 

treatment to roots (Fig. I-4A) and stomata in WT plants closed rapidly after ABA 

treatment (Fig. I-4B). In contrast, stomata of eto1-1 plants and ethylene gas-exposed 

plants closed slowly and not completely even 30 min after ABA treatment (Fig. I-4B). 

Stomata are known to close in response to drought so as to limit water loss 

by transpiration. During this process, ABA is synthesized and plays a role in closing 

stomata. To study the effect of ethylene on stomatal closure under drought stress, I 

subjected the plants, WT, eto1-1 and WT priorly exposed to gaseous ethylene, to 

drought stress by detaching the above-ground portion of the seedlings from their 

roots. After the detachment, the level of RAB18 expression in the leaves was 

elevated in WT plants (Fig. I-5A). The stomata of WT plants rapidly closed within 5 

min and after that the stomatal aperture was not so changed (Fig. I-5B, D and E). 

Although there is no clear difference in appearance between these plants after 

detachment (Fig. I-5-C), the stomata of eto1-1 plants and WT plants exposed to 

ethylene closed slowly after detachment (Fig. I-5B, F to K). 

To gain further insight into the observed delay of stomatal closure, the 

changes in fresh weight under drought stress were measured in the eto1-1 plants 

and WT plants exposed to ethylene. Results demonstrated that eto1-1 plants and 

WT plants exposed to ethylene showed an accelerated decrease of the fresh weight in 

comparison to non-treated WT plants (Fig. I-6A). The rate of the fresh weight 

decrease in eto1-1 and ethylene-treated plants was higher than in non-treated 
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plants 20 min after detachment (Fig. I-6B). This result will reflect the fact that the 

eto1-1 plants and WT plants exposed to ethylene fail to limit their transpirational 

water loss by the delay of stomatal closure in an early stage of drought condition. 

 

 

Discussion 

 

The prime objective of this current study was to elucidate the crosstalk 

between ABA and ethylene signal transduction on stomatal closure using 

Arabidopsis leaf epidermal peels as a model. Towards this goal, I evaluated the 

inhibition of ABA-induced stomatal closure by ethylene using genetic, molecular, 

biochemical and physiological approaches. 

 

Ethylene inhibits ABA-induced stomatal closure  

 Gaseous ethylene or ACC treatment of the epidermal peels inhibited 

ABA-induced stomatal closure (Fig. I-1). In contrast, inhibition of ABA-induced 

stomatal closure by ACC treatment was not observed if the ethylene reception or 

signaling pathway were inhibited (Fig. I-2A, B). Besides, ACC treatment did not 

induce the dark-closed stomata into the open state (data not shown). Taken together, 

these results suggest that ethylene physiologically inhibited ABA-induced stomatal 

closure through the ethylene signaling pathway.  

In my experimental system, I found that in response to ABA, stomata of 

Arabidopsis plants closed much faster than other plants. For example in Vicia faba, 

their stomata started to close 8 min after ABA treatment and reached its maximal 

closure within 20 min (Roelfsema et al, 2004). A rapid response to ABA might be 

necessary for survival strategy of plants like Arabidopsis, in which whole plant size 
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as well as stomatal size are much smaller than the plants like Vicia faba. Still, the 

same inhibitive effect of ethylene against ABA was observed also in stomata of Vicia 

faba (data not shown). 

 

Effect of ethylene on stomatal closure in planta 

Since the expression of RAB18 was elevated in leaves in in planta analysis 

by ABA irrigation, I assumed that the amount of ABA was also elevated by this 

culture conditions. As the same inhibitive effects of ethylene on stomatal closure 

were observed, it is suggested that the inhibitive effect of ethylene against ABA 

coincided with functions also in planta.  

However, in my three timecourse experiments, there were some differences 

in patterns of stomatal closure upon ethylene gas treatment or in eto1-1 plants (Fig. 

I-1G, 4B, 5B). In response to ABA irrigation, the stomata of WT plants exposed to 

ethylene gas gradually closed by 30 min (Fig. I-4B) while those of peels floated on 

buffer kept half open (Fig. I-1G). This difference will come from the amount of 

ethylene exposure on plants. Ethylene gas exposed to the plant tissue in advance of 

ABA irrigation might diminish gradually (Fig. I-4B) while ethylene gas once 

dissolved in the buffer might remain at least through the experimental period (Fig. 

I-1G). This effusion of ethylene gas exposed to the plant tissue will explain the 

difference between the eto1-1 and WT plants exposed to ethylene gas since in eto1-1 

plants ethylene should be overproduced continuously. In addition, the gradual 

closure of the stomata in WT plants exposed to ethylene gas may suppose an idea 

that the effect of ethylene against ABA is reversible.  

On the other hand, in contrast to the ABA-irrigated plants and peels floated 

on buffer, the stomata of detached leaves of both WT plants treated with gaseous 

ethylene and eto1-1 plants finally closed at the same level as control WT plants (Fig. 
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I-5B), though they exhibited a retardation of stomatal closure compared to the 

control (Fig. I-5B, D to K). This complete closure in the detached plants by 30 min 

might be caused by the loss of water in guard cell itself, since the stomata are known 

to be closed by water loss itself from the guard cells upon dehydrated condition (Asai 

et al. 1999). Although I did not measure ABA amount in my experiments, an 

increase of the ABA concentration in detached leaflets within 15 min in Vicia faba 

(Harris and Outlaw 1991) will support the idea that the stomatal closure after 

detachment will be caused by ABA response and ethylene may inhibit the ABA 

signalling.  

Still, in those plants in which the delay in stomatal closure was observed, an 

acceleration of water loss rate appeared to result in their fresh weights decrease 

faster than WT plants (Fig. I-6A, B). A rapid decrease in fresh weight was also 

observed in the WT plants treated with ACC, but not in the etr1-1 and ein3-1 plants 

(data not shown). Therefore, the delay in stomatal closure appears to result from the 

inhibition by ethylene, and the result of my in vitro experiments could be 

extrapolated to the in planta observations.  

In this chapter, I have shown that ethylene inhibits ABA-induced stomatal 

responses. What is the physiological role of ethylene inhibition of ABA-mediated 

stomatal closure? One possibility may be that ethylene ensures the minimum supply 

of carbon dioxide for photosynthesis by keeping the stomata half opened. It is well 

known that both ethylene and ABA are affected by drought stress of plants (Leung 

and Giraudat, 1998) and the rate of photosynthesis rate is almost dependent on the 

stomatal aperture. Indeed, even though the antagonist relationship between ABA 

and ethylene under drought has been reported (Spollen et al., 2000), ethylene 

synthesis is often promoted in response to drought (Xu and Zou, 1993). With regards 

to the relationship between ethylene and photosynthesis, it has been reported that 
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the rates of ethylene release, photosynthesis and transpiration increased 

simultaneously in rice, and were especially promoted during the light period (Saito 

et al., 1996). Furthermore, in unstressed WT Arabidopsis plants, ethylene 

production levels were found to be controlled by light and by the circadian clock 

(Thain et al., 2004). Therefore, ethylene may play a role in keeping a minimum level 

of photosynthesis upon a drought stress for a long period. 

