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The discovery of the plant hormone ethylene was stunning—ethylene is a
simple gas! Our expanding knowledge of the multiplicity of ethylene’s roles
in plant development, physiology, and metabolism makes the study of this
plant hormone increasingly compelling. Elucidation of the genetic regulation
of ethylene biosynthesis, characterization of ethylene receptors and analysis
of the pathway of ethylene signal transduction, coupled with the identifica-
tion of components in the cascade and target genes, have provided insight
into how this simple molecule can drive such a diversity of divergent
processes. These scientific advances will lead to new technologies that will
further enable researchers to harness the powers of ethylene for the benefit of
agriculture.

In Ethylene Action in Plants, classic and emerging roles of ethylene in
plant developmental processes are integrated through recent advances char-
acterizing ethylene receptors, promoters and antagonists, and biological and
environmental factors that mediate ethylene responses. The book’s editor,
Dr. Nafees Khan, Aligarh Muslim University, Aligarh, India, an expert on
ethylene with an impressive number of publications on the interactions
between ethylene, photosynthesis, and growth of Brassica spp, brought
together a highly qualified group of international experts to provide state-of-
the-art information. To simply list the topics included does not do justice to
the book’s contents, as the articles are not just a compilation of the literature
relevant to the topic. The authors have synthesized traditional ethylene
research with recent novel discoveries to provide both the means for under-
standing what have previously been considered conflicting results and
answers to previously unanswered questions. The book is designed to pro-
vide the reader with the details of major strides in ethylene research, includ-
ing introduction to new areas of research. I offer the following as a brief
glimpse into the pages of Ethylene Action in Plants.

Ethylene has long been known as the “ripening hormone”, but in recent
years progress in identifying ethylene receptors in responsive cells and
components of the ethylene signal transduction pathway, including tran-
scription factors and target genes controlling ripening-related processes in
fruit and vegetables, has been dramatic. In Ethylene Action in Plants,
advances in the genetic regulation of ripening are detailed in relation to the
role played by other hormones and with goal of delineating the differences
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among developmentally regulated, ethylene early responsive and ethylene
late responsive genes. Knowledge of the molecular basis for fruit ripening will
undoubtedly result in improved post-harvest longevity, and increased aes-
thetic and nutritional quality. In recent years, the investigation of promoters
and antagonists to the binding of ethylene with its receptor has lead to the
identification of numerous compounds that mediate the interaction. The
binding and activity of these compounds are described, along with their
potential benefit to basic research and agricultural. It is the hope that the
specifics given in the book might lead its readers to discover additional regu-
latory compounds of value. Whereas the role of ethylene in expansion growth
is well known, its effects on biomass accumulation remain understudied, par-
ticularly in relation to plants growing under limiting environmental condi-
tions, where ethylene should logically be a factor in the growth response of
the plant. In Ethylene Action in Plants, the effects of endogenous and exoge-
nous ethylene on growth parameters in optimal and stressful environments
are unraveled. Enhanced ethylene production is a common plant response to
numerous stresses, but recent evidence that ethylene perception and signal
transduction are also affected by stress has lead to the new insight into ethyl-
ene sensitivity during stress and stress adaptation presented in the book. Leaf
senescence, the last phase of leaf development, is a genetically programmed
process. Ethylene plays a key role among leaf senescence inducers. In
Ethylene Action in Plants, the sequence of events resulting in leaf senescence
is described in detail in relation to the physiological effects of ethylene on the
process and in light of new research on the modification of ethylene effects by
biological and environmental factors that act as promoters and antagonists of
ethylene. At best, the role of ethylene in adventitious root development is
confusing due the variable responses to ethylene reported in the literature.
These variable responses are discussed with the outcome being a better
understanding of the basis for the variability and resolution of the conflict.
Ethylene also mediates nodulation responses of roots. Comparison of differ-
ent rhizobium-legume symbioses and their respective nodulation processes
provides clarification of contrasting requirements for ethylene in the differ-
ent bacterial invasion mechanisms involved in nodulation and of the role
of ethylene in further nodule development. Another controversial aspect of
ethylene physiology discussed in the book is ethylene’s role in regulating stem
gravitropic curvature. Here, historic evidence and traditional methods are
critically evaluated in light of recent advances in the field. The interactions
between ethylene and photosynthesis and growth are complex due to modu-
lation of the effects of ethylene by many factors. Evidence is provided to sup-
port the involvement of 1-aminocyclopropane carboxylic acid synthase, the
rate-limiting enzyme in the synthesis of ethylene, as a common factor in the
control of photosynthesis and growth. Ethylene Action in Plants integrates
results from physiology, biochemistry, and molecular biology research.

Readers of Ethylene Action in Plants will gain an appreciation for how sig-
nificantly our understanding of ethylene action has advanced in recent years
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and for current efforts by researchers to answer those questions that remain
unanswered and to pose new questions. The book will expand the knowledge
base and stimulate the thinking of plant biology graduate students and
researchers, be they botanists, ecologists, horticulturists, agronomists, phys-
iologists, molecular biologists, or genetic engineers.

Carol J. Lovatt, Ph.D.,
Professor of Plant Physiology

University of California -Riverside

Foreword VII



Preface

Ethylene, the simplest plant growth regulator, has been recognized to control
many physiological processes in plants, including fruit ripening, abscission,
senescence, and responses of biotic and abiotic stresses. Since the time of the
Egyptians, ethylene has been used to stimulate the ripening of figs and the
Chinese used it to enhance the ripening of pears. The phenomenon of ‘triple
response’ induced by ethylene was discovered in 1864 when it was noticed
that gas leaks from street lamps caused stunting of growth, twisting of plants,
and abnormal thickening of stems. It was Neljubow in 1901 who discovered
that the active principle in illuminating gas was ethylene; thus, he is credited
with the discovery that ethylene is a biologically active gas. Later, in 1934,
Gane provided chemical proof that plants produce ethylene. It has now been
recognized that ethylene is produced in all higher plants. Thus, with the
recognition of the presence of ethylene in plants, the stage was set to investi-
gate the ethylene action in plants as signal molecules. The action of ethylene
as a signal molecule depends on its tissue concentration and the ability of the
cells to monitor the changing concentrations of ethylene and transduce this
information into physiological responses. The effectiveness of ethylene
requires high-affinity receptors. It is bound by a membrane-localized recep-
tor. The N-terminal domain of the receptor protein is responsible for binding
of ethylene. Components of the ethylene signal transduction pathway have
been identified by genetic studies in Arabidopsis. Transduction of the ethyl-
ene signal is thought to be achieved through a series of phosphorylations
that are carried out by a cascade of protein kinases similar to the mitogen-
activated protein kinase pathway. Genetic manipulation of the genes respon-
sible for the ethylene signal transduction pathway will provide agriculture
with new tools to prevent or modify ethylene responsible in a variety of plants.

The intent of this book is not to cover all the aspects of ethylene biology
but to summarize and provide an update on our current understanding on
mechanism and regulation of ethylene action. I extend my gratitude to all
those who have contributed in making this book possible. Simultaneously,
I would like to apologize unreservedly for any mistakes or failure to acknowl-
edge fully. Finally, I thank my family for their continued support and encour-
agement throughout the work.
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1.1 Introduction

Although ethylene has long been recognized as a plant hormone, it is only
recently that the ethylene receptor has been subjected to detailed study. Most
reviews on ethylene signal transduction do not discuss much about ethylene
interaction with the ethylene receptor except to mention that ethylene does
bind to the receptor. This review will concentrate on the interaction of ethyl-
ene, ethylene agonists, and antagonists with the receptor. It is important that
we identify the factors that determine compound binding and activity
whether the compound is an ethylene agonist or an ethylene antagonist. It is
important that findings from past work be noted in concordance with new-
found results that contribute to our knowledge of the many compounds
known to bind to the receptor. In recent years, the number and type of com-
pounds that interact with the receptor has been expanded considerably. Some
of these compounds appear to be useful both for basic research and for prac-
tical purposes. Many more may be discovered. It is the intent here to present
some of what is known about both ethylene antagonists and agonists that
have been found with the hope that the information will help lead to other
compounds.

1.2 Ethylene and Agonists

1.2.1 Discovery of Ethylene Action and Some Important Lessons from
the Past

Ethylene is one of the five original basic plant hormones. Many of the
responses caused by ethylene were observed before it was known that it was
the cause of the response (Abeles et al. 1992). In 1901, Neljubov reported that
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ethylene caused a triple response in etiolated pea seedlings: i.e., epicotyl
thickening, growth retardation, and horizontal growth of the epicotyl. It was
soon recognized that ethylene was not alone in causing a triple response in
plants. Soon it was known that propylene, acetylene, and carbon monoxide
were ethylene agonists also giving a triple response in pea. In 1967, Burg and
Burg identified several other alkenes and alkene-related compounds that
were active. Isocyanides were added to the list of ethylene agonists 10 years
later (Sisler 1977). These were important clues as to how ethylene may act.
Now a great number of plant responses have been shown to be regulated by
ethylene. Ethylene, which is produced by almost all plants, mediates a wide
range of different plant responses and developmental steps. Ethylene plays an
active role in seed germination, tissue differentiation, formation of root and
shoot primordia, root elongation, lateral bud development, flowering initia-
tion, anthocyanin synthesis, flower opening and senescence, pollination, fruit
degreening and ripening, the production of volatile organic compounds
responsible for aroma formation in fruits, leaf and fruit abscission, the
response of plants to both biotic and abiotic stress, and plant-microbial inter-
actions that are important for plant’s growth and survival (Abeles et al. 1992;
Grichko and Glick 2001a). Agricultural and horticultural loss is high due to
ethylene-accelerated post-harvest ripening and deterioration of perishable
commodities.

1.2.2 Molecular Requirements

In 1967, Burg and Burg published a paper on the molecular requirements for
ethylene action in plants. Applying techniques used in enzyme kinetics, they
compared a number of active compounds for their ability to give an ethylene
agonistic response in peas. Using a gas chromatographic technique, they
also compared the ability of the same compounds to bind to silver ions. They
reported the binding of the compounds to silver ions to be in the same order
as their ability to inhibit pea seedling growth. Burg and Burg (1967) then
proposed that there was a metal in the supposed ethylene receptor. This was
an important step toward understanding the way ethylene acts to bring
about a response in plants. That ethylene binds to certain metals was not
new. It had been known since 1827 that ethylene formed a complex with
platinum and there was much chemical literature available on metal com-
plexes of ethylene and other olefins, but the report by Burg and Burg (1967)
was the first report extending this concept to plant responses. Consequently,
there were several early attempts and suggestions to explain the mechanism
of ethylene activity. Did ethylene act by being oxidized? Did ethylene act by
producing some essential component as in an enzymatic reaction, or did
ethylene serve to turn on a signal transduction pathway? Experimental evi-
dence has favored a signal transduction pathway and this has been the focus
of much recent work.
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Some early work focused on the putative metal involved in ethylene action.
Based on some deficiency experiments, Burg and Burg (1967) found that only
zinc deficiency seemed to alter ethylene sensitivity in plants. For ethylene
oxidation, copper seemed more likely as the metal. The reversible binding of
ethylene to Cu(I) was well known (Cotton and Wilkinson 1980) and it seemed
a likely prospect for being the metal involved (Sisler 1976, 1977). To support
the proposed role of monovalent copper in the ethylene binding in plants,
complexes of Cu(I) with imidazole-like ligands were synthesized (Thompson
et al. 1983; Thompson and Whitney 1984; Thompson and Swiatek 1985). The
complexes were the rather stable Cu(I) adducts with ethylene and its agonists
and exhibited either a trigonal-planar geometry or a distorted tetrahedral
structure. In a membrane environment, ligands bound to a metal ion may
considerably alter its properties and the properties of its complex with ethyl-
ene, and there is a possibility that other metals might be involved in ethylene
binding in situ. Rodriguez et al. (1999) did include other metals in an in vitro
study where ethylene receptor gene ETR1 from Arabidopsis was cloned in
yeast. Only Cu(II) and Ag(I) significantly increased ethylene binding.
Supplying ions such as Fe(II), Co(II), Ni(II), or Zn(II) did not increase ethyl-
ene binding. In the 2-D model of an ethylene receptor, which was developed
based on these experiments, the transmembrane, hydrophobic ethylene-
binding domain contained one Cu(I) ion per protein dimer, and coordinat-
ing amino acids were thought to be Cys65 and His69 (Rodriguez et al. 1999).
The ethylene receptor has been suggested to contain either one or two Cu(I)
ions per dimer (Hirayama et al. 1999; Pirrung 1999; Klee 2002; Taiz and
Zeiger 2002; Weiler 2003). The stoichiometry gives little clue as to the struc-
ture. The coordination number of Cu(I) ions can be anywhere from two to
six, and it is possible that Cu(I) forms a tetrahedral complex with both Cys65
and His69 (Pirrung 1999). A sulfur-ligated Cu(I)-ethylene complex exhibits
very weak metal-ligand bonding interactions (Hirsh et al. 2001), and it is also
possible that each cysteine residue is not a coordinating ligand. Cysteine
residues instead may form disulfide bond in situ, and histidine residues
and water may serve as ligands. Ethylene is likely to displace a weak ligand, and
water is one of the most suitable candidates for this role. Displacement
of water by ethylene followed by expelling of water molecule(s) from the
hydrophobic domain is likely to result in the formation of a stable complex.
An experiment in which a specific metal is shown to function in situ in ethyl-
ene perception has not yet been reported and is needed, but much recent
evidence has favored copper as the metal involved in the receptor.
Hirayama et al. (1999) restored antagonistic activity to an Arabidopsis ran1
mutant, which gave an agonistic response with trans-cyclooctene (TCO), by
either cloning a Cu(I) transporter into it or by supplying Cu(II) ions. This
essentially confirms that copper can function in the receptor. The fact that
ran1 loss-of-function mutants were responsive to both ethylene and trans-
cyclooctene is rather fascinating. Because 1-methylcyclopropene (1-MCP),
a potent ethylene antagonist, also appeared to function normally, a metal
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must have been present in the receptor. Was that metal copper? trans-
Cyclooctene was not included in the in vitro study of Rodriguez et al. (1999),
and it is not known if the ethylene receptor associated with a different metal
binds alkenes other than ethylene. Unusual behavior of the ran1 mutant
might be a result of either alteration of ethylene receptor conformation,
decrease in ligand specificity, or the stability of receptors (Hirayama et al.
1999; Woeste and Kieber 2000). It can also be a result of irreversible disrup-
tion of altered ethylene receptors by trans-cyclooctene, enhanced sensitivity
or insertion of different metal into some ethylene receptors under the condi-
tions of a severe Cu(I) ion deficiency.

Some data suggest that binding of ethylene to the receptor may result in a
structural rearrangement of the receptor, which can serve as an initial event
in a signal transduction pathway. The role of histidine kinase activity of the
ethylene receptor subfamily I is proven to be rather complex (Wang et al.
2003; Qu and Schaller 2004). It was shown that the ethylene receptor directly
interacts with the downstream negative regulator CTR1 (Clark et al. 1998),
and kinase activity of ETR1 is not required for its interaction with CTR1 (Gao
et al. 2003).

There are still many questions about how ethylene acts. The exact struc-
ture of the ethylene-binding domain of the ethylene-receptor family is still
unknown. The 3-D structure may be determined soon following a high-level
expression of ETR1 in E. coli (Voet-van-Vormizeele and Groth 2003) and this
may greatly facilitate the process of selection of the best candidates from the
pool of synthetic compounds and phytochemicals and make it easier to
predict anti-ethylene potency of their derivatives.

1.2.3 Ethylene Binding

Another important step in understanding the action of ethylene was the
development of methods of measuring ethylene binding in plants. Using
14C-ethylene, the rate of ethylene binding and the rate of ethylene release
could be measured in plant tissue (Jerie et al. 1979; Sisler 1979). Using this
technique, it could be shown that in vegetative tissue, there appeared to be
a major component that bound and released ethylene rapidly. The time-
radiolabeled ethylene remained bound to the major component varied
in different plants. In most plants, the t1/2 was about 10 min. However, in
tomato leaflets it was only 2 min. The rapid component correlates well with
the data of Warner and Leopold (1971) for response times by pea plants to
ethylene. The value for Kd as determined by a Scatchard plot correlated well
with the value for Km as determined by a Lineweaver-Burk plot (Sisler
1979). There usually also was a small amount that was released with a much
longer half-time. In some seeds, there were large amounts of ethylene,
which remained bound for long periods of time. Because there is no known
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function for ethylene in these seeds, this probably represents binding to a
storage component.

In measuring ethylene action, pea plants responded to ethylene in just 10
min and recovered with t1/2 of about 18 min after its withdrawal (Warner and
Leopold 1971). In Arabidopsis hypocotyls of etiolated seedlings, there were
two phases of growth inhibition by ethylene, a rapid phase followed by a pro-
longed slower phase. Full recovery occurs about 90 min after ethylene
removal (Binder et al. 2004a). The recovery time was significantly smaller
than the time of ethylene dissociation from ETR1 receptors expressed in yeast
(Schaller and Bleecker 1995; Binder et al. 2004a). The inhibition appears to be
a complex process (Binder et al. 2004b). In ethylene binding studies, the
shortest value of t1/2 for 14C ethylene diffusion from the binding site measured
in vivo was 2 min (Sisler 1982).

In vitro, the short-lived component is absent; in extracts of mung bean
sprouts, t1/2 of 1 h and t1/2 of 50 h were measured (Sisler 1990). In a cell-free sys-
tem from cotyledons of Phaseolus vulgaris, t1/2 was about 10.5 h (Bengochea
et al. 1980). In yeast expressing ETR1 at a level of about 4.0×10−8 M, t1/2 was
12.5 h (Schaller and Bleecker 1995). Based on Kd and t1/2 (Sisler 1991), one can
estimate that the rate constant of ethylene binding to the receptor is about
5×107 M−1 s−1 for the short-lived component and 2×105 M−1 s−1 for the long-
lived component, indicating that rate of ethylene binding is likely to be deter-
mined by the rate of its interaction with the active center of the receptor.

1.3 Ethylene Antagonists

1.3.1 Chemical Adjuvants Counteracting Ethylene

Ethylene responses in plants can be prevented to some extent by a number of
chemical adjuvants. High concentrations of sucrose, carbon dioxide, and
cycloheximide delay senescence in flowers (Dilley and Carpenter 1975).
Carbon dioxide is used in controlled atmosphere storage of fruits and veg-
etables and it has been known for many years that it is a natural inhibitor of
ethylene responses. Early studies of the carbon dioxide effect suggested that
it competes with ethylene in ethylene action (Burg and Burg 1967); however,
direct measurement with 14C-labeled ethylene did not indicate that carbon
dioxide competes with ethylene for the receptor sites (Sisler 1979). Recently
it was shown that carbon dioxide acts by suppressing ethylene biosynthesis
(John 1997). Indoleacetic acid can prevent ethylene action under some cir-
cumstances. Application of indoleacetic or 2,4-dichlorophenoxyacetic acid to
plant tissue will retard some ethylene-induced processes, but there is no evi-
dence that they act by preventing ethylene binding, and their action also
seems to be indirect (Sisler et al. 1985).
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Responses to ethylene are controlled by either lowering its biosynthesis or
limiting its action. A number of inhibitors of ethylene biosynthesis have been
developed. Ethylene biosynthesis in plants can also be minimized by expres-
sion of a microbial ACC deaminase gene or genetic suppression of the key
enzymes of the Yang cycle (Klee et al. 1991; Theologis et al. 1992). For exam-
ple, ACC deaminase transgenic tomato plants that are resistant to flooding
stress may be constructed by using root-specific promoters, which are also
anaerobically inducible (Grichko and Glick 2001b). The practical disadvan-
tages of genetic approaches are the necessity for development of transgenic
lines of each species, which is almost impossible, and a high public concern
associated with the issues of transgenic food. A non-invasive and universal
way of controlling ethylene responses in plants is emerging. Indeed, plant
growth can be affected in a variety of ways by plant growth-promoting bacte-
ria expressing the ACC deaminase gene (Grichko and Glick 2001a). Because
these approaches affect ethylene biosynthesis and do not protect plants from
exogenous ethylene, in recent years much effort has been focused on the con-
trol of ethylene action that starts with the binding of ethylene to the receptor
(Sisler 1979; Schaller and Bleecker 1995). Ag(I) ion (Beyer 1976) especially
silver thiosulfate is a very effective inhibitor of ethylene action. Ag(I) ion
interacts with the receptor and binds ethylene in this state (Rodriguez et al.
1999) but fails to induce response in situ. The Ag(I) ion is thought to occupy
the binding site of the receptor (Rodriguez et al. 1999) or it might affect it in
some other way. The silver ion reacts with sulfur-containing compounds and
is known to deactivate enzymes by reacting with sulfhydryl groups. Silver,
being a heavy metal, has been banned from use to counteract ethylene in
some countries and this limits its use.

1.3.2 Ethylene Agonists That Require Continuous Exposure to Give
a Response

All existing ethylene antagonists except for silver thiosulfate and cyclo-
propenes require continuous exposure. The fact that some alkenes inhibit
ethylene responses was discovered by Sisler and Pian in 1973. 2,5-
Norbornadiene (2,5-NBD) was known to form one of the most stable silver
complexes. Out of curiosity, 2,5-NBD was tested on tobacco leaves, flowers,
and seeds to see if it would elicit an ethylene response. It did not appear to
induce an ethylene-like response but instead did seem to overcome the effect
of ethylene. Several other cyclic alkenes were then tested and were effective
inhibitors of ethylene action. 2,5-NBD was the best antagonist found among
the cyclic alkenes. However, it required continuous exposure and had a
pungent and obnoxious odor. Despite these limitations, for many years it
served as an important experimental tool, and it initiated the search for ways
to control the ethylene receptor. One of the more important results found
with the cycloalkenes was that the level of activity appeared to depend on the
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ring strain (Sisler and Yang 1984). The more strained the alkene, the better it
was as an antagonist. 2,5-NBD continued to be the best alkene antagonist
until trans-cyclooctene was discovered (Sisler et al. 1990). TCO is not much
more highly strained than 2,5-norbornadiene and concentration-wise it was
nearly 100 times as effective. TCO also has a very pungent and obnoxious
odor and must be prepared by synthesis. It has had only limited usage. These
compounds remain bound much longer than ethylene, diffusing from the
binding site with a t1/2 of 3–6 h (Sisler et al. 1990). Many ethylene responses
require more than 6 h of exposure to ethylene for induction of an observable
response, and the results of a single exposure would not be sufficient to
be noted. This is probably the reason continuous exposure is required.
Cyclic alkenes that are potent ethylene antagonists are listed in Table 1.1.
Cyclopentadiene had been found to be about as effective as 2,5-NBD as an
inhibitor of ethylene responses. Cyclobutene also proved to be a compound
requiring continuous exposure.

Interaction of Ethylene and Other Compounds with the Ethylene Receptor 7

Table 1.1. Inhibition of ethylene action in plants by competitive antagonists

Compound name Structure Plant Ki (µL L−1 gas)

Diazocyclopentadiene Carnation 0.12

trans-Cyclooctene Banana 0.78

4-Penten-1-ol Banana 110

cis-Cyclooctene Banana 512

2,5-Norbornadiene Pea 170
Banana 55

Cyclopentadiene Banana 140

OH

N N

(Continued)
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Table 1.1. Inhibition of ethylene action in plants by competitive antagonists—(cont’d)

Compound name Structure Plant Ki (µL L−1 gas)

Allylbenzene Banana 189

4-Phenyl-1-butene Banana 206

Norbornene Pea 360

1,3-Cyclohexadiene Pea 488

2-Vinylnaphthalene Banana 490

1,3-Cycloheptadiene Pea 870

2-Allylphenol Banana 995

Cyclopentene Pea 1,100

1,4 -Cyclohexadiene Pea 4,650

Cyclohexene Pea 6,060

OH



Table 1.1. Inhibition of ethylene action in plants by competitive antagonists—(cont’d)

Compound name Structure Plant Ki (µL L−1 gas)

Cyclohexane Pea Inactive

Benzene Pea Inactive

*After Sisler (1991), Grichko et al. (2003). Ki value is the amount of the compound required to double Km.
The lower the Ki value is, the more effective the inhibitor
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1.3.3 Naturally Occurring Ethylene Antagonists

Surprisingly, the ethylene-binding domain seems to be rather easily accessible
by relatively large naturally occurring molecules that contain ten or more car-
bons (Grichko et al. 2003). Many naturally occurring terpenes compete with eth-
ylene for the receptor. All of the terpenes tested had some antagonistic activity.
There was considerable variation in the potency found, but some were in the
range where they might be important in nature (Table 1.2). In particular, when
an oxygen atom was near the double bond the compound was usually more
active than one not having an oxygen atom. This was true whether the oxygen-
containing group was an aldehyde, hydroxyl, or keto group. The effect might be
due to a hydrophilic interaction or it could be because the oxygen group with-
drew electrons from the double bond causing the molecule to bind more tightly.
All tested terpenes required continuous exposure for activity and some of these
were comparable with 2,5-NBD in activity. It is not known if antagonistic prop-
erties of terpenes are important in nature in controlling ethylene responses, but
it is possible. Many natural compounds exhibit allelopathic inhibition of seed
germination and growth of competing plants (Fischer et al. 1994), and basic
research on naturally occurring ethylene antagonists may reveal presently
unknown mechanisms underlying such complex phenomena as allelopathy,
growth inhibition of neighboring species, and regulation of plant growth and
development. Possibly ethylene action could be involved in these phenomena.

1.3.4 Photoactivated Compounds

Research on photoactivated antagonists was undertaken by Sisler et al. (1993) to
label and identify the ethylene receptor. Because UV photolysis of diazo com-
pounds frequently results in the formation of carbenes that rapidly react with
other compounds including proteins, diazocyclopentadiene (DACP) was syn-
thesized and found to bind to the ethylene receptor under continuous exposure.
However, UV light did not activate DACP, and severe damage was done to the
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Table 1.2. Ethylene antagonists of plant origin

Name Structure Ki (µL L)*

Monoterpenes
Linalool 101

(+) Carvone 103

Perillaldehyde 167

Carveol 337

α-Pinene 360

α-Terpinene 400

HO

O

O

OH
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Table 1.2. Ethylene antagonists of plant origin—(cont’d)

Name Structure Ki (µL L)*

γ-Terpinene 400

Limonene 588

Perillalcohol 693

Myrcene 1,333

β-Pinene 3,580

Isoprene 22,000

 

 

OH

(Continued)
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Table 1.2. Ethylene antagonists of plant origin—(cont’d)

Name Structure Ki (µL L)*

Products of phenylpropanoid
and other pathways
Eugenole 101

Estragole 103

trans-Cinnamaldehyde 165

cis-2-Hexene-1-ol 175

trans-2-Hexene-1-ol 195

Cinnamyl alcohol 821

*After Grichko et al. (2003). Data are given for inhibiting ethylene responses in banana fruit.
Concentrations are given for the compound as a gas. Ki values are the amount required to double Km The
lower the Ki value the greater the antagonistic effect

OH

OH

OH

O

O

O

HO

plants. It was found though that DACP was much more active after exposure to
fluorescent light than before, and it appeared to be an excellent inhibitor of eth-
ylene action (Table 1.1) (Sisler and Blankenship 1993). Attempts to radiolabel
DACP and identify the active photolytic products by GC analysis failed. The
active product(s) remain unknown. The explosiveness of DACP limited its use.

1.4 Ethylene Agonists That Require a Single Exposure

1.4.1 Ring Strain and Cyclopropene

Similar to enzyme inhibitors, full antagonists that possess zero efficacy often
exhibit very high affinity toward the receptor (Levitzki 1984). Apparent Kd of
the native ethylene-receptor complex is about 10−10 M (Bengochea et al. 1980;



Sisler 1991), and the tendency of other alkenes to form complexes with Cu(I)
and Ag(I) that are more stable than complexes with ethylene is strongly cor-
related with their anti-ethylene properties. Strain appears to be an important
factor that determines the potency of antagonists, but alone it is not sufficient
to cause a compound to be an ethylene antagonist. For example, cyclo-
propane has a high ring strain value but does not seem to interact with the
ethylene receptor because it has no double bond. It is neither an ethylene ago-
nist nor an antagonist (Sisler, unpublished). Methylenecyclopropane has
high ring strain but the double bond is located outside the ring, and it is an
ethylene agonist. 2,5-NBD and TCO are very potent ethylene antagonists and
very strained compounds (Muhs and Weiss 1962; Sisler 1991). Continuing
with the concept of ring strain being the important property of all potent eth-
ylene antagonists, more strained compounds that could be the ethylene
antagonists were synthesized. Cyclopropene (CP) was found to be very effec-
tive as an inhibitor of ethylene responses (Table 1.3) but has only undergone
limited testing. CP boils at −35 °C and is very unstable. It can polymerize with
explosiveness if warmed too rapidly (Schipperijn and Smael 1973). It must be
stored at very low temperatures but can be stored at room temperature for
extended periods of time as a gas in an inert atmosphere in the absence of
solvent. It rapidly decays in solvents at room temperature.

1.4.2 1-Methylcyclopropene

1-Methylcyclopropene (1-MCP) is more stable than CP. However, it is also an
unstable compound in the liquid state or in solution except at low tempera-
tures. No data on boiling point has been found for it. Based on the boiling
points of similar compounds, it should be near 0 °C. In the gaseous state at low
concentrations under an inert atmosphere, 1-MCP is stable at room tempera-
ture for months. 1-MCP is available commercially. A 24-h exposure to 0.5–0.7
nL L−1 1-MCP is sufficient to protect carnation flowers, banana fruits, and
tomato fruits (Table 1.3). A single exposure protects banana fruits against eth-
ylene for approximately 12 days at 23 °C. Some tissues, such as etiolated pea
plants, require approximately 40 nL L−1 for protection. The large concentra-
tion difference (about 80 fold) may be due to the different rate of synthesis of
ethylene receptors but there is no experimental evidence for this (Sisler et al.
1996a, 1996b). There are no data on the natural occurrence of 1-MCP.

1.4.3 3-Methylcyclopropene

3-Methylcyclopropene (3-MCP) (bp −4 °C) is an effective inhibitor of ethyl-
ene action. It also appears to be somewhat less stable than 1-MCP.
Although 3-MCP has the same empirical formula as 1-MCP, it is biologically
less effective. Depending on the plant material, the effective concentration of
3-methylcyclopropene required was reported to be from five to ten times
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higher than that required for 1-MCP (Sisler et al. 1999). It is not known if this
is due to the presence of the methyl group in the 3 position or the lack of a
methyl group in the 1 position or both. It does show the effect of structure on
biological activity. Protection time on bananas at 23 °C is 12 days.
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Table 1.3. Minimal concentration of cyclopropenes and time of imposed insensitivity on
banana fruits*

Cyclopropene name Short name Structure Concentration Time
(nL L−1 gas) (days)

Cyclopropene CP 0.7 12

1-Methylcyclopropene 1-MCP 0.7 12

3-Methylcyclopropene 3-MCP 2 12

3,3-Dimethylcyclopropene 3,3-DMCP 500 7

3-Methyl-
3-vinylcyclopropene 3,3-MVCP 120 5

1,3,3-Trimethylcyclopropene 1,3,3-TCP 20,000 12

3-Methyl-
3-ethynylcyclopropene 3,3-MECP 240 5

1,3-Dimethylcyclopropene 1,3-DCP 250 12

1,2-Dimethylcyclopropene 1,2-DCP 3,000 3

1-Ethylcyclopropene 1-ECP 4 12

1-Propylcyclopropene 1-PCP 6 12

1-Butylcyclopropene 1-BCP 3 12

1-Pentylcyclopropene 1-PentCP 0.5 14

1-Hexylcyclopropene 1-HCP 0.4 20

1-Heptylcyclopropene 1-HeptCP 0.4 21

1-Octylcyclopropene 1-OCP 0.3 25

1-Nonylcyclopropene 1-NCP 0.4 35

1-Decylcyclopropene 1-DCP 0.3 36

*After Sisler et al. (2001, 2003). Minimal concentration of the cyclopropene gas is the concentration that is
necessary to give protection of chlorophyll degradation for extended periods of time. Time of protection
against ethylene is number of days during which banana fruits remained insensitive to ethylene after expo-
sure to saturating amount of cyclopropene. Exposure to the cyclopropene was 24 h
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1.4.4 3,3-Dimethylcyclopropene

3,3-Dimethylcyclopropene (3,3-DMCP) (bp 14.5 °C) is a very stable com-
pound. It can be kept at 100 °C for many hours without decomposition (Closs
1966). 3,3-DMCP is biologically 1,000 times less active than 1-MCP (Table
1.3). Protection time on bananas is 7 days. 3,3-DMCP may be of practical
value if short time protection of agricultural commodities against ethylene is
desired. 3,3-DMCP has only undergone limited testing.

1.4.5 Other 1-Alkyl Cyclopropenes

The compounds listed in Table 1.3 that are substituted in the 1 position are
usually protected longer than those substituted in the 3 position. It was
decided to explore the further extending of the substitution in the 1 position.
Burg and Burg (1967) had shown that the ratio of activities for ethylene,
propylene, and 1-butene was 1:130:27,000 and it was supposed that the same
sort of ratio would apply to inhibitors since Burg and Burg (1967) interpreted
their results as the ethylene binding site was restricted and only small mole-
cules could bind to it. A series of compounds were prepared with the side
chain in the 1 position being extended from 1–10 carbons. As the side chain
was extended, the antagonistic potency declined, but beyond four carbons,
potency increased again above that of CP and 1-MCP, and continued to be
high until the ten carbon chain was attached. In addition to higher activity,
the protection time on bananas increased from 12 to 36 days for a single
exposure (Feng et al. 2004). 1-Methyl-, 1-ethyl-, 1-propyl-, 1-butyl-, 1-pentyl-,
1-hexyl-, 1-heptyl-, 1-octyl-, 1-nonyl, and 1-decylcyclopropene are all very
potent antagonists (Sisler et al. 2003). Also, 0.7 nL L−1 1-MCP protected
banana fruits against ethylene after a 24-h exposure, but many 1-substituted
cyclopropenes require even lower concentrations than 1-MCP. 1-MCP, 1-ethyl-,
1-propyl-, and 1-butylcyclopropene protected banana for 12 days, 1-pentyl-
cyclopropene protected bananas for 14 days, 1-hexylcyclopropene for 20
days, 1-heptylcyclopropene for 21 days, 1-octylcyclopropene for 25 days,
1-nonylcyclopropene for 35 days, and 1-decylcyclopropene for 36 days (Sisler
et al. 2003). The binding site did not appear to be restricted and the larger
compounds seemed to be bound stronger than the small ones. It appeared
that there could be more than one kind of interaction involved. These com-
pounds were all highly strained, but hydrophobic interaction could be also
important.

1.4.6 Other Cyclopropenes

Cyclopropenes are ethylene antagonists that are all effective upon a single
exposure. Because inhibition by cyclopropenes is irreversible (Sisler et al.
1996a, 1996b), it is possible that it occurs via the covalent attachment of the
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cyclopropene moiety to the susceptible, active site of the receptor, but it is
thought that a coordination bond is their mode of attachment because the
range of inactivation time ranges from 3 to 36 days, depending on the cyclo-
propene, and this follows a pattern that is more likely due to a hydrophobic
effect. It is not known if cyclopropenes stay intact or undergo ring-opening
in situ. Both the formation of complexes with ring retention and ring cleavage
followed by the formation of copper-carbon bond is possible (Visser et al.
1973; Halton and Banwell 1987). Cyclopropenes are known to react with thiols
forming alkylthiocyclopropane adducts, and cyclopropene fatty acids and
cyclopropenols irreversibly inhibit iron-containing fatty acyl CoA desaturases
by the reaction of the cyclopropene ring with a cysteine residue at the active
site of the enzyme (Reiser and Raju 1964; Quintana et al. 1998; Triola et al.
2001; Rodriguez et al. 2004). Is it possible that the similar mechanism takes
place in a case of ethylene receptor and reaction of the alkylcyclopropene with
Cys65 does irreversibly upset the binding center in the receptor? Although the
exact mechanism of their action is not known, cyclopropenes seem to form
the most stable adducts with the receptor and, as a consequence, these com-
pounds are the most effective ethylene antagonists with the long-lasting effect
(Sisler et al. 1996a, 1996b; Sisler 2002).

Results with 1-MCP and other light cyclopropenes pointed to the need to
know more about the effect of different substituents on activity of cyclo-
propene. Are the large differences in concentration requirements and binding
time due to structural considerations or are they due to electronic effects, or
both? To try to answer these questions, a number of compounds were prepared
and tested. As different structures were used, some definite trends were noted.
Relative to hydrogen, methyl, vinyl, and ethynyl groups are electron donating.
Two substituents on the cyclopropene ring increased concentration require-
ments and decreased protection time. When two substituents were present in
the 3 position, protection time was reduced unless the 1 position was also sub-
stituted. Substitution in the 1 position usually increased binding time. These
results suggest that both steric effects and electronic effects are important, and
usually the presence of substituents seem to weaken the compounds.

1.4.7 Is the Binding Site Restricted?

Since results on large 1-cyclopropenes indicated that the binding site in eth-
ylene receptor was not restricted, it was reasonable to expand early experi-
ments performed with light alkenes (Burg and Burg 1967) to dodecene. In
pea, data obtained for ethylene, propylene and 1-butene were in good agree-
ment with those obtained previously by Burg and Burg (1967). Increase in
molecular size decreases agonistic properties: ethylene gives half-maximum
response at 0.1 µL L−1, propylene is effective at 10 µL L−1 and 1-butene gives
half-maximum response at 27 mL L−1. Larger alkenes did not exhibit agonis-
tic properties, but 1-butene, 1-pentene, 1-hexene, 1-octene, 1-decene, and
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1-dodecene were found to be competitive inhibitors of ethylene action (Sisler
2004). As the size of hydrocarbon chain increased, the potency of antagonist
increased. 1-Butene is a pivotal compound exhibiting both the agonistic
properties and antagonistic properties. These results are rather unexpected,
and it is likely that more than one mechanism is involved in this phenome-
non. However, it clearly demonstrates that the ethylene-binding site is not
very restricted.

1.4.8 Hydrophobic Interaction

Strain appears to be the major factor in the binding of cyclic alkenes to eth-
ylene receptors in plants, but with alkenes, hydrophobic interaction is prob-
ably the major factor. With 1-substituted cyclopropenes both ring strain and
a hydrophobic interaction appear to be involved (Sisler et al. 2003). Because
the structure of the ethylene-binding center in the ethylene receptor and the
mechanism of interaction of both ethylene and its antagonists with the recep-
tor have not been yet established, it is not always possible to predict the exact
effect of the molecular structure on antagonistic properties. Notwithstanding,
the hydrophobic molecule that contains a long, saturated chain on a double
bond is likely to be excellent membrane-targeting agent. The presence of the
hydrophobic unit in the molecule of an antagonist, which is able to interact
with the hydrophobic domain of the receptor, should increase its binding
affinity. Indeed, it was found that hydrophobic substituents substantially
enhance anti-ethylene properties of ethylene antagonists and increase the
period of imposed insensitivity to ethylene (Sisler et al. 2003). After with-
drawal from the atmosphere, large hydrophobic compounds incorporated
into the lipid membrane should stay there for a longer time than gaseous
1-MCP or light antagonists and such compounds are expected to continue
blocking the newly synthesized receptors and postpone tissue recovery. In a
similar way, sterculate that is larger than malvalate has a higher preference
for incorporation into membranes than malvalate (Pawlowski et al. 1985). On
the other hand, hydrophilic substituents may allow discrimination between
different plant tissues.

The modeling and selection of potential ethylene antagonists has always
been based on the coordination chemistry of d10 metals and their interaction
with alkenes, i.e., both Cu(I)-alkene and Ag(I)-alkene complexes. There are
many ways one can modify the potency of ethylene antagonists, which
depends on many factors, including molecule size, shape, strain, functional
groups, degree of saturation, and hydrophobicity. The position, number, and
geometry of double bonds and near functional groups are all important with
regard to the antagonist potency (Sisler et al. 2001). In addition, electron-
withdrawing and electron-donating substituents may affect biological activ-
ity of antagonists in different ways, allowing time-resolved control of
ripening. Thus, electron-withdrawing substituents reduce efficacy of agonists;



the relative effect of ethylene decreases along the series ethylene, vinyl chlo-
ride, and carbon monoxide. The increase in molecular size enhances antago-
nistic properties and positively correlates with the protection time (Sisler
2002; Grichko et al. 2003).

1.5 How Does an Agonist Start a Signal?

Ethylene, carbon monoxide, isocyanides, allene, acetylene, propylene and
other alkenes that induce an agonistic response are π-acceptors. These lig-
ands are capable of accepting some of the electron density from metal ions
into their empty π or π* orbitals. Sisler (1977) proposed a ligand substitution
governed by the trans effect as a model for the ethylene mode of action. In the
trans effect, a ligand tends to facilitate substitution in the position trans to
itself (Cotton and Wilkinson 1980). Exactly what happens in vivo is unknown.
The first step in signal transduction must be the binding of ethylene to the
putative metal in the receptor. Ethylene, like its congeners, will form a com-
plex and back-accept electron density into its vacant orbital. This will change
the distribution of the charge on the metal and might start a rearrangement
of ligands associated with the metal. Somehow, this signal is transmitted
along the signal transduction pathway in such a way that it causes a response.
All of the compounds that give an ethylene response probably do it in essen-
tially the same way (Fig. 1.1). Once the rearrangement takes place, what hap-
pens to the receptor? This is not known. Compounds that compete with
ethylene for the receptor, but do not themselves induce a response, probably
initially act in the same way (Fig. 1.2). For example, in some Arabidopsis
mutants, 2,5-NBD and TCO can act as partial agonists. One of the big ques-
tions is: Why can ethylene and its agonists turn on the ethylene response sig-
nal but ethylene antagonists such as 2,5-NBD, trans-cyclooctene, and
cyclopropenes cannot? How do the compounds differ? Inhibitors bind and
likely withdraw electrons starting a ligand rearrangement but they remain on
the receptor longer suggesting that it must become free to be active. These
antagonists are strained compounds and likely bind tighter and, thus, occupy
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Fig. 1.1. Possible mechanism of ethylene perception via the rearrangement of ligands in the
metal active center. The model only accounts for the first step in the signal transduction path-
way proposed elsewhere (Clark et al. 1998; Rodriguez et al. 1999)



the receptor longer than unstrained ones. Is it the time of receptor occupancy
that is critical? Among 1-alkenes, ethylene, propylene, and 1-butene are ago-
nists, and 1-pentene, 1-hexene, 1-decene and 1-dodecene are antagonists.
These alkenes differ only by the molecular size, and the antagonistic effect
increases as it increases. Strain, if any, should be the same. A hydrophobic
effect and increase in the time when receptor is occupied would be likely. It
is known that the in vivo t1/2 of ethylene-receptor complex is about 10 min
and the t1/2 of 2,5-NBD and TCO dissociation from the receptor is about 3 and
6 h, respectively. Cyclopropenes remain bound significantly longer. When
the antagonist binds to the metal, it appears that it cannot complete the
rearrangement and locks the receptor in an inactive state.

1.6 Selected Papers on Significance of Ethylene Antagonists

Since the discovery of inhibitors of ethylene action the ethylene antagonists
have become a powerful tool that helps researchers to make significant
advances in many fields of plant biology. Both new gene discovery and eluci-
dation of mechanisms of gene expression, and the characterization of ethyl-
ene-binding sites and identification of new components of ethylene signal
transduction pathway were tremendously accelerated by the introduction of
ethylene antagonists and especially by the discovery of 1-MCP.

1.6.1 Application in Molecular Biology

In plants, ethylene-regulated genes can comprise as much as 7% of a genome
(van Zhong and Burns 2003), and ethylene antagonists allow many advanced
approaches to accelerated gene discovery and protein characterization. For
example, a new approach to the identification of novel components of ethyl-
ene perception and signal transduction pathway was introduced that is based
on the development of mutants showing agonist-like responses to the potent
ethylene antagonists (Hirayama et al. 1999). A long-term exposure of
Arabidopsis plants to trans-cyclooctene resulted in the development of respon-
sive-to-agonist1 (ran1) mutant exhibiting ethylene phenotype in response to
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treatment with both trans-cyclooctene and ethylene. It was found that RAN1
encodes a copper-transporting P-type ATPase that is similar to yeast Ccc2p
and human Wilson and Menkes proteins. The RAN1 is thought to deliver cop-
per to secure the synthesis of fully functional ethylene receptors. The isolation
of enhanced ethylene-response (eer) mutants in Arabidopsis has revealed that
2,5-NBD also can induce ethylene-like responses in plants (Larsen and Chang
2001). Similar to RAN1, EER1 is likely to act upstream of ethylene receptors.
At high levels, 2,5-NBD was reported to act as ethylene agonist in deep-water
rice (Bleecker et al. 1987). Because 2,5-NBD induces ethylene-like responses
either in plants with enhanced sensitivity or when applied at high concentra-
tions, it can be formally classified as a partial agonist with the low efficacy. All
these findings show that ethylene antagonists are particularly useful for
developing mutants with altered perception and their study.

In mature green, breaker, orange, and red ripe tomato fruits, 1-MCP treat-
ment decreased the mRNA abundance of phytoene synthase 1, expansin 1, and
ACC oxidase 1, three ripening-related tomato genes (Hoeberichts et al. 2002).
Therefore the ripening process can be inhibited both on a physiological and a
molecular level, even at very advanced stages. In carnation flowers, transcrip-
tion of three members of ACC synthase gene family (DCACS1, DCACS2, and
DCACS3) and ACO1 (ACC oxidase 1 gene) is decreased by 1-MCP (Jones
2003), confirming that ethylene is the primary regulator of ACS and ACO
gene expression in some flower parts. In agreement with the previous work,
the Northern analysis of gene expression of ACC synthase and the ACC oxi-
dase showed that expression of both genes declined in DACP-treated tomato
fruit and then recovered. It was concluded that the effects of DACP on ethylene
biosynthesis are on expression of ACC synthase and ACC oxidase genes,
and/or regulation of ACC oxidase activity (Tian et al. 1997). In banana fruit,
an interesting observation was the effect of 1-MCP on ACC content and
in vitro ACC oxidase activity (Pathak et al. 2003). Though 1-MCP-treated
banana fruits did not show any increase in ethylene production, 1-MCP did
not inhibit completely both ACC accumulation and ACC oxidase. No expres-
sion of ACC synthase was observed in 1-MCP-treated banana fruits, whereas
a basal level of ACC oxidase transcript was detected throughout. It was sug-
gested that ripening of banana is different from that of other climacteric
fruits, and that ethylene biosynthesis may be rather complex during ripening.
In some cases, the effect of 1-MCP on ACC synthase activity can be further
enhanced by high levels of CO2 (Lu and Toivonen 2003). Itai et al. (2003)
studied accumulation of mRNAs for β-D-xylosidase and α-L-arabinofura-
nosidase during tomato fruit development. Using 1-MCP it was shown that
expression of the LeARF1 gene is negatively regulated by ethylene and
expression of the β-D-xylosidase gene is independent of ethylene. In experi-
ments with branchlets of broccoli, Gong and Mattheis (2003) showed that
1-MCP reduced activity of chlorophyllase and peroxidase and did not affect
the activity of lipoxygenase and proposed that chlorophyll in broccoli can
be degraded via the peroxidase-hydrogen peroxide system. In apricots, 
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1-MCP altered α-D-galactosidase, β-D-galactosidase, α-D-mannosidase, and
α-D-glucosidase activities, inhibited ethylene biosynthesis, delayed softening
and did not affect fruit color (Botondi et al. 2003). Ethylene stimulated activ-
ities of pectin methyl esterase, polygalacturonase, pectate lyase and cellulase
in banana fruits while 1-MCP suppressed the ethylene effect (Lohani et al.
2004). In pear fruit, the mRNA accumulation of polygalacturonase genes was
in parallel with the pattern of fruit softening in 1-MCP treatment. However,
the expression pattern of pear endo-1,4-β-D-glucanase genes was not
affected, suggesting that ethylene is required for polygalacturonase expres-
sion even in the late ripening stage but not for endo-1,4-β-D-glucanase genes
(Hiwasa et al. 2003).

Ethylene antagonists are intensively used to study properties of different
proteins and establish the role that both these proteins and other regulatory
components may play in plant metabolism. Thus, 1-MCP was successfully
used to biochemically characterize the ethylene receptors ETR1 and ERS1
from Arabidopsis following the heterologous expression in yeast (Hall et al.
2000). In the study of ethylene biosynthesis, the treatment of fruits with
1-MCP helped to clarify the role of carbon dioxide. Kinetic parameters
derived from the models pointed to the production of ethylene from ACC by
ACC oxidase as a possible action site for carbon dioxide inhibition (de Wild
et al. 2003). Involvement of ethylene in the response of rice to elevated CO2
levels was confirmed in experiments with 1-MCP (Seneweera et al. 2003).
1-MCP had only a small effect on alternative oxidase in green pepper, a non-
climacteric fruit, which was selected to investigate if low temperature and
ethylene are involved in regulation of mitochondrial respiration and alterna-
tive oxidase (AOX). Exogenous ethylene stimulated mitochondrial respira-
tion, transcription, and translation of existing AOX, but did not induce a new
isozyme of AOX (Tian et al. 2004). In Steinite et al. (2004), inhibitor studies
conducted with 1-MCP and aminooxyacetic acid indicated that hydrogen
peroxide generated through NADPH oxidase and superoxide dismutase is
necessary for regurgitant-induced increase of ethylene production and oxida-
tive enzyme activities in bean leaves. 1-MCP has affected antioxidant
enzymes activity and antioxidant content of the peel of apples that may play
an important role in preventing the superficial scald in apples (Shaham et al.
2003). In Friedman et al. (2003) 1-MCP helped to demonstrate that octanoic
acid does not augment ethylene response in Arabidopsis, though it might
affect ethylene action in flower abscission of the ethylene-overproducer
mutant. To address potential signaling interactions between herbivore-
induced jasmonic acid and ethylene, Schmelz et al. (2003) pretreated corn
plants with 1-MCP. This decreased production of ethylene and volatile emis-
sion following beet armyworm caterpillars herbivory but did not affect the
accumulation of jasmonic acid. The results support a role for jasmonic acid
in the regulation of insect-induced volatile emission and suggest that ethyl-
ene regulates the magnitude of volatile emission during herbivory. In Petunia
inflata, pollination triggers two phases of ethylene production by the pistil,
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the first of which peaks 3 h after pollination. To investigate the physiological
significance of the first phase, pollinated flowers were treated with 2,5-NBD
and 1-MCP. Both antagonists caused an inhibition of pollen tube growth dur-
ing the first 6 h of pollination, indicating that pistil tissues are the primary
target of the pollination-induced ethylene (Holden et al. 2003).

1.6.2 Application for Control of Plant Growth and Development

Ethylene antagonists are intensively used to control plant growth and develop-
ment. Early papers on the application of diazocyclopentadiene, 1-MCP, other
cyclopropenes, and other blockers of ethylene action in plants were extensively
reviewed elsewhere (Sisler and Serek 1997, 1999, 2003; Blankenship and Dole
2003). The compounds preventing ethylene responses have been developed
into a means for protecting plants against ethylene and extending the shelf
life of some commodities. 1-MCP is now commercially available under the
names EthylBloc and SmartFresh and is currently used on flowers, fruits and
vegetables with great success. During ripening, 1-MCP-treated fruits attain
quality similar to that of controls (Argenta et al. 2003). Moreover, treatment
with 1-MCP can potentially maintain some intrinsic functional food quality
parameters (i.e., antioxidant levels) in stored fruit (MacLean et al. 2003). In
ethylene sensitive flowers, among other responses, it prevents senescence and
abscission of plant organs; in fruits and vegetables, it slows down the ripen-
ing process. Other cyclopropene inhibitors are now being developed for
a range of application (Sisler and Serek 2003). Recently it was shown that
1-MCP stimulates organogenesis of kiwi explants (Arigita et al. 2003) and,
thus, can be used as a regulator of in vitro organogenesis.

1-MCP found numerous applications in amelioration of stress responses in
plants. In Yokotani et al. (2004) responses of wild-type, rin and nor tomato fruits
to both ethylene and wounding were studied to identify the events controlled by
each mutation. Treatment with 1-MCP, preceding wounding, inhibited expres-
sion of E4 but did not affect the expression of other genes in the lines tested. It
was concluded that a wounding signal that controls LE-ACS2, LE-ACS6, and
LE-ACO1 is independent of rin and nor mutations and ethylene signaling
(Yokotani et al. 2004). Another example includes treatment of broccoli with 1-
MCP alone or in combination with 0.2 µL L−1 ozone that maintained the quality
and extended the shelf life of broccoli florets. In addition, the 1-MCP treatment
maintained a higher chlorophyll fluorescence ratio during the prolonged stor-
age and reduced production of dimethyl trisulfide, which contributes to off-
odor in broccoli florets (Forney et al. 2003). Grimmig et al. (2003) found that
1-MCP blocked the ethylene-induced grapevine resveratrol synthase gene
expression in transgenic tobacco leaves, but did not affect ozone-induced
expression. It was proposed that ozone-induced gene expression occurs via dif-
ferent signaling mechanisms suggesting an additional ethylene independent sig-
naling pathway for ozone-induced expression of genes involved in phytoalexin
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biosynthesis. 1-MCP prevented cold-water stress in tomato plants that usually
results in elevated ethylene production and development of dwarfing in
seedlings (Huang and Lin 2003). 1-MCP reduced mesocarp discoloration, decay
development, and polyphenol oxidase activity in ethylene-treated avocado fruits
that were cold stored for prolonged period of time (Pesis et al. 2002).

With some precaution, 1-MCP can be beneficial for inhibiting the degreen-
ing process in citrus fruits (Porat et al. 1999). The beneficial effects of 1-MCP
were observed in both pre-climacteric and climacteric apple fruits (Fan et al.
1999). 1-MCP inhibited apple ripening and loss of firmness and titratable
acidity when fruits were held at 0 °C up to 6 months, and when the fruits were
held at 20–24 °C, for up to 2 months. Storage and shelf life were extended for
all cultivars tested, and ethylene production and respiration were reduced
substantially by the treatment. Interestingly, 1-MCP-treated apple fruits had
soluble solids equal to or greater than those in non-treated fruits (Fan et al.
1999). Custard apples that have a very short storage life at room temperature
also showed higher firmness than the control fruits following treatment with
1-MCP (Benassi et al. 2003). A single application of 1-MCP can efficiently
retard post-harvest senescence of parsley leaves (Ella et al. 2003) and slow
down softening in persimmon cultivars (Harima et al. 2003). There are some
certain advantages in combining 1-MCP with other technologies used in food
preservation. For example, avocado fruits treated with both 1-MCP and wax
had better retention of green peel color and fruit firmness, and delayed cli-
macteric ethylene evolution and respiration rates compared with other treat-
ments (Jeong et al. 2003). 1-MCP treatment was effective in reducing ethylene
production, respiration, and loss of firmness and color of slices when applied
to whole apples directly after harvest while total sugar and acidity levels were
not affected by the treatment (Perera et al. 2003). Also, 1-MCP treatment
helps maintain the quality of minimally processed pineapple fruits at least
partially by reducing the hydrolysis of endogenous ascorbic acid (Budu and
Joyce 2003). Application of 1-MCP improves the maintenance of the green
color of skin in lime fruits (Kluge et al. 2003) and increases storability and
shelf life in climacteric and nonclimacteric plums (Martinez-Romero et al.
2003). Ripe green banana fruits treated with 1-MCP significantly delayed the
peaks of respiration rate and ethylene production but did not reduce the peak
height. Reductions in firmness, acidity, and starch content of banana fruits
were remarkably delayed by 1-MCP treatment. 1-MCP treatment also delayed
the increase of total soluble sugar and soluble pectin contents while the solu-
ble solids content in treated fruit remained almost unchanged during the
storage (Jiang et al. 2004a). When 1-MCP was applied to ‘Bartlett’ pears prior
to storage at 10 °C, the synergistic interaction of low temperature and 1-MCP
resulted in an extended post-harvest life after transfer to room temperature,
with concomitant delay in ethylene production, respiration rate, and color
development, and retention of firmness (Trinchero et al. 2004). Treatment of
apple trees with 1-MCP was shown to decrease fruit drop (Sato et al. 2004).
When Santa Rosa plums were treated, 1-MCP ethylene and CO2 production
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were strongly inhibited, higher values of firmness were observed; the treat-
ment delayed color evolution, reduced acidity loss, and inhibited ethanol and
acetaldehyde production (Salvador et al. 2003). 1-MCP did not affect weight
loss or sugar loss. However, 1-MCP did not have any effect on shelf life of
blueberry (DeLong et al. 2003) and had only a small effect on total storage
life of strawberries (Bower et al. 2003). 1-MCP inhibited ethylene-induced
ripening of avocado fruit at very low concentrations (Feng et al. 2000).

1-MCP and other cyclopropenes robustly inhibit exogenous ethylene effects in
flowers such as bud and flower drop, leaf abscission, and flower senescence, and
are used to control senescence in flowers (Serek et al. 1994, 1995). Treatments
with 1-MCP significantly prolonged vase life of Cattleya alliances (Yamane et al.
2004). Lilies may benefit from pretreatment with 1-MCP when cut stems contain
buds that are marginally small for opening and when the stems will be cold
stored before marketing (Han and Miller 2003). Sweet pea flowers have a very
short post-harvest life and are sensitive to exogenous ethylene. Flowers treated
with either 200 nL L−1 1-octylcyclopropene or 200 nL L−1 1-MCP for 6 h were pro-
tected against ethylene, and their display life was prolonged up to almost 7 days
(Kebenei et al. 2003b). Both compounds were shown to be excellent blockers of
ethylene responses in sweet pea flowers. 1-MCP inhibited petal abscission in
Pelargonium peltatum (Cameron and Reid 2001) though its effect was thought to
depend on both shipping and storage temperature and application frequency.

1.6.3 Commercial Use

The commercial products that are based on 1-MCP, the first patented non-
toxic ethylene action inhibitor, were introduced a few years ago by the USA
companies FloraLife Inc. and AgroFresh Inc., a Rohm and Haas Company,
under the names EthylBloc and SmartFresh. EthylBloc is aimed mainly at
ornamental crops, while SmartFresh is for edible commodities. Both products
have been developed as powders with 1-MCP complexed with γ-cyclodextrin,
which, when mixed with water or buffer solution, releases the gas. For com-
mercial use, plant material has to be treated in enclosed areas such as tightly
built greenhouses, rooms, coolers, truck trailers, shipping boxes/containers,
etc. The treatment areas should be gas-tight as much as possible for prevent-
ing gas leakage, which will reduce the effectiveness of 1-MCP. Tapes or other
products or procedures are recommended to prevent leakage as well as for the
establishment of an internal air circulation system during the treatment (with-
out bringing outside air in). Once the plant material is treated it does not need
re-treatment, however re-treatment is not harmful and can even be beneficial.
Some species of ornamental plants would likely benefit from additional treat-
ment, especially with flowers in different stages of development on the same
plant, which are continuously developing new ethylene binding sites.

In many scientific studies performed under laboratory conditions it has
been documented that only very small amounts of 1-MCP, in the range of
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nL L−1, are necessary for preventing ethylene responses (Fig. 1.3). However,
the recommended concentration for EthylBloc and SmartFresh is in the range
of µl L−1, 1,000 fold higher, which probably takes into consideration a high
possibility for leakage of 1-MCP. The recommended temperature during the
treatment is based on several scientific reports as well as on practical trials:
for ornamental crops not lower than 13 °C, for edible products 1.6–24 °C.
Treatments at lower temperature require increased concentration of 1-MCP.
Both EthylBloc and SmartFresh were qualified for review in the USA. The
Environmental Protection Agency’s Biopesticide division refers to them as
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reduced-risk products due to their extremely low usage rate and highly favor-
able safety profile. They leave no detectable residues on fruits, which is
another positive attribute of using this technology. Concentration of
residues, if any, is so low that it is considered below detection limit. As such,
the EPA granted an exemption from tolerance for the products. Both prod-
ucts can eliminate the need for a residual crop protection treatment used
today to control a common storage disorder, which is an additional benefit.

EthylBloc was registered for ornamentals in 1999 for use in the USA and
later also in Canada. In the Netherlands, the product was recently regis-
tered for tulip bulbs. Registration of SmartFresh for selected edible prod-
ucts like apples, avocados, persimmons, tomatoes, papaya, plums has
already been granted in the USA, Mexico, Chile, Argentina, South Africa,
New Zealand, Israel, Brazil, the Netherlands, and the UK. The registration
in several other countries, especially EU countries, for a range of
Horticultural products is in progress. Additional information can be
obtained at: http://www.rohmhaas.com/ethylbloc

1.6.4 Limitations of Compounds

Both agriculture and horticulture are excited over the potential impact of
ethylene antagonists that block the receptors since they protect plants from
both endogenous and exogenous ethylene, and can be applied to any ethylene-
sensitive plant material. One of the best ethylene antagonists so far is silver
thiosulfate, but its toxicity limits its use (Beyer 1979). There are some substan-
tial drawbacks associated with the practical application of 1-MCP. 1-MCP is
absorbed differently by different commodities and that should be taken into
consideration when prescribing commercial application of the antagonist
(Dauny et al. 2003). The 1-MCP effect on fruit ripening is temperature-depend-
ent and is enhanced by low temperature storage and reduced by the high tem-
perature storage (Jiang et al. 2004a). In some cases, special care must be taken
to avoid chilling injuries and decay development in fruits (Porat et al. 1999).
However, 1-MCP is most effective at delaying ripening of mature-green toma-
toes when they are stored near a temperature range of 12.5–15 °C (Mostofi et al.
2003). Unfortunately, in some cases 1-MCP also accelerates ethylene produc-
tion in some plants. The effect of 1-MCP in inducing massive ethylene biosyn-
thesis is rapid and reaches a maximum within just a few hours (Ella et al. 2003).
The finding that 1-MCP can promote ethylene biosynthesis in parsley, freshly
harvested pears and other commodities (Ella et al. 2003; de Wild et al. 2003)
warrants special care in its application. The high amount of ethylene emitted by
1-MCP-treated plants may lead to post-harvest damage to other mixed-load
commodities that are sensitive to ethylene but are not protected against it.
However, ethylene production by 1-MCP-treated kiwi fruit remained low, and
the fruits did not show an climacteric ethylene production even after 32 days of
storage at room temperature (Boquete et al. 2004). The same phenomenon was

26 Edward C. Sisler, Varvara P. Grichko and Margrethe Serek



observed in pears (Kubo et al. 2003; Jiang et al. 2004b) when 1-MCP treatments
suppressed ethylene and carbon dioxide production significantly and slowed
fruit softening. In Cattleya alliances flowers, 1-MCP suppressed ACC oxidase
activity and ethylene production during the first 2 days after the treatment and
doubled the vase life; ethylene production did substantially increase after the
fourth day (Yamane et al. 2004). There is some concern about the change in
fruit aroma that may be induced by ethylene antagonists. Thus, biosynthesis of
monoterpenes, esters, and aldehydes in the mango fruit is strongly dependent
on ethylene production and action and is suppressed by 1-MCP (Lalel et al.
2003). The respiration rate, ethylene production, and fatty acids content of the
fruit during ripening were also decreased in 1-MCP-treated fruits. In some
cases, if fruits have started to ripen they are relatively insensitive to 1-MCP
although treatment with 1-MCP reduces fruit sensitivity to handling damage,
even after ripening (Ekman et al. 2004). In contrast, continuous application of
1-MCP to tomato fruits completely inhibited color development of breaker and
half-ripe fruits and partially inhibited firmness loss that may make 1-MCP
usage commercially feasible (Mir et al. 2004). 1-MCP may increase bitter rod
and blue mold decay in apples, which can be prevented by using biocontrol
agents such as Metschnikowia pulcherrima (Janisiewicz et al. 2003). Not all eth-
ylene-sensitive flowers respond strongly to the treatment with 1-MCP. For
instance, repeated 1-MCP treatments provided only a modest extension in
longevity of attached daffodil flowers held in air and had no noticeable effect on
the life of detached flowers held in water (Hunter et al. 2004).

It was found that the effect of 1-MCP on ethylene production significantly
depends on the treatment conditions. For example, ethylene production in
peaches was not affected by 1-MCP at 20 °C but was suppressed after applica-
tion at 0 °C (Liguori et al. 2004). 1-Octylcyclopropene was efficient in pre-
venting senescence in Kalanchoë flowers at 15 and 20 °C while lower
temperatures reduced its potency (Kebenei et al. 2003a). 1-MCP appeared to
have a limited effect on some stone fruit species and cultivars. The effect is
concentration and storage duration-dependent (Argenta et al. 2003). In a
similar study, 1-MCP was also found to be much less effective in delaying
ripening of partially ripened bananas (Pelayo et al. 2003). However, 1-MCP
treatment, after the initiation of pear fruit ripening, markedly suppressed the
subsequent flesh softening and ethylene production (Hiwasa et al. 2003). In
another study, banana fruits treated with 1-MCP and then held in an atmos-
phere enriched with oxygen followed by exposure to ethylene softened more
rapidly than fruits held in air. Accelerated softening of fruits exposed to high
levels of oxygen may suggest that oxygen stimulates synthesis of new ethylene
binding sites (Jiang and Joyce 2003). 1-MCP may affect the volatiles profile of
fruits, especially in apricots, reducing the synthesis of lactones and promoting
the rise of terpenols (Botondi et al. 2003). The effect of 1-MCP is limited by its
instability and, in some cases, by its short-term residual activity. To approach
this problem, a simple 1-MCP sustained release device that prolongs 1-MCP
exposure was recently introduced by Macnish et al. (2004).
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1.6.5 Future Needs

Ripening of fruits treated with 1-MCP and its analogues is inhibited for a
finite period of time after which the fruits ripen normally (Feng et al. 2004).
However, 1-MCP has a number of significant drawbacks that may limit its
usage. 1-MCP is a very unstable gas with a long-term effect that cannot be ter-
minated when desired. The duration of the imposed insensitivity to ethylene
upon the treatment of plant material with 1-MCP varies substantially in dif-
ferent commodities. 1-MCP is nearly insoluble in water. Its commercial use
requires enclosed areas and it was found rather ineffective at low tempera-
tures. This makes the treatment of agricultural commodities with 1-MCP dif-
ficult inside the low-temperature storage facilities as anticipated by the
industry. In addition, some naturally occurring cyclopropenes are known to
inhibit fatty acid desaturation and gluconeogenesis in animals and possess
carcinogenic and neurochemical activity (Pawlowski et al. 1985; Salaun and
Baird 1995). Thus there is a stable demand in the development of cyclo-
propene inhibitors of ethylene action that can retard fruit ripening and flower
senescence for the different periods of time and have desirable physical and
chemical properties such as, for example, particular solubility in water,
volatibility, stability, hydrophobicity, ring strain energy, and etc. (Kebenei
et al. 2003a). 1-Hexylcyclopropene and 1-octylcyclopropene are found to be
potent ethylene inhibitors. Pre-treatment of Kalanchoë flowers with these
compounds delayed inrolling and extended the display life of flowers. 
1-Octylcyclopropene prolonged the display life of flowers to almost 10 days and
was significantly better than 1-MCP applied at the same concentration
(Kebenei et al. 2003a). To meet the standards of the $10 billion organic food
industry, the development of natural ethylene receptor inhibitors is highly
desirable (Grichko et al. 2003). A natural ethylene action inhibitor should be a
non-toxic compound of plant origin that can be applied at a rather low con-
centration. It would be practical to develop an ethylene receptor blocker that
could counteract ethylene action for a desired period of time to achieve
temporary suspension of fruit ripening and flower senescence.

1.7 Concluding Remarks

For many years, only a few small molecules were known to interact with the
ethylene receptor to give ethylene responses. Now many compounds are
known to act at the receptor level, some of these giving ethylene responses
and some acting to counteract ethylene. Some of these compounds are
synthetic chemicals and some are naturally occurring compounds. Our knowl-
edge of the factors involved in ethylene receptor antagonist action is only par-
tial, and there are some factors that have not been examined. There are many
types of compounds that have not been tested. The effects of functional
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groups on activity of the compounds have not been examined in detail. For
future developments, it is important that these and possibly other factors be
better understood. Different ways of applying and evaluating chemicals need
to be developed. It is impossible to predict what future work will bring but the
prospects seem good that more will come.
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2.1 Introduction

Plant hormones play an important role in the regulation of growth processes
and have profound consequences for plant morphology, development, and
carbon gain (Brenner and Cheikh 1995; Mansfield and McAinsh 1995; Reid
and Howel 1995). One of these hormones is the gas ethylene. Molecular-
genetic analysis has revealed mechanisms responsible for ethylene produc-
tion, perception, and signal-transduction (Wang et al. 2002; Guo and Ecker
2004). Figure 2.1 summarizes the main regulatory proteins involved in these
processes. Cross-talk between components of this pathway and other signal-
transduction chains has been identified (Vogel et al. 1998; Bauly et al. 2002;
Sharp 2002; León and Sheen 2003; Lorenzo et al. 2003; Pierik et al. 2004),
revealing a signal-transduction network that controls numerous aspects of
plant growth, development, and responses to external stimuli.

The effect of ethylene on plant growth processes has been investigated by
applying both ethylene and ethylene-inhibiting substances. Advances in
molecular biology resulted in the availability of several mutant and trans-
genic plants with impaired ethylene production or perception mechanisms,
thus making it possible to study the effect of endogenous ethylene without
using ethylene inhibitors, which often have toxic side effects. Most responses
to ethylene examined so far are still limited to a particular developmental
process (e.g., germination, fruit ripening, pathogen interaction, and senes-
cence), or to elongation growth of individual organs (Abeles et al. 1992).
In contrast, this review focuses on the role of endogenous ethylene in the
control of whole plant growth.

Plant growth is an important agronomic trait in crops, as well as in wild
species growing in their natural habitats. The concept of relative growth rate
(RGR) can be used to characterize differences in plant growth. RGR is defined
as the increase of mass per unit mass already present per unit time (Blackman
1919; Radford 1967). Fixation of CO2 by photosynthesis, carbon loss by res-
piration, as well as uptake of minerals, all contribute to the growth rate of a
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plant. Therefore, a number of plant traits such as the rate of photosynthesis
or leaf morphology, affect the RGR of a plant. The physiological characteris-
tics associated with inherently fast and slow relative growth rates have been
extensively investigated (for an overview, see Lambers et al. 1998).

There is little information available about the effects of ethylene on growth
in terms of biomass accumulation although some agricultural studies
describe the effect of ethylene releasing and inhibiting substances on RGR
(Davanso et al. 2003). Even less is known about the role of endogenous ethyl-
ene on RGR. In this review we will summarize the known effects of ethylene
on leaf expansion and carbon gain, and discuss the different ways by which
ethylene can affect whole plant RGR.

2.2 Plant Growth Rate

A frequently used approach to achieve a better understanding of quantitative
relationships between the factors underlying whole plant growth rate is a
growth analysis such as described by Evans (1972). In such an analysis, RGR
is calculated from parameters representing a plant’s specific morphological
and physiological traits. A mathematical description of this analysis is out-
lined below.
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2.2.1 Plant Growth Analysis

The biomass of a plant at time t (Mt) can be calculated from its biomass at a
previous time-point (M0) as:

,M M et
RGR t

0= $ (2.1)

where RGR is the net biomass increase per unit mass already present per day
(RGR, mg g−1 day−1). RGR can be factorized into three components (Evans
1972). The first component is the leaf area per leaf dry mass or specific leaf
area (SLA, m2 kg−1). The second is the fraction of total biomass allocated to
the leaves or leaf mass fraction (LMF, g g−1). The third is the increase of bio-
mass per unit leaf area per day or unit leaf rate (ULR, g m−2 day−1). Thus, the
formula for RGR can also be written as:

.RGR SLA LMF ULR# #= (2.2)

The SLA is defined as the leaf area (A) divided by the leaf mass (ML).
Leaves that vary in SLA will differ in the amount of photosynthetically
active radiation captured per unit of mass. For example, a leaf acclimated
to low light conditions generally has a large SLA, and captures more light
per unit mass than a leaf with a small SLA. Variation in SLA is of major
importance when explaining inherent differences in RGR between species
(Poorter and Remkes 1990; Garnier 1992; Atkin et al. 1996). Leaf expansion
rate and the net change of mass can affect the SLA of a leaf (Tardieu
et al. 1999):

/
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where ∆A/∆t is the expansion rate of the leaves (m2 day−1 ), ∆ML/∆t (in g day−1)
is the net outcome of the input of mass (mainly carbohydrates produced by
photosynthesis) minus the output of mass from the leaves by respiration and
export to the rest of the plant.

LMF is calculated as the leaf mass divided by the plant mass (M):

/ .LMF M ML= (2.4)

ULR depends on (i) the rate of photosynthesis per unit leaf area (PSA, mol
C fixed m−2 leaf area day−1); (ii) the fraction of daily fixed carbon that is not
respired but incorporated into the biomass of a plant (FCI, mol C incorpo-
rated mol−1 C fixed); and (iii) the amount of biomass that can be formed with
1 mol carbon, referred to by the carbon concentration ([C], mol C g−1 dry
mass). This can be represented as (Poorter 2002):

( ) [ ]/ .ULR PS FCI CA#= (2.5)

A change in the SLA of a leaf is a consequence of the expansion rate
and the change in leaf mass per unit time (Tardieu et al. 1999, Eq. 2.3).
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The net mass change is governed by the input, mainly in the form of
photosynthesis, and by the export of carbohydrates and other compounds
from the leaves.  Plants with a slow rate of leaf expansion are expected to have
a smaller SLA compared to plants with a faster leaf expansion. For example,
Tardieu et al. (1999) show that a water deficit that decreases expansion rate,
but does not affect photosynthesis, results in a smaller SLA in sunflower
leaves.

The second factor affecting RGR is the allocation of biomass to leaves (leaf
mass fraction, LMF). More allocation of mass to leaves, compared to stems
and roots, results in a larger leaf area (provided that SLA remains constant),
and thus more light is captured per unit plant mass.

The third factor is the increase in biomass per unit leaf area per day and
is called unit leaf rate (ULR). ULR is driven by the carbon fixation in the
process of photosynthesis. A part of the fixed carbon is respired by shoots
and roots, providing energy for biosynthesis and maintenance; the remain-
ing carbon is combined with nutrients from the soil and incorporated into
the structural biomass of the plant. The chemical composition of plants may
differ, depending on the amount of minerals combined with carbon from
photosynthesis. For example, in a plant that produces a substantial amount
of compounds with low carbon content, less carbon is needed to produce
one unit of biomass, and this will result in a higher ULR. Accumulation of
lipids, lignin, or other carbon-rich components may in turn lead to a
low ULR (Poorter and Bergkotte 1992; van Arendonk and Poorter 1994).
Environmental factors affecting photosynthesis such as light and CO2 levels,
or genetic factors such as a decreased level of Rubisco in transgenic plants,
can have dramatic effects on the ULR. In such cases, growth rate is often
maintained to a certain extent by compensatory changes in SLA (Quick et al.
1991; Poorter and Nagel 2000).

2.3 Ethylene and Leaf Expansion

Leaf expansion is the result of both cell production and cell expansion
(Beemster et al. 2003). There are few reports of ethylene stimulating cell divi-
sion (Zobel and Roberts 1978; Raz and Koornneef 2001). However, a large
amount of data is available describing the role of ethylene in cell expansion
(Abeles et al. 1992). Large concentrations of externally applied ethylene gen-
erally inhibit elongation (Abeles et al. 1992). One of the most well-known
elongation inhibiting effects of ethylene is the ‘triple response’ of seedlings
grown in darkness, and was first discovered in pea seedlings exposed to eth-
ylene (Neljubow 1901). This effect includes inhibition of stem elongation,
radial swelling of the stem, and agravitropic growth (Knight and Crocker
1913). In Arabidopsis seedlings, the triple response is characterized by a
shortened and thickened hypocotyl, an inhibition of root elongation, and

38 Danny Tholen, Hendrik Poorter, Laurentius A.C.J. Voesenek



the formation of an exaggerated apical hook (Guzmán and Ecker 1990). In
addition to these findings, constitutively increased ethylene levels also
reduce elongation in adult plants. For example, stems of transgenic tobacco
with an elevated ethylene production level have shorter internodes, result-
ing in reduced plant height (Romano et al. 1993; Knoester et al. 1997). The
Arabidopsis ethylene-transduction mutant ctr1 exhibits a phenotype similar
to a plant treated with high ethylene concentrations, and has a dramatically
reduced stature and unexpanded leaves (Kieber et al. 1993; Ecker 1995). The
smaller leaf area is correlated with a smaller cell size in the ctr1 plants, simi-
lar to the reduction in cell size caused by treatment with ethylene (Kieber
et al. 1993).

The reduction of cell expansion by ethylene is consistent with the finding
that leaf area is increased in mutant or transgenic plants impaired in ethylene
perception. Larger rosette diameters have been observed in ethylene-
insensitive Arabidopsis mutants (Guzmán and Ecker 1990; Ecker 1995). In
more detail, the total leaf area of rosette leaves of ethylene-insensitive
Arabidopsis mutants (etr1−1 and ers1) was reported to be 25–50% larger than
those of wild-type plants (Bleecker et al. 1988; Hua et al. 1995). The increase
in total leaf area was attributed to an increased cell expansion in ethylene-
insensitive plants (Hua et al. 1995). A greater leaf area in ethylene-insensitive
plants may indicate that even the low endogenous ethylene concentration in
the wild type has an inhibiting effect on leaf expansion. However, it is also
possible that the larger total leaf area in ethylene-insensitive plants is the
result of an increased leaf longevity. Leaves of ethylene-insensitive plants
continue to expand over a long time period, whereas the leaves of wild-type
plants of the same age have a much shorter expansion period (Grbić and
Bleecker 1995). Alternatively, the relatively larger leaf area of ethylene-insen-
sitive Arabidopsis mutants grown in sterile tissue-culture containers may be
explained by a reduction of the leaf area of the wild type as a result of ethyl-
ene accumulation (Tholen et al. 2004). We showed that under well-ventilated
conditions ethylene-insensitive genotypes of Arabidopsis, tobacco and petu-
nia had no larger total leaf area compared to normally ethylene-sensitive
control plants (Fig. 2.2, Tholen et al. 2004).

In contrast with the finding that ethylene treatment inhibits elongation
growth are reports that low concentrations (i.e., below 0.1 µL L−1) can stim-
ulate leaf expansion (Lee and Reid 1997; Fiorani et al. 2002), stem elon-
gation (Emery et al. 1994; Suge et al. 1997; Pierik et al. 2003), hypocotyl
elongation (Smalle et al. 1997), and root elongation (Konings and Jackson
1979). To explain these differential responses to ethylene, a biphasic model
was suggested (Konings and Jackson 1979; Lee and Reid 1997), with low
levels promoting and high levels inhibiting cell expansion. In aquatic and
semi-aquatic species, the concentration range promoting growth may be
wider in order to allow the observed rapid elongation growth under sub-
merged conditions that is initiated by ethylene levels of up to 10 µL L−1

(Voesenek and Blom 1999). For example, in Oryza sativa and Rumex
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palustris, ethylene induces a rapid elongation of internodes or petioles,
which enables the leaf blade to escape from the low oxygen environment
under water (Kende et al. 1998; Voesenek and Blom 1999). Ethylene accu-
mulates in plants that are completely submerged as a result of the slower
diffusion rate of gases in water compared to air (Jackson 1985). The high
ethylene concentration promotes organ elongation in these systems
through direct action associated with changes in the balance of gibberellic
acid and abscisic acid (Hoffmann-Benning and Kende 1992; Rijnders et al.
1997; Benschop 2004).

The network of signal-transduction components that affect organ expan-
sion includes gibberellic acid, auxin, and ethylene. A key component that
integrates signals from all these hormones are a group of proteins now called
DELLA proteins (Achard et al. 2003; Fu and Harberd 2003; Harberd 2003). It
has been shown that at least a part of the regulatory effects of ethylene on
expansion is mediated by DELLA proteins, which act as repressors of elonga-
tion (Achard et al. 2003). The reduction in elongation by ethylene is thought
to be the result of reduced cell-elongation induced by a reorientation of cor-
tical microtubuli (Roberts et al. 1985; Shibaoka 1994). However, a more
recent work by Le et al. (2004) could not confirm this reorientation of micro-
tubuli in Arabidopsis roots. Another mechanism by which ethylene, possibly
via DELLA protein action, can affect cell expansion is by regulation of the
expression or activity of cell-wall loosening proteins such as expansins
(Cosgrove et al. 2002; Vreeburg et al. 2005).
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Fig. 2.2. Total leaf area of Arabidopsis thaliana wild-type (closed squares), ethylene-insensitive
etr1–1 (open squares), and ethylene-insensitive ein2–1 (open circles) mutants plotted against
total plant mass. Plants were grown in a climate room (T=20˚C, RH=65%, 200 µmol m−2 s−1 PAR
for 16 h) on hydroponics and harvested six times during a 2-week growth period. Each data
point is the average of six plants. A trend line is shown for the wild-type plants. The leaf area of
the ethylene-insensitive mutants was not significantly different from that of the wild type
(P<0.05)



2.4 Ethylene and Photosynthesis

A mature leaf will undergo senescence accompanied by a decline in photo-
synthesis, followed by reallocation of nitrogen to other parts of the plant (Gan
and Amasino 1997). Temporary treatment of leaves of adult plants with high
ethylene concentrations generally causes chlorophyll loss, senescence, and
leaf abscission (Kays and Pallas 1980; Bleecker et al. 1988; Abeles et al. 1992).
Interestingly, it has been found that ethylene-mediated pathways leading to
leaf senescence in Arabidopsis depend on age-related factors, and ethylene
can only induce senescence after the leaves reach a certain developmental
stage (Grbić and Bleecker 1995; Weaver et al. 1998). This last observation may
explain why constitutive ethylene responding mutants (ctr1) and wild-type
plants grown continuously in ethylene do not show increased senescence
during the vegetative growth phase (Kieber et al. 1993).

Ethylene may also affect the process of photosynthesis via senescence-
independent pathways. For example, there have been a number of studies
of Brassica juncea showing that a range of ethylene concentrations can
promote the rate of photosynthesis (Subrahmanyam and Rathore 1992;
Khan 2004), probably as a result of an increased stomatal conductance
(Khan 2004). Conflicting results have been reported in the literature con-
cerning the effect of ethylene on stomatal conductance (Gunderson and
Taylor 1991; Kamaluddin and Zwiazek 2002). The effect of ethylene on
photosynthesis seems to be concentration dependent (Khan 2004). In
addition, we recently found that stomatal conductance was lower in ethyl-
ene-insensitive Arabidopsis mutants, but higher in ethylene-insensitive
tobacco when compared to ethylene-sensitive controls (D. Tholen, unpub-
lished research). This indicates that the effect of ethylene on stomatal reg-
ulation, and thus photosynthesis, may differ between species.

In addition to effects on stomatal conductance, ethylene may play a role in
the regulation of photosynthesis via its role in sugar sensing. One of the mecha-
nisms that control photosynthetic activity and gene expression is a down-
regulation of Calvin-cycle enzymes by carbohydrate end-products (Paul and
Pellny 2003). Recent studies on the interaction between ethylene, abscisic acid
(ABA), and sugar sensing suggest that ethylene may play a role in the regulation
of photosynthetic gene expression (León and Sheen 2003). Ethylene-insensitive
plants appear to be more sensitive to endogenous glucose levels, while applica-
tion of an ethylene precursor decreases a plant’s sensitivity to glucose (Zhou
et al. 1998). A greater sensitivity of ethylene- insensitive plants to endogenous
glucose may result in a slower rate of photosynthesis in these plants. In support
of this view is the observation by Grbić and Bleecker (1995) that young leaves of
ethylene-insensitive etr1−1 mutants have less chlorophyll and a lower rate of
carboxylation per unit area than wild-type Arabidopsis leaves. Recently, we
found that ethylene-insensitive tobacco plants have a lower photosynthetic
capacity as a result of a lower Rubisco expression. The effect was linked to an
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increased sensitivity to endogenous glucose levels (D. Tholen, T.L. Pons,
L.A.C.J. Voesenek, H. Poorter, unpublished results). In Fig. 2.3 we have shown
the response of photosynthesis to different CO2 partial pressures at saturating
light levels. From these data it can be calculated that the Arabidopsis etr1−1
mutant has a significantly lower carboxylation capacity (17%, P<0.05),
confirming the results found in the ethylene-insensitive tobacco plants.

Increased ethylene production may be central in promoting growth under
elevated ambient carbon dioxide levels (Seneweera et al. 2003) to overcome
the negative effect of high endogenous glucose concentrations on photosyn-
thesis. This may explain why ethylene production in the light is increased in
response to high CO2 concentrations (Bassi and Spencer 1982). We suggest
that low ethylene concentrations can have a promoting effect on photosynthe-
sis under circumstances where carbohydrate-repression plays a limiting role,
such as under high light levels or increased atmospheric CO2 concentrations.

In summary, it is unlikely that the low endogenous ethylene concentration
has a negative impact on photosynthetic performance. The suppressing effect
of ethylene on glucose sensitivity could even be a mechanism by which
growth is maintained under conditions where sugars accumulate such as in
an active photosynthesizing leaf.

2.5 Ethylene and Growth under Optimal Conditions

Ethylene plays an important role in the regulation of leaf expansion; high eth-
ylene concentrations generally inhibit expansion, whereas in some cases, low
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concentrations can stimulate leaf expansion. As was previously described
(Eq. 2.3), a change in leaf expansion by ethylene may result in a difference
in SLA. Since ethylene treatment normally inhibits expansion, the absence
of ethylene or an impaired ability to perceive ethylene may increase leaf
expansion. This does not necessarily result in a larger total leaf area per
plant because of the lower total biomass of ethylene-insensitive plants
(Tholen et al. 2004). However, we did find an increase in the total leaf area
per unit biomass in ethylene-insensitive genotypes when compared to their
ethylene-sensitive counterparts (Tholen et al. 2004).

Large concentrations of externally applied ethylene induce senescence,
and this can lead to a slower ULR as a result of the breakdown of the photo-
synthetic machinery. A low concentration of ethylene might also stimulate
photosynthesis, and thus ULR, through an increase of stomatal conductance.
In ethylene-insensitive plants photosynthesis (and ULR) was generally lower
than in the corresponding ethylene-sensitive genotypes (Tholen et al. 2004).

Ethylene can be involved in the partitioning of biomass over different
plant organs, but to date, no studies have addressed this in depth. Clark et al.
(1999) found that ethylene insensitive tomato plants had increased below
ground biomass, but fewer above ground adventitious roots. However,
treatment of Phaseolus vulgaris with the ethylene inhibitor AVG had no
significant effect on LMF (Borch et al. 1999).

To our knowledge, no reports exist describing the response of RGR to a
controlled application of ethylene. Davanso et al. (2003) showed that applica-
tion of the ethylene-releasing substance ethephon to Tabebuia avellanedae
plants resulted in a reduced ULR and RGR. RGR may have been lowered as
a result of a high leaf abscission induced by the relatively large amount of
ethylene released by ethephon. In addition, these authors also showed that
ULR and RGR were reduced as a result of the application of silver nitrate, an
ethylene perception inhibitor. Recently, we showed that ethylene-insensitive
plants have a higher SLA but a slower ULR, resulting in a RGR that was indis-
tinguishable from ethylene-sensitive plants (Tholen et al. 2004). Therefore we
suggest that although endogenous ethylene is able to affect the underlying
mechanisms that determine RGR, it is not required for controlling growth
under optimal conditions.

2.6 Ethylene and Growth under Limiting Environmental
Conditions

Ethylene has long been recognized as a hormone that controls plant
responses under growth-limiting conditions or stress (for reviews see
Abeles et al. 1992; Morgan and Drew 1997). An important environmental
factor with an effect on growth is light intensity. Plants have the ability to
acclimate to a sub-optimal light environment by increasing SLA (Poorter
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and Nagel 2000). When growing at high densities with competition for light,
plants show several shade-avoidance responses, including enhanced elon-
gation, elevated leaf angles, and early flowering (Smith 2000). Interestingly,
it was found that ethylene controls the timing of these shade-avoidance
responses (Pierik et al. 2003). Moreover, recent evidence shows that ethyl-
ene-sensitive tobacco plants exhibit shade-avoidance responses when blue
light is omitted from the light spectrum, whereas the ethylene-insensitive
plants are unresponsive to the absence of blue light (Pierik et al. 2004).
These results suggest that the ethylene-transduction pathway interacts with
light perception and that ethylene is required to maintain growth during
competition for light.