Another possible role of ethylene on the inhibition of ABA-mediated stomatal closure, 

may be related to the involvement of ethylene in regulating leaf senescence, since 

defects in ethylene synthesis or perception were shown to delay leaf senescence 

(Davies and Grierson, 1989; Picton et al., 1993; Grbic and Bleecker, 1995; John et al., 

1995). Drought can also induce senescence, and is known to promote increased 

ethylene production in plants (McMichael et al., 1972; Apelbaum and Yang, 1981). A 

recent report demonstrated that the loss of ACS expression in transgenic maize 

plants resulted in a delay in drought-induced leaf senescence that was associated 

with increased stomatal conductance (Young et al., 2004), indicating that ethylene 

promotes drought-induced leaf senescence.  

In the present study, I showed a physiological effect of ethylene on 

ABA-induced stomatal closure. Among various ABA signal transduction mechanisms, 

rapid ABA-induced Ca2+ influx and S-type anion channel activation are required for 

RAB18 expression (Schroeder et al., 2001). Although I did not measure anion 

channel activities in this study, the repression of the ABA-induced RAB18 

expression by ACC treatment (Fig. I-3) suggest that ethylene signaling might impair 

the Ca2+ influx or the S-type anion channels activation. At least, ethylene seems not 

to interfere the early ABA-signaling pathway since the stomata started to close by 

ABA application even in the presence of ethylene, but some later stage of 

ABA-signaling since the stomata were kept half-opened by ethylene treatment. It 
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would be excellent to find out the cross point of interaction between ABA- and 

ethylene- signaling pathway. However, to clarify this point needs further study. 
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Chapter II 

 

Summary 

 

Cytokinins and auxins are major phytohormones that are involved in plant 

growth and development. It is widely accepted that during stomatal movement these 

phytohormones increase stomatal aperture and inhibit the effects of ABA. In 

Chapter I, I showed an antagonistic effect of ethylene on ABA -induced stomatal 

closure. As both cytokinins and auxins are known to affect ethylene biosynthesis, I 

investigated in this Chapter whether these phytohormones inhibit the effect of ABA 

through ethylene biosynthesis. As with ACC treatment, both the cytokinin, 

6-benzyladenine (BA), and the auxin, 1-naphthaleneacetic acid (NAA), inhibited 

ABA-induced stomatal closure, and these effects were negated when ethylene 

signaling, perception or biosynthesis were blocked. The above observations suggest 

that cytokinins and auxins inhibit ABA-induced stomatal closure through the 

modulation of ethylene biosynthesis.

 

 

Introduction 

 

Stomata are located at the end of the transpiration stream within a plant. 

Regulation of stomatal aperture by guard cells is crucial for minimizing water loss 

from leaf tissues and maximizing CO2 exchange for photosynthesis. In response to 

various environmental stresses, such as drought, cold, air pollutants and high CO2 

concentrations, stomata close in a process that involves the phytohormone, abscisic 
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acid (ABA) (Schroeder et al, 2001). In Chapter I, I described the antagonistic effect of 

ethylene on ABA-induced stomatal closure (Tanaka et al, 2005).  

Other phytohormones are also involved in the ABA-signaling pathways, and 

these include cytokinins and auxins that are the major phytohormones regulating 

plant growth and development. Cytokinin is a classic phytohormone involved in cell 

division, growth, and organogenesis. However, with respect to the stomata, cytokinin 

is able to induce stomatal opening and increase the rate of transpiration in leaves 

independent of light illumination (Livnè and Vaadia, 1965) and also inhibit the effect 

of ABA (Das et al, 1976, reviewed by Incoll and Jewer, 1987). Auxin, like cytokinin, is 

involved in a myriad of developmental and environmental processes; embryo 

patterning, cell division and elongation, vascular differentiation, lateral root 

initiation, gravitropism and phototropism (Berleth and Sachs, 2001). Concerning 

stomatal movement, auxin is also able to accelerate stomatal opening and 

respiration (Pemadasa, 1982) and reduce stomatal closure by darkness, CO2 and 

ABA (Snaith and Mansfield, 1982, reviewed by Davies and Mansfield, 1987).   

On the other hand, both auxins and cytokinins are known to affect the 

biosynthesis of ethylene (reviewed by Mattoo and Suttle, 1991). In vegetative tissues, 

which normally produce quite low amounts of ethylene, auxin markedly induced 

ethylene biosynthesis (Abeles and Rubinstein, 1964). Pineapple flowering, which 

was once considered to be a response to auxin, is now understood to be a result of 

auxin-induced ethylene formation (Burg and Burg, 1966). Ethylene is synthesized 

from methionine via S-adenosyl-L-methionine (AdoMet) and 

1-aminocyclopropane-1-carboxylic acid (ACC) (Adams and Yang, 1979), and the 

conversion from AdoMet to ACC, which is catalyzed by ACC synthase (ACS), is 

generally considered as the rate-limiting step of ethylene biosynthesis. Auxin 

enhanced ACS gene expression (Nakagawa et al, 1991; Liang et al, 1992), and in 
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guard cells, the inhibition of ACS activity completely inhibited auxin-induced 

stomatal opening in darkness (Merritt et al, 2001), supporting the involvement of 

ethylene production in these processes.  

The effects of cytokinins on ethylene biosynthesis have also been the focus of 

numerous studies. Fuchs and Lieberman (1968) demonstrated the promotion of 

ethylene biosynthesis by cytokinins in pea seedlings, and this promotion was found 

to be due to enhanced endogenous ACC production (McKeon et al, 1982). A recent 

study revealed that cytokinins increase the stability of the ACS protein (Chae et al, 

2003). Therefore, the various physiological responses to auxins and cytokinins could 

be modulated by ethylene biosynthesis. 

In this chapter, I examined the effects of cytokinin and auxin on the 

inhibition of ABA-induced stomatal closure. To investigate whether ethylene 

biosynthesis and/or the ethylene signaling pathway are involved in this process, I 

used three different conditions in which the signaling, perception or biosynthesis of 

ethylene were defective. First, I examined the effect of cytokinin and auxin on 

stomatal closure in the Arabidopsis thaliana ein3-1 (ethylene insensitive3-1) mutant 

that cannot transmit the ethylene signal (Roman et al., 1995). In addition, I 

inhibited the ethylene receptor(s) using the inhibitor, 1-methylcyclopropene (1-MCP, 

Sisler and Serek, 1997). Furthermore, I used an inhibitor of ethylene biosynthesis, 

aminoethoxyvinyl glycine (AVG), to inhibit ACS activity. In addition to these 

phenotypic observations, the differential expression patterns of an ABA-induced 

gene, ABI2, and an ethylene responsive gene, SAG13, were investigated.  
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Materials and Methods 

 

Plant materials and culture conditions 

Arabidopsis thaliana seeds of Col-0, ein3-1 (CS 8052), and amp1-1 (CS 8324) were 

obtained from the Arabidopsis Biological Resource Center (Columbus, OH). All 

mutants used had the Col-0 background. Plant culture conditions were as described 

in Chapter I.  

 

Measurement of stomatal apertures  

Preparation of epidermal tissues was described in Chapter I. For application of 

phytohormones, the epidermal peels with preopened stomata were transferred into 

the same buffer supplemented with 10 µM ABA (Sigma-Aldrich, MO, USA), with or 

without the addition of 10 µM ACC, 10 µM BA, 10 µM NAA, or 10 µM gibberellin 

acid (GA3). Measurements of stomatal apertures were also described in Chapter I. 

 

Isolation of guard cell protoplasts (GCPs) 

GCPs were isolated from leaves of 4- to 5-week-old Arabidopsis thaliana plants by 

overnight enzymatic digestion according to the method of Pandey et al. (2002). In 

brief, excised leaves were homogenized in distilled water for 2 min and the 

epidermal fragments collected on a 20 µm (pore size) nylon mesh. These fragments 

were then incubated overnight in an enzyme solution containing 0.65 % Onozuka RS 

cellulase (Yakult Honsha Co, Ltd), 0.35 % Macerozyme R10 (Yakult Honsha Co, Ltd), 

0.25 % (w/v) BSA and 0.001 % kanamycin dissolved in 55 % (v/v) of basic solution 

containing 5 mM MES (pH 5.5), 0.5 mM CaCl2, 0.5 mM MgCl2, 10 µM KH2PO4, 0.5 

mM ascorbic acid, 0.55 M sorbitol and 45 % of (v/v) distilled water. Released, isolated 

and collected GCPs were briefly preincubated in a GCP reaction buffer (0.4 M 
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mannitol, 10 mM KCl, and 1 mM CaCl2) and incubated for 1 h in the light after 

phytohormone application.  

 

Treatments with 1-methylcyclopropene (1-MCP) and aminoethoxyvinyl glycine 

(AVG) 

Treatment of samples with 1-MCP and aminoethoxyvinyl glycine (AVG) was as 

described in Chapter I.  

 

Gene expression Analyses 

Total RNA extraction, reverse transcription PCR (RT-PCR) analysis, and real-time 

quantitative PCR were performed as described in Chapter I. As an internal standard 

for cDNA amounts, a 143-bp fragment of actin-7 cDNA was amplified with the PCR 

primers, 5’-GGAAATTGTCCGTGACATAAAGGAG-3’ (upstream primer) and 

5’-CTCTCAGCTCCGATGGTTATGACTT-3’ (downstream primer). A 172-bp fragment 

of the ABI2 cDNA was amplified with the PCR primers, 

5’-TTCTATCCTCGCCGCTTCAT-3’ (upstream primer) and 

5’-ACCACCACTTTCCTTGTGGA-3’ (downstream primer). A 180-bp fragment of the 

SAG13 cDNA was amplified with PCR primers, 5’-TCGTCAACAATGTGGGAACG-3’ 

(upstream primer) and 5’-CGACTCCAGCAGCAGAGGAT-3’ (downstream primer). 

 

 

Results 

 

Cytokinin and auxin inhibited ABA-induced stomatal closure through ethylene 

synthesis 

To first examine the inhibitory effects of cytokinin and auxin on 
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ABA-induced stomatal closure, I employed an in vitro system using isolated 

epidermal peels in which I could measure stomatal apertures. After light 

illumination of WT plants, the stomata opened and their apertures increased to 

approximately 1.47 µm. ABA treatment closed the stomata almost completely, and 

stomatal apertures decreased to approximately 0.46 µm (Fig. II-1A). When ACC was 

applied together with ABA to the isolated epidermal peels, ABA-induced stomatal 

closure was inhibited, and stomatal apertures reached only 0.90 µm in a half-opened 

state. When I applied BA as a cytokinin or NAA as an auxin in addition to ABA, 

stomatal closure was again inhibited similar to that following ACC application (Fig. 

II-1A). In contrast, GA3 had no inhibitory effect on the ABA-induced stomatal 

closure.  

Time course observations demonstrated that within 5 min of ABA 

application, the stomata almost completely closed and remained in this state for at 

least 30 min (Fig. II-1B). When I applied ABA together with ACC, BA or NAA, the 

stomata started to close within 5 min. However, stomatal closure was incomplete, 

with stomatal apertures reaching only 1.00 to 1.15 µm and being maintained at this 

level for 30 min (Fig. II-1B).  

In the previous Chapter, I reported that treatment of epidermal peels with 

gaseous ethylene or ACC inhibited ABA-induced stomatal closure (Tanaka et al. 

2005). To examine whether the effects of BA or NAA on ABA-induced stomatal 

closure were mediated by ethylene biosynthesis, I examined their effects in an 

ethylene signaling mutant and in WT plants treated with inhibitors of ethylene 

receptor(s) and biogenesis. In the ein3-1 ethylene signaling mutant, which cannot 

transmit the ethylene signal, ABA induced the closure of stomata whereas ACC 

application did not inhibit this ABA effect as also demonstrated in Chapter I (Fig 

II-2A). Furthermore, neither BA nor NAA treatment inhibited ABA-induced 
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stomatal closure in this mutant (Fig. II-2A). In addition, an overnight treatment 

with 1-methylcyclopropene (1-MCP), a competitive inhibitor of ethylene receptor(s), 

negated the ACC effect on stomatal responses (Chapter I), as also observed for the 

BA and NAA treatments (Fig. II-2B). Subsequently, I examined the effects of 

aminoethoxyvinyl glycine (AVG), which inhibits ACC synthase (ACS) activity and 

results in the inhibition of endogenous ethylene biosynthesis (Yoshii and Imaseki, 

1982), on stomatal closure. In the presence of AVG, the inhibitive effects of neither 

BA nor NAA could be observed, while exogenous ACC application could still inhibit 

ABA-induced stomatal closure (Fig. II-2C). Furthermore, in a cytokinin 

over-producing mutant, amp1-1 (Chaudhury et al., 1993), ABA-induced stomatal 

closure was inhibited whereas AVG treatment in addition to ABA closed the stomata 

(Fig. II-3). These results suggest that the inhibitive effects of BA and NAA on 

ABA-induced stomatal closure resulted from enhanced ethylene production. 