A limited nutrient availability can severely constrain plant growth in nat-
ural environments (Berendse and Elberse 1990). It has been shown that eth-
ylene synthesis and responsiveness is affected in response to nutrient
deficiency (Lynch and Brown 1997). For instance, nitrogen deficiency and
low pH increased the ethylene production in wheat seedlings (Tari and Szén
1995). Borch et al. (1999) showed that phosphorus-deficient roots produce
twice as much ethylene as phosphorus-sufficient roots. Phosphorus or nitro-
gen starvation reduced ethylene production, but increased ethylene respon-
siveness in maize roots (Drew et al. 1989; He et al. 1992). Borch et al. (1999)
suggested that root responses to phosphorus deficiency are controlled by eth-
ylene sensitivity and production. Along similar lines, Schmidt et al. (2000)
showed evidence for the hypothesis that ethylene (and possibly auxin) medi-
ates iron-deficiency-induced root-hair formation. In addition to the effects
on ethylene production or sensitivity, nutrients may also affect the way a
plant responds to ethylene. For example, in Arabidopsis hypocotyls, ethylene
stimulated elongation only when the plants were grown on a medium with
low nitrogen and phosphate concentrations (Smalle et al. 1997; D. Tholen,
unpublished results).

Drought stress is a major factor hampering crop yield. Under drought
stress shoot elongation can be inhibited, even before water potential is
decreased in aerial plant parts (Saab and Sharp 1989), suggesting that signals
emanating from the root may affect shoot growth. Increased root production
of abscisic acid (ABA) and the ethylene precursor ACC (Gómez-Cadenas et al.
1996) might be the responsible signals. Although these authors concluded
that ABA stimulates ACC synthesis, later work by Spollen et al. (2000) sug-
gested that increased levels of endogenous ABA are required to prevent
excess ethylene production, which has a negative effect on root elongation.
Transgenic maize with a lower level of ACC-synthase has a reduced rate of
ethylene production, and a faster rate of photosynthesis under drought stress
(Young et al. 2004).

Similar results were found for ethylene production and salt stress. The rate
of ethylene production was increased in salt-stressed tomato and cucumber,
promoting senescence in these plants (Feng and Barker 1992; Helmy et al.
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1994). Loss of chlorophyll under salt stress has been reported due to ethylene-
induced reduction in intermediates of chlorophyll biosynthesis (Khan 2003).
Salt-tolerant rice species synthesize more ethylene compared to less tolerant
varieties (Lutts et al. 1996). In tobacco, transcript levels of a putative ethyl-
ene-receptor homologue are increased under drought and salt stress (Zhang
et al. 2001), suggesting that not only production, but also sensitivity to ethyl-
ene can be affected by these environmental conditions. Ethylene-insensitive
tobacco plants, grown for 2 weeks under severe drought stress showed no dif-
ferences in RGR compared to ethylene-sensitive plants. However, salt-
stressed ethylene-insensitive tobacco plants showed a reduction in RGR that
was not apparent in normally ethylene-sensitive tobacco (D. Tholen,
H. Poorter, L.A.C.J. Voesenek, unpublished results). This suggests that a
functional ethylene-response pathway is needed to maintain growth under
salt-stressed conditions.

Together, these data show that ethylene is involved in a number of stress
responses that occur in natural environments and can significantly affect
whole plant growth under adverse circumstances.

2.7 Ethylene: Effects on Plant Growth?

The role of normally occurring levels of endogenous ethylene in determining
the rate of plant growth is a long standing question. Most of the work has
focused on tissue- or cell-specific responses, and little is known about the
effects of ethylene at the whole plant level. In this review, we examined the
effect of ethylene on growth in terms of biomass accumulation. As explained
above, ethylene treatment will generally lower the RGR of a plant, especially
if high concentrations are used. No increase in RGR was reported for several
ethylene-insensitive plants, suggesting that the normally present, endoge-
nous ethylene concentrations are not inhibiting RGR. Furthermore, an
increasing body of literature reveals a stimulating effect of low ethylene
concentrations on both leaf expansion and photosynthesis.

Under stress conditions, ethylene production rates are generally strongly
increased. In these circumstances, ethylene often acts as a signal that initiates
a response to the stress. It can be expected that the high ethylene levels ini-
tially produced as a consequence of the stress inhibit growth and will reduce
RGR. However, an adequate response to the stress may be beneficial to
growth and survival in the long run.
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3.1 Introduction

Leaf senescence is currently considered the last stage of leaf development and
is a genetically programmed process, highly regulated with recycling of
reserves from the leaves to other storage organs (seeds, trunk, branches).
Leaves of deciduous plants perceive the changing of the seasons in autumn
and activate all the processes for the preparation for winter. The signs that
initiate natural leaf senescence are the photosynthesis reduction and short-
ening of photoperiod (Smart 1994; Yoshida 2003). The leaves of evergreens
have a turnover regulated by an internal clock that is correlated with the pho-
tosynthetic machinery health status. Leaf cells undergo an organized self-
destruction process that involves protein degradation (Lutts et al. 1996), and
altered turnover, nucleic acid degradation, lipid degradation (Buchanan-
Wollaston 1997; Thompson et al. 1998; Buchanan-Wollaston et al. 2003),
membranes disruption (Trippi and Thiamann 1983), and leaf pigments
breakdown (Matile et al. 1997; Fang et al. 1998). The metabolites and nutri-
ents are reallocated in storage organs such as branches and trunk in decidu-
ous trees, which will use the reserve for making a new leaf area in spring, or
in seeds in annual species that will use the reserve for growing a new plant the
next year (Noodén and Guiamét 1989; Gan and Amasino 1995). The leaf
senescence is activated at the molecular level when leaves are fully expanded
(Fig. 3.1). At this stage, many processes are induced and many others are
turned off.

The leaf senescence can be subdivided into three phases. The first is
named the initiation phase, which may be induced by hormones, environ-
ment, age or pathogens. At the physiological level, the metabolic thresholds
are crossed, the redox state is altered, and the signalling cascades are acti-
vated. The second phase can be influenced by hormones and environment.
During this stage, the leaf cells are reorganizing for responding to the
degeneration by activation of savage pathways, shifting the metabolism
from autotrophic to heterotrophic, detoxification and reversible organelle
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redifferentiation. The last phase of leaf senescence is characterized by antibi-
otic accumulation, release of free radicals, elimination of remaining metabo-
lites, and irreversible loss of cell integrity and viability. Finally, the leaf
senescence process is visible with necrosis of leaf cells or discoloration
caused by chlorophyll degradation and is concluded with the death of the
leaf cells (Dangl et al. 2000).

The leaf senescence can also be a defense response to pathogen infection.
In this case, the plant reacts to the infection, inducing the death of leaf cells
that are located around the infection isolating the pathogen and its damage.
However, there are other forms of leaf senescence that can be induced by
abiotic stresses, such as mechanical damage (wounds) or harvest.

Among the leaf senescence inducers the ethylene plays an important role.
Ethylene is a simple gaseous plant hormone that regulates many diverse plant
processes, during the whole plant development stages. The physiological eth-
ylene effectiveness depends from environmental and biological factors,
which may affect positively or negatively on the ethylene action.

3.2 Ethylene during Leaf Development

During the first leaf development stages, ethylene production is high and
declines when leaves reach the fully expanded stage, and finally increases
again during senescence (Fig. 3.1). The 1-aminocyclopropane-1-carboxylic
acid (ACC) content, the precursor of ethylene, increases only in senescing
leaves and has the same trend of ethylene evolution (Hunter et al. 1999).
Analogous results were found measuring ethylene production from cut

Fig. 3.1. Schematic graph of the leaf development, ethylene production, and chlorophyll
content trends. The arrow represents the induction of the earliest senescence associate genes
that initiate the senescence cascade. ES early senescence, IS intermediate senescence, LS leaf
senescence

Initiation Growth Maturity

ES IS LS

Ethylene production

Chlorophyll content



immature eucalyptus branches and mature branches (Ferrante et al. 1998).
The amount of ethylene produced from cut immature branches (leaves not
completely expanded) is about 3 nL g−1 h−1 while in mature branches
(leaves completely expanded) is double. The cut branches placed in a vase
show an increase of ethylene production during senescence until they
reach 12 nL g−1 h−1 (Ferrante et al. 2003). Molecular approaches allowed
isolating the genes that encode for ACC oxidase in white clover that catal-
yses the last step of ethylene biosynthesis. Three ACC oxidase genes were
isolated and their expression was different during leaf development
(Hunter et al. 1999).

However, ethylene produced by younger leaves does not induce any delete-
rious effect on the plant, suggesting that plants become sensitive when they
reach the mature or senescence stages. Further molecular studies are needed in
order to understand the relationship among ethylene receptors biosynthesis,
ethylene production, and plant sensitivity during leaf development.

3.3 Ethylene-Induced Leaf Senescence

The first evidence of ethylene as a promoter of leaf senescence was observed
in leaves and stems treated with ethylene. In particular, leaves exposed to eth-
ylene may show yellowing, necrosis (death), and shattering. The first onsets
of ethylene-induced senescence in leaves are the photosynthesis and chloro-
phyll reduction (Baardseth and von Elbe 1989). However, the ethylene
response is variable and depends on the species, because every plant or part
of a plant has different sensitivity to this hormone.

3.3.1 Leaf Yellowing

The visible symptom of leaf senescence is the loss of green color that shifts
to yellow. This phenomenon is caused by chlorophyll degradation that is
catalyzed by the chlorophyllase that converts the chlorophyll a and b to
chlorophyllide and phytol (Matile et al. 1997).

Exogenous application of ethylene accelerates chlorophyll degradation in
both attached and detached leaves in many cut flowers. Chrysanthemum
flowers, for example, can be classified as sensitive and insensitive to leaf yel-
lowing in relation to their response to exogenous ethylene. Cut chrysanthe-
mum treated with 100 µL L−1 ethylene shows strong chlorophyll loss in the
sensitive species, while no significant changes were observed in leaf color of
the insensitive chrysanthemum (Reyes-Arribas et al. 2000; Ferrante et al.
2003). The dramatic effect of ethylene on chlorophyll loss has also been
found in cut alstroemeria flowers exposed to exogenous ethylene (Ferrante
et al. 2002a).
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3.3.2 Leaf Abscission

The abscission of leaves is a highly coordinated phenomenon involving mul-
tiple changes in cell structure, metabolism, and gene expression. Abscission
is referred to as the process of natural separation of leaf from the parent plant
(Taylor and Whitelaw 2001). The first works on leaf abscission were focused
on understanding plant hormones action in plants. The identification of eth-
ylene as a plant hormone responsible for leaf drop came from the observation
that plants relatively close to gas lamps lost their leaves (Abeles 1973). The
ethylene mode action was studied in bean identifying the abscission zone and
the anatomy characteristics.

Earlier studies discovered that abscission occurs in highly predictable
zones involving cells that are morphologically distinct before the abscission
event (Fig. 3.2).

The leaf abscission is influenced by auxin and ethylene evolution (Osborne
1955; Abeles and Rubinstein 1964; Morgan and Hall 1964). Ethylene controls
leaf abscission but works in relationship with leaf auxin content.

The antagonistic relationship between ethylene and auxin is evident in the
abscission zone where the auxin level seems to control the cell sensitivity to
ethylene. Therefore, the balance between auxin and ethylene is a crucial point
for leaf abscission (Fig. 3.3). During senescence, the leaves produce less auxin
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Fig. 3.2. Abscission zone between pedicel and stem



and make the abscission zone more sensitive to ethylene. Moreover, ethylene
is an inhibitor of auxin biosynthesis and its increase during senescence accel-
erates the process. Application of exogenous auxin is possible to reduce leaf
abscission as it was demonstrated in holly (Joyce et al. 1990). The abscission
is a phenomenon where the enzymes produced by the cells digest the cellu-
lose and other components of the cell walls. Many studies were performed to
examine the cell wall-degrading enzymes that might be involved in cell wall
degradation with evidence for the involvement of hydrolytic enzymes such as
pectinases and cellulase.

3.4 Effect of Ethylene Inhibitors, Promoters, and 
Ethylene-Releasing Compounds on Leaf Senescence

Ethylene inhibitors reduce or eliminate the biological activity of ethylene.
These compounds can be divided into two groups: inhibitors of ethylene
biosynthesis and inhibitors of ethylene action. The first are substances that
interact with the ethylene biosynthesis pathway through inhibition of key
enzymes, ACC synthase, and ACC oxidase. The 1-aminoethoxyvinylglycine
(AVG) and the amino-oxyacetic acid (AOA) are inhibitors of ethylene biosyn-
thesis, while silver thiosulfate (STS), silver nitrate, and 1-methylcyclopropene
(1-MCP) are inhibitors of ethylene action.

STS was first used for preventing ethylene action in cut flowers 30 years
ago (Veen and van de Geijn 1978). The use of STS in agriculture is under
government restriction, and its use, in some countries, is limited to potted
plants. Silver is a heavy metal that persists in soil and may be a hazardous
water pollutant as well as damage the nervous system in humans at high
concentrations.
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Fig. 3.3. Progressive leaf senescence. a leaf at fully expanded stage characterized by high auxin
levels in equilibrium with ethylene production. b Initiation of leaf senescence, auxin content
decreases and ethylene production increases. Leaf cells in the abscission zone become sensitive
to ethylene action. c Leaf abscission



The application of ethylene inhibitors delayed leaf senescence in many
ornamental species (Table 3.1). As already noted, the efficiency of the treat-
ments may not be the same in all species. For example, cut Eucalyptus gunnii
branches treated with 2 mM STS showed no increase in vase life, suggesting
that this species has a low sensitivity to ethylene (Forrest 1991). Moreover,
STS was not effective for cut evergreens and even induced phytotoxicity
(Tingley and Price 1990). In contrast, STS pulse treatments were found to be
beneficial for Asparagus densiflorus, Cordyline terminalis, and Philodendron
“Red Emerald” (Broschat and Donselman 1987). Positive effects were also
found in cut Ilex aquifolium and in Phoradendron tomentosum. This species
treated with 0.2–2 µM STS dramatically reduced leaf fall (Joyce et al. 1990).

The last commercial ethylene action inhibitor is 1-methylcyclopropene
(1-MCP), which has been extensively evaluated for protecting ornamentals
from ethylene damage (Feng et al. 2004). This compound is a gas and is thought
to bind the ethylene receptor protein, avoiding ethylene action (Fig. 3.4).

Treatments with 1-MCP have efficiently reduced the percentage of leaf
abscission in citrus (Zhong et al. 2001) or inhibiting the leaf yellowing of cut
lilies (Celikel et al. 2002).

Among the inhibitors of ethylene biosynthesis the most frequently used
has been AOA, an inhibitor of ACC synthase that blocks the conversion of
S-adenosyl methionine (SAM) to ACC. The AOA has been used for preventing
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Table 3.1. Ethylene inhibitors used as treatment for extending vase life of cut flowers and
foliage

Species Compound Concentration References

Adiantum raddianum Cobalt chloride 1 mM Fujino and Reid (1983)

AOA 0.2–0.5 mM Fujino and Reid (1983)

Asparagus densiflorus STS 2 mM Broschat and Donselman
(1987)

AOA 0.01 mM Dolci et al. (1989)

Cordyline terminalis STS 2 mM Broschat and Donselman
(1987)

Eucalyptus gunnii STS 2 mM Forrest (1991)

Eucalyptus parvifolia Cobalt chloride 2 mM Ferrante et al. (2002b)

Gypsophila paniculata MCP 200 ppb Newman et al. (1998)

Ilex aquifolium STS 12 mM Joyce et al. (1990)

NAA 33–66 ppm Appleton et al. (1996)

Philodendron spp. STS 2 mM Broschat and Donselman
(1987)

Phoradendron STS 12 mM Joyce et al. (1990)

Rumohra adiantiformis Cobalt chloride 1 mM Stamps and Nell (1986)



leaf senescence of many floriculture items such as cut Asparagus plumosus
(Dolci et al. 1989). Cobalt nitrate is another inhibitor that has been also used
for preserving cut Adiantum raddianum fronds (Fujino and Reid 1983). On
the contrary, cobalt chloride has not affected the vase life of Rumohra adi-
antiformis fronds (Stamps and Nell 1986). These results show that each
species has its own behavior and the same treatment may have a different
effect depending on the species.

Ethylene promoters have been used in agriculture for several purposes.
The most useful application is involved in olive fruits harvesting. Olives are
non-climacteric fruits, and ethylene production by ripening olives has been
reported to be non-detectable (Rugini et al. 1982). In many tissues that pro-
duce very little ethylene, the production of this hormone can be increased by
exogenous application of ACC, suggesting that these tissues have the capac-
ity to produce ethylene but do not do so due to a limited production of ACC
(Kende 1993). Ethylene-releasing chemicals, used to promote olive fruit
abscission, have been found to increase the efficiency of mechanical harvest-
ing (Denney and Martin 1994; Gerasopoulos et al. 1999). However, these com-
pounds must be used in appropriate concentrations otherwise they may
cause excessive leaf abscission, which can compromise the following year’s
production if more than 15–20% of the leaves are lost.

The earlier ethylene-releasing compounds were Omaflora and calcium
carbide. In horticulture, they were used for promoting pineapple flowering.
The most common ethylene-realizing compound widely used in agriculture
is ethephon. It was discovered by Russian researchers and its effect on plant
physiology was found later by Amchem Products and rapidly became a com-
mercial product. It is chemically called 2-chloroalkylphosphonic acid
(C2H6ClO3P) and in solution at pH 4–5 or higher is hydrolyzed into chloride
ion, phosphate and ethylene. In agriculture, ethephon is considered as
“liquid ethylene” and has many practical applications such as to promote
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Fig. 3.4. Ethylene receptor and binding site on the cell membrane. The ethylene receptor
(ETR1) contains the binding site for ethylene or 1-MCP. Ethylene gas binds the ETR1 and acti-
vates the constitutive triple response 1 (CTR1), inducing physiological responses (response
negatively regulated). Plants treated with 200–500 ppb 1-MCP become ethylene insensitive,
because the ethylene gas does not find binding sites available and does not induce any physio-
logical effect
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pre-harvest ripening top fruit, soft fruit, tomatoes, and sugar beet. Extensive
use of ethephon is localized in tropical regions for coffee, pineapple, rubber,
and sugarcane production (Abeles et al. 1992).

Ethylene-releasing compounds are used for promoting fruit ripening such
as tomato and bananas, or flowering such as pineapple, Bromeliaceae.

3.5 Leaf Sensitivity and Ethylene Production

Molecular studies performed on Arabidopsis have demonstrated that ethyl-
ene perception in plants is mediated by a family of ethylene receptors, includ-
ing the ETR1, ETR2, (ethylene response sensor) ERS1, ERS2, and (ethylene
insensitive) EIN4 gene products (Hua and Meyerowitz 1998). These proteins
located on the cell membrane are typically composed of a sensor protein and
a response regulator protein, which function together to regulate adaptive
responses to a broad range of environmental signals (Sakakibara et al. 2000).

The effects of ethylene can be observed when the amount of ethylene is
higher then the plant sensitivity threshold. Most plants are considered ethylene
sensitive if they show leaf senescence when exposed to 0.5–1 µL L−1 ethylene.
Ethylene effects have a similar dose-response curve: no effect between 0.001 to
0.01 µL L−1 discernible effects between 0.01 and 0.1 µL L−1, half-maximal
responses between 0.1 to 1 µL L−1, and saturation from 1 to 10 µL L−1 (Abeles
et al. 1992).

The sensitivity of ornamental plants to exogenous ethylene was investi-
gated by exposing them to 0–15 µL L−1 ethylene for 24 or 72 h in darkness at
20 °C (Woltering 1985, 1987; Woltering and van Doorn 1988). Results
obtained showed that flowering plants were generally more sensitive to eth-
ylene treatment than foliage plants. However, the ethylene effect was visible
as abscission of flowers, flower buds, or whole inflorescence after 24 h.
Foliage plants showed abscission and yellowing of leaves after 72 h. Ethylene
toxicity symptoms have been described and 52 species are classified accord-
ing to their ethylene sensitivity (Tingley and Price 1990).

The sensitivity threshold for each plant can be determined by using 10 µL
L−1 exogenous ethylene; higher concentrations are not found in nature or
closed environments, therefore plants that are sensitive to concentrations
higher than that can be considered insensitive to ethylene.

The ethylene production varies from species to species and can be used for
classifying plants in different groups depending on their levels of ethylene
production. Evergreen species have been subdivided into six groups; the
higher values were found in Sequoia sempervirens (2,800 nL kg−1 h−1) and the
lower in Juniperus virginiana (26 nL kg−1 h−1).

However, on the same plant, the different organs have different sensitivity,
therefore, leaves, flowers or other plant organs can be classified into four groups,
considering their sensitivity to ethylene and their endogenous production:
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- Sensitive plants that produce a high amount of ethylene;
- Sensitive plants that produce a low amount of ethylene;
- Insensitive plants that produce a low amount of ethylene;
- Insensitive plants that produce a high amount of ethylene.

Plants of Sequoia sempervirens, for example, are classified as high ethylene
producers and also have low sensitivity to exogenous ethylene. On the con-
trary, cut Ilex aquifolium branches produce a very low amount of ethylene,
ranging from 0.5 to 5 nL kg−1 h−1 during the first 96 h after harvest, and later
the ethylene produced becomes undetectable (Joyce et al. 1990; Fjeld et al.
1995). Nevertheless, cut holly exposed to exogenous ethylene at concentra-
tions as low as 0.001–0.6 µL L−1 for 2–3 days, completely loses its leaves.

3.6 Effect of Ethylene on the Antioxidant System during Leaf
Senescence

The oxidative metabolism has an important role at cellular level when senes-
cence takes place. During leaf senescence there is an overproduction of reac-
tive oxygen species (ROS) such as superoxide anion (O2

• − ), hydroxyl radicals
(OH•), hydrogen peroxide (H2O2) and singlet oxygen (1O2 ) that may cause
damage and cell death. However, they are also products of the normal enzy-
matic reactions in peroxisomes, glyoxysomes, and chloroplasts. The harmful
ROS are controlled and balanced by the antioxidant systems present in leaves.
The leaf cells act as a defense response against the accumulation of ROS by
increasing catalase (CAT) and superoxide dismutases (SOD) activity. But
other enzymatic and non-enzymatic antioxidants are also involved, such as
ascorbate, reduced gluthatione (GSH), α-tocopherol and carotenoids (Foyer
et al. 1994; Bartoli et al. 1996; Hodges et al. 1996, 1997a, 1997b). The ascorbate-
glutathione cycle, also known as the Asada-Halliwell cycle, is the most impor-
tant antioxidant system in the leaf cells during senescence (Fig. 3.5).

During leaf senescence, the enzymatic and non-enzymatic antioxidants are
activated for reducing the ROS species that progressively increase during
senescence (Kunert and Ederer 1985; Leshem 1988). In some herbaceous
species, general leaf reductant levels were negatively correlated with the rate
of senescence (Philosoph-Hadas et al. 1994; Meir et al. 1995). However, it has
been found that some antioxidants increase while others decrease, depending
on the species and the causes of leaf senescence (Irigoyen et al. 1992; Olsson
1995; Kingston-Smith et al. 1997).

It has been found that during natural senescence of chestnut leaves xan-
thine oxidase (XOD) and SOD increase significantly, while CAT and POD
decrease progressively. Analogous studies carried out on flag leaf of different
rice cultivars showed that CAT, SOD, and POD decreased in all cultivars
(Jiao et al. 2003). These results suggest that during natural leaf senescence
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some antioxidant enzymes do not work in purpose because the leaves must
follow their fate. On the contrary, these enzymes often increase when the
senescence in younger leaves is induced by external factors (Monk et al. 1989;
Foyer et al. 2002). In fact, during the first stages of leaf development, imme-
diately after germination, SOD and POD activities are strongly induced when
young wheat leaves are grown under stress conditions such as salinity (Khan
2003). These results confirm that before leaf senescence occurs, the antioxi-
dant enzymes are activated for avoiding leaf damage, because plants need
photosynthesis for their growth.

Ethylene may negatively affect the Asada-Halliwell cycle enzymes and
accelerates leaf senescence (Bartoli et al. 1996). It has been found that 10 µL
L−1 of ethylene applied to spinach leaves during storage significantly reduces
ascorbate peroxidase (APX), CAT, dehydroascorbate reductase (DHAR),
gluthatione reductase (GR), and monodehydroascorbate (MDHAR) activity
(Burgheimer et al. 1967; Hodges and Forney 2000). Therefore, ethylene
avoids the detoxification process and makes the senescence process more
dramatic, leading the cells to death. However, the role of ethylene on the
antioxidant cycle is not yet completely clarified. More experiments need to
be carried out on mature leaves that are still able to photosynthesize and on
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Fig. 3.5. Ascorbate-glutathione redox cycle in leaf senescence. The superoxide radicals (O2
• −)

are dismutated by superoxide dismutase (SOD) that produces hydrogen peroxidase
(H2O2). Ascorbate (AsA) is regenerated from oxidized forms by a cycle catalyzed by ascorbate
peroxidase (APX). The AsA is converted in monodehydroascorbate (MDHA) by APX, then the
monodehyroascorbate reductase (MDHAR) oxides the MDHA and reduces the NADP+ that is
regenerated by Ferredoxin (Fd). However, the MDHA may be converted to ASA and dehy-
droascorbate (DHA) by nonenzymatic reaction. The DHA is converted by dehydroascorbate
reductase (DHAR) in ASA, contemporary the reduced glutathione (GSH) is transformed in
oxidized glutathione (GSSG) by NADPH. During leaf senescence the NADPH production
decreases, resulting in increased ratios of GSSG to GSH and DHA to AsA, causing changes in
cellular redox conditions that may activate more SAGs
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senescent leaves. In mature leaves, photosynthetic electrons transfer gener-
ates NADPH, which donates electrons to AsA through GSH. In senescent
leaves that do not photosynthesise the lack of ascorbate-glutathione cycle
enzymes response might be due to NADPH decrease rather than to ethylene
action.

3.7 Ethylene and Other Plant Hormones during Leaf
Senescence

Ethylene can be naturally produced by any part of a plant, but can also be
stimulated from other plant hormones such as auxins, gibberellins, abscisic
acid, and cytokinins. In some tissues, the applications of exogenous synthetic
plant hormones may increase ethylene evolutions and have a synergistic effect
with ethylene. Ethylene production is predominantly enhanced by exogenous
application of high concentrations of auxins (Yu and Yang 1979; Woeste et al.
1999; Vandenbussche et al. 2003). In Phaseolus vulgaris, the level of auxin in
senescent leaves is ten times that of younger leaves (Atsumi and Hayashi 1979)
and increases ethylene evolution.

Cytokinins and gibberellins are also substances that when applied exoge-
nously increase ethylene production. Cytokinins or substituted of phenyl-
urea compounds with cytokinin-like activity strongly increase ethylene
production. Among the substituted of phenyl-urea compounds the most
important is the thidiazuron that is used as plant growth regulator. In the
particular the ability of thidiazuron to stimulate ethylene production in
plants is used for inducing cotton defoliation and facilitate the harvesting
operations (Suttle 1986). Gibberellins also increase ethylene production, but
not much evidence is reported in literature regarding leaf senescence.

Ethylene production as a response to exogenous applications of synthetic
plant hormones is probably a reaction to the alteration of the natural equi-
librium of endogenous hormones or might be a response to stress induced by
the treatments.

3.8 Ethylene and Gene Expression during Leaf Senescence

The role of ethylene during leaf senescence was investigated physiologically
using ethylene inhibitors, genetically using several ethylene-insensitive
mutants such as ETR1, ER, EIN2, and EIN3 or transgenic plants that do not
express the key enzymes of ethylene biosynthesis. All these approaches
showed that blocking ethylene biosynthesis or action could delay leaf senes-
cence symptoms (Zacarias and Reid 1990; Grbic and Bleecker 1995; Chao
et al. 1997; Oh et al. 1997).
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The isolation of ethylene-resistant or ethylene-insensitive mutants has
been very helpful in understanding ethylene function during leaf senescence.
Molecular studies demonstrated that most of the genes affected by ethylene
are also senescence associated genes (SAGs) that are enhanced, activated, or
repressed during senescence (Table 3.2).

The genes involved during leaf senescence have been isolated using differ-
ential display, cDNA screening, and subtractive hybridization techniques. In
Arabidopsis thaliana, many SAGs have been isolated and among them, see1,
a sulfide dehydrogenase, is strongly induced by ethylene treatments.
However, there are other SAGs, such as SAG 12, 13, 14, 20, ERD1, pSEN3, and
pSEN4, that are also affected by ethylene (Park et al. 1998; Weaver et al. 1998).
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Table 3.2. Genes affected by ethylene, ethylene promoters, or ethylene-releasing compounds
during leaf senescence

Gene Putative function Putative role Effect of ethylene

SPG31 Cysteine proteinase Proteolysis and Up-regulated
nitrogen
remobilization

pSEN3 Polyubiquitins Protein turnover Up-regulated

pSEN4 Endoxyloglucan Cell wall Up-regulated
transferase degradation

CHLase1 Chlorophyllase Chlorophyll Up-regulated
degradation

SARK Senescence-associated Signal transduction Up-regulated
receptor-like kinase

CAB Light-harvesting Photosynthesis Down-regulated
chlorophyll a/b-binding
protein

ELIP Early light-induced Assembly or repair Up-regulated
protein the photosynthetic 

apparatus

Sen1 Sulfide dehydrogenase Cellular Up-regulated
redox reaction

GR-S-transferase Glutathione- Detoxification Up-regulated at
S-transferase early senescence

stage

LLS1 – Unknown Up-regulated at
latest senescence stage

– Putative protein Signal Up-regulated at
transduction latest senescence stage

– NADH- Detoxification Up-regulated at
ferrihemoprotein early senescence stage
reductase



Moreover, in Arabidopsis leaves spayed with ethylene-realizing compound
(ethephon) the expression of pSEN3 and pSEN4 is enhanced; pSEN3 and
pSEN4 encode for polyubiquitin and peptide related to endoxyloglucan
transferase, respectively.

Ethylene also increases chlorophyll degradation, by increasing chloro-
phyllase (Chlase) gene expression. Since Chlase is confined in the chloroplast
membrane (Matile et al. 1997), its activation is subordinated to membrane
senescence. Membranes lose their integrity and allow the Chlase to come in
contact with chlorophylls. Therefore, ethylene probably increases lipid degra-
dation and destabilizes the cell membranes.

A bean (Phaseolus vulgaris) mutant that retains chlorophyll during ripen-
ing does not show any changes in color and is defined as a stay-green pheno-
type. The leaf senescence proceeds in both plants but no differences are
visible in chlorophyll content both in attached and detached leaves of bean
mutant. Exogenous ethylene applications induce leaf wilting and abscission
in wild-type bean, while a slight loss of chlorophyll and carotenoids are
observed in stay-green phenotype leaves. The Chlase activity decreases in
both bean plants after 2 days of treatment with 10 µL L−1 ethylene (Fang et al.
1998). Analogous results have been observed in green flesh tomato, a mutant
that also does not show leaf yellowing as a stay-green phenotype. Applying
ethylene also increases ethylene chlorophyll breakdown in wild-type, while
slight chlorophyll loss occurs in the mutant. However, in both plants chloro-
phyll a/b (CAB) binding protein and rubisco gene expression decrease during
leaf senescence in both plants (Akhtar et al. 1999).

A senescence-associated receptor-like kinase (SARK) has been also iso-
lated in bean plants using differential display technique. This gene is exclu-
sively expressed during leaf senescence and its mRNA level increases before
the chlorophyll loss and the chlorophyll a/b binding protein mRNA level
decreases. The exogenous applications of ethylene strongly induce SARK
transcript and accelerate leaf senescence of bean plants (Hajouj et al. 2000).

In tobacco (Nicotiana tabacum L. cv. SR1), the early light-induced protein
(ELIP) was isolated using the cDNA-amplified restriction fragment polymor-
phism method. ELIP is a member of the CAB gene family and is implicated in
the assembly or repair of the photosynthetic apparatus in plants under stress
conditions. Treatments with ACC, a precursor of ethylene, enhanced the
transcript levels of ELIP-TOB and its expression increases; before that
chlorophyll loss could be detected (Binyamin et al. 2001). Molecular studies,
as observed in the previous physiology experiments, confirm that ethylene
strongly affects the leaf chlorophyll content, inducing many genes that lead to
chlorophyll degradation.

In senescent leaves of sweet potato a cysteine proteinase named SPG31 has
been isolated and its function seems to be involved in proteolysis and nitro-
gen remobilization during the leaf senescence process. Ethylene treatments
applied to mature green leaves strongly induce the SPG31 transcripts (Chen
et al. 2002).
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In Arabidopsis plants, four genes were isolated that were up-regulated by
treatment with 1 mM ACC. Two of these genes, NADH-ferrihemoprotein
reductase and glutathione-S-transferase were enhanced by ACC at the early
senescence stage, while the lls1 and a putative protein were expressed in the
latest stage of leaf senescence (Gepstein et al. 2003).

The role of ethylene during leaf senescence has been widely demonstrated.
Blocking ethylene in sensitive plants delays leaf senescence, but once senes-
cence is initiated, the regulation of SAGs does not differ from wild-type and
insensitive plants, suggesting that an age-dependent senescence program
does not involve the ethylene-dependent pathway (Nam 1997). However, eth-
ylene seems to regulate the timing of leaf senescence to respond to external
factors (Grbic and Bleecker 1995). In conclusion, ethylene is surely a pro-
moter of leaf senescence but may also be a response to other senescence
inducers and may have a synergic effect with them, dramatically accelerating
leaf senescence in many sensitive species.
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4.1 Introduction

Ethylene is the simplest structure plant hormone, the biological role of which
on plant development was discovered over a century ago. To date, it has been
well documented that ethylene is versatile signaling molecule and plays an
important role in many aspects such as apical hook formation, seed germi-
nation, leaf senescence, root growth and stress adaptations (Abeles et al.
1992).

The first step of ethylene synthesis is the conversion of methionine to
S-adenosylmethionine (SAM), catalyzed by the SAM synthase; the conversion
of SAM to 1-aminocyclopropane-1-carboxylic acid (ACC) is then catalyzed
by the enzyme ACC synthase (ACS). Lastly, ACC is oxidized to ethylene by
ACC oxidase (ACO) (Yang and Hoffman 1984; Kende 1993). All vascular
plants tested to date synthesize ethylene via this pathway (Fig. 4.1). Recently
much literature has indicated that the activity of ACS is highly regulated and
closely parallels the level of ethylene biosynthesis (Chae et al. 2003; Wang
et al. 2004).

Adventitious root formation is typically generated from phloem or inner-
cortex parenchyma cells of epicotyls or hypocotyls of plant. So the formation
of primordium is very important for adventitious rhizogenesis. Normally
adventitious root formation can be divided into four different stages,
namely induction phase, early initiation phase, late initiation phase, and
growth and development phase (Jarvis 1986). Considerable research demon-
strated that that ethylene is involved in the rhizogenesis since Zimmerman
and Hitchcock (1933) for the first time found that ethylene stimulated
adventitious root formation. However, the literature on the effects of ethyl-
ene on root formation is conflicting. Ethylene and ethylene-releasing com-
pounds have been reported to promote (Roy et al. 1972; Robbins et al. 1983,
1985; Bollmark and Eliasson 1990; Pan et al. 2002), inhibit (Coleman et al.
1980; Geneve and Heuser 1983; Nordström and Eliasson 1984) or have no
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effect on root formation (Batten and Mullins 1978; Mudge and Swanson
1978; Harbage and Stimart 1996). The variable response to ethylene may
have different reasons.

4.2 Ethylene Stimulates Adventitious Root Formation

Mung bean hypocotyl cuttings treated with indole-3-butyric acid (IBA)
showed high levels of ACC, N-malonyl-ACC (MACC) and ethylene (Riov and
Yang 1989). With the application of 2 mmol L−1 aminoethoxy vinyl glycine
(AVG) to mung bean cuttings for 6 h, the formation of adventitious root and
growth were inhibited. The number of adventitious root in Picea abies L.
(Karst) hypocotyls cuttings was 64 when treated with 0.1 µmol L−1 ethephon
(an ethylene-releasing compound) for 28 days, whereas 10 µmol L−1 CoCl2
treatment inhibited ethylene and decreased the root number to 2 from 22 in
the control. Endogenous ethylene has been found positively correlative with
the root number (Bollmark and Eliasson 1990). Sun and Bassuk (1993)
reported that IBA induced ethylene production and adventitious rooting in
Rosa hybrida L. cuttings. Application of 10 mL L−1 ethylene stimulated adven-
titious root formation of dwarf petunia explant while 0.01–1 mL L−1 ethylene
played little effect on the rooting process (Dimasi-Theriou et al. 1993).
Similarly, in sunflower cuttings ethylene-releasing compound stimulated
rooting, and inhibitors of ethylene synthesis and action inhibited adventi-
tious rooting (Liu et al. 1990). Application of 5–10 µmol L−1 AVG to tomato
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Methionine

AdoMet

ACC

Ethylene

Fig. 4.1. Ethylene Biosynthetic Pathway. AdoMet synthetase, ACCsynthase
and ACC oxidase, respectively, catalyze each step shown with the arrows.
AdoMet: S-adenyl-methionine; Met: methionine; ACC: 1-aminocyclopropane-
1-carboxylic acid; MTA: methylthioadenine (from Schaller and Kieber 2002)



(Lycopersicon esculeutum) explant inhibited rooting; 100 µmol L−1 salicylic
acid which inhibited ACC oxidation to ethylene, severely impeded adventi-
tious rooting of lavender cuttings (Mensuali-Sodi et al. 1995). Study on
Rumex palustris cutting exposed to 2.5 µL L−1 and 5 mL L−1 ethylene formed
25 and 44 roots, respectively, after 7 days, and control cuttings formed four
and eight roots (Visser et al. 1996). Rooting time was short and the rooting
rate was high when hybrid cultivar of peach and almond, GF677, were cul-
tured in a tube sealed with rubber stopper, resulting in increased ethylene
level, in contrast to the sealed with cotton stopper (Marino 1997). Diao et al.
(1999) reported that stimulatory effect of ethephon on adventitious rooting in
mung bean hypocotyls cutting was dependent on treatment period, treat-
ments of ethephon during 0–12, 12–24, 24–36, and 36–48 h. The treatments
stimulated rooting and the treatments at 0–12 h and 36–48 h were more effec-
tive than any other treatments (Figs. 4.2, 4.3). Pan et al. (2002) verified that
ethylene production peaked three times during adventitious rooting process
and the value of peak was decreased one by one. Lorbiecke and Sauter
(1999) demonstrated that deepwater rice survived a long time under sub-
merged conditions and adventitious rooting in it was stimulated by ethylene
(Fig. 4.4). Application of ACC increased adventitious root formation in stem
cuttings from ethylene-insensitive Never-ripe (NR) tomato mutant and wild-
type plants, however, NR cuttings formed fewer adventitious roots than
wild-type cuttings, indicating the stimulatory effect of ethylene on rooting
(Fig. 4.5) (Clark et al. 1999).
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4.3 Ethylene Inhibits Adventitious Rooting

Ethylene has also been shown to inhibit adventitious root formation in some
plants. Rooting rate in cherry bud explant treated with 25, 50 and 250 µmol
L−1 ACC under the presence of 5 µmol L−1 IBA was 58, 30 and 0%, respec-
tively, and that of control was 78% (Biondi et al. 1990). Pea cutting treated
with 0.1 µmol L−1 ACC and 10 µmol L−1 ACC for 4 days formed six and eight
adventitious root, respectively, whereas the control formed 21 adventitious
roots. Besides inhibition of root organogenesis in potato seedlings (Zacarias
and Reid 1992) and grape cutting (Soulie 1993) has been reported by ethyl-
ene. Khalafalla and Hattori (2000) reported that AgNO3 enhanced root emer-
gence, root growth rate, root number per shoot, root length and improve
rooting efficiency, while ACC reduced root number per shoot, root growth
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Fig. 4.3. Adventitious roots at the third node of a deepwater rice shoot. Adventitious root ini-
tials are covered by the nodal epidermis during normal growth (left) or have emerged after
treatment with 150 µM ethephon for 24 h (right) (from Mergemann and Sauter 2000)



rate, root length and consequently inhibited rooting efficiency. Since ethyl-
ene production in plant tissues increases following an application of
ACC and AgNO3 inhibits the action of ethylene, so they thought that ethyl-
ene inhibits root formation of faba bean shoots regenerated on medium
supplemented with TDZ.
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Fig. 4.4. Growth of adventitious roots at the third node of stem sections treated with ethephon
as indicated for 24 h. a Effect of ethephon treatment at various concentrations compared with
untreated sections (control) or with sections submerged for the same time (submerged).
b Effect of ethephon treatment in combination with NBD, an inhibitor of ethylene action, at the
concentrations indicated (from Lorbiecke and Sauter 1999)
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4.4 Ethylene Has No Role in Adventitious Root Formation

Mudge and Swanson (1978) reported that application of ethephon (0–15 µL
L−1) to light-grown mung bean hypocotyl cuttings had no effect on adventi-
tious rooting. The possible reason was that the concentration of ethylene was
too low to stimulate rooting in mung bean cuttings.

4.5 Interactions between Ethylene and Other Hormones

Many kinds of plant growth regulators are involved in adventitious rooting.
Ethylene plays a synergistic role with IBA in adventitious rooting of mung
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Fig. 4.5. Reduced adventitious root formation in potato mutant NR vegetative cuttings com-
pared with wild-type cuttings. Stem cuttings were propagated for 21 days (from Clark et al.
1999)



bean hypocotyl cuttings (Riov and Yang 1989). Synergism between plant
growth retardants (inhibitor of gibberellin synthesis) and IBA in stimulating
rooting of mung bean cuttings has been reported (Pan and Gui 1997). These
results imply that interactions between plant hormones are pervasive.

Like ethylene, nitric acid (NO) is a versatile gaseous molecule that is
involved in growth, pathogen defense, programmed cell death (PCD), and
stress tolerance in higher plants (Pagnussat et al. 2004). Pagnussat et al.
(2002) also reported that NO is involved in the auxin response during adven-
titious root organogenesis in cucumber and subsequently (Pagnussat et al.
2003) showed that an NO-mediated cGMP-dependent pathway was operating
in the rooting process. Pagnussat et al. (2004) further verified that NO is
upstream member of MAPK-mediated adventitious rooting in cucumber
plant. Involvement of MAPK in ethylene signaling is well known (Schaller
and Kieber 2002). It seems possible that NO is also involved in ethylene-
induced adventitious rooting.

4.6 Discussion

How to interpret the contrasting effect of ethylene on adventitious rooting?
We propose that the effect of ethylene on adventitious rooting is dependent on
its concentration, time applied to cuttings, physiological conditions of treated
cuttings, and endogenous ethylene level, and the interactions between other
plant growth regulators. As hypothesized by Jusaitis (1986), there is an opti-
mal ethylene concentration needed for rooting tissue. The ethylene concen-
tration may be modulated by applying chemicals that alter the concentration.

The other possibility is that ethylene changes the rooting tissue sensitivity
to auxin. Ethylene did not affect polar transport of auxin in decapitated sun-
flower (Helianthus annus) and did not slow auxin metabolism, resulting in
unchanged auxin content, however, ethylene stimulated rooting of sunflower.
These results indicated that ethylene changed rooting tissue sensitivity to
auxin (Liu and Reid 1992). Visser et al. (1996) found that Rumex palustris Sm.
produced more ethylene under submergence and increased rooting tissue
sensitivity to auxin, thus accelerating initiation of adventitious roots.
Rooting-stimulation effect of auxin was mediated by ethylene and tissue sen-
sitivity to auxin was necessary to adventitious rooting. Another possibility
may be that ethylene promotes rooting through stimulating cell cycle protein
genes expression (Lorbiecke and Sauter 1999). The last may be that ethylene
can change ratio of IAA/CTK. CTK content in Norway spruce Picea abies
L(Karst)] grown under high light density was higher than that grown in low
light density, ethylene increased breakdown of cytokinins (CTK) leading to
an increase in rooting (Bollmark and Eliasson 1990) or ethylene-enhanced
basic cellulase, thus leading to reducing mechanical resistance of the cortex
and to the emergence of root initials (Linkins et al. 1973).
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Ethephon at 150 µmol L−1 stimulated adventitious root growth signifi-
cantly (Lorbiecke and Sauter 1999). Ethylene induced cycB2:2 expression in
the middle, root-containing tissue of the third node and there were differ-
ences between internode and node tissue related genes expression (Lorbiecke
and Sauter 1999) suggesting that ethylene played different role between
internode and adventitious root growth at node.