 

Differential expression of an ethylene-responsive gene and an ABA-induced gene in 

guard cell protoplasts  

Arabidopsis guard cells are surrounded by epidermal cells with which they 

exchange materials, such as water, ions and sugars, during stomatal movement. To 

examine whether the above responses invoked by BA or NAA application occurred 

within the guard cells themselves, or whether ethylene was supplied from the 

adjacent epidermal tissue, I isolated guard cell protoplasts (GCPs) from the 

epidermal tissue. To monitor the responses of the GCPs to phytohormones at the 

molecular level, the expression patterns of an ABA-induced gene, ABI2, and an 

ethylene-response gene, SAG13, were examined by quantitative real-time PCR. 

Following ABA treatment, ABI2 expression was enhanced, whereas simultaneous 

treatment with ABA and ACC, BA or NAA decreased the ABI2 transcript levels 

 30 



 

(0.01≤P<0.05) (Fig. II-4A). In contrast, the SAG13 transcript levels were elevated by 

treatment with ACC and also with BA or NAA (0.01≤P<0.05) (Fig. II-4B). These 

results suggest that the guard cell responses to phytohormones occurred in the 

GCPs themselves.  

 

 

Discussion 

 

In the leaf epidermis of Arabidopsis thaliana, cytokinin or auxin treatment 

inhibits ABA-induced stomatal closure similar to that following ACC treatment (Fig. 

II-1A, Chapter I). Although the inhibitive effects of these phytohormones were 

described previously (Dodd, 2003), results from our studies with the ein3-1 

ethylene-insensitive mutant together with those using 1-MCP and AVG, as 

inhibitors of ethylene receptors and biosynthesis, respectively, demonstrate an 

involvement of the ethylene signaling pathway in stomatal movement. AVG inhibits 

the activity of ACS, which catalyses the reaction from AdoMet to ACC (Chi et al, 

1991). As this inhibitor treatment completely repressed the effects of BA and NAA on 

stomatal closure, these phytohormones appear to inhibit ABA-induced stomatal 

closure by accelerating ethylene biosynthesis, especially upstream of ACS activity. 

Expression analysis of the ABI2 and SAG13 genes in the GCPs suggests that the 

GCPs themselves were responsive to the phytohormones. Repression of ABI2, an 

ABA-induced gene, by BA or NAA as well as by ACC application, suggests the 

involvement of these phytohormones in the ABA-signaling pathway. Further 

observations of the changes in GCP diameter upon phytohormone application are in 

accordance with the effects of cytokinin or auxin on ethylene production (see 

Chapter III). Although I did not directly measure the levels of ethylene produced, the 
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increase in gene expression levels of SAG13 (Fig. II-4A), of ACS in the guard cells 

(Tsuchisaka and Theologis, 2004), and of ACS in Arabidopsis leaves following 

treatment with the auxin, indole-3-acetic acid (IAA, Arteca and Arteca, 1999), 

suggest an effect on ethylene production. The observation that ACC application 

compensated for the effect of AVG (Fig. II-2C) is in agreement with the inhibitive 

effects of AVG on ACC synthesis and indicates that this inhibitor had little 

side-effect on stomatal closure. As application of kinetin, an alternative cytokinin, or 

IAA, an alternative auxin, demonstrated the same effects as BA or NAA (data not 

shown), I conclude that cytokinins and auxins inhibit ABA-induced stomatal closure 

through ethylene biosynthesis. 
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Chapter III 

 

Summary 

 

To examine the point at which ethylene effects ABA signaling during 

stomatal closure, I measured the changes in guard cell volume and vacuolar volume 

in the guard cells. Upon ABA application both the guard cell and vacuolar volumes 

decreased, but ACC application inhibited these responses. Although the inhibitory 

effect of ACC on the guard cells of epidermal peels was incomplete, ACC application 

completely inhibited the effect of ABA on volume changes in guard cell protoplasts 

lacking a cell wall. The above observations suggest that ethylene inhibited 

ABA-induced stomatal closure by inhibiting the ABA-induced regulation of osmotic 

pressure in guard cells, but did not affect the response to ABA in which the cell wall 

was concerned.  

 

 

Introduction 

 

In the previous Chapters, I described the antagonistic effects of ethylene, 

cytokinin and auxin on ABA-induced stomatal closure and suggested that these 

effects of cytokinin and auxin were due to an enhanced biosynthesis of ethylene. 

However, it is still unclear at which point in the ABA-signaling pathway ethylene 

has its effects, and so in this current Chapter, I addressed this question by 

examining the guard cell vacuolar volume and its structures as well as the volume of 

the guard cell itself.  

The mechanism of ABA-induced stomatal closure, which has been the 
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subject of numerous studies, is known to be driven by a decrease in guard cell turgor 

as a result of effluxes of K+ and associated anions, such as Cl- and/or malate, that are 

triggered by an increase in cytoplasmic Ca2+ concentrations (Ward and Schroeder, 

1994). These solutes that are stored in the vacuole are first transported into the 

cytoplasm and then to apoplasts by activation of the appropriate ion channels and 

transporters in the vacuolar and plasma membranes (MacRobbie, 2000). The 

reduced osmotic pressure by the efflux of the solutes releases water into the 

apoplasts so that the stomata close due to the decrease in guard cell volume. Thus, 

ABA-induced stomatal closure is mainly mediated by control of the osmotic pressure 

that results in the reduction of cell size. 

The expansion of a plant body is predominantly accomplished by an increase 

in cell volume rather than through an increase in cell number due to cell division. 

The large central vacuole, which occupies a large part of the cell volume, is thought 

to play a major role in cell expansion (Marty 1999). The vacuoles of plant cells are 

multifunctional organelles that are involved in cellular responses to environmental 

and biotic factors that provoke stress. The central vacuole is considered to have a 

particularly important function in volume changes in mature guard cells, since cell 

expansion and shrinkage is required for the daily reversible and relatively rapid cell 

volume changes rather than the irreversible process of cell division.  

To observe the tonoplast, I used a transgenic Arabidopsis line that stably 

expresses GFP-AtVam3p (Uemura et al. 2002). AtVam3p is one of several vacuolar 

t-SNARE proteins that mediate membrane fusions. The GFP fusion of AtVAM3p 

allows visualization of the vacuolar membrane in several Arabidopsis tissues, such 

as the mesophyll, root epidermis, root hair and guard cells (Saito et al. 1997, 

Uemura et al. 2002), as well as in tobacco BY-2 cells (Kutsuna and Hasezawa 2002). 

This use of this GFP-AtVam3p Arabidopsis line enabled us to perform time-lapse 

 38 



 

observations of the dynamics of both stomatal apertures and vacuolar structures in 

living epidermal cells without the usual damage observed with conventional 

membrane staining methods. 

In addition to the changes in the vacuolar volume and its structures, the 

change in volume of the guard cell itself is known to be involved in guard cell 

movement. To measure guard cell volumes, it is particularly convenient to use guard 

cell protoplasts (GCPs) since they possess simple, spherical forms. In addition to 

enabling volume measurements, the GCPs provide a unique means of studying the 

biochemical and physiological properties of guard cells since they are separated from 

the epidermal tissues that surround the guard cells. By removal of their resistant 

and thickened cell walls, the GCPs can respond to a wide variety of environmental 

signals, such as light and phytohormones, and the changes in their osmotic 

pressures are directly reflected into simple changes in their diameter. 

 

 

Materials and Methods 

 

Plant materials and culture conditions 

A transgenic Arabidopsis thaliana line expressing GFP-AtVam3p (Col-0 background) 

was kindly provided by Dr. M. H. Sato (Kyoto University). The plant culture 

conditions were as described in Chapter I. 

 

Observation of vacuolar structures and measurement of areas in vacuoles of guard 

cells and of stomatal aperture  

Preparation of epidermal tissues and application of phytohormones were performed 

as described in Chapter I. Structures and areas in the vacuoles were determined 
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from images of guard cell cross-sections using the Arabidopsis GFP-AtVam3p 

transgenic line (Uemura et al. 2002) that allows the vacuolar membranes to be 

visualized. Images of the vacuolar membranes were observed with a fluorescence 

microscope (IX70, Olympus Co. Ltd., Tokyo, Japan) equipped with a cooled CCD 

camera head system (CoolSNAP HQ, PhotoMetrics Inc., Huntington Beach, Canada). 

Subsequently, the images were digitally processed using Photoshop software (Adobe 

Systems Inc., California, USA). The areas of the vacuolar regions were obtained by 

manual segmentation and the areas then calculated on the basis of the number of 

pixels. Stomatal apertures were measured from the pore widths and measured with 

a digital ruler in Adobe Photoshop 6 (Adobe systems, CA, USA). 

 

Measurements of GCP volume changes 

The response of the Arabidopsis GCPs was monitored by incubation for 1 h under 

light in the GCP reaction buffer containing 0.3 M mannitol with or without 

phytohormones. To increase or decrease the osmotic pressure in the suspension 

medium, saturated D-mannitol or distilled water, respectively, was added into the 

medium. GCPs were observed by light microscopy (Olympus BX51), photographed 

with a fitted camera (Olympus DP70 digital camera unit), and their diameters 

measured with a digital ruler in Adobe Photoshop 6 (Adobe systems, CA, USA). For 

treatment with aminoethoxyvinyl glycine (AVG), 100 µM AVG was added to the GCP 

reaction buffer during the experiment. 

 

 

Results 

 

Changes in structure and vacuolar volume are also inhibited by ACC application  
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When stomata close in response to ABA, the decreased turgor produces 

changes in the volume and shape of both the guard cell and its vacuole. As a recent 

report demonstrated the appearance of numerous vacuolar luminal structures, such 

as folding and bulb-like structures, as a result of the decrease in vacuolar volume 

and stomatal aperture by ABA application (Sano et al, manuscript submitted), I first 

observed the changes in the vacuolar structures of stomata in the Arabidopsis 

GFP-AtVam3p transgenic line (Uemura et al. 2002). To quantify the structural 

changes in the vacuole, I categorized the guard cells as follows; cells without luminal 

vacuolar structures (Type 1), cells with some folding structures (Type 2), and those 

with bulb-like structures (Type 3, Fig. III-1A to C). Prior to ABA application, about 

65 % of the cells were Type 1, but this percentage decreased after ABA application 

and the cells were almost absent by 30 min. In contrast, the percentage of Type 3 

cells increased to about 80 % after 30 min of ABA application (Fig. III-1D). The 

number of Type 2 cells first increased and then decreased, suggesting that the Type 

2 cells were transient forms of the Type 1 and 3 cells. When ACC was applied in 

addition to ABA, the percentage of Type 1 cells decreased to about 15% and then 

remained at this level. The percentage of Type 2 cells increased to about 50 % 

whereas the Type 3 cells decreased to 35% even 30 min after ABA application (Fig. 

III-1E). 

In addition to the structural changes of the vacuoles, I observed the changes 

in stomatal vacuolar volumes in response to ABA application. To simplify the 

measurements and calculations, I measured the vacuolar areas obtained from guard 

cell cross-sectional images of the Arabidopsis GFP-AtVam3p line. After ABA 

application, the value of the vacuolar region started to decrease in parallel with the 

stomatal closure (Fig. III-2A, B). Interestingly, although the stomata closed 

completely after 5 min of ABA application, the value of the area continued to 
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decrease until 25 min. When ACC was applied in addition to ABA, the value of the 

area started to decrease, although slower than in the condition without ACC, and 

almost ceased by 10 min. This retardation also paralleled the inhibition of stomatal 

closure by ACC treatment (Fig. III-2A, B). Within 30 min after removal of ABA, both 

the vacuolar volume and the stomatal aperture recovered to the states before ABA 

application (Fig. III-2A, B). 

 

Inhibition of GCP size changes by ACC, BA or NAA application  

Stomatal aperture is regulated by the changes in guard cell volume. Since 

the decrease in vacuolar volume was inhibited by ACC application (Fig. III-2A), I 

measured the changes in guard cell volume itself in response to phytohormone 

treatment. To measure guard cell volumes easily, I used GCPs. To determine 

whether the isolated GCPs were viable, I measured their diameters in response to 

changes in osmotic pressure of the medium. The GCP diameters were found to 

increase when I reduced the osmotic pressure in the medium (Fig. III-3A), whereas 

they decreased as the mannitol concentration was increased (Fig. III-3B). When ABA 

was introduced into the suspension medium, the GCP diameters decreased by 7 %, 

indicative of the reduction in guard cell volume during stomatal closure. 