The apical meristem in adventitious root primordia was found activated
before cell growth set in. A subpopulation of cells in G1 phase duplicated
their genome in a synchronous manner between 4 and 6 h after submergence
and then move to the G2 phase, entering mitosis probably around 10 h after
submergence (Lorbiecke and Sauter 1999). Moreover, ethylene-induced gene
activities were similar to the submergence-induced temporarily and spatially
in deepwater rice. On the other hand, ethylene increased cellulase activity in
some plant tissue (Campbell and Drew 1983; del Campillo et al. 1990; He et al.
1994). Ethylene might promote cell death and adventitious root growth by
modulating some genes expression associated with cell cycle and probably
enhanced activities of some enzymes related to degrade the cell wall and or
membrane in the node of deepwater rice sections. Starch is the main storage
product in rice as in other cereals and has to be degraded in order to provide
an adequate carbohydrate and energy supply (Sauter 2000). It is possible that
ethylene stimulates the breakdown of starch by down-regulation of ABA
action in the deepwater rice stem sections providing energy and substance for
forming new cells and adventitious root growth.

Suge (1985) founded that GA3 played a synergistic role with ethylene in root-
ing. Interestingly, exogenously applied GA3 up-regulated and ABA down-
regulated OsACS5 expression in both lowland and deepwater rice seedlings
(van der Straeten et al. 2001). Within 1 h of submergence, the ABA level in peti-
oles of Rumex palustris was reduced to 80% and this response was replaced by
applied ethylene (Voesenek et al. 2003). For internode growth, exogenous ABA
strongly inhibited growth, however, GA3 reversed ABA effect (Hoffmann-
Benning and Kende 1992). There are at least two possibilities for ABA to inhibit
adventitious root growth and cell death. The first is via hindering the percep-
tion of exogenous ethylene, and the second through deterring the ethylene syn-
thesis. Moreover, exogenous ABA reduced bromodeoxyuridine incorporation
and mitotic events in root meristems of Arabidopsis and sunflower (Robertson
et al. 1990; Leung et al. 1994). Exogenous application of ABA up-regulated ICK1
expression, which interacted with both CDKA and cycD3 and then inhibited
the histone H1 kinase activity of the complex. It caused dramatic growth inhi-
bition and decreased the total number of cells per plant (Wang et al. 2004).
Exogenous ABA inhibits G1/S transition in synchronized BY-2 cells and had no
effect on further cell cycle progression when applied during S-phase (Swiatek
et al. 2002). ABA prevents the DNA replication, keeping the cells in the G1 stage
when applied just before the G1/S transition. It is also possible for ABA to
negatively modulate cell division at the third node of deepwater rice and
accordingly counteracted ethylene and GA3 effect.
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Adventitious root growth is partially attributed to cell division activated
by some growth-promoting hormones via the G1 phase to enter DNA syn-
thesis at an increased rate. Ethylene is directly responsible for adventitious
root growth induction and cell death, and regulated genes expression
(Lorbiecke and Sauter 1999; Sauter 2000). However, we do not know how
deepwater rice transduces and reacts to the ethylene signal at the level of mol-
ecule and biochemistry during adventitious rooting process or why cell death
is only located at the site of adventitious emergence. Moreover, it is also
unclear if a secondary messenger (such as nitric oxide, which is necessary for
auxin to stimulate adventitious root organogenesis) is involved in ethylene-
stimulated adventitious rooting.

4.7 Outlook

Although considerable research demonstrated ethylene-regulated adventi-
tious rooting, the effect of ethylene on adventitious root formation at the
molecular and biochemical level is unclear. Moreover, the mechanisms
involved in the interactions between ethylene and other plant-growth regula-
tors (especially auxin) are not known. Attempts to clarify the interactions and
intersections between ethylene and other hormones in adventitious rooting
will partially depend on the newly characterized mutants that are insensitive
to these hormones. Based on DNA microarray and chemical genetics, many
signaling components involved in ethylene signal transduction during an
adventitious rooting process will be determined and thus facilitate new
insights into the mechanisms involved in the root-regulated effect of ethylene
on adventitious root formation.
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5.1 Introduction

Exposure to physical, chemical or biological stresses is an intrinsic charac-
teristic of plant life not only in the natural environment but also under more
or less controlled conditions in horticultural and agricultural systems.
Globalisation and concentration of plant production throughout the world,
on the one hand, allows for optimizing of growth conditions, but, on the
other, increasingly involves post-harvest stress during storage and transport
of intermediate and final products (Çelikel and Reid 2002; Kadner and
Druege 2004). According to Levitt (1980), the term stress is used for any
external factor capable of inducing a potentially injurious strain in the plant.
With regard to the condition of the plant, plant stress can be described as a
state in which increasing demands made on a plant lead to an initial destabi-
lization of functions, followed by adaptive responses towards normalization,
which may even lead to over-compensation of functions and improved resist-
ance (Larcher 1995). However, if the acute tolerance or adaptive capacity is
overtaxed, permanent damage or death may result. Within a network of hor-
monal cross-talk (Gazzarrini and McCourt 2003), ethylene production and
signalling are highly involved not only in stress-induced symptoms of dis-
turbed growth, senescence or injury, but also in acclimation processes which
aid plant performance and survival.

5.2 Abiotic Stress and Ethylene Biosynthesis

One of the most common and pronounced responses of plants to various envi-
ronmental stresses is the enhanced production of ethylene. Ethylene produc-
tion of plants was shown to be accelerated by exposure to various
physico-chemical stresses (Hyodo 1991; Abeles et al. 1992; Morgan and Drew
1997), some of which are also involved in enhanced ethylene production in
response to biological stresses such as infection with pathogens or infestation
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with herbivores (Boller 1991; Arimura et al. 2002). The ethylene biosynthetic
pathway in higher plants is well established (Pech et al. 2004) and illustrated
in Fig. 5.1. It starts with the synthesis of the intermediate S-adenosylmethion-
ine (SAM) from methionine (Met) through an ATP-dependent step catalysed
by SAM synthetase (SAMS). In the next step, 1-aminocyclopropane-1-
carboxyl acid (ACC) is generated from SAM by ACC synthase (ACS), and Met
is regenerated within the Yang’s cycle. In addition to its role in ethylene syn-
thesis, SAM is the major methyl group donor in numerous trans-methylation
reactions and, in an alternative way, can be converted to decarboxylated SAM
(dSAM), which is catalysed by the enzyme S-adenosylmethionine decarboxy-
lase (SAMDC) (Hu et al. 2005). dSAM is a precursor of polyamines (PA), which
may constitute to stress tolerance of plants (see Sect. 5.4). The direct precur-
sor of ethylene, ACC is highly mobile with in the cell and, at the whole plant
level can be translocated basipetally in the phloem or acropetally through the
xylem. The last step of ethylene biosynthesis from ACC is catalysed by ACC
oxidase (ACO) and requires oxygen and CO2 as a co-substrate and essential
activator, respectively. The toxic by-product cyanide is usually withdrawn
from the cell by incorporation into L-cystein to form β-cyanolalanine, which
is catalysed by β-cyanolalanine synthase (CAS) as enhanced by ethylene, and
is further metabolized. In an alternative way, ACC can be diverted from its
route to ethylene by forming conjugate derivatives. The major conjugate
N-malonylACC (MACC) is not converted back to ethylene under normal
conditions, while 1-(γ-L-glutamylamino)ACC (GACC) represents at most
a minor form.

Genes of the critical enzymes have been increasingly characterized and
cloned during the last decade so that it was possible to follow the regulation
of ethylene biosynthesis up to the transcriptional level by studying (and also
manipulating) gene expression. It is now recognized that the enzymes ACS
and ACO are encoded by multi-gene families, of which genes are regulated
independently and in a tissue-specific manner in response to one or a specific
set of several environmental effectors (Fig. 5.1). Studies further highlighted
the complexity that depending on the particular stress factor, plant, tissue
and developmental stage, the generation of ACC and/or its conversion into
ethylene are more or less stimulated, while the generation of SAM from Met
is rather involved in a secondary or supportive way (Morgan and Drew 1997;
Pech et al. 2004). The following sections address the response of the ethylene
biosynthetic pathway to particular stresses, focusing on the transcriptional
and also considering post-transcriptional regulation of ACS and ACO.

5.2.1 Wounding and Mechanical Stress

Injury is the most heavy stress, at least at the cellular level, and happens not only
in the natural environment but also is frequently involved in harvesting and
post-harvest handling of agricultural products such as cuttings, cut flowers,
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plants, vegetables and fruits. Wounding of plant tissues for example by cut-
ting, piercing, bruising, abrasion, breaking or bending greatly stimulates eth-
ylene production and this response is nearly universal among higher plants.
In addition, non-injury mechanical forces or impedance may be sufficient to
accelerate ethylene biosynthesis in plant tissues. Mechanically stimulated
ethylene production can cause secondary responses in experimental proce-
dures (Morgan and Drew 1997). Injury-caused ethylene biosynthesis at the
cellular level may also be involved in whole plant responses to other stresses.

5.2.1.1 Wound Ethylene in Fruits

Wound ethylene produced in fruits has been intensively studied because of
its great relevance to post-harvest shelf life and ripening. This phenomenon
has been utilized in plant production since long before knowing the working
physiology behind it. Thus, the practice of gashing of sycamore fig (Ficus
sycomorus) fruits over thousands of years in East-Mediterranean countries
led to fruit ripening (Galil 1968), which later was associated with marked
increase in ethylene production (Zeroni et al. 1972). Studies over the last
decade showed that production of wound ethylene in fruits is controlled by a
coordinated expression of both ACS and ACO genes, the latter was revealed
to have often a positive feedback control by ethylene. Wounding of mature
cucumber (Cucumis sativus) fruits by slicing and subsequent cutting
induced the accumulation of mRNAs of the genes CS-ACS1, CS-ACS2 and
CS-ACO1, while maximum expression of both CS-ACS1 and CS-ACO1
coincided with the peak of ethylene production (Shiomi et al. 1998). Cutting
of the mesocarp tissue of pre-climacteric melon (Cucumis melo) fruits of
two cultivars induced a dramatic production of wound ethylene, coinciding
with increased ACC levels, ACS activity and ACO activity, and greatly
induced mRNA accumulation of the genes CMe-ACS1 and CMe-ACO1,
whereas CMe-ACO2 remained unaffected (Shiomi et al. 1999). Application of
ethylene to the non-wounded fruits significantly induced CMe-ACO1 mRNA
accumulation in both the cultivars, which supported a positive feedback
control of wound-induced expression of ACO. Mathooko et al. (2001) studied
the effect of combinations of wounding and applications of the translational
inhibitor cycloheximide (CHX), the ethylene action inhibitor 1-methylcyclo-
propane (MCP) as well as ethylene on the ethylene biosynthetic pathway
in peach (Prunus persica) fruits, and found an important role of primary,
translation-independent, expression of genes of ACS and ACO in wound-
induced ethylene production as well as a positive feedback control of
wound-induced expression and activity of ACO. Stimulation of the wound-
induced ACS activity and expression of PP-ACS1 after treatment with MCP
indicated a negative feedback control of wound-induced ACS. Studies on
avocadoes (Persea americana) also revealed a positive feedback of wound-
induced expression of ACO and a negative feedback regulation of the
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ACS gene PA-ACS2 by ethylene, which, however, was contrasted by a positive
feedback regulation of the gene PA-ACS1 (Owino et al. 2002).

Kato et al. (2000) studied the limiting factors in wound-induced ethylene
production in the mesocarp of squash (Cucurbita maxima) fruits, differentiat-
ing the layer with the wounded cut surface (layer 1, 1 mm thickness) from the
same-sized, adjacent non-injured layer (layer 2) of halved fruits. In layer 1,
maxima of ethylene production and ACC levels were detected at 16 h after
wounding and were preceded by maximum ACS activity at 8 h, which followed
the expression of CMa-ACS mRNA induced at 4 h. In layer 2, ethylene produc-
tion reached only 25% of the value of layer 1. This was associated with an only
marginal increase in the ACC level, almost constantly low ACS activity and only
barely detectable expression of CMa-ACS. By contrast, ACO activity and
expression of the gene CMa-ACO increased progressively in both of the layers.
In layer 1, maximum values were reached at 24 h, whereas the values in layer 2
increased further to 36 h, strongly surpassing those of layer 1. Suppression of
wound-stimulated induction of ACO activity and gene expression by applica-
tion of the ethylene action inhibitor 2,5-norbornadiene (NBD) was most pro-
nounced in layer 2 and indicated a positive feedback of ethylene. The results
suggest that the induction of ACS and generation of ACC was of primary
importance for the wound-induced ethylene biosynthesis (Kato et al. 2000).

Jasmonic acid (JA) and its methyl ester can induce ethylene production
(O’Donnell et al. 1996) and the transcription of involved enzymes (Blume and
Grierson 1997) in plant tissues, suggesting that a cross-talk occurs between
the ethylene and jasmonate (J) signalling pathways. There is also increasing
indication that a wide range of stress-induced disorders are mediated by
reactive oxygen species (ROS) (Purvis et al. 1995). Watanabe and Sakai (1998)
and Watanabe et al. (2001) provided evidence that both compounds are
involved in the wound-induced ethylene production in squash (Fig. 5.1).
They showed that ROS were produced immediately and transiently after
wounding and that wound-induced expression of the ACS gene CM-ACS1
was stimulated by ROS and by methyl jasmonate (MJ). After wounding of the
mesocarp issue, JA concentrations increased within 2 h, after 3 h reaching a
5-fold level compared to that of intact tissue. Application of JA to the
wounded tissue promoted wound-induced ethylene biosynthesis and accu-
mulation of CM-ACS1. When diphenyleneiodonium (DPI) and acetylsalicylic
acid (AA) were used to inhibit either the superoxide-generating enzyme
NAD(P)H oxidase or the synthesis of JA, respectively, application of both
compounds to the wounded tissue reduced the wound-induced production of
ethylene. However, DPI, which did not interfere with the JA accumulation,
strongly inhibited the accumulation of the CM-ACS1 mRNA only during the
early period of 1 and 2 h after wounding, whereas application of AA inhibited
the mRNA accumulation only within 2 and 3 h after wounding. Watanabe
et al. (2001) suggested from the studies that the wound-induced expression of
the CM-ACS1 gene was initially mediated by the early increasing ROS levels
and then by JA, the level of which increases at the later time after wounding.
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5.2.1.2 Wound Ethylene in Vegetative Tissues

Particularly in vegetative tissues, such as leaves, production of wound ethylene
often has an explosive but transient character leading to a burst of ethylene
evolution within a few hours and a rapid and strong decline to low levels there-
after (Einset 1996; Shiu et al. 1998; Tatsuki and Mori 1999). Regulation of both
ACS and ACO can be involved in the process (Fig. 5.1). However, there is only
little information available about the coordination between both these events.
Depending on the plant species, tissue, and even the particular experiment,
wounding induced the transcription of only one member, a set of or even no
(Yu et al. 1998; Jones and Woodson 1999) members of the studied respective
gene families. Transcription of the ACS genes ACS1, ACS2, ACS4 and ACS5 in
leaves of Arabidopsis thaliana was not responsive to cutting with scissors
(Arteca and Arteca 1999). However, in the same study, a rapid and strong
induction of the ACS6 gene was found, which was immediately followed by a
substantial increase of ACC levels in same tissues. Transcription of ACS6 was
also responsive to eight other factors including application of ethylene but
also of aminooxyacetic acid (AOA), an inhibitor of ACC synthesis. In a recent
study, transgenic lines of Arabidopsis were constructed expressing the β-glu-
curonidase (GUS) and green fluorescence protein (GFP) reporter genes from
the promoter of each of the Arabidopsis ACS gene family members
(Tsuchisaka and Theologis 2004). Reporter gene expression indicated that
wounding of hypocotyls inhibited the constitutive transcription of the genes
ACS1 and ACS5 in the same tissues, whereas expression of ACS2, ACS4, ACS6,
ACS7, ACS8 and ACS11 was induced. Wang et al. (2005) focused on the
expression of ACS4, ACS5 and ACS7 in the same plant species using ACS-GUS
transgenic lines. They found that wounding of leaves by squeezing with tweez-
ers caused an increased reporter gene activity only in the ACS4-GUS and the
ACS5-GUS transformed plants. Since expression of ACS4 and ACS7 was stim-
ulated by ethylene, the authors proposed a coexistence of ethylene autocatal-
ysis and autoinhibition in vegetative tissues. The positive wound-response of
ACS4-GUS activity contrasted to the missing wound response of ACS4 tran-
scription in leaf tissue found by Arteca and Arteca (1999). This may be caused
by the different detection methods but also by a different degree of injury. The
influence of the latter is supported from results obtained with tomato
(Lycopersicon esculentum). Wounding of leaflets with a wire brush caused a
substantial increase of ethylene production, which was associated with
increased expression of the genes LE-ACS7 and LE-ACS3, whereas LE-ACS2
did not respond (Shiu et al. 1998). In contrast, crushing of leaflets with a
hemostat not only increased expression of LE-ACS6 and LE-ACS1A mRNA,
the latter coinciding with maximum ethylene production, but also induced
accumulation of LE-ACS2 (Tatsuki and Mori 1999). Also in Nicotiana species,
wounding of leaves induced expression of a set of ACS genes in same tissues
(Ge et al. 2000). The different genes revealed different kinetics falling into two
classes of (i) rapid induction (peak after 2 h) combined with rapid disappearance
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(NT-ACS4) and (ii) slow induction (peak after 6 h) combined with a longer
persistence (NT-ACS2, NT-ACS3, NT-ACS5). It was suggested that there
might exist two distinct wound-signaling pathways.

Wounding of sunflower (Helianthus annuus) seedlings by excision of
roots increased ACO mRNA levels and ACO activity (Liu et al. 1997). Both
events were consistent with enhanced ethylene production and were addi-
tionally stimulated by application of silver nitrate (SN) or silver-thiosulphate
(STS) as ethylene action inhibitors. Applications of neither ACC nor the eth-
ylene-releasing compound ethephon affected ACO mRNA levels, which did
not support a positive feedback of wound-induced ACC or ethylene on ACO
in these tissues. Gene expression studies on tomato revealed that transcrip-
tion of ACO-genes in leaves increased in response to wounding, of which
LE-ACO1 was the most abundantly expressed member (Barry et al. 1996).
After transformation of tobacco and tomato fusing a GUS-reporter gene to an
untranscribed LE-ACO1 sequence, reporter gene expression could be
induced by wounding and most intense staining was restricted to the wound
sites and to the cut surface of the detached leaf (Blume and Grierson 1997).
Reporter gene expression was also enhanced by treatment with ethylene,
which revealed a positive feedback of ethylene biosynthesis.

In leaves of melon, ACO activity and transcripts of the gene CM-ACO1
increased to a maximum at 2 h after wounding (Bouquin et al. 1997).
Treatments with the translational inhibitor CHX or the ethylene action
inhibitor MCP did not suppress the wound response of ACO transcription.
However, apart from wounding, the activity and transcription of ACO could
also be enhanced by ethylene, which was suppressed by MCP. Furthermore,
fusing of differently sized fragments of the CM-ACO1 promoter to the GUS
reporter gene in transgenic tobacco revealed two separate regions responsive
to either ethylene treatment or wounding. The authors concluded that induc-
tion of CM-ACO1 gene expression in response to both factors occurs via two
direct but separate signal-transduction pathways.

There is indication that the ACC generated by ACS may contribute to the
wound-induced expression of ACO genes in leaves. Transcription of the ACO
gene ACO1 in potato (Solanum tuberosum), which increased within 10 min
after punching of the leaves with a metal brush was also induced by incuba-
tion of detached leaves in solutions of ACC, whereas the response of another
gene, ACO2, was low upon both the treatments (Nie et al. 2002).

A recent paper of Katz et al. (2005) provided evidence that two types of
ethylene production, an autocatalytic and an autoinhibitory system might
operate in leaves, both of which could also be induced by wounding. After
young, fully expanded leaves were detached from citrus plants (Citrus sinen-
sis), a first phase of ethylene production up to 6 days after detachment was
observed. This phase was characterized by a low and constant ethylene pro-
duction associated with constitutive expression of the ACS gene CsACS2 and
lacking expression of CsACS1, while autoinhibition of ethylene biosynthesis
became evident from treatments with ethylene or propylene. The initial phase
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was followed by a climacteric rise in ethylene production associated with the
induction of CsACS1 and CsACO1. This phase exhibited autocatalysis by
increased transcription of both genes after application of ethylene or propy-
lene. Both phases of ethylene production were also detected after additional
wounding of leaves by excision and puncture of leaf discs that produced
peaks after 15 min and 6 h, respectively. The principally similar response but
of different kinetics of the two phases after detachment of young leaves,
mature leaves and after strong local injury indicates that the developmental
stage as well as the intensity of injury may be of great importance for the
kinetic of wound-induced ethylene biosynthesis in leaf tissues.

There are indications that the wound-stimulated activity of the enzymes of
the ethylene biosynthesis pathway is mediated by post-transcriptional/transla-
tional control and/or enzyme turnover (Fig. 5.1). Such processes are suggested
by the findings that wound-induced increases in LE-ACO1-GUS-reporter gene
expression in tomato (Blume and Grierson 1997), in ACO activity in melon
leaves (Bouquin et al. 1997) and peach fruits (Mathooko et al. 2001), and in
ACO protein levels in sunflower hypocotyls (Liu et al. 1997) were much lower
or even absent when compared to the respective rises in mRNA accumulation.
Tatsuki and Mori (2001) showed that LE-ACS2 protein, a wound-inducible iso-
enzyme of ACS in tomato fruit is phosphorylated at the C-terminal region
in vivo. Considering that the enzymatic activity did not change after in vitro
phosphorylation, the authors suggested that the phosphorylation of the
C-terminal region might regulate the turnover of ACS isozymes.

5.2.1.3 Mechanical Non-Injury Stress

It has been repeatedly shown that mechanical, obviously non-injury, stimu-
lation of plants, for example by touching, rubbing, shaking, brushing or wind
can increase ethylene biosynthesis in plants (Hyodo 1991). Recent papers
reveal that transcription of some ACS genes sensitive to wounding can also be
induced by mechanical stimulation (Fig. 5.1). In Arabidopsis thaliana, touch-
ing of leaves by bending over a 30-s period not only increased endogenous
ACC levels but also induced a transient accumulation of transcripts of the
multi-responsive ACS gene ACS6, which showed a kinetic similar to that
induced by wounding (Arteca and Arteca 1999). Also in tomato, mechanic
stimulation by striking the leaves back and forth and rubbing the green fruits
induced ethylene production, which followed a marked increase in the levels
of LE-ACS6 and LE-ACS1A mRNA transcripts, whereas LE-ACS2 only
responded to severe cell damage (Tatsuki and Mori 1999). Because the kinet-
ics in response to touch was very much faster when compared to wounding,
the authors suggested that the two isogenes are able to sense the difference
between touch and wound stimuli.

In addition to the response to mechanical forces, mechanical impedance
resulting from pushing against a physical barrier also can accelerate ethylene
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biosynthesis in plants, which is particularly relevant to growing roots (Hyodo
1991; Morgan and Drew 1997). When roots of maize (Zea mays) seedlings
were subjected to mechanical impedance, hypoxia, or a combination of both,
ethylene production of seedlings as well as activities of ACS and ACO in root
tips and ACS in coleoptiles increased (He et al. 1996). A faster and more pro-
nounced response of ACS to mechanical impedance when compared to
hypoxia and a strong synergistic effect of both stresses was observed.
Considering that the response of ACO was slower but heavier than that of
ACS, the authors suggested that enhanced ACS activity probably initiated the
acceleration and enhanced ACO activity further contributed to the continu-
ous large increase of ethylene biosynthesis during the course of experiment.

5.2.2 Water Deficit Stress

Increased ethylene production can be found with detached fruits when
exposed to (Hyodo 1991) and also after having experienced water deficit dur-
ing fruit development (Gelly et al. 2003). The transcription of ACS and ACO
genes may respond to the water deficit (Fig. 5.1) in a very tissue-specific but
coordinated manner as recently described by Nakano et al. (2002). Keeping of
persimmon (Diospyros kaki) fruits in ambient low humidity conditions
(40–60% RH) in comparison with high humidity induced two peaks of ethyl-
ene production at days 1–2 and at days 6–8 after harvest. In the calyx, the ini-
tial peak of ethylene production was 10-fold higher when compared to the
pulp tissue and was associated with accumulation of ACC and induced
expression of the ACS gene DK-ACS2, whereas in the pulp no accumulation
of ACC and expression of any ethylene biosynthetic genes were detected. In
contrast, the second peak of ethylene production was limited to the pulp tis-
sue, associated with increased expression of DK-ACS1, DK-ACS2 and DK-
ACO1, and suppressed by application of MCP, which also decreased mRNA
abundance of DK-ACS2 and DK-ACO1. The results indicate that ethylene
production in response to water deficit was predominantly initiated in the
calyx tissue and subsequently induced in the pulp by autocatalysis (Nakano
et al. 2002).

Morgan and Drew (1997) already pointed out that the promotion of ethyl-
ene production by rapid desiccation of detached leaves cannot be simply
applied to intact plants since it is highly influenced by the rapidity of water
loss and particular situation of detachment (see Sect. (5.)2.1.1). Reviewing the
variable responses described in the literature, the authors concluded that the
production of ethylene very much depends on the rapidity of the fall in plant
water potential (Ψ), the duration of the stress, and the recovery conditions.
This complexity has been further supported and even suggests that the ethyl-
ene response might dependent on other related plant or environmental fac-
tors. Study on tomato by Kalantari et al. (2000) showed that the data obtained
from detached leaves might be absolutely contrary to the response of the
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whole plant. A rapid dehydration of detached leaves, which decreased leaf Ψ
from −0.4 MPa to −1.3 MPa, was inversely related to the continuous increase
in the ethylene production rate. In contrast, withholding water from whole
plants for a 5-day period resulted in a transient increase in ethylene evolution
showing peak between −0.32 MPa to −0.45 MPa. A further decrease in Ψ
suppressed ethylene production, below −1.1 MPa even falling below the
initial ethylene production of the unstressed plants. Because the decrease in
ethylene production was despite the concurrent increase in ACC level and
the ethylene production could be dramatically enhanced by re-watering of
excised leaves, Kalantari et al. (2000) concluded that ethylene production at
low Ψ was limited by a low activity of ACO. This may be caused by a
reversible disturbance of functional integrity of plant cells (Fig. 5.1). Thus,
extensive cell wall folding and other cellular and metabolic changes in
response to strong dehydration of wheat seedlings were associated with
decreased ACO activity (Corbineau et al. 2004). In contrast, mild water deficit
in sunflower leaves was shown to stimulate expression of ACO genes
(Ouvrard et al. 1996). Increasing temperature can promote ethylene produc-
tion up to a limit of about 35–40 °C, whereas even higher temperatures were
shown to inhibit ethylene biosynthesis (Abeles et al. 1992; Verlinden and
Woodson 1998; Ketsa et al. 1999; Peirera-Netto et al. 1999; Suzuki et al. 2001;
Balota et al. 2004). Considering that strong water deficit impairs temperature
regulation of the leaf, high interactions can be expected between air temperature
and water deficit.

There are indications that ethylene production can particularly increase
after re-watering of previously water-stressed plants and an intermittent
accumulation of ACC in roots and subsequent export is probably involved
(Fig. 5.1). When well-watered mandarin plants (Citrus reshni) were trans-
planted into dry sand, it took 24 h and a strong decline of leaf Ψ from −0.5
MPa to −3.0 MPa before ethylene production could be detected and after-
wards increased in a linear manner (Tudela and Primo-Millo 1992). Whereas
ACC concentrations in leaves constantly remained at low levels, a strong
increase in ACS activity and ACC level was found in the roots from the begin-
ning of water deficit. When plants were re-watered after 24 h, ACC levels and
activity of ACS in roots strongly decreased, whereas a sharp and transient rise
in ACC level and ethylene production was observed in the leaves. In a follow-
ing study on the same cultivar, Gomez-Cadenas et al. (1996) showed that
chemical inhibiting of ABA synthesis strongly reduced the water deficit and
induced ACC production in roots as well as the subsequent ACC accumula-
tion and ethylene production in leaves after re-watering. Since water-deficit
caused an early rise in ABA levels in roots even before ACC accumulation, the
authors speculated that ABA induced the ACC production (Fig. 5.1).

When water was withheld for 7 days from wheat plants (Triticum aes-
tivum), progressive water deficit only transiently raised the ethylene emission
of ears compared to the control plants until the flag leaf Ψ reached −1.0 MPa
compared to −0.5 MPa for the unstressed plants (Beltrano et al. 1997).
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Further dehydration up to −1.9 MPa gradually decreased the ethylene evolu-
tion below the levels of the control. After the plants had been re-watered, eth-
ylene evolution continuously increased above the level of the controls within
a 7-h period, which allowed complete recovery of leaf Ψ. A similar kinetics of
ethylene evolution in wheat plants in response to strong water deficit and re-
watering was also found by Balota et al. (2004) using non-invasive, photo-
acoustic trace gas detection. Beltrano et al. (1997) assumed that the
concomitant increase of free ROS was causally involved in the pronounced
increase in ethylene evolution after re-watering (Fig. 5.1). This hypothesis
was supported later by partial suppressing the drought-induced ethylene
production of the same wheat cultivar by application of free radical scavenger
(Beltrano et al. 1999). However, even though the water-deficit and re-water-
ing schedule was adjusted to same leaf Ψ as in the earlier study (Beltrano et al.
1997), ethylene emission of wheat plants in this study mainly occurred dur-
ing the water-deficit and was significantly lower after re-hydration. In
another study with two other spring wheat cultivars, withholding water
induced a transient decrease and subsequent strong increase of ACC and
MACC levels in leaves after 24 and 48 h, respectively, which was associated
with a continuous rise in ACS activity (Chen et al. 2002). However, only one
cultivar responded with a transient increase in ethylene evolution, whereas a
decreased ethylene production was generally found after prolonged water
deficit and also after subsequent re-watering for 24 h, which partially restored
the water content of leaves. Withholding of water to seedlings of winter rye
(Secale cereale) induced ethylene evolution during the water deficit, which
caused wilting symptoms, whereas ethylene production decreased after
plants had been minimally re-watered (Yu et al. 2001). Variable responses of
the ethylene biosynthetic pathway during the course of changing water avail-
ability may be caused by specific transcriptional responses of different genes
within same gene families. Such specific responses were recently detected
when Arabidopsis seedlings were exposed to a short-term water deficit for 3 h
(Wang et al. 2005). Activity of GUS-reporter genes revealed a substantial
decrease in expression of the ACS gene ACS5 after this treatment, whereas
only a slight decrease of ACS7 was detected and ACS4 was not affected at all.
There is also indication from Arabidopsis mutants (Rao et al. 2002, see Sect.
(5.)4.5) that signaling of salicylic acid (SA) is involved in water-deficit
induced ethylene production (Fig. 5.1).

5.2.3 Salinity

The influence of salinity on ethylene biosynthesis is even more complicated,
since it involves two factors, an osmotic component due to the decreased
soil water potential causing secondary water deficit (Sect. (5.)2.2), and a 
salt-specific component that results from the progressive accumulation of toxic
ions in the plant tissues (Munns 1993). This explains the variability of described
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responses of ethylene biosynthesis to salinity, obviously depending on the
particular plant, salt and other experimental conditions.

Salinity may affect the plant during seed germination already. When wheat
seeds of two cultivars were germinated in Petri plates, increasing levels of salin-
ity of either Cl- or SO4-type did not accelerate ethylene evolution by seedlings
determined after 6 days even though dry matter of seedlings was strongly
reduced (Datta et al. 1998). In contrast, germination of lettuce (Lactuca sativa)
seeds of nine cultivars in 150 mM NaCl compared to distilled water increased
ethylene evolution (Zapata et al. 2003). When seeds of seven plant species were
germinated under similar salinity conditions, this induced enhanced ethylene
production only with four species including lettuce, whereas even a decrease in
ethylene evolution was found with three other species (Zapata et al. 2004). The
different responses could not be explained by the ACC levels suggesting that
plant specific responses of ACO activity were involved. Exposing rice plants
(Oryza sativa) of four cultivars to increasing concentrations of NaCl up to
50 mM in nutrient solution raised ethylene production of leaves and ACC
concentration in same organs, while the responses were highly variable among
cultivars, duration of salt stress and leaf age (Lutts et al. 1996). In tomato plants,
ethylene evolution of petioles, and ACC levels in roots, petioles, leaves as well
as in premature and mature fruits increased with increasing intensity of NaCl-
induced salinity of the nutrient solution (Botella et al. 2000; El-Iklil et al.
2000, 2002).

When rootstocks of Citrus were exposed to increasing levels of chloride up
to 48 mM using Mg, Ca and K salts, highest chloride level caused a dramatic
increase in ethylene evolution of leaves only in the chloride-sensitive geno-
type, which was associated with an increased ACC level in leaves at 16 mM
chloride (Bar et al. 1998). This response could be strongly suppressed by the
addition of nitrate, which competes with the chloride uptake. Gomez-Cadenas
et al. (1998) found that salt shock to seedlings of a Citrus sp. by the application
of 200 mM NaCl increased ACC levels in roots, in xylem fluid and in leaves,
and dramatically raised leaf ethylene production. The pattern of ACC followed
a two-phase response. This was characterized by an initial transient increase,
which was obviously related to the osmotic component as reflected by a
decrease in leaf and osmotic potential, and an overlapping gradual and con-
tinuous accumulation, apparently caused by the accumulation of chloride in
leaves. The authors assumed that the osmotic stress-induced and obviously
root-derived increase in ACC levels in leaves was caused by the observed
increase in root ABA (Fig. 5.1), whereas the second accumulation of ACC was
probably originated in leaves. However, in a following study, application of 10
µM ABA to the nutrient solution 10 days before exposure of the rootstock of
the same cultivar to 100 mM NaCl significantly reduced the salinity-induced
ethylene production (Fig. 5.1) in leaves of the grafted cultivar (Gomez-
Cadenas et al. 2002). Because the same treatment also suppressed chloride
accumulation in leaves, the authors suggested that ABA might have reduced
uptake and translocation of chloride by reducing the stomatal conductance.
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Ke and Sun (2004) focussed on the interaction between ROS and ethylene
in etiolated mung bean (Phaseolus radiatus) seedlings under and following
osmotic stress caused by exposure to 25% polyethylene glycol (PEG) for 10 h.
When seedlings recovered from the osmotic stress and were compared to the
unstressed controls, concentrations of the superoxide radical and H2O2
strongly accumulated within 2 h (Fig. 5.1). This was followed by a dramatic
increase of ethylene production. Chemical inhibition of ethylene production
or perception did not influence the responses of ROS, and application of neither
H2O2 nor catalase did influence ethylene production. In contrast, applications
of generators of superoxide could enhance ethylene production, which was
inhibited by exogenous scavengers of superoxide radicals, suggesting that
superoxide but not H2O2 was involved directly in osmotic-stress-inducible
ethylene biosynthesis (Fig. 5.1). However, regarding the decrease of ethylene
production when superoxide was provided over extended periods of time or
in high concentrations, the authors proposed a dual role of this radical in
stress-induced ethylene biosynthesis.

Salinity induced the transcription of ACS isogenes (Fig. 5.1), suggesting
that there exist specific responses of the different gene family members, which
obviously depend on salt concentration, tissue and other environmental fac-
tors. Thus, when leaves of Arabidopsis thaliana were treated with different salt
solutions, expression of the ACS genes ACS1, ACS3, ACS4 and ACS5 did not
respond to either 100 mM NaCl, 50 mM LiCl, or 500 µM CuCl2, whereas ACS6
and ACC level were highly responsive to all salts and ACS2 was only slightly
responsive to NaCl (Arteca and Arteca 1999). In contrast, when Arabidopsis
seedlings were exposed to 300 mM NaCl, GUS-reporter gene activity indicated
induced expression of the ACS5 and also of the ACS7 gene (Wang et al. 2005).

5.2.4 Flooding/Hypoxia

Flooding can be defined as any situation of excess of water and may reach
extreme situations such as waterlogging, defined as saturation of the root sur-
rounding soil with water, and submergence when the plant is completely cov-
ered by water (Peeters et al. 2002). Considering that gases diffuse
approximately 10,000 times slower in water than in air (Jackson 1985), excess
of water is not only relevant to the natural environment such as river forelands
but also to plant production particularly in hydroponic systems. Impaired gas
exchange with the atmosphere may cause hypoxia, a condition under which
availability of oxygen becomes a limiting factor for ATP production (Dat et al.
2004), and that may occur within plant roots even in well-oxygenated sur-
roundings, when oxygen consumption outpaces the rate of supply of O2 to the
respiring cells (Drew et al. 2000). In addition, the physical enclosure of plant-
derived gases in the plant is typical for flooding. Thus, in flooded plant parts,
ethylene concentrations may increase due to the physical entrapment even
when rate of biosynthesis is unchanged or reduced.
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After a positive root-derived signal in waterlogged tomato (Jackson and
Campbell 1976) was identified as ACC by Bradford and Yang (1980), follow-
ing studies completed the picture that roots under anoxic conditions suffi-
ciently export ACC via the xylem to raise the ACO-dependent ethylene
production rate in the shoot (Wang and Arteca 1992; English et al. 1995; Else
and Jackson 1998). However, restriction on root aeration can stimulate pro-
duction and accumulation of ethylene in roots if a small amount of oxygen
(e.g., 3–5 kPa) remains to support the oxidation of ACC (Jackson and
Armstrong 1999). This may be based on increased activity of both ACS (and
particularly ACO) in roots as shown for maize seedlings grown at 4% oxygen
when compared to normoxic conditions (He et al. 1996, see Sect. (5.)2.1).

During the last decade, evidence has been provided that flooding stimu-
lates the expression of genes for ACS and ACO (Fig. 5.1). Shiu et al. (1998)
showed that ethylene production in leaves of waterlogged tomato plants
exhibited oscillation and peaks coincided with the light periods. They found
that transcription of the ACS gene LE-ACS2 was induced in roots after flood-
ing and then fluctuated peaking during the dark periods. In addition, tran-
scripts of LE-ACS3 strongly accumulated in the same tissue but thereafter
constantly remained at high levels. Expression of the gene LE-ACS7 was
induced first and preceded the initial peak of leaf ethylene production,
whereas none of all these transcripts were present in leaves of flooded plants.
The authors suggested that expression of ACS7 has an early and transient
function in flooding, possibly also triggering the expression of ACS2 in roots
and the ACO in leaves via enhanced ethylene production (Shiu et al. 1998).
Soil flooding increased the ACO activity in petioles of a wild-type tomato
within 6 to 12 h, which was associated with higher rates of ethylene produc-
tion, whereas both responses were reduced in a transgenic tomato line coding
an anti-sense construct to the ACO gene LE-ACO1 (English et al. 1995).
Waterlogging of potato seedlings not only caused a rapid and transient
induction of ACO1 and ACO2 in roots but also increased expression of ACO1
in leaves, starting 2 h after flooding and continuing to increase up to 15 h (Nie
et al. 2002).

Banga et al. (1996a) found that complete submergence of two Rumex
species inhibited ethylene release of plants whereas internal ethylene concen-
trations rapidly increased. Considering that submergence also stimulated
accumulation and particularly conjugation of ACC in plant tissues, the
authors suggested that submergence stimulated ACC formation and inhib-
ited ACC oxidation to ethylene, which, nevertheless, raised endogenous eth-
ylene levels due to physical entrapment. Very recently, Rieu et al. (2005)
confirmed the proposed increased ACC formation for R. palustris by analyses
of in vitro ACS activity. However, despite the tremendous increase in
ACS activity in shoots at 6 h upon submergence, the level of mRNA of the ACS
gene RpACS1 in roots was not increased at all and in shoots did not accumu-
late unless 24 h upon submergence. Even though activity of other ACS genes
could not be excluded, the authors suggested that the early increased ACS
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activity was regulated at post-transcriptional level (Fig. 5.1). By contrast, the
transcription of the genes RpACO1 and PpACO2 coding for ACO in R. palus-
tris is rapidly and strongly induced upon submergence especially in petioles
and is assumed to counterbalance the reduced enzyme activity caused by
hypoxia (Vriezen et al. 1999; Peeters et al. 2002).

Submergence not only entraps but also stimulates production of ethylene
in deepwater rice by increased activities of ACS and ACO (Métraux and
Kende 1983; Cohen and Kende 1986; Mekhedov and Kende 1996). Anoxia
induced accumulation of transcripts of the ACS genes OS-ACS3 and OS-ACS1
in roots and shoots, respectively (Zarembinski and Theologis 1993).
Submergence induced the expression of OS-ACS1 (Zarembinski and
Theologis 1997) and of OS-ACS5, the latter of which may account for the early
accumulation of ACC (Zhou et al. 2001).

5.2.5 Chilling

Chilling stress occurs when chilling-sensitive plants are exposed to tempera-
tures ranging from freezing to 12 °C (Saltveit and Morris 1990). Such low
temperatures have a great influence on ethylene production of plants.
However, the magnitude and even direction of response of ethylene biosyn-
thesis during and following exposure to cold is variable, depending on plant
species, cultivar and level of temperature. As already discussed by Morgan
and Drew (1997), chilling ethylene may be primary cold-induced or second-
ary result from other cold-induced primary stresses such as injury (see Sect.
(5.)2.1) or water deficit (see Sect. (5.)2.2).

Chilling of fruits may induce a subsequent rise in ethylene production
after transfer to higher temperatures (Hyodo 1991; Ben-Amor et al. 1999) but
may also enhance ethylene evolution during the low temperature. Thus, eth-
ylene production of pepino fruits (Solanum muricatum) raised during stor-
age at 1 °C and coincided with similar responses of free and total ACC levels
but was reduced at 10 °C when compared to 20 °C (Martínez-Romero et al.
2003). When fruits of egg plant (Solanum melongena) were stored at 10 °C in
comparison to 0 °C, only the lower temperature induced high internal ethyl-
ene concentrations, which were associated with higher levels of ACC and
MACC but contrasted to the concurrently decreasing ACO activity in the pulp
(Concellón et al. 2005).

Chilling ethylene may induce the ripening of climacteric fruits of temper-
ate origin (Gerasopoulos and Richardson 1997). Ethylene biosynthesis has
been intensively studied in Passe-Crassane pears (Pyrus communis), which
require a 3-month chilling treatment to be able to ripen autonomously after
subsequent re-warming (LeLièvre et al. 1997). Exposure of fruits to 0 °C for
100 days induced high ethylene production and strongly stimulated ACO-
and to a lesser extent ACS activity. This was associated with a dramatic accu-
mulation of transcripts of ACO after 40 days and of ACS after 60 days during
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the chilling treatment (Fig. 5.1). Whereas no such responses were observed
when fruits were stored at 18 °C immediately after harvest, fruits which had
been previously chilled exhibited a burst of ethylene production upon re-
warming, which was parallel to a 1.5-fold stimulation of ACO and even 3-fold
stimulation of ACS activity. At the same time, transcripts of ACO (pPC-
ACO1) strongly accumulated; however, those of ACS (pPC-ACS1) decreased
and reached a minimum after 9 days, which contrasted to the maximum eth-
ylene production. Overnight treatment of fruits with MCP after 27 days of
chilling strongly reduced but did not suppress the accumulation of ACO and
ACS transcripts. It further caused a rapid disappear of ACO mRNA levels
after re-warming, which led to a collapse in ethylene production. A 5-week
treatment of non-chilled fruits with the ethylene analogue propylene induced
expression of ACO and ripening, whereas ethylene synthesis as well as activ-
ity and mRNA levels of ACS remained at very low levels. LeLièvre et al. (1997)
concluded from the study that in Passe-Crassane pears ACO gene expression
can be induced separately by either chilling or ethylene, whereas expression
of ACS requires a cold-related signal and is regulated by ethylene only during
or after the chilling treatment.

Marked cultivar differences in the response of ethylene biosynthesis pathway
in fruits to chilling were shown for apple (Malus domestica) by Larrigaudiere
et al. (1997). When fruits of three cultivars were stored at 1 °C, ACC concentra-
tions remained at low levels except for the cv. ‘Granny Smith’, which strongly
accumulated ACC when compared to storage at 20 °C. However, this did not
raise ethylene production during the persistent cold, which was limited by the
generally low activity of ACO. Re-warming of the chilled fruits to 20 °C raised
ACO activity and ethylene production, which in case of ‘Granny Smith’
strongly surpassed the levels of fruits continuously stored at 20 °C, while the
same cultivar showed an outstanding decrease in ACC levels. Focusing on
this responsive cultivar, a detailed study of Lara and Vendrell (2003) revealed
remarkable differences in the cold-induced ethylene biosynthesis in peel and
pulp tissue of the fruit. The kinetics of ethylene production, ACO activity,
ACC levels, and accumulation of ACO and ripening-related ACS proteins
during and upon removal from cold-storage, and the responses to exogenous
ethylene indicated that increased ACO activity in chilled fruit after re-warming
resulted from both enhanced biosynthesis (peel) and activation (pulp) of
the protein and caused increased ethylene levels, which enhanced ACS activ-
ity leading to a rapid onset of ethylene biosynthesis. Because application of
ABA restored ACO activity and enhanced ACC concentrations in the peel
during cold storage, and chilling significantly raised endogenous ABA levels
in the same tissue upon re-warming (Fig. 5.1), Lara and Vendrell (2003) sug-
gested that increased endogenous ABA levels in the peel tissue might play a
major role in cold-induced ethylene biosynthesis upon re-warming, possibly
via activation of the ACO protein.

Different genes of the same ACS multi-gene family may differently
respond to chilling. This was demonstrated by Wong et al. (1999) with non-
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climacteric citrus fruits (Citrus sinensis), which showed de-greening and yel-
lowing of the peel in response to both low temperatures and application of eth-
ylene. Storage of fruits at 4 °C when compared to 25 °C induced a dramatic
accumulation of transcripts of the CS-ACS1 gene in the peel but reduced the
constitutive expression of the CS-ACS2 gene below detection level. However,
both genes, which were also wound-inducible, showed a rapid induction of
transcripts upon subsequent re-warming. After 24 h of re-warming, CS-ACS-1
diminished to undetectable level, whereas the CS-ACS-2 mRNA regained its
basal level of expression attained prior to the chilling treatment. Ethylene pro-
duction was diminished after 3 and 6 days of cold storage. ACC level was lower
after 3 days and was significantly higher after 6 days of chilling and also was
correlated with the increased expression of CS-ACS1. After re-warming, both
ACC levels and ethylene production increased compared to the non-chilled
control, while higher peak levels were obtained with the longer chilling period.
Wong et al. (1999) concluded that the expression of both the chilling-inducible
and the chilling-repressible ACS genes play an important role in determining
the level of ethylene production in citrus peel during the post-chilling period,
whereas CA-ACS1 is highly responsible for elevating the ACC level during chill-
ing. In a following study, it was shown by the same group that the chilling-
induced ACC accumulation in branch tissues of Citrus sinensis, Carrizo
citrange, and Poncirus trifoliate can be decreased by over-expression of anti-
sense ACS-1 mRNA (Wong et al. 2001).

Chilling also influences ethylene biosynthesis of vegetative tissues.
Monitoring the ethylene emission of pelargonium cuttings (Pelargonium x
hortorum) with on-line photoacoustic detection revealed, that cold storage at
3 °C of excised cuttings suppressed production of wound ethylene, but
induced subsequent production of chilling ethylene upon re-warming
(Kadner et al. 2000). The influence of short-term chilling on the expression of
individual members of the ACS and ACO families was recently analysed in
vegetative tissues. When seedlings of transgenic Arabidopsis lines expressing
the GUS and GFP reporter genes from the promoter of nine different ACS
gene family members were incubated at 4 °C for 24 h, this inhibited the
expression of ACS5 and ACS11 and altered the pattern of ACS8 expression in
roots when compared to 25 °C (Tsuchisaka and Theologis 2004). Nie et al.
(2002) studied the expression of the ACO genes ACO1 and ACO2 in potato
(Solanum tuberosum). Incubating tubers with small sprouts at 0 °C for 24 h
stimulated the expression of both ACO genes in sprout and tuber tissues
when compared to moderate temperatures, while the same genes were also
wound-inducible in leaves.

5.2.6 Ozone

Exposure of plants to air pollutants can enhance ethylene production (Hyodo
1991; Morgan and Drew 1997). Since ozone (O3) is a major phytotoxic
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component, intensive studies have been focussed on O3-induced ethylene
biosynthesis and its role in plant damage (see Sect. (5.)4.2). Exposure of potato
plants to O3 induced ethylene and ACC production in leaves, which was asso-
ciated with a sequential expression of the two ACS genes, ACS4 (slow) and
ACS5 (rapid) (Schlagnhaufer et al. 1997). Similar responses were also found
with the application of copper, another inducer of oxidative stress, and after
infection with Alternaria solanii. The sequential nature of expression of both
ACS genes indicated two different signal transduction and gene regulatory
mechanisms, which might be interconnected through an autocatalytic
process induced by the early responding ACS5 (Schlagnhaufer et al. 1997).
A similar sequential expression of rapid and slow ACS was also found in tomato
by Nakajima et al. (2001). When seedlings were exposed to O3, ethylene
became detectable after 1 h and increased almost linearly until 4 h. This was
paralleled by raised ACS activity and ACC concentrations detected after 1 h,
reaching maximum levels after 2 h, and declining after 4 h. The early rise of
ACS activity was associated with accumulation of transcripts for LE-ACS1a
and LE-ACS6, which, however, after peaking at 2 h, declined to pre-stress lev-
els until 6 h. An increased expression of LE-ACS2 was detected earliest after
2 h but then was kept at the high level thereafter. O3 also increased the level
of the ACO transcript ACO1 as early as 1 h after the start of exposure. The
level increased linearly up to 4 h and still was high after 6 h. Expression of all
three ACS isozymes was also induced by wounding of leaves (Tatsuki and
Mori 1999, see Sect. (5.)2.1.2). However, the transcript of a wound-inducible
proteinase inhibitor II was undetectable during ozone treatment, which did
not support an involvement of wound stress in O3-induced ethylene biosyn-
thesis (Nakajima et al. 2001). Regarding the kinetics of all parameters, the
authors suggested that ACSs initially regulated ethylene biosynthesis at the
early stage of ozone exposure and LE-ACO1 limited ethylene production after
ACC was sufficiently accumulated.

5.3 Stress-Mediated Ethylene Sensitivity

There is increasing evidence that stress not only acts via stimulation of ethyl-
ene biosynthesis but also can modify ethylene sensitivity of plant tissues. This
is first supported by changed phenotypic responses to certain doses of ethyl-
ene indicating that exposure to stress may increase but also decrease tissue
sensitivity to ethylene. The senescence response of petals from Portulaca
hybrids to ethylene was significantly increased within 1 h after wounding of
filaments (Ichimura and Suto 1998). There is also indication that leaf senes-
cence in rice in response to water-deficit and osmotic stress is not primary
mediated by increased ethylene production but rather by increased sensitiv-
ity to this hormone and NH4 accumulation may be causally involved (Lin and
Kao 1998; Hsu et al. 2003). The role of ethylene biosynthesis and perception
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in chilling-induced leaf abscission of Ixora coccinea plants was intensively
studied by considering the interaction with oxidative stress and auxin econ-
omy (Michaeli et al. 1999a, 1999b). Exposure of plants to chilling temperatures
(3–9 °C for 3 days) caused increased leaf abscission after transfer to 20 °C.
This was preceded by an increase in ethylene production rates of the abscis-
sion zone (AZ) tissue during the first 5 h of the re-warming, which obviously
resulted from the ACC accumulation during the chilling period. However,
treating plants prior to chilling with antioxidants significantly reduced chill-
ing-induced leaf abscission despite the chilling-induced ethylene production
remained unaffected. Furthermore, exposure of plants to ethylene enhanced
leaf abscission only when they had been chilled, whereas treatment with MCP
inhibited both the chilling-induced and ethylene-enhanced leaf abscission.
Chilling reduced free IAA concentrations in the AZ and leaf blade, enhanced
the decarboxylation of IAA, particularly in the AZ zone, and inhibited auxin
transport capacity in the petioles. The chilling-induced leaf abscission was
almost completely inhibited by the synthetic auxin α-naphthalenacetic acid
(NAA), while application of antioxidants reduced the decline in free auxin
levels and auxin transport capacity. These results strongly suggest that i) eth-
ylene is essential for chilling-induced abscission in Ixora but not the trigger-
ing factor, and ii) chilling-derived oxidative processes trigger leaf abscission
via increased sensitivity to ethylene, which was probably caused by a reduced
availability of free IAA in the AZ zone (Michaeli et al. 1999a, 1999b).
Contrarily, treatments with the ethylene-releasing compound, ethephon and
ethylene action inhibitor, STS indicated that cold storage of cut lilies (Lilia
hybr.) decreased the sensitivity to ethylene in terms of flower abscission or
bud abortion (Song and Peng 2004).

Contrasting to the well-known biosynthetic pathway, perception of ethyl-
ene freely diffusing through the membranes and cytoplasm and further
downstream signal transduction is still far from complete understanding.
However, after major elements have been first identified and functionally
analysed in the model plant Arabidopsis thaliana, subsequent investigations
on other plant species suggest a signaling cascade which is probably highly
conservative in the plant kingdom (Alonso and Stepanova 2004; Klee 2004).
The actual mechanistic model involves a family of endoplasmatic reticulum
(ER)-localized ethylene receptors that share sequence similarity with the bac-
terial two-component histidine kinases. The high binding activity and speci-
ficity to ethylene is achieved with the help of a copper cofactor associated
with the hydrophobic domain. In Arabidopsis, five ethylene receptors, ETR1,
ETR2, EIN4, ERS1, and ERS2 have been characterized. According to the
model, the receptors are active in the absence of ethylene and suppress the
ethylene response by stimulating the negative regulator CTR1, a Raf-like ser-
ine-threonine kinase, which in turn shuts off the ethylene-signaling pathway
(Fig. 5.2). Binding of ethylene to the receptors inactivates them and thereby
relieves this CTR1-mediated blockage of further positive downstream signal-
ing events. The further downstream cascade probably includes the positive

Ethylene and Plant Responses to Abiotic Stress 99



regulatory molecule EIN2, transmitting a positive signal to the transcription
factors, EIN3 and EILs (EIN3-like genes) in the nucleus, resulting in accumu-
lation of EIN3/EIL proteins, which then induce the transcription of genes for
ethylene responsive element binding proteins (EREBPs), such as the ethylene
response factor ERF1 (Guo and Ecker 2004).
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Fig. 5.2. A schematic model illustrating the relationships between stress, ethylene and the phe-
notypic response. The model integrates the Arabidopsis-based ethylene signalling pathway
(Alonso and Stepanova 2004; Guo and Ecker 2004), includes the plant hormones JA, IAA, ABA,
SA, and PA and the compounds ROS and cyanide discussed in Sects. 5.3–5.4, and also consid-
ers the plant hormones cytokinins (Ck) and gibberellins (Gb) according to Gazzarani and
McCourt (2003). Stress influences the ethylene concentration (C) and the formation of ethylene
receptors, directly and/or via ethylene, the relation of which determines ethylene perception
and subsequent signal transduction. Stress also influences the concentration and/or action of
other plant hormones and compounds, which may be partially mediated by ethylene (Fig. 5.1).
These compounds may interact with elements of the primary ethylene signalling pathway, like
JA with ERF1, or may be integrated later to influence the phenotypic response (∆p), which
determines the stress-mediated ethylene sensitivity (∆p/C)



Interestingly, ethylene itself was shown to induce the expression of the
receptors ETR2, ERS1, and ERS2 (Fig. 5.2), but not of ETR1 and EIN4.
According to this model, an increased synthesis of ethylene receptors can be
expected to de-sensitize the plant tissues for ethylene because more ethylene
molecules are necessary for inactivating the receptor-controlled blockage of
the signaling cascade. Recent studies indicate that exposure of plants to stress
may change transcription of genes evidently or putatively involved in ethyl-
ene perception (Fig. 5.2). However, the information on this topic is still frag-
mentary and confusing. Voesenek et al. (1997) demonstrated by using
inhibitors of ethylene synthesis and action that hypoxia enhanced petiole
extension in R. palustris by increasing the sensitivity to ethylene. However,
the expression level of a putative ethylene receptor in R. palustris, Rp-ERS1
was up-regulated by hypoxia and flooding, which did not accord with the
observed increased sensitivity and the model of a constitutively active recep-
tor (Voesenek et al. 1997; Vriezen et al. 1997). Complete submergence of
seedlings of deepwater rice did not alter expression of the gene OS-ERS1 cod-
ing for a putative ethylene receptor (Zhou et al. 2001) but induced the tran-
scription of OS-ERL1, another ethylene receptor homolog (Watanabe et al.
2004). Gene expression profiling in Arabidopsis thaliana seedlings using
whole-genome DNA amplicon microarrays (Liu et al. 2005) revealed that
transcript levels of genes coding the ethylene receptor ETR2 and a specific
EREBP were increased in response to hypoxia.

Expression of other receptor homologues responded to wounding, salt
stress, chilling and exposure to O3. Wounding of peach fruits caused an
increase of transcripts of the gene PpETR1, a peach homologue of ETR1
whereas such response was not detected in leaves (Bassett et al. 2002). In wheat
seedlings, wounding as well as application of either JA or ABA increased the
expression of an ethylene receptor homologue, W-ert1, which predicted
amino acid sequence is over 70% similar to ERS1 from Arabidopsis (Ma and
Wang 2003). Expression of a gene for a putative ethylene receptor in rice,
OSPK2, which was found to be divergent from homologues in dicots and
assumed not to function as a histidine kinase, could be induced in the shoot
by wounding and in shoots and roots by treatment with PEG (Cao et al. 2003).
Zhang et al. (2001) demonstrated that the two-component gene NTHK1
(Nicotiana tabacum histidine kinase-1), which shared a high homology with
the LETR4 from tomato and encoded a putative ethylene-receptor homolog,
was inducible in tobacco upon wounding as well as following treatment with
NaCl or PEG. The constitutively suppressive action of NTHK1 on ethylene sig-
naling became evident by reduced ethylene sensitivity in transgenic Arabidopsis
over-expressing of this gene (Xie et al. 2002). In a following study, He et al.
(2004) analysed the expression of a gene encoding for a NTHK1-regulated
receptor-like kinase, AtLecRK2, in response to 200 mM NaCl. They found that
salt stress induced the transcription level of AtLecRK2 in wild-type Arabidopsis
whereas induction was inhibited and retarded in the transgenic NTHK1 plants.
AtLecRK2 was constitutively over-expressed in the ethylene-overproducer
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mutant, eto1–1, and could be induced by the application of ACC. The results
indicate that the induction of ATLecRK2 in response to salt stress is regulated
by the ethylene signaling via deactivation of the ethylene receptor, NTHK1,
constitutively suppressing the expression of ATLecRK2 (He et al. 2004). The
missing salt response of ATLecRK2 expression in the ethylene-insensitive
mutant ein2–1 indicates that expression of ATLecRK2 may need only the com-
ponents of the signaling pathway upstream of EIN2.

El-Sharkawy et al. (2003) isolated four cDNAs from pear (Pyrus communis),
which were homologous to the ethylene receptor genes ETR1, ERS1, and ETR2
and to the negative regulator gene CTR1 in Arabidopsis, and were designated
Pc-ETR1a, Pc-ERS1a, Pc-ETR5, and Pc-CTR1, respectively. Chilling of Passe
Crassane pears induced accumulation particularly of Pc-ETR1 and also of Pc-
ETR5 transcripts during the cold period of 0 °C. When fruits were removed
from the cold and stored at 20 °C, this resulted in an increase of transcripts of
all genes studied, which was not observed without previous chilling. The peak
of Pc-ETR5 and Pc-CTR1 coincided with the climacteric peak of ethylene pro-
duction. Both increases of gene expression during and following the cold
treatment were dependent on ethylene action, since inhibition of ethylene per-
ception with MCP resulted in elimination of any increase (El-Sharkawy et al.
2003). The authors suggested that the increased receptor expression during
the cold treatment contributed to the attainment of ripening capacity by coun-
teracting the minor increase in ethylene production, and the pronounced
increase of receptors after re-warming altered the ripening response to the
concurrent burst of ethylene production (see Sect. (5.)2.5.1).

Zhao and Schaller (2004) recently analysed the expression of the evident eth-
ylene receptor ETR1 in Arabidopsis in response to salt and osmotic stress. In
contrast to the papers mentioned above, they found that expression of ETR1 was
reduced after exposure to salt (200 mM NaCl) and osmotic stress, which was also
reflected at the protein level. The authors concluded that the reduced ETR1 lev-
els should make the plant more sensitive to ethylene provided other receptors
respond in a similar way. They further suggested that reduction in receptor lev-
els might contribute to the maintenance of an extended stress response. That the
same stress may affect the transcription of individual receptor genes in opposite
directions was shown by Moeder et al. (2002). A 5-h pulse of ozone induced
accumulation of transcripts for the ethylene receptor LE-ETR1, whereas the
transcripts of another receptor, LE-ETR2, decreased markedly.

5.4 Ethylene Action, Adaptation and Stress Tolerance

Levitt (1980) differentiated two adaptation strategies of plants to gain a
higher level of resistance, (i) avoiding thermodynamic equilibrium with the
stress factor, and (ii) preventing, decreasing or repairing the injurious strain.
The term stress tolerance will be used here for both strategies as frequently
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done in the literature. However, the interpretation of a certain plant response
to stress may depend on the perspective. Thus, from an eco-physiological
point of view, decreased shoot growth, epinasty and even leaf abscission in
response to salt stress, water deficit or flooding may contribute to increased
tolerance of the plant because subsequent water loss will be avoided, whereas
from an agricultural point of view same responses may be regarded as
damage. Nevertheless, ethylene action is highly involved in these processes.

5.4.1 Wound Response and Thigmomorphogenesis

Together with JA, ethylene action is involved in the wound response, which is
orchestrated by complex signaling pathways providing tissue repair as well as
increased resistance to wound-causing agents such as plant invaders
(O’Donnell et al. 1996; Howe 2004). Mechanically stimulated ethylene biosyn-
thesis may contribute to physiological and developmental changes, such as
reduced elongation or increased radial expansion of shoots or roots, which
enhance resistance to subsequent mechanical forces and are termed as thig-
momorphogenesis (Hyodo 1991; Jaffe and Forbes 1993; Morgan and Drew
1997; Sunohara et al. 2002). However, the role of ethylene action in thigmo-
morphogenesis of Arabidopsis thaliana was questioned by Johnson et al.
(1998), since the growth responses and up-regulation of TCH (touch) gene
expression in response to different mechanical stimulations was also found
with the two ethylene-insensitive mutants, etr1–3 and ein2–1.

5.4.2 Ethylene and Ozone-Induced Cell Death

Concentration of ozone (O3) has increased markedly in the air and causes
extensive damage to natural and cultivated plants (Pell et al. 1997). When
plants are exposed to O3 at high concentrations, necrotic lesions appear on
leaves reflecting the death of mesophyll cell clusters (Treshow and Anderson
1989). This may be caused by the oxidation of biomaterials via generated ROS
(Mudd 1996). However, there is increasing evidence that similar to the
pathogen-induced hypersensitive response, O3-induced activation of pro-
grammed cell death (PCD) also underlies such damages and ethylene is
involved in the signaling events (Kangasjärvi et al. 1994; Kanna et al. 2003).
Tingey et al. (1976) already showed that O3 induced ethylene production in
more than 25 plant species and ethylene emission was positively correlated
with the expression of visible injury. The analyses of these relationships
particularly in Arabidopsis and members of the Solanaceae during the last
decade provided evidence that accelerated ethylene production was not simply
the result but rather a trigger of the O3-induced damages.

Vahala et al. (1998) investigated the O3-response of different members of
the ACS gene family in leaves of Arabidopsis thaliana. Maximum ethylene
evolution in response to exposure to high O3 concentration was followed by
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visible damage but was preceded by induced transcription of a mRNA, which
sequence was found to be identical to that of ACS6, a wound and touch-
inducible ACS gene (see Sects. (5.)2.1.2 and (5.)2.1.3). Following studies com-
pared the ethylene over-producer mutants eto1 and eto2 with the O3-tolerant
wild-type accession Col-0 and analysed the biosynthesis of ethylene, SA,
and JA as well as the transcription of respectively dependent genes and
lesion development in response to O3, inhibitors of ethylene biosynthesis
and exogenous SA. The results strongly support the conclusion that O3-
induced cell death in Arabidopsis is the result of a crosstalk between ethyl-
ene, SA and JA (Overmyer et al. 2000; Rao et al. 2000, 2002). That SA
signaling is required for stress-induced ethylene production in Arabidopsis
was supported by the finding that plants of the low-SA-transformant
NahG expressing the gene for SA-degrading salicylate hydroxylase and of
the mutant npr1 blocked in SA-dependent systemic acquired resistance
failed to produce ethylene in response to O3, while water-deficit induced
ethylene production was also inhibited in NahG plants (see Sect. (5.)2.2).
Furthermore, NahG expression in the dominant eto3 mutant attenuated
expression of an ethylene dependent PR gene and rescued the O3-induced cell
death exhibited by eto3 plants. Based on these results, Rao et al. (2002) pro-
posed a model of SA-ethylene- and JA-cross-talk in O3-induced cell death,
which is illustrated in Fig. 5.3. According to this model, O3, upon entering the
leaf tissue via stomata, generates ROS, resulting in increased biosynthesis of
signaling molecules such as SA, which in turn potentiates the feedback ampli-
fication loop of runaway cell death cycle that induces the biosynthesis of sig-
naling molecules such as ethylene. On the other hand, O3, either by reacting
with membrane lipids or by generating ROS, induces the biosynthesis of JA
or MJ, which in an antagonistic manner attenuate development of cell death.
However, the authors considered the possibility that SA was required for
additional stress-induced components to maximize ethylene production and
pointed out that this type of interaction might not hold true for other plant
species or other type of stresses.

Tamaoki et al. (2003) compared the physiological and molecular responses
to O3 of the tolerant accession Col-O and the sensitive accession Ws-2.
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Stronger lesion development and ion leakage in the Ws-2 plants was preceded
by a more pronounced increase in ethylene evolution and stronger accumu-
lation of ACS6 transcripts, whereas the damage was attenuated by pre-
treatment with inhibitors of ethylene biosynthesis and perception. RNA blot
analyses showed that O3-induced increases in mRNA levels of several ethyl-
ene-inducible genes and the SA-inducible gene PR1 were substantially higher
in Ws-2 compared to Col-O plants. Because induction of ethylene-inducible
genes was observed prior to SA-related gene induction, Tamaoki et al. (2003)
speculated that ethylene and SA might depend on each other to induce O3-
triggered cell death. Analyses of O3-induced ethylene evolution and leaf
injury from 20 Arabidopsis accessions revealed four clusters, two of which did
not show a relationship between ethylene evolution and leaf damage. This
was explained by variable ethylene sensitivity or interaction with JA sig-
nalling (Tamaoki et al. 2003). The defensive role of JA signalling by suppres-
sion of O3-induced cell death (Fig. 5.3), possibly via reduction of ethylene
biosynthesis, was supported by characterization of a JA-semi-sensitive
mutant, Ojil (Kanna et al. 2003). The decreased JA-sensitivity of Ojil in com-
parison to wild-type plants, Ws-2, was demonstrated by a weaker response
of root growth to MJ application and less pronounced O3-induced expression
of the JA-inducible AtVSP1 gene. This mutant responded to O3-exposure with
more severe foliar injury, higher ethylene emission, a stronger increase in
expression of the SA-inducible gene PR1, and a stronger accumulation of
endogenous JA. With both genotypes, the O3-induced injury and ethylene
emission could be reduced by chemical inhibiting of ethylene biosynthesis. In
contrast, pretreatment with MJ at 10 µM suppressed O3-induced ethylene
emission and foliar injury only in Ws-2 plants, whereas Oji1 plants responded
in the same manner to MJ only when applied at 100 µM.

The limiting role of ACS in O3-stimulated ethylene biosynthetic rate and
leaf damage was supported in a study using transgenic tobacco plants consti-
tutively expressing an anti-sense DNA for the early inducible tomato gene
LE-ACS6 (Nakjima et al. 2002). Obviously depending on the copy numbers
and/or position of the anti-sense DNA in the host genome, only three of seven
transgenic lines showed lower rates of O3-induced ethylene production when
compared to a wild-type. Nevertheless, the extent of leaf injury was generally
positively correlated to the level of ethylene evolution. In the most ozone-
resistant line, O3-induced accumulation of ACC and transcription of two
sequentially expressed ACS genes, NT-ACS-2 and NT-ACS-6, with nucleotide
sequences similar to LE-ACS6 were suppressed compared with those in
wild-type plants. The relationship between O3-induced expression of genes
encoding of components of ethylene biosynthesis and perception and cell
death in tomato was further highlighted by Moeder et al. (2002), who com-
pleted the picture of a biphasic gene regulation and uncovered the cellular
distribution of molecular events. Rapid transcription responses to a pulse of
O3 were found after 1 h and included the induction of LE-ACS6, LE-ACO1 and
LE-ACO3, which were followed by induction of LE-ACS2, LE-ACO2 and
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LE-ACO4 after 2 h. Transgenic tomato harbouring the LE-ACS2 gene in anti-
sense orientation showed lower ACC accumulation and ethylene production
only during the second phase after 2 h of O3 exposure and were not more tol-
erant to O3 than the wild-type. Also, reduction of O3-induced ethylene pro-
duction by about 50% in transgenic anti-sense LE-ACO1 plants failed to
reduce leaf damage. These results suggest the importance of early ethylene
biosynthesis and a certain threshold of ethylene production, which has to be
passed before stimulating lesion formation (Tuomainen et al. 1997; Moeder
et al. 2002). However, strong chemical blocking of ethylene biosynthesis or
perception in wild-type plants significantly reduced O3-induced tissue
damage and this was associated with significantly lower H2O2 accumulation
in leaves. Furthermore, with the aid of transgenic plants expressing the
LE-ACO1 promoter:GUS fusion, the authors showed that GUS expression
increased rapidly (after 30 min) at the beginning of the O3 exposure and had
a spatial distribution resembling the pattern of subsequent extracellular H2O2
production at 7 h, which coincided with the cell death pattern after 24 h.
These results strongly suggest that ethylene is intimately involved in the
amplification of ROS production by the plant cells (second oxidative burst,
Schraudner et al. 1998) and regulation of cell death under oxidative stress
(Moeder et al. 2002).

Ethylene synthesis may also contribute to cell death via production of
cyanide (Fig. 5.1). Vahala et al. (2003) showed that disruption or blocking of
ethylene perception in birch (Betula pendula) by transformation with the
etr1–1 gene of Arabidopsis or application of MCP, respectively, reduced (but
not completely prevented) O3-induced cell death, whereas chemical inhibi-
tion of ethylene biosynthesis completely prevented lesion formation.
Functional ethylene signaling was required for O3-induction of the gene
encoding for CAS (Fig. 5.1), suggesting that ethylene signaling contributed to
detoxification of cyanide (Vahala et al. 2003).

5.4.3 Ethylene and Root Stress-Mediated Shoot Growth

Considerable attention has been given to the involvement of root-sourced
ABA not only in the reduction of stomatal conductance but also of leaf/shoot
growth in response to soil compaction and water deficit stress (Davies and
Zhang 1991; Tardieu et al. 1992). However, there is increasing evidence that
ethylene action is highly involved in these responses. Hussain et al. (1999)
investigated the interrelationships between ABA and ethylene in regulation
of shoot growth of tomato in compacted soil using the wild-type cultivar
Ailsa Craig in comparison with the transgenic tomato line ACO1AS, which
has a reduced capacity to synthesize ethylene due to anti-sense ACO. When
plants were grown in uniformly compacted soil or in a split-pot treatment
(non-compacted + compacted soil) and compared with a non-compacted
soil treatment, xylem sap ABA levels were similarly increased in both the
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genotypes, whereas enhanced ethylene production was only found with
Ailsa Craig plants. Growing the plants in the split-pot treatment invoked
marked genotypic differences in the growth response. Reduction in growth
and leaf expansion compared to the non-compacted soil were restricted to
the cv. Ailsa Craig. Excising the roots in the compacted compartment
reduced ethylene evolution in this genotype, while the same treatment as
well as chemical blocking of ethylene action restored shoot and leaf growth.
In contrast, treatment with ethephon reduced growth in ACO1AS. Also for the
ABA-deficient line notabilis, reduced growth was observed in the split-pot
treatment which was associated with increased ethylene production
(Hussain et al. 2000). However, application of ABA had little effect on
ACO1AS but promoted a recovery of leaf expansion in notabilis and Ailsa
Craig. The authors suggested that leaf expansion is probably regulated by an
antagonistic interaction between ABA and ethylene, when the root system
simultaneously encounters non-compacted and compacted soil.

New studies including ABA-deficient mutants, inhibitors of ABA synthesis
and changed experimental strategies also provided a changed view on the
role of ABA and ethylene in growth responses to water deficit. Altogether,
there are indications that accelerated ethylene biosynthesis is an important
early drought-induced signal, which can be suppressed by ABA in an antag-
onistic manner and obviously depending on the duration of water deficit can
improve or alternatively reduce shoot-growth stress (Sharp 2002; Sharp and
LeNoble 2002). The importance of ethylene production was also recently
highlighted in a split-root system by studying the influence of partial root-
zone drying (PRD) on the tomato cultivar Ailsa Craig in comparison with the
low-ethylene producing transgenic line ACO1AS (Sobeih et al. 2004). In
response to PRD, which did not change leaf Ψ when compared to the non-
stressed controls, both genotypes showed similar increases in xylem sap pH,
ABA concentration and decreased stomatal conductance, whereas only Ailsa
Craig responded with enhanced ethylene evolution of leaves and significant
reductions in leaf elongation. Sobeih et al. (2004) suggested that such
responses might occur when mild soil drying, in which leaf Ψ is maintained
or declines very slowly, stimulates ethylene synthesis (Sect. (5.)2.2). However,
it has to be questioned whether a strong dehydration of a part of the root sys-
tem is a mild stress to the plant. Even though a substrate of low bulk density
was used in that study, mechanical stress and root injury (Sect. (5.)2.1) might
have been involved.

5.4.4 Ethylene and Adaptation to Salt Stress

Ethylene action may trigger salinity-induced phenotypic responses of plants.
Leaf abscission in salt-stressed Citrus plants was associated with increased
ethylene production and could be reduced by foliar applications of the ethyl-
ene action inhibitors CoCl2 or STS (Gomez-Cadenas et al. 1998). However, the
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role of ethylene in leaf senescence is complex (Sect. (5.)4.2). The competition
between ethylene biosynthesis and synthesis of PA for the common precur-
sor, SAM (Sect. 5.2), the possible up-regulation of the key enzyme in PA
biosynthesis, SAMDC by ethylene (Hu et al. 2005), and the role of PAs as rad-
ical scavengers and stress protectants (Bors et al. 1989) have also to be con-
sidered. These interactions became apparent by the finding that improved
tolerance of transgenic tobacco plants expressing anti-sense ACS or anti-
sense ACO genes to different abiotic stresses including salinity in terms of
chlorophyll loss and phenotypic changes was correlated not only with
decreased ethylene production but also with raised PA contents particularly
with oxidative stress (Wi and Park 2002). According to these results, compli-
cated three-way interactions were found in Glycorrhiza (Glycorrhiza inflata)
and wheat plants under osmotic stress between the synthesis of ROS, of eth-
ylene and of PA, which were dependent on the degree of stress-induced leaf
damage (Li and Wang 2004; Li et al. 2004). Application of ACC promoted
stress-induced leaf damage, whereas both blocking of ethylene biosynthesis
and application of the PA spermine had opposite effects.

When El-Iklil et al. (2000) compared four varieties of tomato under salin-
ity conditions higher ethylene production rates of petioles were associated
with less pronounced epinasty and higher dry matter accumulation.
However, the two varieties exhibiting less epinasty and growth reduction
revealed a higher basal level but a less pronounced relative increase in ethyl-
ene production in response to salinity. These results indicate that the respon-
siveness of ethylene biosynthesis to stress is relevant to stress tolerance. Such
relationships are further supported by the observation that improved
drought tolerance of rose plants (Rosa x hybrida) in terms of reduced water
loss and retarded wilting in response to previous acclimation to low water
availability was associated with an alleviated rise of ethylene production in
leaves during the stress, which probably was caused by the increased conju-
gation of ACC in roots (Andersen et al. 2004).

There is indication that ethylene action may also increase tolerance of
plants to salt stress. When seeds from nine lettuce cultivars were germinated
under salt stress, a higher salt-induced increase in ethylene evolution of
seedlings was associated with a lower reduction in fresh weight (Zapata et al.
2003). Such a relationship was not evident, when seven plant species were
compared to each other under similar conditions (Zapata et al. 2004), which
did not exclude a role of ethylene but rather revealed that salt tolerance could
not be explained by only one factor. Also when rice plants of four cultivars
were exposed to NaCl, those cultivars revealing a higher salt tolerance by
shoot growth and tissue viability showed a stronger increase in ACC level and
ethylene production rate (Lutts et al. 1996). Furthermore, ethylene produc-
tion rates under saturation with ACC indicated that a salt-induced reduction
of ACO activity was less pronounced in the tolerant compared to the more
sensitive genotypes. The role of ethylene action in enhancing salt tolerance
was recently supported at molecular level. Wang et al. (2004) reported a novel
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ERF protein, JERF3, which unites ethylene, JA and osmotic signaling path-
ways. Expression of JERF3 in tomato was mainly induced by cold, salt, ethyl-
ene, JA or ABA. Constitutive expression of this gene in transgenic tobacco
activated expression of pathogenesis-related (PR) genes and enhanced salt
tolerance as determined by decreased chlorophyll loss of leaf discs in NaCl
solution.

5.4.5 Ethylene and Flooding Tolerance

Epinastic growth of petioles and downward rolling of leaf laminae is a char-
acteristic adaptive response of Solanaceae to hypoxia of roots caused by soil
flooding, which minimizes evaporative demand to counteract low hydraulic
conductivity of anaerobic or even dead roots and is inducible by ethylene
(Wang and Arteca 1992; English et al. 1995; Else and Jackson 1998). That eth-
ylene is causally involved in this response became evident from alleviation of
ethylene production of petioles and final epinastic curvature of leaves in
transformed tomato expressing the bacterial gene ACC deaminase, which
probably reduced the ACC pool (Grichko and Glick 2001). Accumulation of
ethylene probably accounts for flooding-induced rapid stem elongation
(Kende et al. 1998) and aerenchyma formation in roots of plant species well-
adapted to waterlogging, which provides new internal long-distance gas
transport pathways (Jackson and Armstrong 1999; Drew et al. 2000), and also
for induction of adventitious roots, which in case of Rumex palustris can be
explained by increased sensitivity of the root-forming tissue to endogenous
IAA (Visser et al. 1996). Comparison of this flooding-tolerant species with
R. acetosella, a flooding-sensitive species revealed that only R. palustris
responded to submergence with stimulated elongation of rosettes, which
helps the plant to escape from submergence. This phenotypic response could
be explained by different ethylene sensitivity when compared to R. acetosella
(Banga et al. 1996b; Voesenek et al. 1997).

5.4.6 Ethylene and Chilling Response

Increased ethylene production may cause chilling injury developed by fruits
of tropical and subtropical origin during storage or upon re-warming (Hyodo
1991; Morgan and Drew 1997; Martínez-Romero et al. 2003; Concellón et al.
2005). In contrast to wild-type fruits of cantaloupe melon (Cucumis melo),
fruits of an anti-sense ACO genotype exhibited reduced membrane deterio-
ration and less visual damage of peel tissue during low temperature storage
and upon re-warming, which was correlated with very low ethylene produc-
tion (Ben-Amor et al. 1999). Treatment with the ethylene perception inhibitor
MCP prior to cold storage suppressed the chilling symptoms in wild-type
fruits, whereas application of 10 ppm ethylene to the ACO anti-sense fruits
prior to storage restored the sensitivity to chilling.
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Ethylene biosynthesis may also be involved in chilling tolerance of whole
plants. Ciardi et al. (1997) compared the Never-ripe (Nr) tomato exhibiting a
decreased ethylene sensitivity with a normal isogenic line to study the role of
ethylene production and perception in plant development during the low-
temperature hardening (25/5 °C compared to 25/20 °C day/night), the subse-
quent severe chilling (5/5 °C day/night) and the following recovery period
(25/20 °C day/night). Ethylene production was not different between the
genotypes, but was approximately doubled through the hardening. Plants of
the normal isogenic line immediately exposed to the severe chilling exhibited
a greater chilling damage when compared to the non-hardened Nr-plants in
terms of greater number of lesions, stronger reduction of shoot growth and
lower chlorophyll fluorescence ratio (Fv/Fm), the latter also held true during
the subsequent recovery. In contrast, the hardening of the normal plants
induced an increased rate of leaf development and dry weight accumulation
during the recovery period, whereas these hardening responses were
suppressed and a reduction in lesion development was less pronounced in
Nr-plants. These results demonstrated that ethylene production might trigger
the development of chilling damage, while at the same time increase the
tolerance of plants to subsequent chilling periods (Ciardi et al. 1997).

Ethylene biosynthesis is probably also involved in regulating of antifreeze
activity in leaves of winter rye (Secale cereale), which arises from accumula-
tion of antifreeze proteins in the apoplast (Yu et al. 2001). Endogenous ethyl-
ene production and antifreeze activity were detected within 12 and 48 h of
exposure of plants to cold stress (5 °C) and also after 24 h of exposure to
water deficit. Exposure of non-stressed (non-acclimated) rye plants to ethyl-
ene increased both antifreeze activity and the concentration of apoplastic
protein in the apoplast. The important role of ethylene was further supported
by the finding that the treatment with the ethylene-releasing compound,
ethephon and ACC induced high levels of antifreeze activity at high temper-
atures, whereas these responses were blocked by application of SN.

5.5 Concluding Remarks

The role of ethylene in the stress response of plants is highly complex. The
stress-mediated regulation of ethylene biosynthesis involves a co-ordinated
activation particularly of ACS and ACO, which includes positive and/or nega-
tive feedback control loops and is based on the expression of genes of the ACS
and ACO gene family (Fig. 5.1). Tissue specific, overlapping expression of sev-
eral genes of the same family, each of which may be responsive to one or a set
of stress factors, contributes to a physiological fine-tuning of the cell and con-
sequently of the whole plant, which increases the flexibility of ethylene biosyn-
thesis in a changing environment. Expression patterns among the Arabidopsis
ACC gene family members even suggest (Tsuchisaka and Theologis 2004), that
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this fine-tuning involves the formation of heterodimeric isozymes (yACSz in
Fig. 5.1). However, there is strong indication that ethylene biosynthesis is also
highly dependent on post-transcriptional events. It further involves the action
of other stress-sensitive plant hormones and of ROS, the latter seems to be
important early mediators of different stresses (Fig. 5.1). Plants are even more
adaptive by providing a flexible ethylene response; however, our current
understanding of stress-mediated ethylene sensitivity is poor. It appears from
many receptor studies that plants use the strategy of increased receptor syn-
thesis as a dampening mechanism to slow down an ethylene response once it
is initiated (Ciardi and Klee 2001). However, there is recent evidence that
stress can also reduce receptor gene expression and indication that different
receptor genes may respond to same stresses even in an opposite manner.
Altogether, it can be assumed that plants use a differentiated and fine-tuned
system on the ethylene perception side for adequate adjustment to the type,
magnitude, duration and spatial distribution of the particular stress. An
attempt was made in the present article to summarize the current knowledge
of the involvement of ethylene production and ethylene sensitivity in plants
exposed to physical and chemical stresses. Attention was given to the bio-
chemistry and molecular biology of ethylene-related processes. However, the
current knowledge of stress-mediated ethylene sensitivity is fragmentary so
far and suggests that other plant hormones are substantially involved (Fig. 5.2).
Future work is necessary to complete this picture.
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6.1 An Introduction to Legume Nodulation

The plant hormone ethylene plays an important role in plant-bacterium
interactions. During pathogen attack, ethylene mediates defense responses to
reduce or enhance disease symptoms depending on the pathogenic strategy
(Hoffman et al. 1999). Ethylene also has a major function in the beneficial rhi-
zobial and arbuscular mycorrhizal symbioses (Guinel and Geil 2002). The
Rhizobium-legume interaction results in the formation of new organs, the
nodules, on roots of compatible host plants. Inside the central nodule cells,
bacteria are housed as symbiosomes, which are horizontally acquired
organelles that enzymatically reduce atmospheric dinitrogen to provide their
host with ammonia. In agriculture, symbiotic nitrogen fixation can be an
environmentally friendly alternative for nitrate fertilization, which pollutes
ground waters because of excess application. The capacity to establish a
nitrogen-fixing symbiosis with leguminous plants was first thought to be
restricted to α-proteobacteria of the genera Rhizobium, Bradyrhizobium,
Sinorhizobium, Mesorhizobium, Allorhizobium, and Azorhizobium.
However, bacteria from outside the Rhizobiaceae family can also associate
with legumes, such as strains of Methylobacterium, but also members of the
β-proteobacteria, such as some Burkholderia sp. strains and Ralstonia taiwa-
nensis (Moulin et al. 2001; Sy et al. 2001; Chen et al. 2003). Hence, nowadays
the term ‘rhizobia’ is used to designate all soil bacteria capable of establish-
ing a nitrogen-fixing symbiosis with legume roots.

The Rhizobium-legume interaction starts when root exudates, such as
flavonoids, trigger the transcription of nodulation (nod) genes in compati-
ble bacteria, resulting in the production of nodulation factors (NFs), which
act as return signals to initiate nodule development. NFs are lipochito-
oligosaccharides that consist of a backbone of N-acetylglucosamine
residues with an acyl chain at the non-reducing end and strain-specific
modifications, such as methylation, acetylation, carbamoylation, arabi-
nosylation, and fucosylation at both reducing and non-reducing termini
(D’Haeze and Holsters 2002; Geurts and Bisseling 2002). NF perception by
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specific receptors in compatible host plants activates a genetic program for
organ development concomitant with bacterial invasion.

The most common and best-characterized Rhizobium-legume interactions
start via intracellular invasion of root hairs. The root hair curling (RHC)
nodulation mechanism occurs in major crops (e.g., pea, common bean, soy-
bean, vetch, and alfalfa) as well as in the model legumes Medicago truncatula
and Lotus japonicus. Bacteria colonize developing root hairs located above
the root meristem (zone I root hairs) and produce NFs that interfere with the
root hair growth, causing the formation of a three-dimensional curl that
entraps a bacterial microcolony (Kijne 1992). After local cell wall hydrolysis,
the plant plasma membrane is invaginated to form an infection thread (IT)
that guides dividing bacteria to the base of the root hair. Simultaneously, NF
signaling triggers reinitiation of the cell cycle in cortical cells to create a nod-
ule primordium in the inner cortex. In the outer cortex, the cell cycle is initi-
ated but arrested before mitosis, resulting in the formation of cytoplasmic
bridges, also called pre-infection threads (PITs), through which the ITs
progress. Transcellular ITs fuse with the distal cell wall and proceed from cell
to cell in a repetitive process of membrane invagination, tip growth, and cell
wall fusion (Gage and Margolin 2000; Gage 2004). When the inward-growing
IT meets the outward-growing nodule primordium, the bacteria are engulfed
by the plant membrane and internalized in the plant cell to differentiate into
nitrogen-fixing bacteroids. For an extensive description of these processes,
we refer to Brewin (2004).

In an alternative way for nodule initiation that differs from RHC nodula-
tion in the primary invasion stages, infection does not require root hairs but
occurs intercellularly at lateral root bases (LRBs), where a fissure in the epi-
dermis exposes cortex cells to the environment. LRB nodulation by crack-
entry invasion has been best studied in the semi-aquatic tropical legume
Sesbania rostrata. This legume has versatile growth and nodulation features as
an adaptation to temporarily flooded habitats. Upon inoculation of well-
aerated roots with a compatible microsymbiont, such as Azorhizobium caulin-
odans, RHC nodulation occurs in zone I (Goormachtig et al. 2004b). However,
upon flooding and at positions of stem-located adventitious rootlets, nodules
form via crack-entry invasion. Bacteria colonize the fissure that is present at
the base of the lateral roots or the adventitious rootlets. Bacterial NFs trigger
local cell death of a few cortical cells to create intercellular spaces that are col-
onized by the rhizobia to form infection pockets (IPs) (D’Haeze et al. 2003). As
during RHC invasion, a nodule primordium is initiated in the mid-inner cor-
tex. From the IPs, the bacteria migrate via inter- and intracellular ITs toward
the developing primordium, in which they are again internalized to form sym-
biosomes (Ndoye et al. 1994; Goormachtig et al. 1998).

Legume nodules can be of several types (Hirsch 1992). Most legume species,
including M. truncatula, develop indeterminate nodules characterized by an
elongated shape that is caused by the presence of a persistent apical meristem.
In these indeterminate nodules, several zones can be distinguished: the distal
meristem that delivers new cells to the infection zone where bacteria are
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internalized, an interzone with amyloplast accumulation and differentiation
of bacteroids, a fixation zone with plant cells harboring N2-fixing symbio-
somes interspersed with non-infected cells, and a senescent zone (Vasse et al.
1990; Pawlowski and Bisseling 1996; Timmers et al. 1999). In L. japonicus and
in a number of tropical legumes, nodules are of the determinate type with a
typical round shape that results from the cessation of meristem activity after
nodule initiation and growth of the nodule mainly by cell expansion (Sprent
2002). Interestingly, in S. rostrata, both types of nodules can be found depend-
ent on the growth conditions. Round determinate nodules are present on
hydroponic roots while indeterminate cylindrical nodules with a persistent
meristem occur on aerated roots (Fernández-López et al. 1998). The factors
that control the switch will be discussed below.