Subsequently, to confirm the effect of ethylene, I applied ACC, BA or NAA into the 

suspension medium in addition to ABA; the reduced diameter following ABA 

application was compensated perfectly in WT plants (Fig. III-4A). In contrast, the 

compensational effects of BA and NAA were not observed in GCPs prepared from 

either the ein3-1 mutant or WT plant treated with AVG (Fig. III-4B, C). ACC 

application were compensated the ABA-induced diameter reduction in GCPs from 

WT plant treated with AVG (Fig. III-4C), as was observed in epidermal peels (Fig. 

II-2C). 
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Discussion 

 

Ethylene inhibits ABA-induced osmotic regulation but not cell wall metabolism  

ABA regulates ion channel activities in the vacuolar and plasma membranes 

of guard cells and triggers effluxes of K+, Cl-, and malate across these membranes 

(MacRobbie, 2000). The reduction in these solutes lowers the osmotic pressure of the 

guard cells which therefore release water into the apoplasts.  

ABA application was found to alter the vacuolar structures of the guard cells 

from a rather simple form to the more complicated form of the Type 3 cells. ABA 

application also reduced the vacuolar volume of the guard cells and that of the guard 

cells themselves. These observations suggest that the reduction in guard cell volume 

and its vacuolar volume, and the structural changes in the vacuole, are all involved 

in stomatal closure.  

However, ACC application in addition to ABA increased the proportion of 

Type 2 cells and decreased the Type 3 cells. These observations suggest that ethylene 

could inhibit the response by ABA at some later stage, when luminal vacuolar 

structures changed from the folding to bulb-like structures, but not at the start of 

the structural changes. ACC application in addition to ABA began to decrease the 

vacuolar volumes, although to a lesser extent than that by ABA alone. These 

observations are in accordance with the mode of decrease of the stomatal apertures 

(Fig. III-2). 

In the GCPs, however, ACC application completely inhibited the effects of 

ABA on the changes in volume (Fig. III-4). The differences observed between 

epidermal peels and GCPs suggest a particular role of the cell wall in stomatal 

closure. At the early stages of stomatal closure, K+ was immediately released 

following ABA application. However, the extent of K+ efflux was much less than the 
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decrease in stomatal aperture (MacRobbie 1981). In contrast, the swelling rate of 

GCPs under light illumination correlated with K+ uptake (Gotow et al, 1985). It has 

also been reported that ABA caused an change the physical properties of the cell 

walls of guard cells in addition to the promotion of Cl- and malate efflux from the 

guard cells (Kondo and Maruta, 1987), and that ABA affected cell wall metabolism, 

such as the synthesis of pectic substances and cellulose (Takeuchi and Kondo, 1988). 

These observations suggest that changes in the physical properties of the guard cell 

wall influence stomatal aperture (Meidner 1982) independently of the contribution 

of solute efflux by ABA.  

Therefore, in ABA-induced stomatal closure, ethylene appears to inhibit the 

ABA-induced reduction of osmotic pressure in the guard cells rather than by 

affecting cell wall metabolism. The decreases in stomatal aperture and vacuolar 

volume observed in the presence of ACC might well result from the cell wall 

alterations induced by ABA. 
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General Conclusions and Prospects 

I showed in this study mainly 2 aspects about ABA-induced stomatal closure. 

One is ethylene inhibits this process and the other is the antagonistic effect of 

cytokinins and auxins on this process is also the effect of ethylene (Chapter 1, 2 and 

see the Figure below). The cross talks between ethylene and ABA were already 

reported in other plant organs such as shoot and root and during other processes, for 

example, seed germination. It is not the first time that phenomena formally 

considered as an effect of cytokinins or auxins turn out to be caused by ethylene. In 

stomatal closure, the above 2 ideas were also true.  

Concerning the inhibitive effect of ethylene on stomatal movement, ethylene 

inhibited almost completely the ABA-induced reduction of osmotic pressure in guard 

cells. In addition, ABA seemed to regulate the mechanical properties of the cell wall, 

however, the effect of ethylene on this process still uncertain. Since the efflux of the 

H+ to the cell wall decreased its elastic modulus, investigation of the pH regulation 

in cell wall by ethylene will clarify its role in the cell wall metabolism.  

Ethylene is estimated to play a “best supporting role” in plant growth 

regulation. Arabidopsis plants could provide so many kinds of ethylene mutants 

compared to other phytohormones mutants since both excess and shortage of 

ethylene is not lethal in plants. Using these mutants, it will be possible to clarify the 

mutual relationship between ethylene and ABA and their effect on the plant life. It 

would be also clarified why ethylene, a relatively simple substance which consists of 

two carbons and four hydrogens is involved in so many stress responses. In 

Arabidopsis plants, in spite of the difficulties in observation of the stomata because 

of its small size, the genetic analysis is a powerful tool to analyze the plant growth 

and development.  
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A possible scheme about the inhibitive effect of ethylene on ABA-induced stomatal 

closure. 

The antagonistic effects of cytokinin and auxin against ABA-induced stomatal 

closure were induced by ethylene synthesis since this process was cancelled by 

treatment of AVG, which inhibits ACC synthase activity. The inhibitive effects of 

ethylene, cytokinin or auxin were also cancelled by 1-MCP, an inhibitor of ethylene 

receptor(s). During the ABA-induced stomatal closure, ethylene was supposed to 

inhibit the ABA-induced water efflux from the guard cells since the reduction of the 

guard cell and their vacuolar volume by ABA application was inhibited by ethylene 

treatment.  

 50 



 

Literature Cited 

 

Abeles FB, Rubinstein B (1964) Regulation of ethylene evolution and leaf abscission 

by auxin. Plant Physiol 39: 963-969 

 

Adams DO, Yang SF (1979) Ethylene biosynthesis: identification of 

1-aminocyclopropane-1-carboxylic acid as an intermediate in the conversion of 

methionine to ethylene. Proc Natl Acad Sci USA 76: 170-174 

 

Allen GJ, Kuchitsu K, Chu SP, Murata Y, Schroeder JI (1999) Arabidopsis abi1-1 

and abi2-1 phosphatase mutations reduce abscisic acid-induced cytoplasmic calcium 

rises in guard cells. Plant Cell 11: 1785-1798  

 

Apelbaum A, Yang SF (1981) Biosynthesis of stress ethylene induced by water deficit. 

Plant Physiol 68: 594-596 

 

Arteca JM, Arteca RN (1999) A multi-responsive gene encoding 

1-aminocyclopropane-1-carboxylate synthase (ACS6) in mature Arabidopsis leaves. 