Many plant hormones are involved in the nodulation process. The balance
between auxin and cytokinin presumably plays a role in setting the landscape
for nodule development (Ferguson and Mathesius 2003). Cytokinins were
detected in Pisum sativum (pea) nodules (Syo-no and Torrey 1976). N-
(1-naphthyl)phthalamic acid (NPA), an inhibitor of auxin transport, induced
pseudonodules on Medicago sativa (alfalfa) roots that contained transcripts
for the early nodulin gene ENOD2 (Hirsch et al. 1989). Likewise, cytokinin
application triggered ENOD2 expression in S. rostrata roots and ENOD40
induction in alfalfa and Trifolium repens (white clover) (Dehio and de Bruijn
1992; Fang and Hirsch 1998; Mathesius et al. 2000). Auxin transport inhibi-
tion preceded nodule formation in roots of white clover and the expression of
an auxin-responsive reporter construct GH3:gusA was rapidly, but tran-
siently, down-regulated after inoculation, followed by an up-regulation at the
site of nodule initiation (Mathesius et al. 1998). Changes in endogenous hor-
mone levels may be the consequence of NF perception in the legume host
(Hirsch and Fang 1994). Recently, also gibberellic acid (GA) has been found
to be involved in nodule initiation and development (Ferguson et al. 2005). In
S. rostrata, an enzyme of the GA biosynthesis pathway, a gibberellin-20-
oxidase, is produced during LRB nodulation, whereas chlormequat chloride,
an inhibitor of gibberellin synthesis, blocks LRB nodulation when applied
prior to infection (Lievens et al. 2005).

In this chapter we will discuss the involvement of ethylene at different
stages of the nodulation process. We will consider both nodulation via RHC in
M. truncatula and other legumes that are sensitive to ethylene, and LRB nodu-
lation with crack-entry invasion in S. rostrata, which depends on ethylene.

6.2 Ethylene-Sensitive RHC Nodulation

6.2.1 Pharmacological Evidence

Plenty of data are available regarding pharmacological experiments that
involve ethylene, ethylene-releasing molecules, and inhibitors of ethylene
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synthesis and perception in different legume species. More than 30 years ago,
Grobbelaar et al. (1971) observed that nodulation of Phaseolus vulgaris (com-
mon bean) was inhibited when ethylene was applied to the roots. Exogenous
ethylene also decreased the number of nodules in pea. Not the number of pri-
mary infections was reduced, but fewer bacteria could enter the outer corti-
cal cells (Lee and LaRue 1992). Moreover, nodulation of the pea mutant E107
(brz) that had a low number of infections of which only a small percentage
passed the epidermis, was partly restored by L-α-(2-aminoethoxyvinyl)
glycine (AVG) or silver ions, inhibitors of ethylene synthesis and perception,
respectively. Instead of increasing the number of initial infections, silver
treatment allowed more ITs to pass the epidermis and proceed toward the
cortex (Guinel and LaRue 1992).

Also in M. sativa, treatment with AVG increased the number of nodules
(Peters and Crist-Estes 1989). Application of 1-aminocyclopropane-1-
carboxylic acid (ACC), the direct precursor of ethylene, to M. truncatula
roots had an inhibitory effect on the nodule number (Penmetsa and Cook
1997). When ACC was added during initiation of infection, i.e., before the
first nodule primordia were evident, nodulation was blocked. After nodule
primordia were visible macroscopically, further nodule development was
not affected by ACC, suggesting that sustained rhizobial infection may have
acquired insensitivity to ethylene (Penmetsa and Cook 1997). Additionally,
Oldroyd et al. (2001) demonstrated that in M. truncatula the infection fre-
quency was influenced by exogenous ACC or AVG. The plants were grown
on plates with increasing levels of ACC or AVG and the number of infection
events were counted, including curled root hairs with a bacterial micro-
colony, in which no ITs were visible. In this experimental set-up, the num-
ber of infection events increased with decreasing levels of ethylene (Oldroyd
et al. 2001).

In L. japonicus as well as in Macroptilium atropurpureum (siratro), two
species that form determinate nodules, ACC reduced the number of nodules
whereas AVG and silver ions enhanced nodulation (Nukui et al. 2000;
Yuhashi et al. 2000). The formation of primordia and nodules was enhanced
only at later stages after application of silver ions, while this increase started
earlier after addition of AVG, suggesting different effects of altered ethylene
synthesis and perception (Nukui et al. 2004).

Vicia sativa subsp. nigra (vetch) developed a thick short root (Tsr) phe-
notype upon growth in the light and subsequent inoculation with its bacter-
ial partner. The roots were twice as thick as normal and had a reduced length
and an increased number of root hairs. Nodulation was delayed and nodules
were formed at sites of lateral root emergence rather than on the main root.
After addition of AVG, the development of the phenotype was suppressed;
the plants nodulated earlier and the nodules were located on the primary root
(Zaat et al. 1989). Later, the Tsr phenotype was characterized by a swelling of
the cortical cells, which corresponded with a reorientation of the microtubules
from a transverse to a longitudinal direction, with cell wall modifications and
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frequent absence of middle lamellae (van Spronsen et al. 1995). Similar
changes could be induced by the ethylene-releasing molecule 2-chloro-
ethylphosphonic acid (ethephon) and were inhibited by AVG. An excess of
ethylene production, triggered by NFs when the roots are exposed to light,
might cause the Tsr phenotype. The ethylene-related changes in the cortex
would inhibit nodulation probably by preventing formation of PITs and by
reducing formation of nodule primordia (van Spronsen et al. 1995).
Consistent with this hypothesis was the observation that after growth in the
light AVG restored the Tsr phenotype of L. japonicus, in which PITs were
found, while it did not restore the delayed nodulation in bean where no cyto-
plasmic bridges are formed (van Spronsen et al. 2001).

Interestingly, not all plant species have features of ethylene-inhibited
nodulation. The best-studied example of non-ethylene-responding legumes
is Glycine max (soybean) in which nodule numbers on ethylene-insensitive
mutants and on plants treated with silver ions were similar to those of wild-
type plants (Schmidt et al. 1999).

6.2.2 Mutant Analysis and Transgenic Approaches in Plants and Bacteria

The involvement of ethylene in RHC nodulation became clearer by analyz-
ing the symbiotic defects of mutant plants and bacteria. M. truncatula
plants homozygous for the recessive sickle allele had pleiotropic pheno-
types, such as delayed petal and leaf senescence and decreased abscission of
seedpods and leaves. Seedlings did not show the triple response upon ACC
or ethylene treatment, suggesting that the plants were defective in percep-
tion of the ethylene signal and that the mutated gene was a component of
the ethylene signal transduction pathway. Recently, this gene has been
identified as an ortholog of the Arabidopsis thaliana EIN2 gene (Chan et al.
2005) that encodes a transmembrane protein with an N-terminal domain
that shows similarity to the N-ramp family of metal ion transporters
(Alonso et al. 1999). Loss-of-function mutations cause complete ethylene
insensitivity, showing that EIN2 is a positive regulator in the ethylene sig-
nal transduction pathway. In the sickle mutant, the number of persistent
infections increases considerably in the nodulation zone of the root.
Because of a very high number of nodule primordia, this zone becomes
swollen and sickle-shaped (Penmetsa and Cook 1997). These observations
support the conclusion that ethylene is implicated in arrest of rhizobial
infection at the epidermis/cortex interface to control the number of infec-
tion events: possibly, a local production of ethylene impedes penetration of
ITs into the cortex cells. Abortion of ITs at the epidermis/cortex interface
has also been observed in the S. meliloti-alfalfa symbiosis (Vasse et al.
1993).

Introduction of a mutated ethylene receptor gene of Cucumis melo
(melon), Cm-ERS1/H70A, into L. japonicus conferred reduced ethylene
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sensitivity, as observed by monitoring root morphology, senescence, and
abscission of flowers upon ACC treatment. Control roots were short, thick,
and brown, while transgenic roots were white and long. Moreover, petal
senescence and detachment were delayed in the transgenic plants when com-
pared to wild-type plants (Nukui et al. 2004). These features probably
resulted from a dominant negative mutation that caused deficient ethylene
signal transduction (Rodríguez et al. 1999). The phenotype of the transgenic
lines was not identical to that of sickle, because final nodule number and spa-
tial distribution of the nodules were unaltered. However, both a higher num-
ber of ITs and nodule primordia were obtained after bacterial inoculation of
transgenic plants. This number of primordia was similar to that of wild-type
plants treated with ethylene inhibitors, indicating that the observations are
related to the reduced ethylene sensitivity. Independently from the previous
work, the A. thaliana etr1-1 dominant negative ethylene receptor was intro-
duced into L. japonicus. Here, the number of nodules increased proportion-
ally to the varying levels of ethylene insensitivity in independent transgenic
lines. In lines with higher insensitivity, the increase in nodule number was
highest (Guinel and Geil 2002).

Also symbiotic bacteria have been found to modify plant ethylene levels in
order to facilitate infection. For instance, Bradyrhizobium elkanii produces
the phytotoxin rhizobitoxine, an inhibitor of ACC synthase, the enzyme that
catalyzes the rate-limiting step of ethylene synthesis. The rate of ethylene
synthesis was reduced in siratro plants inoculated with a wild-type, rhizo-
bitoxine-producing strain compared to uninoculated plants, whereas it was
equivalent to that of uninoculated plants upon inoculation with a mutant
deficient in rhizobitoxine production (Yuhashi et al. 2000). Furthermore,
inoculation with the mutant bacteria resulted in a reduced number of nodules
compared to that of the wild-type, and the wild-type strain was more com-
petitive for nodulation than the mutant (Yuhashi et al. 2000). Rhizobitoxine-
deficient B. elkanii strains also formed significantly fewer mature nodules in
Vigna radiata (mungbean), and ethylene inhibitors partially restored normal
nodulation patterns (Duodu et al. 1999).

A different way to interact with ethylene synthesis is the degradation of its
direct precursor. For example, certain Rhizobium leguminosarum bv. viciae
strains carry an ACC deaminase gene, the product of which degrades ACC to
ammonia and α-ketobutyrate (Ma et al. 2003). These strains are supposed to
reduce ethylene biosynthesis in plants by attachment to the root surface and
uptake of some of the ACC exuded from the roots. Mutations in the ACC
deaminase gene (acdS) or the regulatory lrpL gene decreased nodulation effi-
ciency of the legume host pea. Moreover, introduction of acdS and lrpL into
S. meliloti enhanced nodulation efficiency on alfalfa. These ACC deaminase-
producing bacteria were also more competitive than wild-type bacteria
because most nodules contained the transgenic bacteria upon co-inoculation
with the wild-type strain (Ma et al. 2004).
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6.2.3 Ethylene Interferes with NF Signaling Within the Root Hairs

Because ethylene plays a role at the onset of the infection process, its inter-
ference with the NF signaling pathway was investigated. Bacteria colonize
only developing root hairs in zone I that undergo tip growth and are charac-
terized by a cleared zone in the cytoplasm at the tip. Root hair formation is
promoted by ethylene in A. thaliana (Tanimoto et al. 1995). Also in vetch, the
hormone seems to be a positive regulator of root hair formation, because Ag+

or AVG completely block root hair growth (Heidstra et al. 1997). On the other
hand, root hair deformation, which is induced by bacterial NFs and also
involves root hair growth for reinitiation of tip growth, is independent of eth-
ylene in vetch. Treatment with ACC alone failed to induce deformations,
whereas addition of AVG or Ag+ prior to NF application could not inhibit the
process. Furthermore, silver treatment of zone I root hairs that normally do not
deform, renders them susceptible to NF signaling because the clear zone of the
root hair disappeared and their growth was stopped (Heidstra et al. 1997).

NF-induced epidermal responses were further investigated for ethylene
interference, such as induction of gene expression and calcium spiking within
the root hair, which is characterized by repetitive oscillations in cytosolic cal-
cium (Ehrhardt et al. 1996). Ethylene inhibited NF-dependent rip1 and
ENOD11 gene expression and interfered with Ca++-spiking (Oldroyd et al.
2001). The percentage of root hair cells that spiked in response to NFs was
significantly lower for plants grown on ACC than for those on AVG or sickle
plants. However, this block of calcium spiking by ACC in wild-type plants
was incomplete and could be overcome with a higher concentration of NF.
Ethylene application could also block maintenance of the process in wild-
type but not in sickle plants. Additionally, the frequency of the spikes
decreased in the sickle mutant when compared to the wild-type situation
(Oldroyd et al. 2001). Together these data demonstrate that ethylene regu-
lates a component of the NF signal transduction pathway at or upstream of
calcium spiking and defines the sensitivity of the plant to NFs. Clearly, the
mechanism involves communication between components of the ethylene-
signaling pathway and the NF perception pathway.

6.3 Ethylene is Indispensable for LRB Nodulation

Whereas ethylene plays a negative role in many RHC interactions, it is indis-
pensable for LRB nodulation via crack-entry. This crack-entry invasion,
which is an intercellular infection mechanism, has been mainly investigated
in the semi-aquatic tropical legume S. rostrata. In addition, it has been
described during nodulation of Stylosanthes sp., Neptunia sp., Mimosa
scabrella, Aeschynomene afraspera, and Chamaecytisus proliferus (Chandler
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et al. 1982; de Faria et al. 1988; Alazard and Duhoux 1990; James et al. 1992a,
1992b; Subba-Rao et al. 1995; Vega-Hernández et al. 2001).

6.3.1 Pharmacological Data Show that Ethylene is Needed for 
Crack-Entry Invasion

When S. rostrata roots are grown under hydroponic conditions, i.e., in tubes
filled with medium, few root hairs are observed and bulge-like structures
occur at the base of lateral roots. Upon addition of purified A. caulinodans
NFs, the bulges grow out and bushes of distorted axillary root hairs are
formed (D’Haeze et al. 2003). Exogenous ethylene, ACC, and ethephon could
partially mimic this response and trigger outgrowth of bushes of axillary root
hairs that were straight, in contrast to the distorted ones provoked by NFs.
On the other hand, AVG or Ag+ addition prior to NFs blocked the root hair
response, indicating that ethylene mediates the axillary root hair outgrowth
and might be a NF downstream signal in S. rostrata (D’Haeze et al. 2003).

Additionally, ethylene antagonists completely blocked nodulation of
hydroponic roots when applied prior to bacterial inoculation. In 50–60% of
the roots, LRBs appeared similar to uninoculated roots with neither IP for-
mation nor cell divisions, whereas 40–50% of the LRBs were slightly swollen,
probably caused by leaky inhibition. However, IPs could not be observed in
these structures. Addition of Ag+ at different time points before, simulta-
neously with, or after inoculation, revealed that the inhibitor presumably
blocked initiation of nodulation, because addition from day 1 after inocula-
tion already formed a small number of nodules. This number did not increase
with time as in control experiments because further initiations were stopped
(D’Haeze et al. 2003). On the other hand, although ethylene had no effect on
nodulation of hydroponic roots, it induced the formation of lesions and cell
death. Based on these observations, which are reminiscent to aerenchyma
formation, NF-induced ethylene production might be involved in IP forma-
tion, a process that is the primary step for intercellular invasion and depends
on NFs (D’Haeze et al. 1998, 2003). Because no nodule primordia could be
observed after addition of ethylene antagonists, infection could not be
uncoupled from induction of cell division.

6.3.2 Ethylene Mediates the Phenotypic Plasticity in Root Nodule
Development

Ethylene requirement in LRB nodulation of S. rostrata can be attributed to
the plant’s adaptation to waterlogging conditions (Goormachtig et al. 2004b).
S. rostrata requires versatile growth and nodulation capacities to survive and
to nodulate in a desert habitat during the rain season. Most species of the
genus Sesbania develop indeterminate nodules, so does S. rostrata on well-
aerated roots that are aeroponically grown. Inoculation of roots growing in
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vermiculite resulted in mature nodules of the indeterminate type with a zona-
tion pattern typical of indeterminate nodules including the persistent apical
meristem. Transcripts corresponding to molecular markers for cell division
(Sesro;CycB1;1 and H4–1Sr) were visualized in 30-day-old elongated root
nodules in the narrow apical zone of small meristematic cells, clearly proving
that the nodules formed under these conditions are of the indeterminate type
(Fernández-López et al. 1998). In contrast, hydroponically grown roots carry
determinate nodules. The development of these nodules is of a hybrid nature
because at the onset of nodule formation different developmental zones are
transiently observed, like in indeterminate nodules (Tsien et al. 1983; Duhoux
1984; Ndoye et al. 1994; Goormachtig et al. 1997). However, the meristematic
activity is arrested at an early developmental stage (Fernández-López et al.
1998). Ethylene was shown to be a main player in this nodule plasticity. By
addition of Ag+ 5 days after inoculation of hydroponically grown roots, inde-
terminate nodules were formed, whereas after addition of ACC or ethephon
to aerated roots in vermiculite, determinate instead of indeterminate nodules
were obtained. These data together provided evidence that the switch in nod-
ule type in S. rostrata is mediated by the plant hormone ethylene (Fernández-
López et al. 1998). This switch might be due to a negative effect of ethylene on
the nodule meristem. Ethylene diffuses a thousand times less well in water
than in air and accumulating ethylene might arrest meristematic activity.
Under aerated conditions, ethylene might escape more easily, resulting in
prolongation of meristematic activity and indeterminate growth. Stem nod-
ules, which develop in the air, have only nodules of the determinate type. The
presence of an enhanced gaseous diffusion barrier (James et al. 1998) might
lead to an ethylene concentration high enough to block meristem activity.

6.3.3 Ethylene Mediates the Switch from Intercellular to
Intracellular Invasion

In addition to the phenotypic plasticity in nodule type, ethylene is involved in
determining the infection mechanism in S. rostrata (Goormachtig et al.
2004b). In contrast to hydroponic growth during which crack-entry invasion
is used, bacteria enter via the RHC process under aeroponic conditions and
the corresponding nodules are designated zone I nodules. When AVG or Ag+

was added to the vermiculite-grown roots 2 days before inoculation, the
number of zone I nodules increased, in contrast to a decrease upon ACC
addition. Moreover, when vermiculite-grown roots were submerged 24 h or
1 h before inoculation, RHC invasion was completely blocked and no zone I
nodules were detected. On the other hand, roots grown hydroponically in the
presence of AVG partially had root hairs that could curl and be infected
to form zone I nodules (Goormachtig et al. 2004b). Thus, RHC invasion in
S. rostrata is sensitive to ethylene, and submergence inhibits the invasion of
accessible root hairs. Similar findings were made for another water-adapted
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legume, Neptunia plena (Goormachtig et al. 2004b). Plants that are adapted
to live under aquatic conditions have developed a mechanism to circumvent
ethylene-sensitive RHC nodulation (Goormachtig et al. 2004a).

6.4 Ethylene Determines Nodule Primordium Positioning

Ethylene does not only play a role at the level of infection, the hormone is also
implicated in nodule primordium formation and positioning. Analysis of pea
mutants confirmed the involvement of ethylene in primordium formation
besides its negative role at the epidermis/cortex transition. The phenotype of the
pea mutant E2 (sym5), which had lost the ability to make nodule primordia but
had a normal number of ITs, could be partially rescued by application of silver
ions (Fearn and LaRue 1991; Guinel and LaRue 1991). Furthermore, ethylene
antagonists restored nodulation in the pea mutant R50 (sym16), in which most
of the ITs had lost directional growth toward the stele and were arrested in the
inner cortex, while nodule primordia were aborted (Guinel and Sloetjes 2000).

Nodule primordia predominantly develop in the root cortex opposite pro-
toxylem poles. This observation led Libbenga et al. (1973) to postulate the pres-
ence of transverse gradients of endogenous factors that control induction of
cell division in the root, one of which would be ethylene. This hypothesis was
supported by experimental data that demonstrated that pea roots grown in the
presence of Ag+ or AVG, had an increased number of primordia developing
opposite to protophloem poles, from less than 1% in the non-treated roots
up to approximately 10% when the inhibitors were added. Moreover, ACC
oxidase transcripts were localized via in situ hybridization in the cell layers
opposite protophloem poles (Heidstra et al. 1997). Because the corresponding
enzyme converts ACC into ethylene, its location most probably coincides with
the actual site of ethylene production. Ethylene produced in the cells opposite
phloem poles was proposed to create a gradient that negatively influences pri-
mordium formation (Heidstra et al. 1997). Also in the sickle mutant of M. trun-
catula, nodule foci surrounded the vascular tissue at all sites. Transverse
sections in the nodulation zone showed that nodules were formed at approxi-
mately equal frequencies throughout all portions of the root and not only to the
protoxylem poles (Penmetsa et al. 2003). Similarly, the number of primordia
initiated in-between protoxylem poles increased in transgenic L. japonicus
containing the etr1–1 mutant ethylene receptor (Guinel and Geil 2002).

The negative effect on primordium formation might originate from a neg-
ative effect on cell division. In P. sativum, ethylene has been shown to inhibit
cell divisions necessary for growth of the apical hook of etiolated seedlings.
Moreover, ethylene retarded cell division in intact root seedlings and pre-
vented lateral bud outgrowth, possibly because of a lack of DNA synthesis
(Apelbaum and Burg 1972). Furthermore, when pea plants were treated with
exogenous ethylene, not only rhizobial infection was blocked in the outer
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cortex but also formation of nodule primordia was prevented (Lee and LaRue
1992). Finally, the lack of nodules on thick short roots of V. sativa subsp.
nigra was partially due to decreased nodule primordium formation.
Application of the inhibitor AVG restored normal nodulation (Zaat et al.
1989; van Spronsen et al. 1995). These data indicate that, at least in pea, the
onset of cell division can be a target for inhibition by ethylene, and that eth-
ylene, produced in the pericycle, plays a role in the spatial control of nodule
development by a mechanism that is common to pea, Medicago, and Lotus.

6.5 Long-Distance Regulation Does Not Involve Ethylene

Nodulation can be controlled locally and ethylene might play a role in this
process by restricting nodule primordia and bacterial invasion. The plant
also provides a systemic control of nodule numbers via an autoregulatory sig-
nal from the shoot that blocks the initiation of new nodule primordia.
Because of the link between ethylene, NF signal transduction and nodulation,
the hypothesis has been put forward that ethylene would be part of this auto-
regulatory feedback mechanism (Wood 2001).

The systemic mechanism has been nicely demonstrated by the mutants
har1 in L. japonicus, sym29 in pea, GmNARK in soybean, and sunn in M. trun-
catula, which are deficient in autoregulation and nodulate all over the root
(Krusell et al. 2002; Nishimura et al. 2002; Penmetsa et al. 2003; Searle et al.
2003; Schnabel et al. 2005). Grafting experiments have shown that the plants
were mutated in a gene that controlled nodule number from the shoot. This
gene codes for a receptor-like kinase with leucine-rich repeats in the extracel-
lular domain (LRR-RLKs) and has a high level of similarity with CLAVATA1 of
A. thaliana that negatively regulates formation of shoot and floral meristems
by short-distance signaling. In legume nodulation, the gene product is involved
in long-distance communication with nodule and lateral root primordia to
control the symbiosis (Downie and Parniske 2002). The available literature
strongly indicates that ethylene is not involved in the long-distance autoregu-
latory system. For instance, the sunn mutant of M. truncatula is normally
sensitive to ethylene in comparison to the sickle mutant in which ethylene
insensitivity is causal to a zone I restricted hyper-nodulation phenotype.
Furthermore, both mutated genes have been shown to act in distinct genetic
pathways that control nodule number (Penmetsa et al. 2003).

6.6 Conclusions

In many legumes, ethylene has an inhibitory effect on nodulation: nodule
numbers decrease by application of exogenous ethylene and increase in the
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presence of inhibitors of ethylene synthesis or perception. However, the
mechanism of ethylene interference with nodulation or the stage at which this
occurs may be somewhat different in various plants. Obviously, this variance
can correspond to real differences because of specific properties of legumes
or their interacting partners, or it can be caused by discrepancies in experi-
mental approaches, such as alternative plant growth conditions, inoculation
methods, and pharmacological treatments. An extensive amount of data con-
cerning the location of ethylene action during RHC nodulation has become
available. Therefore, several important conclusions can be drawn. Clearly,
ethylene acts at the level of bacterial infection; in particular, the
epidermis/cortex interface has been described as a target for restriction of
bacterial entry, both in M. truncatula and pea. Otherwise, it was elegantly
reported that epidermal infection of the root hairs is affected by ethylene in
M. truncatula. The hormone interferes in the NF signal transduction pathway
at the level of calcium spiking, one of the earliest responses in the Rhizobium-
legume symbiosis. Other reports suggest the formation of cytoplasmic
bridges in the outer cortex as a possible target for ethylene action, for
instance in V. sativa and L. japonicus. In these species, as well as in pea,
ethylene also controls the formation of nodule primordia, which might be
due to the general inhibitory effect of ethylene on cell division. This latter fea-
ture has also been proposed as the main cause of nodule primordium posi-
tioning, which usually takes place opposite protoxylem poles in-between
local sites of ethylene production.

Interestingly, when bacteria invade the plant via LRB invasion, ethylene is
not inhibitory but absolutely required for nodule initiation. LRB infection
has developed as an adaptation to waterlogging and does not involve epider-
mal responses. Bacteria immediately enter cortical tissue and make IPs by
local cell death. Inhibitor studies indicate that the formation of these struc-
tures requires the hormone ethylene as a NF downstream signal. Ethylene
also determines the switch from RHC to LRB nodulation, and it mediates the
phenotypic plasticity in root nodule development in S. rostrata. Hence,
ethylene is essential for water-tolerant growth and nodulation and it plays a
controlling role in nodule positioning and in monitoring bacterial invasion.
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7.1 The Modulating Role of Ethylene on Stem Gravitropic
Curvature

Ethylene’s involvement in a plant’s ability to orient itself to a gravitational
field has been recognized for almost a century. In 1910, Neljubov identified
ethylene as the active component of illuminating gas (used to heat green-
houses) that affected plant growth and caused senescence. He noted that pea
epicotyls exposed to high levels of ethylene (1) became oriented horizontally,
(2) showed reduced length and (3) increased in diameter. Hence, ethylene’s
effect on the plants’ physiology became known as the “triple response”, which
has become extensively used as an ethylene bioassay as well as a diagnostic
phenotype for screening ethylene overproducing or insensitive mutants.
Other early investigations indirectly demonstrated ethylene’s involvement in
plant responses to gravity (reviewed by Abeles 1973). For example, horizon-
tally placed pineapple plants flower earlier than upright plants. Since ethyl-
ene induces flowering in bromeliads, early flowering was attributed to being
a side effect of the increase in ethylene production caused by horizontal reori-
entation of the plants. In another experiment, horizontally oriented plants
that were continually rotated on a clinostat exhibited physiological responses
such as downward leaf bending and growth inhibition, reactions known to be
caused by increased ethylene production.

Decades of research on ethylene’s involvement in the gravitropic response
of plant stems have produced contradictory data concerning its effect on cur-
vature. Plant tissues displaying different sensitivity to ethylene, and growth
conditions that are likely to alter ethylene production often confound mean-
ingful data comparison. The characterization of ethylene mutants along with
genetic and molecular approaches using Arabidopsis allows for new insights
into the role of ethylene in gravitropism. This chapter will present studies
that characterize the regulatory role of ethylene during gravitropic curvature
in different types of plant stems and inflorescence stalks, and will also discuss
the current understanding of ethylene cross-talk with auxin relative to the
regulation of stem gravitropism.
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7.2 Overview of Curvature Kinetics for Light-Grown
Compared to Dark-Grown Tissues

Studies of gravitropic curvature reveal different kinetics for the response of
light-grown stem tissues than etiolated tissues. For example, in light-grown
tomato plants, stems exhibit strong upward curvature 30 min after horizon-
tal reorientation that continues until an angle of greater than 90 ° (an over-
shoot) is reached. At this point, the stems are once again stimulated by
gravity, and the overshoot is corrected (Fig. 7.1) (Harrison and Pickard 1986).
Kinetic studies of gravitropic curvature in tomato hypocotyls demonstrate
the variability of the response, where individual hypocotyls differ in the
degree of overshoot (Fig. 7.1A). When the curvature measurements are aver-
aged, upward curvature appears to proceed in a constant linear fashion past
90 °, reaching an overshoot by 3 h stimulation (Fig. 7.1B). This type of
response has also been reported for cocklebur stems (Wheeler et al. 1986),
sunflower hypocotyls and etiolated maize coleoptiles (Firn and Digby 1979),
and inflorescence stalks of Arabidopsis (Fukaki et al. 1996; Masson et al. 2002)
(Fig. 7.2). In Arabidopsis inflorescence stalks, curvature begins in the sub-
apical region, where the highest elongation rate occurs (Fukaki et al. 1996).
Curvature continues until the tip overshoots to as much as 150 °, then
reverses, causing the initial curving zone to straighten, while curvature con-
tinues in a more basal stem section. This straightening of curved tissue and
a shift in the locus of curvature is termed counter-reaction or autotropic
straightening (Firn and Digby 1979; Pickard 1985; Stankovic et al. 1998). By
24 h of stimulation, the locus of curvature is closer to the base of the stalk
than to its apex which is fully upright (Fukaki et al. 1996). These results indi-
cate that the entire elongation zone (the distal 4 cm) of the Arabidopsis inflo-
rescence stalk is involved in the response, rather than only a distinct motor
region (such as the distal elongation zone described for roots).

In most etiolated stems, linear upward curvature begins in the sub-apical
region, but slows prior to attaining vertical orientation. As this slowing
occurs, the locus of curvature shifts toward the base of the stem while the tip
simultaneously straightens, displaying early onset of the counter-reaction. In
gravitropic curvature of etiolated pea epicotyls there is little upward curva-
ture until 15 min after horizontal reorientation, after which upward curvature
proceeds at a rate of 0.55 ° per min (Fig. 7.3). After 2 h of stimulation, curva-
ture slows to a rate of 0.06 ° per minute, and the plants do not reach fully
upright orientation even after 7 h. The extent of counter-reaction varies from
species to species, but a net slowing of the rate of curvature prior to 90 ° ori-
entation is observed in many other etiolated stems, including oat coleoptiles
(Pickard 1973), maize coleoptiles (Bandurski et al. 1984), cucumber
hypocotyls (MacDonald et al. 1983; Cosgrove 1990), tomato hypocotyls
(Madlung et al. 1999), cress hypocotyls (Hart and MacDonald 1981;
MacDonald et al. 1983), and Arabidopsis hypocotyls (Kiss et al. 1999).
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Fig. 7.1. Representative individual time courses of gravitropism a and the average time course
for 70 hypocotyls b of 7-day-old light-grown tomato seedlings (from Harrison and Pickard 1986;
copyrighted by the American Society of Plant Biologists and is reprinted with permission)
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Therefore, differences in the kinetics of autotropic straightening may be
dependent upon the plant’s lighting regime.

7.3 Ethylene Production Increases after Horizontal
Reorientation and during Curvature

The differential growth that causes the upward curvature of stems in response
to gravity is regulated by an auxin gradient in the stem (Masson et al. 2002).
However, there is substantial evidence of increased ethylene production dur-
ing gravitropic curvature (Wright et al. 1978; Clifford et al. 1983; Wheeler et al.
1986; Philosoph-Hadas et al. 1996; Friedman et al. 1998; Madlung et al. 1999;
Steed et al. 2004). In dark-grown pea seedlings, ethylene production increases
during gravitropic curvature by 65 min after horizontal placement, and
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remains higher than the zero time point at the 120-min time point (Fig. 7.4).
Thus, the increase in ethylene production occurs after the onset of upward
curvature. Ethylene production is still greater than the zero time point at the
beginning of the counter-reactive phase, which begins by 2 h after horizontal
reorientation (see Fig. 7.3). Ethylene production is often reported to be greater

Fig. 7.3. Time course of gravitropic curvature in 5-day-old etiolated pea epicotyls. Means ± SE.
n=16 plants (B. Pickard and M. Harrison, unpublished)

Fig. 7.4. Ethylene production and gravitropic curvature rates in etiolated pea epicotyls after
horizontal reorientation. In vivo ethylene measurements from subapical epicotyl sections
enclosed in vials were determined by gas chromatography. Means ± SE. n = 8 vials for ethylene
measurements, and eight sets of 20 plants for curvature analysis (adapted from Figure 1 in Steed
et al. 2004 with kind permission of Springer Science and Business Media)
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in the lower flank of horizontally placed tissue compared to the upper flank
(Abeles and Rubinstein 1964; Wright et al. 1978; Clifford et al. 1983; Wheeler
et al. 1986; Philosoph-Hadas et al. 1996). Using dandelion peduncle, Clifford
et al. (1983) found a threefold increase in ethylene after horizontal orientation,
accompanied by a significant increase in ethylene in the lower flanks during
the 4–6 h interval where a curvature of 42.7 ° is obtained. Four hours after hor-
izontal reorientation, the lower halves of snapdragon floral spikes produce
over three times more ethylene than the upper halves throughout the length of
the spike (Philosoph-Hadas et al. 1996). The greatest ethylene production is
found in the region 5–10 cm below the apex, coinciding with the location of
the bending zone. The level of the ethylene precursor 1-aminocyclopropane-
1-carboxylic acid (ACC) also significantly increases in the lower flanks; sup-
porting the conclusion that ethylene biosynthesis is stimulated in the lower
flank of these stalks during curvature.

7.4 Differing Sensitivities to Exogenous Ethylene May Alter
the Gravitropic Response

When the effect of exogenous ethylene application is evaluated for different
tissues, a wide variation in the sensitivity to ethylene is observed. Etiolated
stems such as pea epicotyls are very sensitive to low ethylene levels (20–100
nL L−1). In these tissues, low exogenous levels appreciably inhibit curvature.
In etiolated Arabidopsis hypocotyls, as little as 0.2 nL L−1 exogenous ethylene
can cause rapid transient growth inhibition (Binder et al. 2004). In contrast,
light-grown tissues exhibit greatly reduced sensitivity to ethylene levels. In
light-grown tomato hypocotyls, only high exogenous ethylene levels of 50 and
100 µL L−1 inhibit curvature (27% inhibition) (Harrison and Pickard 1986).
Wheeler et al. (1986) also observed inhibition of curvature at high ethylene
levels of 10 and 100 µL L−1 for cocklebur vegetative stems. A more recent
study shows stimulation of curvature by application of exogenous ethylene
when Arabidopsis inflorescence stalks or hypocotyls are pre-exposed to eth-
ylene prior to horizontal placement (Lu et al. 2002). Therefore, differences in
the reported effects of ethylene on stem gravitropism vary depending on the
relative sensitivity of the tissue and the exposure method.

7.4.1 Evidence of a Stimulatory Role for Ethylene in Stem Gravitropism

In light-grown tissue, a positive regulatory role for ethylene in stem gravitro-
pism has been documented by several studies (Wheeler et al. 1986; Golan
et al. 1996; Philosoph-Hadas et al. 1996; Lu et al. 2002). While ethylene acts as
an inhibitor of cellular growth in many tissues, ethylene is also known to
stimulate growth in specific tissues such as aquatic stems and grass tiller
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internodes (Abeles et al. 1992), and under certain growth conditions as
demonstrated for Arabidopsis seedlings (Smalle et al. 1997). The application
of 10 µL L−1 ethylene to light-grown Arabidopsis seedlings induces hypocotyl
elongation, especially when the seedlings are grown in a nutrient-poor,
sucrose-free medium (Smalle et al. 1997). Thus, depending upon the tissue
type and the experimental conditions, the increase in ethylene production
that occurs after the horizontal reorientation of stems might contribute to
cellular elongation, and not necessarily act as an inhibitor.

Much of the early evidence used to support a positive role for ethylene in
gravitropism comes from studies employing exogenous applications of sub-
stances that inhibit either ethylene biosynthesis or a plant’s response to eth-
ylene. In etiolated tomato hypocotyls, application of the competitive ethylene
antagonist 2,5-norbornadiene (NBD) to wild-type plants interferes with the
tissue’s response to gravity, inhibiting curvature (by 53%) but not elongation
at 20 h after gravistimulation (Madlung et al. 1999). Other studies report that
ethylene inhibitors reduced curvature in dandelion peduncles (Clifford et al.
1983), vegetative stems of 30 to 40-day-old cocklebur and tomato plants
(Wheeler et al. 1986), and snapdragon floral spikes (Philosoph-Hadas et al.
1996). Agents that disrupt the formation of the ethylene gradient across snap-
dragon floral spikes also greatly reduce curvature in this tissue (Philosoph-
Hadas et al. 1996). Thus, for snapdragon spikes, the ethylene gradient is
required to produce the differential growth that causes upward curvature.
However, inhibitor studies are problematic and inconsistent since these
chemicals may cause non-specific effects, especially when used at higher con-
centrations (e.g., AVG inhibits protein synthesis at levels of 1 mM or higher,
Mattoo et al. 1979).

Indirect evidence of ethylene enhancement of the gravitropic response is
also observed in Arabidopsis, where cytokinin-induced ethylene production
restores a normal gravitropic response in red light-grown seedlings that other-
wise display random orientation relative to gravity (Golan et al. 1996).
Curvature in light-grown hypocotyls and inflorescence stalks is significantly
enhanced when the tissue is given both long-term pre-exposure to ethylene and
continuous exposure during curvature (Lu et al. 2002). In these experiments,
differing ethylene exposure times mimic stress conditions that induce transient
ethylene production. In intact inflorescence stalks, a 12-h pretreatment and
continued exposure to 0.1–10 µL L−1 ethylene stimulates curvature to 120 ° by
2 h, compared to 60 ° in air controls. Interestingly, this ethylene response is
similar in pattern to that noted by Fukaki et al. (1996) where decapitated, leaf-
less Arabidopsis inflorescence stalks show increased curvature and greater tip
overshoot compared to intact controls. It is likely that the process of decapita-
tion and leaf excision stimulates wound ethylene production, thus altering cur-
vature kinetics. In light-grown hypocotyls, only long-term pretreatment (48 h
with 5 µL L−1) and continuous ethylene exposure stimulate curvature to 50 ° by
5 h, whereas little curvature response is observed in air controls or with a short-
term pre-exposure.
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Mutations that cause an in vivo increase in ethylene production support
results obtained using exogenous ethylene application. Inflorescence stalks of
the Arabidopsis eto1–1 (ethylene overproducer) mutant exhibit increased
curvature similar to that obtained by ethylene pretreatment (Lu et al. 2002).
Development of T-DNA insertion mutants of Arabidopsis has made it possi-
ble to investigate the role of individual ACC synthase (ACS) isoforms
(responsible for ACC production) in regulating the gravitropic response.
Seedlings with a T-DNA insertion into the ACS4 gene or with the eto2 muta-
tion (on ACS5) exhibit a higher degree of curvature than wild-type plants by
7 h horizontal placement (Fig. 7.5A). Both the acs4 and eto2 mutants also
exhibit an increase in ethylene production relative to wild-type plants
(Fig. 7.5B). The dominant mutation that results in eto2 causes a truncated
C-terminal domain in ACS5. It is proposed that the C-terminal domain has a
site targeted for proteolytic activity that is absent in eto2. This would result in
the increased stability of the enzyme by reducing its degradation, thus
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Fig. 7.5. Gravitropic curvature and ethylene production in etiolated hypocotyls of 3-day-old
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Analysis Laboratory) were obtained from the Arabidopsis Biological Resource Center, The Ohio
State University. Means ± SE. n=4 vials for ethylene measurements, and n= 35–70 plants for
curvature analysis (M. Harrison, unpublished)



leading to ongoing synthesis of ACC (Chae et al. 2003). The T-DNA insertion
that results in the asc4 mutant is also located in the C-terminal exon and may
produce a truncated enzyme with increased stability. T-DNA insertion
mutants acs2 and acs6 did not exhibit a change in curvature, and ethylene
production was reduced in the acs6 mutant compared to wild-type plants.
The insertions that create these mutants occur within their first exons poten-
tially preventing expression of the enzyme. Although these studies used etio-
lated hypocotyls that are reported to be very sensitive to low levels of ethylene
(Binder et al. 2004), the results indicate a stimulatory role for ethylene in
hypocotyl gravitropic response. It is suggested that both the dim green light
used for image capture and the nutrient conditions may be the cause of the
stimulatory results. This is supported by studies showing that short-term
exposure to green light stimulates hypocotyl elongation (Folta 2004), and that
seedlings grown under low nutrient conditions are stimulated by exogenous
ethylene (Smalle et al. 1997). Thus, this set of experimental variables may
produce a growth condition in which ethylene stimulates growth in
hypocotyls and promotes upward curvature.

Mutants insensitive to ethylene often exhibit slow curvature kinetics, sup-
porting a stimulatory role for ethylene in the response. For example, the
Arabidopsis ethylene insensitive mutant etr1 (ethylene response) exhibits lit-
tle ethylene-induced hypocotyl curvature and shows delayed curvature in
inflorescence stalks (Lu et al. 2002). The tomato nr (never ripe) ethylene
insensitive mutant exhibits an increased lag time of 45 min prior to upward
curvature, after which the curvature reaches wild type response. These results
indicate that tissue sensitivity to ethylene may alter the timing of upward
curvature.

7.4.2 Ethylene’s Role in Slowing Gravitropic Curvature

Although there is increasing evidence of a stimulatory role for ethylene in
regulating gravitropism, there is also strong evidence of ethylene inhibition
of the response. In light grown plants, higher levels of ethylene are required
to slow gravitropic curvature. However, in etiolated stems, which are espe-
cially sensitive to exogenous ethylene, low concentrations are sufficient to
reduce curvature. For example, in etiolated pea epicotyls, low exogenous
ethylene levels (20 and 50 nL L−1) cause a 50% decrease in curvature at 7 h
post-stimulation, while 100 nL L−1 exogenous ethylene resulted in a lack of
upward curvature, causing the stems to be essentially horizontal (Fig. 7.6).
Exogenous application of the competitive ethylene inhibitor NBD causes an
increase in net curvature and prevents the severe curvature inhibition oth-
erwise caused by treatment with 100 nL L−1 ethylene (Fig. 7.6). Madlung et al.
(1999) noted inhibition of curvature in etiolated tomato hypocotyls in the
presence of 0.01–1.0 µL L−1 ethylene, which represents levels that do not
inhibit stem elongation. The tomato ethylene mutant epi (epinastic, ethylene
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overproducing) exhibits altered gravitropic response kinetics compared to
wild-type hypocotyls. While wild-type hypocotyls reach 50 ° curvature by 60
min, then slow with a fairly strong counter-reaction, epi hypocotyls curve
slowly for the first 12 h of stimulation, but reaches wild-type curvature by
24 h (Madlung et al. 1999). Thus, in etiolated stems, conditions or mutations
that result in increased ethylene production may act to slow or prevent
upward curvature.

7.5 Ethylene and Auxin Cross-Talk in the Regulation of
Gravitropic Curvature

Straightening of the subapical portion of the stem is a normal occurrence
during gravitropism and requires coordinated changes in cellular growth.
Firn and Digby (1979) note that the timing of autotropic straightening con-
tributes to the slowing of curvature prior to reaching 90 °, and to the correc-
tion of overshoot. These changes may be caused by differential levels of, or
sensitivity to, auxin and ethylene along the stem during curvature. Pickard
(1985) proposed that ethylene and auxin “work as balancing members of a
feedback system in which IAA (indole-3-acetic acid, an auxin) stimulates the
synthesis of ethylene, and ethylene inhibits the synthesis and often the
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transport of IAA”. The cross-talk between the two hormones is likely to be a
key regulator of both gravitropic response kinetics and the counter-reaction.

In vertical stems, auxin transport is basipetal. Upon horizontal reorienta-
tion of plants, transport shifts laterally, resulting in auxin accumulation in
the lower side of the stem. Experiments that track the movement of radiola-
beled IAA show that it migrates into the lower flanks of horizontally placed
stems minutes after horizontal reorientation (Bandurski et al. 1984; Harrison
and Pickard 1989). In tomato hypocotyls, an asymmetric IAA accumulation
is measured within 10 min of reorientation (Harrison and Pickard 1989). By
25 min after reorientation, during rapid curvature of the hypocotyls, there is
2.5 times the amount of IAA in the lower flanks than the upper flanks of these
hypocotyls.

Auxin transport is controlled by a system of protein influx and efflux car-
riers. One auxin efflux carrier, PIN3 (pin-formed), is primarily located in the
lateral cell surfaces of gravity-sensing tissues. There is evidence from stud-
ies of Arabidopsis roots that PIN3 relocalizes to the lower membrane surface
when the plant is reoriented horizontally (Friml et al. 2002). Plants with
mutations of auxin efflux carriers exhibit varying degrees of altered grav-
itropism in both hypocotyls and roots (Masson et al. 2002). Therefore,
localization of these efflux carriers is proposed to be a component of the reg-
ulatory system that transports auxin to the lower flank of gravistimulated
organs.

The increase in ethylene that occurs in many stems after horizontal reori-
entation is probably a result of several factors. During the gravitropic
response, horizontal placement of the plant tissue causes mechanical pertur-
bation that triggers stress-induced ethylene production. Fine kinetic analysis
of ethylene production shows a short transient ethylene burst within minutes
after horizontal reorientation of tomato seedlings (Harrison and Pickard
1984). Auxin is also a major contributor to the increase in ethylene levels.
Since higher levels of auxin are known to stimulate ethylene biosynthesis, it
has often been suggested that auxin accumulation during gravitropism
induces ethylene biosynthesis and is the cause of the ethylene gradient
between the upper and lower halves of curving stems (Abeles et al. 1992).

In an auxin-ethylene cross-talk model proposed by Swarup et al. (2002),
ethylene positively affects auxin accumulation and transport (Fig. 7.7). In this
model, ethylene signal transduction leads to the up-regulation of HLS
(HOOKLESS, an acetyltransferase), which is involved in regulating differen-
tial growth associated with maintenance of the apical hook in etiolated
Arabidopsis seedlings. HLS affects auxin concentration in the cell by regulat-
ing auxin accumulation and/or transport. Although apical hook development
is a distinct developmental process from gravitropism, there may be common
mechanisms involved in the regulation of differential growth, especially for
dark-grown stem tissues in which increased ethylene promotes strong hook
formation and reduced stem growth as seedlings push through soil (Raz and
Ecker 1999; de Grauwe et al. 2005).
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Applying the auxin-ethylene cross-talk model to gravitropism, short-term
mechanical stress-induced ethylene production may contribute to the accu-
mulation of auxin in the lower flanks of horizontally reoriented stems, by
either increased accumulation or transport (Fig. 7.7). This accumulated auxin
drives ethylene biosynthesis increasing ethylene levels after the onset of
upward curvature. In etiolated hypocotyls, cellular elongation is inhibited by
very low levels of ethylene. Therefore, the resulting increase in ethylene may
serve to inhibit elongation in the lower side of the hypocotyl and thus slow
upward curvature prior to the tip reaching 90 °. According to the model, eth-
ylene in the lower flank of a horizontally reoriented stem may bind to the ETR
receptor and continue to drive auxin accumulation and ethylene production
in the lower side of the stem, thus further inhibiting growth to a point where
the upper side has more rapid growth and the stem begins to straighten. High
levels of ethylene may also reduce tissue sensitivity to ethylene, reducing
growth inhibition over time. Tissue sensitivity can be controlled by the ethyl-
ene receptor system. In Arabidopsis, five ethylene receptors are found at
varying concentrations in different tissues, allowing tissues to exhibit differ-
ing sensitivity to ethylene. Three of the receptors in Arabidopsis are induced
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by ethylene (Chen et al. 2005). Since the receptors negatively regulate ethyl-
ene signal transduction, an increased number of receptors within a cell may
account for reduced tissue sensitivity. Thus, when ethylene production in a
tissue increases, tissue sensitivity is reduced and lateral auxin transport and
accumulation slows. This may also allow more basally directed movement of
auxin relative to lateral movement, causing a migration of curvature to a
more basal section of the stem, as is usually observed in gravistimulated
stems.

Light-grown tissues are less sensitive to ethylene, so accumulated auxin
and increased ethylene production does not inhibit cellular growth to the
same extent as in etiolated tissue. Therefore, after horizontal reorientation of
light-grown plants, accumulated auxin continues to stimulate cellular elon-
gation so that the stem overshoots 90 °, at which point it is then stimulated to
curve back in the other direction.

Although ethylene-auxin cross-talk is a major component of the gravit-
ropic response, it is only one of many factors involved, and is not the only
mechanism by which ethylene regulates gravitropic curvature. Microarray
analysis of horizontally placed light-grown Arabidopsis plants reveals that
ethylene-responsive transcription factors form a significant functional cate-
gory of up-regulated genes by 30 min after stimulation. Therefore, horizontal
orientation leads to a change in the expression of many ethylene-regulated
genes, indicating that ethylene plays a more significant role in gravitropism
than previously believed.

7.6 Concluding Remarks

Evolutionarily, it is logical that the gravitropic response for seedling orienta-
tion is different than the response of a vegetative stem. In emerging seedlings,
gravitropism is part of an adaptive mechanism that allows the plant to move
through soil. The seedling stem grows rapidly and responds quickly to
changes in orientation until the tissues are exposed to light, when they become
less responsive. Seedlings often encounter mechanical perturbation while
moving through soil, inducing wound ethylene production that will inhibit
elongation and stimulate hook formation to protect the apical meristem.
Reducing cell elongation makes the stem thicker and stronger so it can push
through the soil. In lighted conditions, vegetative primary stems have reduced
sensitivity to ethylene and slower curvature rate than dark-grown stems. For
the light-grown plants, phototropism becomes a major factor controlling stem
orientation. In these stems, regulation of gravitropism serves to maintain
upright orientation and allows the stem to reorient after being knocked to the
ground by rain or high winds (lodging). Gravitropism also plays an important
role in light-grown Arabidopsis inflorescences, where a rapid response may
represent an adaptation to quickly raise flower stalks to enhance pollination.
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8.1 Introduction

Ethylene, the gaseous plant hormone, has been shown to be involved in
almost every phase of plant growth and development, particularly in higher
plants (Abeles et al. 1992). This simple two-carbon moiety has the ability to
evoke several responses in plants by switching on or off hundreds of genes to
affect a process (Mattoo and Suttle 1991). The concerted expression and/or
suppression of these genes bring about morphological, physiological, and
biochemical changes in plants in diverse events such as seed germination,
abscission, fruit ripening, senescence, and various kinds of biotic and abiotic
stresses. These genes could be developmentally predetermined and their
expression is necessarily mediated by ethylene or other stimuli may evoke
response through ethylene. Therefore, genes that express or suppress in pres-
ence of ethylene may roughly be termed as ethylene-responsive genes
(Giovannoni 2001; Chang and Bleecker 2004).

The role of ethylene in the ripening of fruits was suspected much earlier
but it was only in the late sixties and early seventies that experimental evi-
dence began to accumulate. Since then, considerable evidence at the physio-
logical, biochemical, and molecular level has accumulated related to ethylene
biosynthesis, its perception by the target cells, the signal transduction cas-
cade involving both positive and negative regulators and, finally, regulation
of target gene expression. Most of the information on the role of ethylene in
fruit ripening came from studies on tomatoes. Ripening mutants of tomato
like Nr, rin, nor, etc., have proven very valuable in unraveling how the devel-
opmental and ethylene signal is transduced to cause ripening in fruits
(Tigchelaar et al. 1978; Giovannoni 2004).

The process of ripening varies in different fruits as far as the involvement
of ethylene is concerned. One category of fruits exhibits a burst in ethylene
production for a limited period soon after ripening starts and is accompanied
by a high rate of respiration (Biale 1964; McMurchie et al. 1972). These fruits
are grouped as climacteric fruits, and include banana, mango, apple, tomato,
melon, pear, and many other fleshy fruits. The other category of fruits that
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does not show this burst of ethylene and CO2 is classified as non-climacteric
fruits, and includes citrus fruits, grapes, strawberries, etc. The role of ethyl-
ene in climacteric fruit ripening has been widely studied and several aspects
of it are now well established. In contrast, the exact role of ethylene in the
ripening of non-climacteric fruit is rather uncertain. Though some aspects of
non-climacteric ripening such as rind color differentiation may require eth-
ylene (Chervin et al. 2004; Tesniere et al. 2004), no conclusive evidence is
available to assign a characteristic role of ethylene for this category as in the
case of climacteric fruits. Hence, in the following pages we will focus on
describing the role of ethylene in ripening of the climacteric category of
fruits. We have tried to include, in brief, the ethylene biosynthesis, its per-
ception and signal transduction, major genes that are involved in ripening
and their regulation, studies on promoters related to ripening, the role of
other phytohormones in ripening, and biotechnology related to ripening.
Almost every aspect mentioned above has been reviewed individually from
time to time; however, there have been constant developments in all these
areas to add to our existing knowledge of fruit ripening.

8.2 What is Fruit Ripening?

The term ripening refers to the stage of fruit when it is ready for consump-
tion. In general, ripening may be considered as the changes taking place from
the final stage of fruit development through the early stage of its senescence
and relates mainly to fleshy fruits (Watada et al. 1984). Biochemically, it can
be defined as the summation of changes in tissue metabolism that renders the
fruit attractive for consumption by organisms that assist in seed release and
dispersal (Adams-Phillips et al. 2004a, 2004b). The stages of ripening have
been defined for each individual fruit. For example, in tomato, different
stages (mature green, breaker, pink and red) represent the ratio between
chlorophyll and lycopene content (Polder et al. 2004). Similarly, the changes
in peel color from green to yellow may be used to define the various ripening
stages in banana fruit (von Loesecke 1950). In fruits such as apple and melon,
which normally ripen on the tree or vine, the stages of ripening are defined
on the basis of days post anthesis or fertilization. In non-climacteric fruits,
the process of ripening can also be visually distinguished, e.g., in strawberry
and lemon, changes in fruit color are indicative of the stage of ripening.

The respiratory climacteric and the burst in ethylene production in cli-
macteric fruits is an important stage in the initiation of ripening (Lelievre
et al. 1997). The ethylene signal generated during this period triggers several
changes that lead to conversion of starch into free sugars, changes in pH,
development of aroma, degradation of chlorophyll, synthesis of carotenoids
and flavonoids and pulp and peel softening (Gray et al. 1992; Seymour et al.
1993). Since the majority of changes are strongly correlated with the timing
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of respiratory climacteric, ripening in these fruits is also subdivided into
three major stages: pre-climacteric, climacteric, and post-climacteric. These
can be summarized as shown in Fig. 8.1. The changes in various parameters
in Fig. 8.1 are only representative and do not conform to any particular cli-
macteric fruit. The nature of various curves will vary depending on the type
of fruit, though the general pattern may remain more or less similar in most
fruits. The changes in the different ripening parameters such as respiratory
climacteric and ethylene production will also depend on whether the fruit has
been ripening naturally or artificially by exposure to ethylene or other hydro-
carbons. Artificial ripening of climacteric fruits generally hastens the process
of ripening. Though it leads to faster spoilage as well, it is practiced largely
due to its utility towards early marketing benefits.

Once ripening has been initiated by ethylene, it is an irreversible process
and continues uncontrolled. The rapid degradative processes soon make the
fruit lose its aesthetic appearance. The initial changes in ripening are brought
about by genes that are strongly ethylene responsive. These may activate
other genes and other pathways, leading to rapid biochemical changes. These
changes probably activate other sets of genes, not necessarily ethylene
responsive, that are responsible for progression of ripening followed by genes
that finally lead to senescence and spoilage of fruit (Grierson 1987). Since
spoilage of fruit is one of the main causes of post-harvest loss of produce, sev-
eral ways have been devised to prevent these losses. With the advent of
biotechnology, it became gradually apparent that genes that are regulated by
ethylene could be manipulated through recombinant DNA technology so as
to prolong the shelf life of fruits.

In order to achieve this it is important to dissect the ripening process step
by step. How a ripening fruit achieves a burst in ethylene production and how

Preclimacteric Climacteric Postclimacteric

pH

Firmness

Chlorophyll

CO2

C2H4

Sugars

Volatiles

Fig. 8.1. Changes in various parameters during climacteric fruit ripening



the ethylene signal moves towards the target gene is one of the most impor-
tant aspects in fruit ripening. Simultaneous up and down regulation of sev-
eral hundred genes during ripening as characterized through microarray
analyses indicate that an ethylene-responsive element must be present in
promoters of several genes. Strikingly, no such functional common element
has yet been determined, making the process of ripening very complicated
but interesting. Finally, the kind of success that has been achieved in control-
ling the process of ripening through recombinant technology is currently
more of a scientific success than a commercial one. We shall be discussing
some of these aspects in the following sections.

8.3 Ethylene Biosynthesis in Fruits

Ethylene production in fruits as in other plant tissues results from methion-
ine through the Yang cycle (Yang and Hoffman 1984; Bleecker and Kende
2000). S-Adenosylmethionine (S-AdoMet or SAM) is the precursor for ethyl-
ene biosynthesis and is synthesized from methionine by SAM synthetase. The
rate-limiting step in the ethylene biosynthetic pathway is the conversion of
S-AdoMet to 1-aminocyclopropane-1-carboxylate (ACC) by the enzyme ACC
synthase, ACS, (Kende 1993). ACC is then oxidized to ethylene, CO2 and HCN
by ACC oxidase (ACO). A salvage pathway works simultaneously to maintain
the methionine pool for continuous ethylene production. This salvage path-
way works through 5′-methylthioadenosine (MET), a by-product formed by
the ACS catalyzed reaction. MET is then converted to methionine.

Small multi-gene families code the ACS and ACO enzymes involved in eth-
ylene biosynthesis. Their expression is differentially governed by various
developmental, environmental, and hormonal cues. Ethylene biosynthesis is
under positive and negative feedback regulation. In ripening fruits, positive
feedback regulation of ethylene biosynthesis is more pronounced and occurs
due to activation of the ACS and ACO enzymes leading to autocatalytic syn-
thesis of ethylene. This section will deal with the identification of genes
responsible for ethylene synthesis in various fruits and their regulation.

8.3.1 ACC Synthase in Fruits

Most of the studies related to ethylene biosynthesis in fruits are based on
tomato, which is a climacteric fruit. Besides tomato, various ACS genes have
been identified in different fruits of climacteric and non-climacteric cate-
gories like apple (Dong et al. 1992), melon (Yamamoto et al. 1995), pear
(Lelievre et al. 1997), cucumber (Shiomi et al. 1998), banana (Liu et al. 1998;
Pathak et al. 2003), passion fruit (Mita et al. 1998), citrus (Wong et al. 1999),
papaya, etc. So far, eight ACS genes (LeACS1A, LeACS1B and LeACS2–7) have
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been identified in tomato (Oetiker et al. 1997; Nakatsuka et al. 1998). Of these,
LeACS2 and LeACS4 are highly expressed during tomato fruit ripening
whereas LeACS1A and LeACS6 express in tomato fruit prior to commence-
ment of ripening. Tomato mutants Never ripe (Nr) and ripening inhibitor
(rin) were used to identify the ACS genes that are ethylene regulated. These
mutant studies have shown that only LeACS2 was ethylene regulated whereas
all others were unaffected by ethylene (Barry et al. 2000). It has been pro-
posed that LeACS1A and LeACS6 are involved in ethylene production in
green fruits (system I) but at the time of transition, i.e., unripe to ripe stage
LeACS1A expression increases and LeACS4 is induced. This is the time when
system II ethylene production starts and is maintained by positive feedback
regulation of LeACS2. MaACS1 from banana is related to ripening in banana
and its transcript and ACC content increases dramatically at the onset of
ripening. It has been suggested that ethylene production in banana fruit is
regulated by MaACS1 until climacteric rise (Liu et al. 1998). In passion fruit,
Pe-ACS1 transcript levels increased during progression of ripening corre-
sponding to the amount of ethylene produced. The other gene Pe-ACS2 was
responsible for low levels of ethylene production during preclimacteric stage
(Mita et al. 1998). In Actinidia chinensis fruit (a diploid relative of kiwi fruit),
ACS mRNA levels increased during climacteric ethylene production but ACS
itself was not affected by exogenous ethylene (Whittaker et al. 1997).

Besides being transcriptionally regulated, ACS genes are also regulated
post-translationally. Phosphorylation of ACS protein results in increased
enzyme activity. Spanu and coworkers (1994) proposed that phosphorylation
controls the rate of enzyme turnover rather than regulating specific activity
of the enzyme. Various studies carried out on tomato ACS proteins suggest
that phosphorylation protects the ACS protein from degradation, which in
turn results in increased ACS activity and ACC accumulation and higher
ethylene production (Cosgrove et al. 2000; Tatsuki and Mori 2001).

8.3.2 ACC Oxidase in Fruits

The second important enzyme in the ethylene biosynthetic pathway is ACC
oxidase. ACO activity increases in preclimacteric fruits before the rise in
ACS activity (Lui et al. 1985). ACO, like ACS, is also encoded by a multigene
family in various plants (Kende 1993). ACO transcripts have been found in
different fruits like tomato (Barry et al. 1996; Nakatsuka et al. 1998), apple
(Ross et al. 1992), melon (Bouquin et al. 1997), kiwi (Whittaker et al. 1997),
pear, passion fruit (Mita et al. 1998), banana (Liu et al. 1998), etc. These genes
have different temporal and spatial expression. In tomato, of the three ACO
genes identified, LeACO1 expresses mainly in ripening fruit. LeACO2 expres-
sion is restricted to anther and LeACO3 mRNA is present in floral organs with
very weak expression in fruits at the breaker stage. Studies on banana
ACO genes indicate that MaACO1 mRNA accumulation is enhanced when
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ripening commences but its activity decreases rapidly at the late ripening
stage due to limitation of its co-factor Fe and ascorbate (Liu et al. 1998). In
A. chinensis, expression of ACO as well as SAM synthetase increased upon
exposure to exogenous ethylene as well as before the climacteric rise in
ethylene synthesis. In melon, Cm-ACO1 expression was induced rapidly
by ethylene and wounding (Bouquin et al. 1997) whereas CmACO3 expressed
only in flowers. 1-MCP, which is an ethylene action inhibitor, inhibited Cm-
ACO1 transcript accumulation but no reduction in mRNA abundance was
seen in wounded leaves pre-treated with 1-MCP. It was suggested that melon
ACO1 is regulated differently during wounding or ethylene treatment and
probably the regulation is through two independent pathways.

8.4 Ethylene Perception and Signal Transduction in Fruits

The ethylene-signaling pathway has been studied in great detail in
Arabidopsis but it has still not been fully elucidated. The new information
coming through various Arabidopsis mutants and genetic studies have
opened new frontiers in the understanding of the signal perception and its
transduction. The ethylene signal transduction pathway in Arabidopsis has
been reviewed extensively by several groups (Bleecker and Kende 2000;
Schaller and Kieber 2002; Chang and Bleecker 2004; Chen et al. 2005). The
pathway for ethylene signaling in fruits shows conservation of some compo-
nents of basic signaling pathway to those described in Arabidopsis although
several genes in the pathway are yet to be identified in fruits (Klee 2004).

A family of five membrane-localized receptors, which show homology to
bacterial two-component system, perceives ethylene in Arabidopsis. These
receptors are negative regulators of ethylene response. The next component
of signal transduction pathway is CTR1, which shows homology to Raf fam-
ily (Ser/ Thr kinase) of mitogen-activated protein kinase kinase kinase (MAP-
KKK). CTR1 is also a negative regulator of signal transduction pathway. Since
CTR1 is a MAPKKK, there are speculations that a MAP kinase cascade may
operate in ethylene signaling (Ouaked et al. 2003). However, the components
immediately down stream of CTR1 have neither been identified in
Arabidopsis nor in fruits. Further downstream lies EIN2, which is a mem-
brane-bound Nramp metal transporter. It is an essential positive regulator of
signaling although its mode of action is not clearly understood. Transcription
factors like EIN3 and ERF1 (ethylene response factors) come at the end of sig-
naling pathway and are responsible for activation of genes that actually bring
about responses to a given stimulus. This family of trans-acting factors is
localized in the nucleus (Chao et al. 1997; Solano et al. 1998). In Arabidopsis,
EIN3 is regulated post-translationally by ethylene through proteasome-
dependent proteolysis (Guo and Ecker 2003). Homodimers of the EIN3 fam-
ily bind to ethylene response factor (ERF1), which belongs to a large
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multigene family of transcription factors. According to the most acceptable
model of ethylene signal transduction, ethylene receptors, in absence of eth-
ylene, are in active form and signal CTR to block the downstream compo-
nents. Binding of ethylene to receptors inactivates them and releases negative
regulation of CTR. As a result, EIN2 is activated and induces transcription of
EIN3/EIL transcription factors. This allows ethylene responses to occur
(reviewed by Chang and Stadler 2001; Guo and Ecker 2004).

In ripening tomato fruits, six putative ethylene receptors LeETR1–6 have
been identified (Wilkinson et al. 1995; Payton et al. 1996; Zhou et al. 1996;
Lashbrook et al. 1998b; Ciardi and Klee 2001). LeETR3 (originally and histor-
ically known as Nr) was the first ethylene receptor that was identified in
tomato through the isolation of Never-ripe (Nr) gene from fruit ripening
locus. Nr lacks the receptor component and is structurally similar to ERS1 of
Arabidopsis. All these tomato receptors are expressed in various temporal
and spatial patterns. LeETR1 and LeETR2 are present constitutively through
out the development. Nr and LeETR4 are the most abundant transcripts dur-
ing ripening. These two, however, also show expression during abscission,
senescence, and pathogen attack. LeETR5 is expressed only in flowers, fruits,
and during biotic stress such as pathogen infection. Tomato ethylene recep-
tors are functionally redundant in nature like their counterparts in
Arabidopsis as the repression of individual genes except for LeETR4, did not
affect the ethylene sensitivity in transgenic plants (Tieman et al. 2000). Even
Nr, which in a mutated form inhibits ripening, is not required for ripening
since reduced levels of Nr do not affect ripening. Transgenic lines with down
regulation of Nr (LeETR3) show instead a functional compensation through
increased levels of LeETR4. In contrast, LeETR4 knockouts do not induce Nr
transcripts. Different genetic studies indicate that LeETR4 is the most impor-
tant receptor for fruit ripening as well as some other processes. Unlike in
Arabidopsis, where a minimum of three receptors are required to be knocked
out for ethylene sensitivity (Hua and Meyrowitz 1998), LeETR4 suppression
in tomato results in an ethylene hypersensitive phenotype and transgenic
fruits show early ripening. It has been hypothesized that LeETR4 monitors
the receptor levels and initiates de novo synthesis of new receptors depend-
ing on the ethylene response. Besides tomato, ethylene receptors have also
been identified in other fruits. Three receptors, PcETR1a, PcERS1a and
PcETR5 have been identified in pears (El-Sharkawy et al. 2003), two in musk
melon (Sato-Nara et al. 1999) and one each in passion fruit (Mita et al. 1998)
and peach (Rasori et al. 2002). All these receptors from different fruits are
highly conserved and show homology to bacterial two-component system.
These receptors exhibit differential expression during developmental phase
and some of these are induced by ethylene (Chen et al. 2005). Recently, three
ethylene receptors were identified in non-climacteric fruit strawberry
(Trainotti et al. 2005). Two receptors FaEtr1 and FaErs1 belong to type
I receptors whereas FaEtr2 belongs to type II group of receptors. Type II
receptors have degenerate histidine kinase domain and have weaker affinity
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for CTR1 (Cancel and Larsen 2002). All these receptors have increased
expression during fruit development from green to white stage. FaEtr2 is
most abundant receptor during ripening phase of strawberry. Increased
expression of ethylene receptors during ripening in non-climacteric fruits
suggests that ethylene, though present in very small amount, may be suffi-
cient to trigger some aspects of ripening in these fruits.

There is not much information available on the downstream components
of the signaling pathway in fruits. Unlike in Arabidopsis where only one CTR1
gene has been identified, at least four CTR1 homologues have been identified
in tomato. One of these, LeCTR1, has been shown to functionally complement
Arabidopsis ctr1 mutation (Leclercq et al. 2002). Different studies on CTR
homologues from tomato indicate that these genes express at higher levels in
ripening fruits as compared to unripe fruits (Adams-Phillips et al. 2004).
This result is surprising, as CTR1 from Arabidopsis has been shown to be a
negative regulator of ethylene responses. Virus induced gene silencing
(VIGS) of LeCTR1 gene resulted in constitutive ethylene phenotypes in
tomato confirming the role of LeCTR1 as negative regulator of ethylene
responses in tomato (Liu et al. 2002). Whether multiple CTR from tomato
bind to specific receptors is yet not known. It has been suggested that the
transcriptional increase in receptor and CTR1 genes may help in increasing
receptor molecules and serve as a mechanism to restore ethylene sensitivity
and responsiveness under various conditions. A CTR homologue has also
been identified from pear (El-Sharkawy et al. 2003). According to a model as
reviewed by Klee (2004) and Adams-Phillips et al. (2004) ethylene binds to
receptors to inactivate them and in turn inactivate CTR. The ratio of recep-
tors and CTR encoded by different family members (and for different tissues
and responses) might represent a mechanism to optimize ethylene responses
in tomato and probably in other fruits.

Of the other downstream components, only one EIN2 homologue from
tomato (LeEIN2) has been identified and found to be ethylene non-inducible
with constitutive expression throughout fruit development. Homologues of
EIN3 and ERFs have also been identified in tomato and some other fruits and
are discussed later in the section.

8.5 Gene Expression and Regulation during Ripening in
Fruits

The transition from fruit development to fruit ripening is marked by large-
scale changes in gene expression. In this section, we will discuss the expres-
sion and regulation of some of the major classes of genes during ripening.
The ripening program seems to consist of a developmental trigger that is
responsible for the initiation of ethylene synthesis and other changes and an
ethylene signal cascade that triggers the expression of several ripening-
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related genes. Based on the various biochemical changes that take place
during ripening, the changes in gene expression can be categorized as those
related to (i) developmental cues (ii) activation of transcription factors,
(iii) cell wall modification/hydrolysis (iv) pigment and volatile synthesis and
(v) other ripening-related genes isolated by differential screening.

8.5.1 Developmental Regulation

Studies on tomato mutants such as rin, nor, Cnr have greatly facilitated the
understanding of ripening. While rin and nor are non-ripening recessive
mutants, Cnr is a dominant colorless non-ripening mutant. In these mutants,
ripening is inhibited and there is no respiratory climacteric and no autocat-
alytic ethylene synthesis in fruits, indicating a block upstream of the ethylene
cascade. However, responsiveness to ethylene is not affected as evident from
the expression of several known ethylene-responsive genes such as E4, E8, PG,
etc in mutant fruits upon treatment with exogenous ethylene. Nevertheless,
exogenous ethylene is unable to initiate ripening in these fruits, indicating the
presence of another ethylene independent pathway that needs to be active and
runs parallel to the ethylene-mediated processes. The identity of the affected
rin gene, LeMADS-RIN, as a MADS box protein gene revealed the role of these
proteins also in ripening (Vrebalov et al. 2002). These genes are known to play
an important role in several plant developmental processes especially in
flower development. Moreover, these genes function as heterodimers or
higher-order multimers of other transcription factors, indicating that other
MADS box proteins or transcription factors may also be involved in deter-
mining the developmental timing of ripening. Reports from Giovannoni’s lab
at Cornell indicate that the Nor gene is also a transcription factor that shows
no homology to other MADS box transcription factors (Adams-Phillips et al.
2004). LeMADS-RIN is expressed in mature green fruits and is not ethylene
responsive. Interestingly, homologues of this gene are also expressed in straw-
berry, a non-climacteric fruit, also at the mature green stage prior to ripening,
indicating that the developmental program for ripening may be common to
both climacteric and non-climacteric fruits. Further studies on repression of
the LeMADS-RIN homologue in strawberry and micro-array analyses of
tomato genes affected in RIN over-expressing and under-expressing plants
may shed light on the down stream targets of these genes in ripening.

8.5.2 Ethylene Regulation of Transcription Factors

Once the developmental pathway initiates the process of ripening, ethylene
synthesis and perception lead to large scale changes in gene expression that
drive the ripening via the ethylene dependent pathway. The ethylene signal
cascade (described earlier) activates transcription factors such as EIN3 (eth-
ylene insensitive) and EIN3-like (EIL) genes and ERFs (ethylene response
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factor). Several EIN3 and EIN3-like genes have been identified in tomato
and other fruits such as melon. At least four EILs, LeEIl1, LeEIL2, LeEIL3 and
LeEIL4 have been identified in tomato. The first three genes complemented
the ein3–1 mutation in Arabidopsis. The tomato LeEIL family of genes is not
ethylene inducible with unaltered transcript expression throughout the
growth and development. Repression of either of the genes individually does
not affect any aspect of fruit development indicating redundancy between the
EIN3 like proteins. However, repression of LeEIL1, 2 and 3 genes simultane-
ously affects several aspects of plant development including fruit ripening
demonstrating their role in ripening (Tieman et al. 2001). Recently, it was
shown that constitutive expression of LeEIL1 in the Nr mutant of tomato
(a dominant ethylene receptor mutant) partially restored ripening in tomato
(Chen et al. 2004a). Expression of a subset of ethylene-responsive genes such
as PG and tomloxB was higher in transgenic EIL1 over-expressing Nr plants
as compared to Nr plants but those of other genes such as E4 and LeACO1 was
not affected. Moreover, other ethylene responses such as seedling triple
response were not restored in LeEIL1 over-expressing plants. The results
showed the involvement of the LeEIL1 in at least some aspects of ripening.
The specific roles of other EILs has however not yet been established. EIN3 is
known to activate ERFs in Arabidopsis by binding specific cis elements.
Recent studies have shown that ERFs are also expressed in tomato fruits
(Tournier et al. 2003). Four ERFs were identified in tomato of which LeERF2
was shown to express predominantly in fruits. These ERFs had the ability to
bind the GCC box element, a cis element present in several defense respon-
sive genes in plants. Further studies on repression and over expression of
these ERFs in fruits may provide a better understanding on the role for these
ERFs in fruit ripening.

Transcription factors such as the ASR protein (ABA stress ripening-related
protein) have also been identified during the course of ripening in fruits such
as apricot and banana (Mbeguie-A-Mbeguie et al. 1997). The ASR protein is a
Zn-containing DNA binding factor that affects the expression of several genes
upon over-expression (Kalifa et al. 2004). In addition, recent EST analyses of
tomato cDNAs have shown that other transcription factors may also be
involved in ripening. At least 18 putative transcription factors were up-
regulated during ripening while at least 14 were repressed during ripening.

8.5.3 Gene Expression during Softening

Softening of fruits has been one of the most exhaustively studied processes
since its uncontrolled progression leads to post-harvest destruction. Different
fleshy fruits are characterized by differences in their cell wall composition that
necessitates the action of various cell wall hydrolases and cell wall modifying
proteins. Two major components in the cell wall include pectins and cellu-
lose/hemicelluloses that form a complex network with matrix glycans and
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glycoproteins enmeshed in between. Expressions of several cell wall hydro-
lases such as polygalacturonases, cellulases, pectin methyl esterases, galactosi-
dases, pectate lyases, xyloglucan transglucosylase/hydrolases and expansins
have been studied extensively in several fruits (reviewed by Brummell and
Harpster 2001). Each of these enzymes shows specificity towards one particu-
lar component of the cell wall. The concerted action of all or several of these
genes is believed to bring about softening of the fruit pulp. Studies so far reveal
that no single gene is entirely responsible for softening. Thus, strategies where
one gene has been repressed have not led to many changes in softening.
Additional complexities are seen in the form of expression of wall hydrolase
inhibitor proteins such as PGIP for PG and PMEI for PME (Irifune et al. 2004).
Interestingly, many of the genes exist as a multigene family with several mem-
bers showing transcriptional up regulation during the onset of ripening and
softening with often overlapping patterns of expression. The role of several
members of the same gene family in ripening-related expression is not yet
clear. However, it is likely that as softening proceeds the release of wall com-
ponents by hydrolysis may cause a shift in pH of the environment of the cell
wall, necessitating the need for proteins that are active at different pH condi-
tions. Multiple expansins have been shown to be active in tomatoes, peach,
pear, apricot, apple, banana, etc., with their expression being regulated by eth-
ylene or the ripening stage (Harrison et al. 2001; Hiwasa et al. 2003). LeExp1 in
tomato, MaExp1 in banana and MiExpA1, in mango, are under transcriptional
control of ethylene and rapidly accumulate after ethylene treatment (Rose
et al. 1997; Trivedi and Nath 2004; Sane et al. 2005). For many other genes,
treatment with 1-MCP may block expression but this may be an indirect effect
due to inhibition of ripening. Polygalacturonases have also been studied in
many fruits and were considered important since in tomato, PG accounts for
nearly 2% of the total fruit mRNA. However, subsequent studies show that the
activity of PG may vary from fruit to fruit and while it is present in high levels
in tomato, avocado, and peach, it may not be very actively expressed in other
fruits. In tomato, PG transcription is under control of ethylene with even low
levels of ethylene sufficient to induce transcription (Della Penna et al. 1989).
In banana, five PG genes were shown to differentially express during ripening
(Asif and Nath 2005) although the overall PG activity is low. Pectate lyases
have been studied extensively in banana and strawberry where they are
expressed to very high levels. In banana, the pectate lyase gene is strongly
induced by ethylene. Galactosidases have been shown to be active in
tomato, papaya, and strawberry. Enzymes like endo-1,4-α-mannanase and
α-xylosidase are also expressed during ripening. Other genes such as XTHs,
galactosidases, α-1,3- and α-1,4-glucanases have also been studied in fruits
like tomato, papaya, etc. For most of the genes, treatment with 1-MCP may
block expression but this may be an indirect effect due to inhibition of
ripening. A direct transcriptional control by ethylene has not been conclu-
sively demonstrated and they may instead be regulated by secondary
factors that appear after ripening has been initiated by ethylene.
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8.5.4 Genes Involved in Changes in Pigments and Volatiles

Changes in pigment, particularly the degradation of chlorophyll and the
increase in flavonoids, carotenoids, lycopene, etc., as well as the production
of volatiles, are other major changes that take place during ripening and
function as strong visual and olfactory signals to attract animals and birds for
seed dispersal. Many of these changes are ripening-dependent. Changes
related to pigment conversion during ripening are influenced by light with
phytochromes playing an important role. The DET1 gene, a repressor of light
signaling, was shown recently to influence levels of carotenoids and
flavonoids in tomato (Davuluri et al. 2005). The phytoene synthase gene from
tomato, responsible for formation of the carotene phytoene is also regulated
by light. Other genes such as lyocopene beta cyclase play a role in lycopene
synthesis and the balance between lycopene and carotene levels.

Volatiles also form an important component of several fleshy fruits and
aid in attracting animals. They mainly consist of esters, aldehydes, and alco-
hols and are produced from fatty acids by the action of alcohol acyl CoA
transferases, lipoxygenases, and alcohol dehydrogenases. The variety of sub-
strates used by the alcohol acyl transferases may be responsible for the range
of volatiles produced in fruits. Production of several volatiles in fruits is gov-
erned by ethylene. Treatment with 1-MCP or antisense repression of ethyl-
ene production in fruits has been shown to affect volatile production in
tomato, apples, mango, melons, and apricot. In tomato, at least three lipoxy-
genase genes, tomloxA, tomloxB and tomloxC (Griffiths et al. 1999) express
during fruit ripening. Although all three are affected by ethylene, only
reduction of tomloxC in transgenic plants led to a significant reduction in
C6 volatiles (Chen et al. 2004b). In apple, reduction in ethylene reduced ester
production but did not affect aldehyde production. The expression of alco-
hol acyl transferase but not alcohol dehydrogenase was ethylene dependent
(Defilippi et al. 2005). In melons, ethylene affected the reduction of fatty
acids and aldehydes, resulting in reduction of aliphatic esters whereas alco-
hol acetylation had both ethylene dependent and independent components
(Flores et al. 2002).

8.5.5 Other Ripening-Related Genes Isolated by Differential Screening

Apart from these several studies on fruit ripening have been performed by
methods that involve differential screening of ethylene untreated
(unripened) and ethylene treated (ripened) fruits in an effort to identify
genes expressed during ripening. These studies, performed in tomato
(Zegzouti et al. 1999), banana (Clendennen and May 1997), melon (Hadfield
et al. 2000) and several other fruits such as strawberry, peaches, pear, avocado
have led to identification of ethylene regulated genes such as a E4 (a metho-
nine sulfoxide reductase protein), E8 (a dioxygenase involved probably in
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feedback regulation of ethylene), genes involved in post-transcriptional
regulation such as ER24 (similar to transcriptional co-activator MBF1)
and ER49 (translational elongation factor EF-Ts), ER50 (a RNA helicase) and
LeRab11a (a GTPase involved in trafficking of cell wall modifying enzymes).
Ripening in many fruits, both climacteric as well as non-climacteric, such as
banana, melon, avocado, cherries, and raspberry also induces genes that are
expressed during stress/defense responses. These include chitinases, α-1,3-
glucanases, thaumatin like proteins, isoflavone reductase like genes and
lectins and probably expressed as a response to ethylene release (Clendennen
and May 1997). Since ripening involves conversion of starch and acids to sug-
ars, genes related to carbohydrate metabolism such as sucrose synthase,
invertase, sucrose phosphate synthase, malate synthase, PEP carboxykinase
are also differentially expressed during ripening (Bahrami et al. 2001; Fung
et al. 2003; Pua et al. 2003).

Some genes related to mitochondrial function such as alternative oxidase
have been shown to express during the ripening in apple and mango
(Considine et al. 2001). This may not be surprising given the large respiratory
climacteric in these fruits. In some fruits, this climacteric is associated with
an increase in temperature that probably results from the action of the alter-
native oxidase or the uncoupler protein. In recent years, large-scale genome
sequencing and generation of EST databases of fruit cDNAs has made
microarray analyses of genes expressing in fruits possible. These analyses
have led to information on expression of hundreds of genes during different
stages of fruit ripening. However, understanding the specific function of each
gene in ripening will require more detailed studies.

8.6 Role of Other Hormones and Metabolites during Ripening

Most developmental and adaptive processes in plants result from a complex
interaction between two or more hormones. Studies on Arabidopsis mutants
indicate that a single hormone can regulate an amazingly diverse array of cel-
lular and developmental processes, while at the same time multiple hormones
often influence a single process (Gray 2004). The extent of cross talk and the
type of interactions (synergistic or opposing/antagonistic) vary from process
to process. Ripening in fruits is one such process where besides ethylene
other hormones and biochemicals also participate either positively or nega-
tively. These hormones could influence the developmental switch that leads
to initiation of ripening under normal conditions or even influence the tim-
ing of ripening under unfavorable environmental conditions. There are evi-
dences of a possible cross talk amongst various phytohormones. However,
the molecular basis of signal integration for a coordinated regulation between
these hormones during ripening is still unclear. In this section, we shall dis-
cuss three hormones: auxin, jasmonic acid, and abscisic acid, whose role in
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fruit ripening is suspected. We shall also briefly address the role of sugar,
polyamines, and salicylic during fruit ripening.

8.6.1 Auxin

Auxins in general are known to be involved in fruit development but inhibit
ripening. Fruits show a changing capacity for auxin conjugation as the ripen-
ing process proceeds not only in tomato but also in many other fruits tested,
and there is a greatly diminished capacity to form indole-3-acetyl-aspartate
(Slovin and Cohen 1993). These findings show that fundamental changes in
the ability of fruit tissue to regulate auxin levels by conjugation occur during
ripening. Though auxins have mostly been related to fruit growth and devel-
opment rather than ripening, treatment of grape (Vitis vinifera L.) berries
with the synthetic auxin like compound benzothiazole-2-oxyacetic acid
(BTOA) caused a delay in the onset of ripening of approximately 2 weeks
(Davies et al. 1997) whereas pretreatment of banana fruit with auxin acceler-
ated expression of ripening specific expansin (Trivedi and Nath 2004).
However, pretreatment of banana with IAA inhibited activities of major cell
wall hydrolases (Lohani et al. 2004). This shows variable effects of auxin dur-
ing ripening. Auxin response during root hair development, hypocotyl devel-
opment, and other cell growth and developmental processes has been
reported to intertwine with ethylene response. However, a direct involvement
of auxin during ripening is not very clear. Auxin has been reported to act
opposite to ethylene response in several processes in a dose-dependant man-
ner, but its role during fruit growth and development sometimes extends
during the early phase of ripening and is suspected to relate to sensitivity of
ethylene response. It is interesting to note that several genes, which are
related to ripening, are controlled by auxin during fruit growth and develop-
ment. For example, expression of LeExp2, LeExt1, and Cel7 was undetectable
or negligible at the onset and during the course of fruit ripening but was
detected during fruit growth and regulated by auxin. This shows its specific
role in regulating cell wall loosening during fruit growth but not in ripening-
associated cell wall disassembly (Catala et al. 2000). A GH-3-like gene,
CcGH3, which is regulated by auxin, has been shown to express during fruit
ripening in Capsicum chinense. When this gene was over expressed in
tomato, it hastened ripening of ethylene-treated fruit (Liu et al. 2005). An
auxin-inducible ACS has also been reported during pre-climacteric stage of
ripening in melon (Ishiki et al. 2000).

8.6.2 Jasmonate and Jasmonic Acid

Saniewski et al. (1987) noticed that exogenous application of jasmonate pro-
moted climacteric fruit ripening by increasing ethylene production in apples.
It was also noticed that it accelerated α-carotene production and chlorophyll
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degradation in Golden Delicious apple peel (Saniewski and Czapski 1983;
Perez et al. 1993), an essential feature of fruit ripening. Fan et al. (1998)
demonstrated that ripening-related aroma compound production was accel-
erated in apple upon application of jasmonate. However, a conclusive role for
endogenous jasmonate in regulating climacteric fruit ripening has still not
been demonstrated. From the above studies, it was concluded that transient
increase in jasmonate concentrations in apple and tomato might occur dur-
ing the onset of fruit ripening and that jasmonates are involved in early steps
in the modulation of climacteric fruit ripening. It was also found that activi-
ties of both ACS and ACO were stimulated in the concentration range of
1–100 µM of jasmonate, however continuous exposure to 1,000 µM inhibited
both ACS and ACO activities. The convergence of ethylene and jasmonate
pathways at the transcriptional activation level of ERF1 has been shown by
Lorenzo et al. (2003). The activation of ERF1, which encodes a transcription
factor that regulates the expression of pathogen response genes, can be
obtained rapidly by ethylene or jasmonate and synergistically by both hor-
mones. In addition, both signaling pathways are required simultaneously to
activate ERF1 expression because mutations that block either of them pre-
vent ERF1 induction by both the hormones either alone or in combination.
Further, 35S:ERF1 expression can rescue the defense response defects in coi1
(coronatine insensitive) and ein2 (ethylene insensitive2) mutants; therefore, it
is a likely downstream component of both ethylene and jasmonate signaling
pathway. Various aspects of the modulation of fruit ripening by jasmonates
have been reviewed by Creelman and Mullet (1997).

8.6.3 Abscisic Acid

That abscisic acid enhances fruit ripening of both climacteric and non-
climacteric category was known earlier (Parikh et al. 1986; Brady 1987) and it
was suspected that various ripening parameters might be related to higher
ethylene production. However, the mechanism by which ABA stimulates eth-
ylene production is still not clear. It was postulated that ABA might have a
direct effect on ethylene biosynthesis through enhanced production of ACC
synthase (Goren et al. 1993). Jiang et al. (2000) reported that induction of
ripening in banana fruit by ABA was partially inhibited by pretreatment with
1-MCP indicating that ABA action was mediated by ethylene. This was fur-
ther elaborated by Lohani et al. (2004) who showed that ABA treatment of
banana resulted in higher activities of cell wall hydrolases and softening in
the presence of ethylene, and these activities were suppressed significantly by
1-MCP treatment. It is therefore possible that ABA may exert its effect by
increasing the sensitivity of the fruit towards ethylene. Transcripts of an
abscisic acid responsive transcription factor gene, Asr1, were reported to
accumulate during melon fruit development particularly at the RP stage and
did not show its expression in other tissues (Hong et al. 2002). Asr gene
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expression was earlier reported to be activated during several stresses as well
as during fruit ripening and abscisic acid treatment (Gilad et al. 1997).
However, the genes activated by Asr during fruit ripening and after ABA
treatment are not yet known and thus the coordination between the ABA and
ethylene through Asr is still unclear.