Plant Mol Bio 39: 209–219 

 

Asai N, Nakajima N, Kondo N, Kamada H (1999) The effect of osmotic stress on the 

solutes in guard cells of Vicia faba L. Plant Cell Physiol 40: 843-849 

 

Berleth T, Sachs T (2001) Plant morphogenesis: long-distance coordination and local 

patterning. Curr Opi Plant Biol 4: 57-62 

 

 51 



 

Bleecker AB, Kende H (2000) Ethylene: a gaseous signal molecule in plants. Annu 

Rev Cell Dev Biol 16: 1-18 

 

Burg SP, Burg EA (1966) Auxin-induced ethylene formation: its relation to flowering 

in the pineapple. Science 152: 1269 

 

Chae HS, Faure F, Kieber JJ (2003) The eto1, eto2, and eto3 mutations and 

cytokinin treatment increase ethylene biosynthesis in Arabidopsis by increasing the 

stability of ACS protein. Plant Cell 15: 545-559.  

 

Chaudhury AM, Letham S, Craig S, Dennis ES (1993) amp1 - a mutant with high 

cytokinin levels and altered embryonic pattern, faster vegetative growth, 

constitutive photomorphogenesis and precocious flowering. Plant J. 4: 907-916 

 

Chi GL, Pua EC, Goh CJ (1991) Role of ethylene on de novo shoot regeneration from 

cotyledonary explants of Brassica campestris ssp. pekinensis (Lour) olsson in vitro. 

Plant Physiol 96: 178-183

 

Das VSR, Rao IM, Raghavendra AS (1976) Reversal of abscisic acid induced 

stomatal closure by benzyl adenine. New Phytol 76: 449-452  

 

Davies WJ, Mansfield TA (1987) Auxins and Stomata. In: Zeiger E Stomatal function. 

Stanford University press, 293-309 

 

Davies KM, Grierson D (1989) Identification of cDNA clones for tomato 

(Lycopersicon -esculentum Mill.) mRNAs that accumulate during fruit ripening and 

 52 



 

leaf senescence in response to ethylene. Planta 179: 73-80 

 

Dodd IC (2003) Hormonal interactions and stomatal responses. J Plant Growth 

Regul 22: 32-46 

 

Fuchs Y, Lieberman M (1968) Effects of kinetin, IAA, and gibberellin on ethylene 

production, and their interactions in growth of seedlings. Plant Physiol 43: 

2029-2036 

 

Ghassemian M, Nambara E, Cutler S, Kawaide H, Kamiya Y, P McCourt P (2000) 

Regulation of abscisic acid signaling by the ethylene response pathway in 

Arabidopsis. Plant Cell 12: 1117-1126 

 

Giulivo C (1986) Hormonal control of water transport in soil-plant-atmosphere 

continuum. Acta Horticul 179: 385-393 

 

Gotow K, Tanaka K, Kondo N, Kobayashi K, Syono K (1985) Light activation of 

NADP-malate dehydrogenase in guard cell protoplasts from Vicia faba L. Plant 

Physiol 79: 829-832   

 

Grbic V, Bleecker AB (1995) Ethylene regulates the timing of leaf senescence in 

Arabidopsis. Plant J 8: 595-602 

 

Guzman P, Ecker JR (1990) Exploiting the triple response of Arabidopsis to identify 

ethylene-related mutants. Plant Cell 2: 513-23 

 

 53 



 

Harris MJ, Outlaw WH (1991) Rapid adjustment of guard-cell abscisic-acid levels to 

current leaf-water status. Plant Physiol 95: 171-173 

 

Incoll LD, Jewer PC (1987) Cytokinins and stomata In: Zeiger E Stomatal function. 

Stanford University press, 281-292  

 

John I, Drake R, Farrell A, Cooper W, Lee P, Horton P, Grierson D (1995) Delayed 

leaf senescence in ethylene-deficient ACC-oxidase antisense tomato plants: 

molecular and physiological analysis. Plant J 7: 483-490 

 

Kondo N, Maruta I (1987) Abscisic acid-induced stomatal closure in Vicia faba 

epidermal strips. Excretion of solutes from guard cells and increase in elastic 

modulus of guard cell wall. Plant Cell Physiol 28: 355-364 

 

Kutsuna N, Hasezawa S (2002) Dynamic organization of vacuolar and microtubule 

structures during cell cycle progression in synchronized tobacco BY-2 cells. Plant 

Cell Physiol 43: 965-973 

 

Lee TM, Lur HS, Lin Y H, Chu C (1996) Physiological and biochemical changes 

related to methyl jasmonate-induced chilling tolerance of rice (Oryza sativa L.) 

seedlings. Plant Cell Environ 19: 65–74 

 

Leung J, Giraudat J (1998) Abscisic acid signal transduction. Annu Rev Plant 

Physiol Plant Mol Biol 49: 199-222 

 

Liang X, Abel S, Keller JA, Shen NF, Theologis A (1992) The 

 54 



 

1-aminocyclopropane-1-carboxylate synthase gene family of Arabidopsis thaliana. 

Proc Natl Acad Sci USA 89: 11046-11050  

 

Livnè A, Vaadia Y (1965) Stimulation of transpiration rate in barley leaves by 

kinetin and gibberellic acid. Physiol Plant 18: 658-664 

 

Lovegrove A, Hooley R (2000) Gibberellin and abscisic acid signalling in aleurone. 

Trends Plant Sci 5: 102-110  

 

MacRobbie EAC (2000) ABA activates multiple Ca2+ fluxes in stomatal guard cells, 

triggering vacuolar K+(Rb+) release. Proc Natl Acad Sci USA 97: 12361-12368  

 

MacRobbie EAC (1981) Effects of ABA in ‘isolated’ guard cells of Commelina 

communis L. J Exp Bot 32: 563-572  

 

Marty F (1999) Plant vacuoles. Plant Cell 11: 587–599 

 

Mattoo AK, Suttle JC (1991) The plant hormone ethylene. CRC, Boca Raton, FL: 

CRC Press 

 

Mckeon TA, Hoffman NE, Yang SF (1982) The effect of plant-hormone pretreatments 

on ethylene production and synthesis of 1-aminocyclopropane-1-carboxylic acid in 

water-stressed wheat leaves. Planta 155: 437-443 

 

McMichael BL, Jordan WR, Powell RD (1972) Effect of water stress on ethylene 

production by intact cotton petioles. Plant Physiol 49: 658-662 

 55 



 

 

Meidner H (1982) Guard cell pressures and wall properties during stomatal opening. 

J Exp Bot 33: 355-359 

 

Merritt F, Kemper A, Tallman G (2001) Inhibitors of ethylene synthesis inhibit 

auxin-induced stomatal opening in epidermis detached from leaves of Vicia faba L. 

Plant Cell Physiol 42: 223-230 

 

Naito S, Yokota MY, Chino M, Komeda Y (1994) Expression of a soybean (Glycine 

max [L.] Merr.) seed storage protein gene in transgenic Arabidopsis thaliana and its 

response to nutritional stress and to abscisic acid mutations. Plant Physiol 104: 

497-503  

 

Nakagawa N, Mori H, Yamazaki K, Imaseki H (1991) Cloning of a complementary 

DNA for auxin-induced 1-aminocyclopropane-1-carboxylate synthase and 

differential expression of the gene by auxin and wounding. Plant Cell Physiol 32: 

1153-1163 

 

Nylander M, Svensson J, Palva ET, Welin BV (2001) Stress-induced accumulation 

and tissue-specific localization of dehydrins in Arabidopsis thaliana. Plant Mol Bio 

45: 263-279 

 

Pandey S, Wang XQ, Coursol SA and Assmann SM (2002) Preparation and 

applications of Arabidopsis thaliana guard cell protoplasts. New Phytol 153: 

517- 526 

 

 56 



 

Pemadasa MA (1982) Differential abaxial and adaxial stomatal responses to 

indole-3-acetic acid in Commelima communis L. New Phytol 90: 209-219 

 

Picton S, Barton SL, Bouzayen M, Hamilton AJ, Grierson D (1993) Altered fruit 

ripening and leaf senescence in tomatoes expressing an antisense ethylene-forming 

enzyme transgene. Plant J 3: 469-481 

 

Raghavendra AS, Reddy KB (1987) Action of proline on stomata differs from that of 

abscisic-acid, G-substances, or methyl jasmonate. Plant Physiol 83: 732-734 

 

Roelfsema MR, Levchenko V, Hedrich R (2004) ABA depolarizes guard cells in intact 

plants, through a transient activation of R- and S-type anion channels. Plant J 37: 

578-88 

 

Roman G, Lubarsky B, Kieber JJ, Rothenberg M, Ecker JR (1995) Genetic analysis 

of ethylene signal transduction in Arabidopsis thaliana: five novel mutant loci 

integrated into a stress response pathway. Genetics 139: 1393-1409 

 

Saito C, Ueda T, Abe H, Wada Y, Kuroiwa T, Hisada A, Furuya M, Nakano A (2002) A 

complex and mobile structure forms a distinct subregion within the continuous 

vacuolar membrane in young cotyledons of Arabidopsis. Plant Journal 29: 245-255 

 

Saito T, Tani A, Kiyota M, Ohe M (1996) Rates of ethylene release, photosynthesis 

and transpiration of rice measured in closed-type chamber. Acta Hort 440: 55-59 

 

Schroeder JI, Allen GJ, Hugouvieux V, Kwak JM, Waner D (2001) Guard cell signal 

 57 



 

transduction. Annu Rev Plant Physiol Plant Mol Biol 52: 627-658 

 

Sharp RE (2002) Interaction with ethylene: changing views on the role of abscisic 

acid in root and shoot growth responses to water stress. Plant Cell Environ 25: 

211-222 

 

Sisler EC, Serek M (1997) Inhibitors of ethylene responses in plants at the receptor 

level: Recent developments. Physiol Plant 100: 577-582 

 

Snaith PJ, Mansfield TA (1982) Stomatal sensitivity to abscisic acid : Can it be 

defined? Plant Cell Environ 5: 309-311 

 

Spollen WG, LeNoble ME, Samuels TD, Bernstein N, Sharp RE (2000) Abscisic acid 

accumulation maintains maize primary root elongation at low water potentials by 

restricting ethylene production. Plant Physiol 122: 967-976  

 

Suhita D, Raghavendra AS, Kwak JM, Vavasseur A (2004) Cytoplasmic alkalization 

precedes reactive oxygen species production during methyl jasmonate- and abscisic 

acid-induced stomatal closure. Plant Physiol 134: 1536-1545 

 

Takeuchi Y, Kondo N (1988) Effect of abscisic acid on cell-wall metabolism in guard 

cells of Vicia faba L. Plant Cell Physiol 29: 573-580 

 

Tamaoki M, Matsuyama T, Kanna M, Nakajima N, Kubo A, Aono M, Saji H (2003) 

Differential ozone sensitivity among Arabidopsis accessions and its relevance to 

ethylene synthesis. Planta 216: 552-560 

 58 



 

 

Tanaka Y, Sano T, Tamaoki M, Nakajima N, Kondo N, Hasezawa S (2005) Ethylene 

inhibits abscisic acid-induced stomatal closure in Arabidopsis. Plant Physiol 138: 

2337-2343 

 

Thain SC, Vandenbussche F, Laarhoven LJJ, Dowson-Day MJ, Wang ZY, Tobin EM, 

Harren FJM, Millar AJ, Straeten DVD (2004) Circadian rhythms of ethylene 

emission in Arabidopsis. Plant Physiol 136: 3751-3761  

 

Tsuchisaka A, Theologis A (2004) Unique and overlapping expression patterns 

among the Arabidopsis 1-amino-cyclopropane-1-carboxylate synthase gene family 

members. Plant Physiol 136: 2982–3000 

 

Uemura T, Yoshimura SH, Takeyasu K, Sato MH (2002) Vacuolar membrane 

dynamics revealed by GFP-AtVam3 fusion protein. Genes to Cells 7: 743-753 

 

Wang KLC, Yoshida H, Lurin C, Ecker JR (2004) Regulation of ethylene gas 

biosynthesis by the Arabidopsis ETO1 protein. Nature 428: 945-950 

 

Wang SY (1999) Methyl jasmonate reduces water stress in strawberry. J Plant 

Growth Regul 18: 127–134 

 

Ward JM, Schroeder JI (1994) Calcium-activated K+ channels and calcium-induced 

calcium release by slow vacuolar ion channels in guard cell vacuoles implicated in 

the control of stomatal closure. Plant Cell 6: 669-683 

 

 59 



 

Xu CC, Zou Q (1993) Effect of drought on lipoxygenase activity, ethylene and ethane 

production in leaves of soybean plants. Acta Botanica Sinica 35: 31-37 

 

Yoshii H, Imaseki H (1982) Regulation of auxin-induced ethylene biosynthesis. 

Repression of inductive formation of 1-aminocyclopropane-1-carboxylate synthase by 

ethylene. Plant Cell Physiol 23: 639-649 

 

Young TE, Meeley RB, Gallie DR (2004) ACC synthase expression regulates leaf 

performance and drought tolerance in maize. Plant J 40: 813-825 

 60 