8.6.4 Other Metabolites

Amongst other metabolites, salicylic acid is known to affect ripening.
Exogenous applications of SA to apple, peach, banana, mango, and tomato
fruits have been reported to delay ripening in these fruits. Leslie and Romani
(1988) demonstrated an inhibitory effect of SA on the conversion of ACC to
ethylene due to suppression of ACC oxidase activity. Li et al. (1992) demon-
strated an inhibitory effect of SA on the accumulation of wound induced ACC
synthase transcript. Ding and Wang (2003) showed that ripening process in
mature green tomato was enhanced by 0.1 mM methyl salicylate and by 0.01
mM during breaker stage. But in fruit at turning stage even 0.01 mM SA
inhibited the ripening process. High concentration (0.5 mM) prevented red
color development, ethylene production and respiration rate in all maturity
stages. They concluded that increased ethylene production was mediated by
depressing the negative feed back regulation of LeACS6 gene and increasing
the expression of LeACS2 and LeACS4 through positive feedback. Recently,
Leclercq et al. (2005) characterized an isoform of calcium dependant protein
kinase(CDPK) from tomato that was induced by ethylene and salicylic acid.
LeCRK1, showed significant accumulation of its transcript during fruit ripen-
ing and was also detected in stem, leaf, and flower tissue. It was noteworthy
that LeCRK1 transcript was undetectable in natural tomato ripening mutants
such as Nr, rin and nor. Though salicylic acid is known to have an antagonis-
tic effect on ethylene, recent developments indicate that it might have syner-
gistic effect in a dose dependant manner in certain cases.

Polyamines are metabolites that utilize a common precursor of ethylene
biosynthesis, S-adenosyl methionine. It was believed that polyamine biosyn-
thesis would negatively affect ethylene biosynthesis due to competition for a
common substrate and therefore inhibit ripening. It was shown that direct
application of putrescine, spermidine and spermine might inhibit ACC syn-
thase activity in tomato (Li et al. 1992). Similar results were obtained for avo-
cado fruit. However enhancing polyamine biosynthesis in tomato did not
significantly affect the ripening process (Mehta et al. 2002).

Modulation of ethylene response and signaling process by sugars has been
reviewed by Sinha et al. (2002). Recent molecular analyses have revealed
direct, extensive glucose control of abscisic acid biosynthesis and signaling
genes that partially antagonizes ethylene signaling during seedling develop-
ment under light (Leon and Sheen 2003). Yanagisawa et al. (2003) showed
that glucose enhances degradation of EIN3, a key transcriptional regulator in
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ethylene signaling, through plant glucose sensor hexokinase. Ethylene, by
contrast, enhances the stability of EIN3. There are also indications that sugar
may exert its effect at the level of CTR and MAP kinases. However, exact role
of sugar in controlling ripening is not known. Several studies with sugar and
ethylene mutants in Arabidopsis show differential responses in presence of
ethylene and sugar respectively suggesting possibility of a strong cross talk
between sugar and ethylene at down stream level of ethylene signal. It is likely
that sugar may play important role at transcriptional regulation level and
regulate process of ripening.

8.7 Biotechnological Usage of Ethylene Biology

As described previously, post-harvest losses in fruit are high and need to be
controlled. Biotechnology provides a promise for reducing post-harvest
losses in fruit by manipulation of the ripening process in fruits. The knowl-
edge generated by gene expression studies related to ethylene biosynthesis
and perception during fruit ripening and during the progression of ripening
and softening has been utilized to modify fruits for higher post-harvest life
and better nutritional qualities. Expression of sense, antisense or RNAi con-
structs of the different genes has allowed different groups to modify different
pathways that affect fruit. In this section, main emphasis has been given to
achievements made in the area of delayed ripening and softening (Table 8.1).

8.7.1 Transgenic Fruits with Altered Ethylene Production

As previously discussed, ethylene biosynthesis starts from SAM. The enzyme
SAM decarboxylase, converts SAM to decarboxylated SAM, which is then uti-
lized for polyamine biosynthesis. This gene has been isolated from different
plants and has been utilized to modify fruits with an idea that overexpression
of SAMDC, might enhance the flux of SAM through the polyamine pathway,
thus reducing the amount available for ethylene biosynthesis. Tomato plants
transformed with yeast SAMDC gene under control of E8 promoter exhibited
enhanced fruit lycopene content, better fruit juice quality, and vine life. The
rate of ethylene production in transgenic fruits was higher than in the non-
transgenic control fruit, suggesting that polyamine and ethylene biosynthesis
pathways may act simultaneously in ripening tomato fruit (Mehta et al. 2002).
Another enzyme that hydrolyses SAM, SAM hydrolase, found only in bacte-
riophage T3, has also been utilized to alter ethylene level in fruits. The use of
E8 promoter with SAM hydrolase in transgenic tomato plants, reduced ethyl-
ene levels in fruits as compared to controls (Good et al. 1994).

In tomato, the entire ACS gene with its untranslated region was used to
develop transgenic plants. Transgenic tomatoes showed 99.5% decrease in
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ethylene production and did not ripen without exogenous treatment of eth-
ylene (Oeller et al. 1991). In another attempt, anti-ACS containing transgenic
tomato plants showed a 30% decrease in ethylene production by fruits. The
shelf life of transgenic tomato fruits was at least 60 days at room temperature
without significant change in hardiness and color. After 15–20 days of treat-
ment of the transgenic fruits with ethylene, most of the tomatoes reached the
ripe stage (Liu et al. 1998). Apple fruit obtained from plants silenced for ACS
expectedly showed reduced autocatalytic ethylene production (Dandekari
et al. 2004). Ethylene-suppressed apple fruits were significantly firmer than
controls and displayed an increased shelf life. No significant difference was
observed in sugar or acid accumulation suggesting that sugar and acid accu-
mulation is not directly under ethylene control. Interestingly, a significant
and dramatic suppression of the synthesis of volatile esters was observed in
fruit silenced for ethylene.

ACC deaminase, which is present in soil microorganisms and converts ACC
to ammonia and α-ketobutyrate, has also been used to delay ripening in
tomato fruits. Overexpression of ACC deaminase under control of CaMV 35S
promoter produced tomato fruits with delayed fruit ripening (Klee et al. 1991).

Antisense transgenic lines of different plants have also been raised with
anti-ACO gene to alter ethylene biosynthesis. Transgenic tomato carrying
antisense ACO gene showed decrease in ethylene production (Hamilton et al.
1990). Ayub et al. (1996) produced a transgenic cantaloupe line with altered
ethylene biosynthesis due to over expression of an anti-sense ACO. Ethylene
production in ripening fruit and wounded leaves was reduced by 99 and 66%,
respectively. No change in pulp ripening was observed in transgenic fruits
when compared to control but the rind stayed greener due to retention of
chlorophyll and had increased concentration of sucrose and citric acid
(Flores et al. 2001). RNAi technique has also been used to produce tomato
fruit with delayed ripening using ACO gene. The transgenic fruits developed
by RNAi constructs released traces of ethylene and had a prolonged shelf life
of more than 120 days (Xiong et al. 2005).

8.7.2 Transgenic Fruits with Altered Ethylene Perception

Transgenic plants have been generated with lowered ability to perceive ethyl-
ene. Ethylene receptors have been a popular starting point for these studies
due to information available on the receptor genes. The mutant etr1-1 from
Arabidopsis, which has a point mutation in the histidine kinase domain, is
responsible for ethylene insensitivity. When etr1-1 gene was over expressed
in tomato, plants showed decreased ethylene perception resulting in signifi-
cant delay in fruit ripening (Wilkinson et al. 1997). Stable transformation of
tomato plants with a LeETR1 construct containing the antisense sequence
for the receiver domain and 3′-untranslated portion of the gene under the
control of an enhanced CaMV 35S promoter resulted in some expected and
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unexpected phenotypes (Whitelaw et al. 2002). In addition to reduced
LeETR1 transcript levels, the two most consistently observed phenotypes in
the transgenic lines were delayed abscission and reduced plant size. Fruit col-
oration and softening were essentially unaffected, and all the seedlings from
first generation seed displayed a normal triple response to ethylene. In
another study, a wild-type form of NR, when over-expressed in tomato using
constitutive 35S promoter produced plants that were less sensitive to ethyl-
ene (Ciardi et al. 2000). Conversely, antisense reduction in expression of indi-
vidual receptors did not have a major effect on ethylene sensitivity. The only
exception to this was antisense-reduced LeETR4 plants, which exhibited a
constitutive ethylene response and were severely affected. This is the only
receptor that, when substantially reduced, causes a severe ethylene hypersen-
sitive phenotype. The effects include epinasty, loss of flowers, and early fruit
ripening without any increase in ethylene synthesis indicating that transgenic
plants were more sensitive to ethylene. Hackett et al. (2000) developed trans-
genic Nr antisense plants which showed inhibition of the mutant receptor
gene sufficient to allow fruit to turn red in color and to achieve wild-type
levels of expression of ripening-related (PSY1 and ACO1) and ethylene-
responsive (E4) genes.

8.7.3 Transgenic Fruits with Altered Fruit Softening

The textural changes leading to softening are most prominent in climacteric
fruits. These changes are brought about mostly by the solubilization and
depolymerization of cell wall hemicelluloses and pectin (Fischer and Bennett
1991) by various cell wall hydrolases (Brummell and Harpster 2001). Since
excessive softening is the primary cause for fruit spoilage and pathogen
attack, development of transgenic fruit with reduced softening has received a
lot of attention.

Tomato PG was the first cell wall hydrolase to be examined using transgenic
approach. Two groups independently down-regulated PG mRNA accumula-
tion by constitutive expression of an antisense PG transgene driven by the cau-
liflower mosaic virus 35S promoter (Sheehy et al. 1988; Smith et al. 1988). The
studies yielded transgenic fruits, retaining only 0.5–1% of wild-type levels of
PG enzyme activity (Smith et al. 1990; Kramer et al. 1992). Nevertheless, over-
all fruit ripening and softening was not affected. However, since the fruits had
a better juice quality, they led to development and commercialization of the
first transgenic fruit ‘Flavr Savr’ tomato marketed by Calgene Inc. in 1994. In a
related study, use of the non-softening ripening-impaired rin mutant, in
which mRNA of the endogenous PG gene accumulates at much reduced levels,
was used to examine the role of PG in ripening-related cell wall metabolism
(Giovannoni et al. 1989). Transgenic rin plants with a sense PG transgene
under control of E8 promoter produced fruit with PG enzyme activity to 60%
of wild type level but this did not restore softening.
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Demethylation of polygalacturonans in the cell wall is accomplished by
pectin methylesterase, which de-esterifies polyuronides and makes them sus-
ceptible to degradation by PG. Two groups independently suppressed PME
activity in tomato by introduction of antisense PME2/PEC2 transgenes under
the control of the constitutive 35S promoter. In both cases, PME2 mRNA and
protein were reduced to undetectable or trace levels in fruit. The degree of
pectin methyl esterification in transgenic antisense PME fruit was higher than
controls by 15–40% throughout ripening (Tieman et al. 1992; Hall et al. 1993),
but the fruit otherwise ripened normally (Tieman et al. 1992).

Attempts have also been made to alter the wall polymer galactoside con-
tent. In tomato, α-galactosidases are encoded by a gene family of at least
seven members (TBG1–7) having different patterns of expression during fruit
development (Smith and Gross 2000). Sense suppression by a short gene-
specific region of TBG1 cDNA reduced TBG1 mRNA abundance to 10% of
wild-type levels in ripe fruit, but did not reduce total exo-galactanase activity
and did not affect cell wall galactose content or fruit softening (Carey et al.
2001). Antisense tomato beta-galactosidase 4 (TBG4) cDNA driven by the
cauliflower mosaic virus 35S promoter resulted transgenic tomatoes with
fruit firmness significantly higher than control fruit. Antisense suppression
of a tomato β-galactosidase gene using TBG6 produced lines with increased
fruit cracking, reduced locular space, and a doubling in the thickness of the
fruit cuticle. In addition, transgenic lines exhibited a 35–39% reduction in
fruit firmness at the 20 dap stage, but their texture was equivalent to the wild
type at 30 dap and beyond (Moctezuma et al. 2003).

Pectate lyases catalyse the eliminative cleavage of de-esterified pectin,
which is a major component of the primary cell walls of many higher plants
(Carpita and Gibeaut 1993). Pectate lyase gene expression has been manipu-
lated in transgenic strawberry fruits and suppression of the mRNA during
ripening resulted in significantly firmer fruits (Jimenez-Bermudez et al.
2002). In the transgenic fruits, the highest reduction in softening occurred
during the transition from the white to the red stage.

Cell wall matrix glycans undergo considerable depolymerization by cellu-
lase (EGase) during fruit ripening which is believed to contribute substan-
tially to fruit softening. Large, very divergent multigene families encode
EGases, which in tomato consists of at least eight members. In tomato, mRNA
accumulation of the highly divergent EGases LeCel1 and LeCel2 was sup-
pressed individually by constitutive expression of antisense transgenes
(Lashbrook et al. 1998a; Brummell et al. 1999a). In both cases, most sup-
pressed lines showed decreased mRNA accumulation in fruit pericarp by 99%
relative to wild type, without affecting the expression of the other EGase and
fruit softening. In bell pepper, sense suppression of CaCel1 reduced immun-
odetectable CaCell protein and extractable CMCase activity to undetectable
levels in ripe fruit (Harpster et al. 2002). However, the lack of CaCel1 activity
in suppressed fruit had no detectable effect on ripening-related matrix glycan
depolymerization.
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During the growth and maturation of green tomato fruit, at least six
expansin genes show staggered and overlapping patterns of mRNA accumu-
lation (Brummell et al. 1999c; Catalá et al. 2000). Suppression and over-
expression of LeExp1 mRNA resulted in altered fruit softening during
ripening (Brummell et al. 1999b). Suppression of LeExp1 protein in ripening
fruit to 3% of wild-type, reduced fruit softening during ripening by 15–20%,
but did not affect matrix glycan depolymerization. Interestingly, transgenic
fruit showed reduced PG activity. Overexpression of LeExp1 protein up to
3-fold of wild-type abundance did not affect polyuronide depolymerization
but substantially increased fruit softening and the depolymerization of
matrix glycans, including xyloglucan.

Suppression of either LePG or LeExp1 expression alone results in altered
softening and/or shelf life characteristics. To test whether simultaneous sup-
pression of both LePG and LeExp1 expression influences fruit texture in addi-
tive or synergistic ways, transgenic tomato lines with reduced expression of
both LePG and LeExp1 were crossed with each other. Fruits from the third
generation of progeny, homozygous for both transgenic constructs, were ana-
lyzed for firmness and other quality traits during ripening on or off the vine.
In field-grown transgenic tomato fruits, suppression of LeExp1 or LePG alone
did not significantly increase fruit firmness. However, fruits suppressed for
both LePG and LeExp1 expression were significantly firmer throughout ripen-
ing and were less susceptible to deterioration during long-term storage. Juice
prepared from the transgenic tomato fruit with reduced LePG and LeExp1 was
more viscous than juice prepared from control fruit (Powell et al. 2003).

Apart from cell wall hydrolases, other genes have also been used to
increase the post-harvest life of fruits. Deoxyhypusine synthase (DHS) medi-
ates the first of two sequential enzymatic reactions that activate eukaryotic
translation initiation factor-5A (eIF-5A) by converting a conserved Lys to the
unusual amino acid, deoxyhypusine. DHS protein levels were suppressed in
transgenic tomato plants by expressing the 3′-untranslated region of tomato
DHS under regulation of the constitutive cauliflower mosaic virus promoter.
Fruit from the transgenic plants ripened normally, but exhibited delayed
post-harvest softening and senescence that correlated with suppression of
DHS protein levels (Wang et al. 2005).

Lu et al. (2001) repressed the expression of a Rab11a GTPase in tomato and
found that it affected several aspects of plant development. Antisense plants
showed reduced ripening due to reduced levels of PG and PME indicating a
role of Rab11a GTPase in trafficking of these cell wall hydrolases. Recently,
Neta-Sharir et al. (2005) used transgenic analysis to show that the chloroplas-
tic small heat-shock protein HSP21 was involved in chromoplast develop-
ment. Overexpression of HSP21 in transgenic tomatoes resulted in earlier
lycopene accumulation in fruits as compared to controls. Transgenics of
tomato have also been prepared for understanding the role of the lipoxygenase
in volatile synthesis. Antisense plants of tomloxC, the major lipoxygenase
in fruits, showed greatly reduced volatiles of C6 type in tomato. The

Role of Ethylene in Fruit Ripening 173



accumulation of these volatiles was shown to be dependent on linoleic and
linolenic acids (Chen et al. 2004b).

8.7.4 Ripening-Related Promoters

As described earlier, ripening in fruit is associated with expression of hun-
dreds of genes, many of which are specific to fruits. Some of these genes show
ripening-related expression while some are strongly responsive to ethylene.
Apart from understanding the cis acting elements that drive ethylene-respon-
sive gene expression in fruits, the study of promoter also has a great potential
for biotechnological applications where fruit specific manipulation of a gene
is desired. Several fruit/ripening specific promoters from genes such as ACO
(Holdsworth et al. 1987), PG (Montgomery et al. 1993), E4 (Montgomery et al.
1993), E8 (Deikman and Fischer 1988; Deikman et al. 1992), 2A11 (van Haaren
and Houck 1991, 1993), TFM-7 (Santino et al. 1997) and P119 (Dunsmuir and
Stott 1997) have been identified in tomato and used to produce transgenic
fruits. Extensive analysis of the promoters for E4 and E8 genes has been car-
ried out. While E8 shows fruit specificity and ethylene-responsive expression,
E4 induction by ethylene is tissue independent. It was shown that at least two
co-operative cis acting elements located between −150 and −126 and between
−40 and +65 in E4 were necessary for ethylene responsiveness (Xu et al. 1996).
In E8, the cis acting elements for fruit specificity and ethylene responsiveness
were distinct. The region from −1,088 to −2,181 was required for ethylene
responsiveness, while the fruit specific cis acting elements were present in the
proximal portion of the promoter between −631 to −349. When this region was
deleted, there was a dramatic loss of E8 gene expression in ripening fruits
(Deikman et al. 1992). A DNA binding protein E4/E8BP that could bind both
the E4 and E8 promoters was identified and showed expression during ripen-
ing (Coupe and Deikman 1997). The E8 promoter has been shown to be late
expressing during ripening and has been used to develop transgenic tomato
fruits (Sandhu et al. 2000; Lewinsohn et al. 2001; Mehta et al. 2002). The pro-
moter region of tomato PG (TFPG) also shows significant homology to the
ethylene-responsive E8 and E4 gene promoters. A 4.8 kb 5′ flanking region of
TFPG greatly increased ripening specific reporter gene activity, while 1.8 kb 3′
region has a positive regulatory role in the presence of the extended 5′ region.
DNA sequence of the 3.4 kb region has 400 bp imperfect reverse repeat
sequences, which shows functional similarity to the regulatory regions of the
ethylene regulated E4 and E8 gene promoters (Nicholass et al. 1995). The stud-
ies related to 2A11 promoter revealed that it contains at least four fruit-
specific and one leaf- and fruit-active protein-binding domain (van Haaren
and Houck 1991), which drive expression during fruit development and ripen-
ing. When this promoter was used to develop fruit specific RNAi mediated
suppression of det1 gene, transgenic tomato fruits accumulated enhanced
amount of carotenoid and flavonoid in fruits only (Davuluri et al. 2005). In the
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same study, constructs containing TFM7 and P119 promoters also enhanced
carotenoid and flavonoid levels specifically in the fruit tissue. This study sug-
gests that these promoters were able to drive expression in fruit specific man-
ner. The promoters of LeCel2 and LeExp1 have also been shown to contain
some positively and negatively regulating regions, which can drive expression
of any gene during tomato fruit ripening. The apple ACC-oxidase promoter
contains elements that are located between −1,159 and −450 and direct ripen-
ing-specific gene expression in tomato fruit. The presence of a region between
−450 to −1 has been shown to direct fruit but not ripening-specific gene
expression (Atkinson et al. 1998). The TGTCACA motif, a novel enhancer ele-
ment necessary for fruit-specific expression of the cucumisin gene reported
from the melon (Yamagata et al. 2002). Though these promoters drive expres-
sion in response to ethylene, none of them contain GCC-box present in some
defense-related genes that are responsive to ethylene (Ohme-Takagi and
Shinshi 1990).

Though promoters from other fruits have also been isolated but in most
cases analyses has been done only in the heterologous plants like tomato. The
results are very encouraging but need further experimentation with respect to
specificity. For example, the apple ACC-oxidase promoter contains elements
located between −1159 and −450 that direct ripening-specific gene expression
in tomato fruit (Atkinson et al. 1998). The region from −450 to −1 contains an
element that directs fruit but not ripening-specific gene expression. Similar
results were obtained for apple PG promoter showing that the region from −
1 to −1460 contains positive regulatory elements that direct expression in ripe
tomato fruit. The region from −2,356 to −1,460 may contain an element(s)
that down-regulates expression in ripe tomato fruit, but not necessarily in
apple fruit. Both the PG and ACC-oxidase promoters from apple were able to
direct GUS reporter gene expression to the inner, but not outer pericarp of
ripe tomato fruit. Kumar et al. (2005) have transformed banana with the ‘s’
gene of hepatitis B surface antigen (HBsAg) under control of banana ACO
promoter and shown presence of antigen in fruit tissue. Peumans et al. (2002)
suggested BanTLP (thaumain-like protein) and BanGase (α-1, 3-glucanase)
promoters as prospective candidates for this purpose based on the total pro-
tein analysis. Trivedi and Nath (2004) suggested the use of MaExp1 promoter
as a good candidate for fruit specific expression of genes in ripening banana
fruit tissue. To investigate the transcriptional regulation of ACO genes of
peach, chimeric fusions between GUS reporter gene, and Pp-ACO promoter
have been constructed and introduced in tomato. When Pp-ACO promoter
was used in transgenic tomato plants, same pattern of expression was
observed as in peach and the GUS activity was localized in leaf blade, ovary,
leaf and fruit abscission zones and pericarp, which was up-regulated by
propylene and wounding. Transient expression analysis of this promoter in
peach fruit suggests that it contains an ethylene-responsive element (ERE),
which is responsible for the stimulation by the ethylene (Rasori et al. 2003;
Moon and Callahan 2004). The ethylene-responsive promoters from tomato,
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apple, and peach do not share homology in their ethylene-responsive ele-
ments, which suggest that these elements might be species-specific. This
observation was also made by Agius et al. (2005) with GalUR promoter from
strawberry. The transient assay was used to study the activity of the tomato
polygalacturonase, pepper fibrillin as well as GalUR promoter in strawberry
fruits. Whereas slight activity was observed with the fibrillin promoter, no
significant activity was found with the polygalacturonase promoter. The
GalUR promoter in transiently transformed ripe tomato fruits showed no
activity, indicating the presence of regulatory sequences specific for its
function in strawberry fruit.

8.8 Conclusions

Ripening in climacteric fruits is basically a degradative process and ethylene
burst during climacteric rise may be considered a death signal that prepares
fruit for seed dispersal through a concerted breakdown of various cellular
components. Though certain biosynthetic processes also operate during this
period, these are eventually for assisting seed dispersal by acting as visual or
olfactory attractants. Ethylene is perceived through a set of ethylene receptors
and the signal traverses through various components in an orderly manner to
reach target genes that are either expressed or repressed. A number of signal-
ing components (molecules) have been identified and characterized in fruits
as homologues to those already established in Arabidopsis indicating conser-
vation in the basic signaling process. Several hundred target genes are either
expressed or repressed as a consequence to ethylene signaling bringing about
textural and biochemical changes in the fruit. The ripening-related changes in
climacteric fruits are somewhat sudden and short lived with respect to their
aesthetic and commercial value. Large-scale losses are incurred due to
spoilage and short shelf life of such fruits. Attempts have been made to extend
shelf life of these fruits by manipulating expression of genes involved in ethyl-
ene action. There is also greater need to identify a fruit/ripening specific pro-
moter so that desirous genes may be specifically expressed in fruit tissue for
the manipulation of ripening or value addition in fruits.
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9.1 Introduction

To distinguish plant hormones from that of animal, the term phytohormone
has been used. Phytohormones are extremely important agents required in
the control of developmental activities. They regulate expression of the
intrinsic genetic potential of plants. Although the mechanism is not well
understood, the control of genetic expression has been demonstrated for the
phytohormones at the transcription and translation level (Arteca 1997). Also,
hormones receptors binding proteins have been identified on membrane sur-
face that are specific for some phytohormones. The type and abundance of
these proteins appear to be important in determining the sensitivity of the
tissue to phytohormones.

Of the five groups of hormones, each affects photosynthesis by modifying
plant growth or enzymes of photosynthesis or by the interaction with other
plant hormones. It is known that a particular process is affected by more than
one group of hormones. Among the phytohormones, the interactions of gib-
berellins, abscisic acid, and ethylene are considered to set leaf potential for
photosynthesis (Fig. 9.1).

9.2 Plant Growth Regulators and Photosynthetic Responses

Plant hormones are important in delivering photosynthetic responses.
Phytohormones play an essential role in integrating many aspects of plant
development and response to the environment. Regulation of hormonally
controlled events can occur at the level of biosynthesis, catabolism, or per-
ception (Trewavas 1983; Bradford and Trewavas 1994). Phytohormones
improve the physiological efficiency of plants by modifying the balance
between photosynthesis and respiration (Arteca and Dong 1981; Zerbe and
Wild 1981; Makeev et al. 1992). Increased rates of photosynthesis per unit leaf
area have been observed after the application of phytohormones on different
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species (Child et al. 1985; Liu et al. 1993; Yang et al. 1994; Khan 1996b; Khan
et al. 1996, 2000). Phytohormones can affect photosynthetic CO2 uptake
either by affecting stomatal aperture or by affecting the activity of photosyn-
thetic enzymes (Foroutan-Pour et al. 1997).

Varied information on the effects of gibberellic acid (GA) on photosyn-
thesis has been reported in the literature. Some reports advocate that GA
enhances photosynthesis (Khan 1996a; Khan et al. 1996, 2002b; Yuan and Xu
2001) but others report decreased rate of photosynthesis (Dijkstra et al.
1990). The use of GA biosynthesis inhibitors has been found to stimulate pho-
tosynthesis (Sairam et al. 1991; Thetford et al. 1995) or reduce the photosyn-
thetic rate (Bode and Wild 1984; Heide et al. 1985). The studies employing GA
mutants showed no difference in the photosynthetic rate between wild-type
tomato plants and GA mutants. These contradictory reports may be due to
several reasons, including measurement and expression of photosynthesis,
and the application of GA or GA inhibitors (Nagel and Lambers 2002). The
other mechanism presumed to be operative in GA-mediated photosynthetic
responses is the involvement of other hormones, as perception of one plant
hormone affects the concentrations, perception, and responses to others
(Khan et al. 2003). In this aspect, the interaction of ethylene, GA, and abscisic
acid are possible because ethylene has a role in photosynthesis through its
effect on leaf area index and light interception (Subrahmanyam and Rathore
1992; Khan et al. 2000). Another reason to link ethylene’s role in photosyn-
thesis is the similarity of formation of carbamate from CO2. As in ribulose-1,5
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bisphosphate carboxylase (RuBPC), CO2 binds a Lys residue (Andrews and
Lorimer 1987) forming a carbamate (Lorimer and Miziorka 1980), similar
carbamate formation (Fernandez-Maculet et al. 1993) and a single Lys
(Ververides and Dilley 1994) involvement of 1-aminocyclopropane car-
boxylic acid (ACC) oxidase (an enzyme responsible for ethylene release) acti-
vation by CO2 has been suggested. Besides this, ethylene-induced change in
abscisic acid biosynthesis may function in causing alteration in photosynthe-
sis through the established role of abscisic acid in stomatal movement and
gas exchange. Study on deepwater rice has shown that ethylene accumulation
in the submerged tissue led to a decrease in abscisic acid levels (Kende and
Zeevaart 1997; Grossmann and Huesen 2001) and an increase in the respon-
siveness of the tissue to gibberellic acid. Other reports on the interaction of
ethylene and abscisic acid also show that applied abscisic acid inhibits ethyl-
ene evolution (Tan and Thimann 1989). Abscisic acid antagonist treatment
increases the rate of ethylene evolution from maize seedlings (Spollen et al.
2000) and abscisic acid-deficient Arabidopsis mutant has been found to
exhibit an increase in ethylene evolution (Rakitina et al. 1994). The hormone
auxin also influences ethylene evolution. Increased auxin supply stimulates
ethylene evolution through de novo synthesis of ACC synthase, the first
enzyme in ethylene biosynthesis. Similarly, cytokinins at a high concentration
increase ethylene evolution. It is not known whether endogenous abscisic acid
functions to restrict synthesis of ethylene precursor ACC or the conversion of
ACC to ethylene. This could be resolved by examining the effects of abscisic
acid deficiency in ethylene-deficient or ethylene-insensitive plants (Sharp and
Le Noble 2002).

9.3 Ethylene in Photosynthesis and Growth of Mustard
(Brassica juncea)

Ethylene is a plant hormone that influences many aspects of plant growth and
development (Mattoo and White 1991; Abeles et al. 1992; Wang et al. 2002).
Its biosynthetic pathway has been well established (Kende 1993). In higher
plants, ethylene is synthesized from methionine through S-adenosylmethio-
nine. ACC synthase is the enzyme involved in catalyzing the first step of eth-
ylene biosynthesis. It catalyses the conversion of S-adenosylmethionine to
ACC, which in turn is converted to ethylene by the mediation of ACC oxidase.
Both the enzymes ACC synthase and ACC oxidase are important in ethylene
biosynthesis.

Since the discovery of ethylene, its function has been implicated to fruit
ripening and, therefore, generally termed as the ‘ripening hormone’. In
recent years, considerable research has been conducted on understanding the
biochemical and physiological bases of the effects of ethylene in higher
plants. Several reports indicate that ethylene is involved in every aspect of



plant growth and development and CO2 assimilation. The effects of ethylene
are diverse, depending on its concentration in the tissue (Hussain et al. 1999).

Despite its simple two-carbon structure, ethylene is a potential modulator
of growth and development (Abeles et al. 1992; Kieber et al. 1993; Ecker 1995;
Smalle and van der Straeten 1997). It is a simple, readily diffusible hormone
with an important role in integrating developmental signals and responses to
external stimuli (Ciardi and Klee 2001). The production of ethylene is tightly
regulated by internal signals during development and in response to external
environmental stimuli. In 1901, the Russian botanist Neljubow was the first
to recognize the growth regulatory properties of ethylene. Later, in 1930, eth-
ylene was recognized to have a vide variety of effects on plants and in 1934,
Gane in England first obtained positive proof that ethylene was a natural
plant product.

Ethylene is the simplest olefin, which exists in the gaseous state under nor-
mal physiological conditions. Ethylene-generating commercial chemical is
ethephon or ethrel (2-chloroethyl phosphonic acid, ClCH2CH2PO3H2)
(Warner and Leopold 1969). Ethephon is the most important and versatile
ethylene-releasing agent marketed and registered for more than 20 crops. It
is a synthetic plant growth regulator that undergoes chemical biodegradation
in cell cytoplasm at pH greater than 4.1 to release ethylene (Urwiller and
Stutte 1986; Kasele et al. 1995). Not all plants respond to ethylene in the same
manner nor are they equally sensitive to this phytohormone. For example,
a higher concentration of ethylene is required to inhibit stem elongation in
monocotyledons than dicotyledons (Abeles et al. 1992), while exposure to
ethylene stimulates the growth of other plants, like rice (Raskin and Kende
1984). Similarly, the response of tissue to ethylene is dictated by the concen-
tration to which they are exposed. In the control of growth, ethylene is found
to promote the reorientation of cortical microtubules, thereby possibly con-
trolling elongation (Shibaoka 1994). Moreover, a role of ethylene has been
suggested in regulating the expression of cell wall peroxidase involved in the
control of wall extensibility and cell growth (Ridge and Osborne 1971).
Regulating the level of peroxidase activity by suitable concentration of ethyl-
ene influenced the direction of growth of active tissues and organs. The role
of ethylene during leaf development has been investigated physiologically
using ethylene inhibitors and genetically using several ethylene-insensitive
mutants such as ETR1, ER, EIN2 and EIN3 or transgenic plants that do not
express the key enzymes of ethylene biosynthesis. All of these approaches
showed that blocking ethylene biosynthesis or action could delay leaf devel-
opment (Chao et al. 1997; Oh et al. 1999). An increase in leaf expansion has
been observed in Arabidopsis and burst of ethylene was accompanied by an
increased expression of ACC synthase gene 1, a gene suggested to be involved
in the control of cell expansion (Rodrigues-Pousada et al. 1993). It appears
that induction of ethylene biosynthesis is associated with leaf emergence or
in the control of cell expansion. This is also supported from the studies on
ethylene-insensitive mutants, which have a large rosette than the wild type
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(Ecker 1995) resulting from cell enlargement (Hua et al. 1995). Lee and Reid
(1997) found expansion in leaf area in sunflower with lower ethylene concen-
tration. Ievinsh and Kreicbergs (1992), in cereal seedlings, reported that leaf
emergence is associated with a peak of ethylene evolution.

Contradictory claims have been made on the effect of ethylene on photo-
synthesis with the use of ethylene-releasing compounds. An increase in the
net photosynthetic rate (Grewal and Kolar 1990; Grewal et al. 1993; Khan et al.
2000) or decrease (Kays and Pallas 1980; Rajala and Peltonen-Sainio 2001)
has been reported with the use of ethylene-releasing compounds. A correla-
tion between ethylene-enhanced stomatal conductance and photosynthetic
rate was found by Taylor and Gunderson (1986). A high concentration of CO2
(>1%) acts as an antagonist of ethylene, but atmospheric CO2 concentration
is needed for the conversion of ACC oxidase to ethylene (Mattoo and White
1991). Thus, there is an interrelation between ethylene and CO2 metabolism,
and ethylene evolution controls the growth of plants. Bassi and Spencer
(1982) showed an increase in ACC oxidase activity with an increase in CO2
concentration. Dhawan et al. (1981), Kao and Yang (1982), and Grodzinski
et al. (1982) also showed the inhibition of ethylene evolution resulting from a
decrease in intercellular CO2 concentration regulated photosynthesis.
Similarly, Dong et al. (1992) showed completely abolished ACC oxidase activ-
ity in the absence of CO2. ACC oxidase binds to Lys residue (Fernandez-
Maculet et al. 1993) and results in carbamate formation (Ververides and
Dilley 1994). Khan (2004a) has shown strong positive correlation of ACC syn-
thase activity with photosynthetic rate and leaf area of mustard. The level of
ACC synthase activity governed the photosynthetic rate and leaf area in two
cultivars of mustard differing in photosynthetic activity. It is assumed that
the structure of canopies in relation to leaf size and leaf area index is helpful
in improving solar energy harvesting ability of leaves. Photosynthesis is
responsive to leaf size, thus interception of solar radiation by leaves and its
impact on photosynthesis.

Woodrow and Grodzinski (1989) suggested that CO2 assimilation and
growth might be altered by ethylene-related changes in leaf growth and total
light interception. A lower concentration of ethylene increases the total leaf
area while a high concentration reduces it (Mir 2003). Lee and Reid (1997)
have also reported an increase in leaf area with low ethylene concentration.
The studies with ethylene-insensitive mutants also implicate involvement of
ethylene in leaf formation and expansion (Ecker 1995; Hua et al. 1995).
Several explanations have been put forward for ethylene-mediated photosyn-
thetic responses. Observations of Buhler et al. (1978), Grewal and Kolar
(1990), Grewal et al. (1993) and Khan et al. (2000) have shown that the
increase in photosynthesis with ethylene-releasing compounds was due to the
increase in chlorophyll per unit of leaf area and greater light interception.
Retaining high leaf area in ethephon (ethylene-releasing compound) treated
plants helped in an increase in photosynthesis (Subrahmanyam and Rathore
1992; Khan et al. 2000).
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The present work reports a study conducted to find the involvement of
ACC synthase in the control of photosynthesis and growth. For that, two cul-
tivars of mustard (Brassica juncea L. Czern & Coss.) having different photo-
synthetic capacities were used in the study. It was postulated that the
cultivars would respond according to their capacities and produce optimal
ethylene through ACC synthase to bring about maximal photosynthetic
and growth responses. With this view, an ethylene modulator, ethephon
(2-chloroethylphosphonic acid; an ethylene-releasing compound) was used
to find a possible relationship of ethylene-mediated changes in photosynthe-
sis with ACC synthase activity. To further strengthen the findings, the ACC
synthase activity was quantified in the presence of modulators of ACC syn-
thase activity, which was done by enhancing ACC synthase activity by spray-
ing the plants with indole-3-acetic acid (IAA) or inhibiting the activity by
spray of aminoethoxyvinylglycine (AVG). This was hypothesized that the
high and low photosynthetic capacity cultivars would respond according to
the IAA concentrations that might modify its capacity to produce optimal
ethylene and maximal photosynthetic and plant growth response. Mustard
was used as a model system because of its agricultural importance and wealth
of available literature.

9.3.1 Ethylene in Mustard Cultivars Differing in Photosynthetic Capacity

An experiment on mustard (Brassica juncea L.) cvs. Varuna (high photosyn-
thetic capacity) and RH30 (low photosynthetic capacity) showed that the ACC
synthase activity and the ethylene pattern were similar to photosynthesis in
the two cultivars. At different stages of plant development (30, 45, and 60 days
after sowing), ACC synthase activity was higher in Varuna than RH30. Varuna
also showed higher capacity of ethylene biosynthesis. The activity of ACC syn-
thase was 74.4, 50.7, and 37.7% higher in Varuna than RH30 at 30, 45, and
60 days after sowing, respectively, whereas ethylene evolution was 78.6, 41.7,
and 26.4% higher in Varuna than in RH30 at these growth stages. At all sam-
pling times, photosynthetic rate in Varuna was higher showing 71.6, 47.1, and
29.9% increase over RH30. Varuna also had higher stomatal conductance and
carbonic anhydrase activity. Leaf area and plant dry mass followed the pattern
of rate of photosynthesis and ethylene in the cultivars.

The activity of ACC synthase was found to be correlated to the photosyn-
thetic rate and leaf area in both the cultivars (Fig. 9.2). A strong positive cor-
relation of ACC synthase activity with photosynthetic rate (r2=0.983) and leaf
area (r2=0.976) was observed in Varuna. Also, in RH30 a positive relationship
was found. In RH30, a correlation of ACC synthase activity with photosyn-
thetic rate (r2=0.991) and with leaf area (r2=0.976) was noted (Khan 2004a).

The higher photosynthetic rate of Varuna was manifestation of ethylene-
induced variation in stomatal and mesophyll effects. This caused greater
influx of CO2 increasing its fixation showing higher values for photosynthetic

190 Nafees A. Khan



Ethylene Involvement in Photosynthesis and Growth 191

rate. The higher leaf area retained by the cultivar Varuna led to have an effi-
cient light interception and thus photosynthesis and dry mass. The correla-
tion studies between ACC synthase activity and photosynthesis and leaf area
also suggest a role for ACC synthase in photosynthesis and growth.

9.3.1.1 Effects of Ethylene Modulators

Further to substantiate our understanding of the involvement of ethylene in
photosynthesis, the two cultivars, Varuna and RH30, were treated with 0, 0.75,
1.5 and 3.0 mM ethephon at 30 days after sowing. Since ethephon on hydroly-
sis releases ethylene and phosphorus, an equivalent amount of phosphorus
present in 3.0 mM ethephon was given to all treatments including the control
to nullify the effects of phosphorus. Both the cultivars Varuna and RH30
responded maximally to 1.5 mM ethephon. Ethephon application significantly
affected ACC synthase activity and ethylene evolution and were greatest with
3.0 mM of ethephon. The low photosynthetic capacity cultivar RH30 was more
responsive to ethephon than the high photosynthetic capacity cultivar
Varuna. Application of 1.5 mM of ethephon increased ACC synthase activity
by 10.0% in Varuna and 29.0% in RH30. The same treatment of ethephon
increased ethylene by 52.6% in Varuna and 75.0% in RH30. The increase in
ethylene with 1.5 mM of ethephon was associated with the increase in photo-
synthetic rate, stomatal conductance, and carbonic anhydrase activity.
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Ethephon at 1.5 mM increased the photosynthetic characteristics maximally;
increasing the photosynthetic rate by 31.8 and 41.8%, stomatal conductance
by 15.0 and 17.1%, and carbonic anhydrase activity by 84.6 and 71.4% in
Varuna and RH30, respectively. The ratio of intercellular to ambient CO2 con-
centration (Ci/Ca) was constant (Fig. 9.3) (Khan 2004b). An ethylene-induced
increase in photosynthesis and stomatal conductance suggested that the dif-
ferences in stomatal conductance contributed significantly to the variation in
photosynthesis (Khan 2004b).

Leaf area and plant dry weight also responded similarly to photosynthetic
characteristics; increasing to 1.5 mM ethephon treatment. A higher concen-
tration of ethephon (3.0 mM) decreased the characteristics in both of the cul-
tivars. It may be presumed that physiological concentration of ethylene in
both cultivars was achieved with 1.5 mM of ethephon that triggered the phys-
iological responses.

The favorable influence of ethephon on photosynthesis has been reported
(Subrahmanyam and Rathore 1992; Khan et al. 2000). Increased stomatal
conductance and carbonic anhydrase activity values in both high and low
photosynthetic capacity cultivars, Varuna and RH30, respectively, reflected
the stomatal conductance and mesophyll effects on photosynthesis.
Mesophyll effects are characterized as a product of CO2 binding capacity and
the electron transport capacity. The carboxylation capacity determines the

192 Nafees A. Khan

Fig. 9.3. Effect of different concentrations of ethephon on net photosynthetic rate, PN a
and stomatal conductance, gS b, intercellular CO2 concentration, Ci c and carbonic anhydrase
(CA) activity d in high and low photosynthetic capacity cultivar, Varuna and RH30 of mustard
(Brassica juncea). Each data point represent treatment mean ± SE. Values at each data 
point within the cultivar sharing the same letter are not significantly different at P<0.05 (Khan
2004b)
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mesophyll effects (Pell et al. 1992; Eichelmann and Laisk 1999). An increase
in carbonic anhydrase activity at the site of CO2 fixation exhibited the
enhanced carboxylation reaction (Badger and Price 1994; Moroney et al.
2001; Khan et al. 2004). The changes in stomatal conductance due to ethep-
hon were a response to maintain stable intercellular CO2 concentration under
the given treatment. Thus, stomatal and mesophyll processes contributed to
the increase in the photosynthetic rate in response to ethephon.

The ethephon-induced effects on photosynthetic parameters were medi-
ated by ethylene evolved due to ethephon treatment. Taylor and Gunderson
(1986) showed a relationship between ethylene-enhanced stomatal conduc-
tance and ethylene-enhanced photosynthesis. A higher concentration of
ethephon (3.0 mM) decreased the photosynthesis and stomatal conductance.
Such a condition of inhibition of photosynthesis by an ethylene-releasing
compound has been observed by Kays and Pallas (1980) and Rajala and
Peltonen-Sainio (2001). In all these studies, ethylene has been attributed to
the changes in photosynthesis due to its effects on stomatal conductance.
Mattoo and White (1991) reported that ethylene affected CO2 assimilation
and the plant responded depending on the tissue concentration. On the sim-
ilar lines, Dhawan et al. (1981), Kao and Yang (1982) and Grodzinski et al.
(1982) reasoned that a decrease in CO2-regulated photosynthesis was related
to ethylene evolution. In the present study, low photosynthetic capacity cul-
tivar RH30 responded more to ethephon than the high photosynthetic capac-
ity cultivar Varuna. In control plants, lower ethylene evolution in RH30 (due
to low ACC synthase activity) than Varuna was responsible for the lower pho-
tosynthetic rate. As the ethylene evolution increased with ethephon applica-
tion, the capacity of RH30 for photosynthesis also increased, resulting in a
higher percent increase in photosynthesis than the Varuna. An increase of
75% ethylene (29% ACC synthase activity) in RH30 due to 1.5 mM ethephon
increased the photosynthetic rate by 41.8%, whereas a 52.6% increase in eth-
ylene (10% ACC synthase activity) in Varuna due to the same treatment
increased photosynthesis by 31.8%. However, a further increase of ACC syn-
thase activity and ethylene evolution with 3.0 mM ethephon proved
inhibitory for photosynthesis.

It appeared therefore possible that the threshold value for ethylene and
ACC synthase activity with 1.5 mM ethephon was comparable to that which
elicits the ethylene-mediated hormonal responses, which differ with the cul-
tivars inherent capacity of physiological processes. Low and high concentra-
tion represent the two ends of an optimum curve, promoting at low
concentration and inhibiting at high.

9.3.1.2 Effect of ACC Synthase Activity Modulators

Finally, the study was carried out to strengthen our information on the role
of ethylene in photosynthesis and growth. An approach of utilization of
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chemicals to modify ethylene biosynthesis was considered. For that reason,
indole-3 acetic acid (IAA) and aminoethoxyvinylglycine (AVG) were applied
on foliage of Varuna and RH30 cultivars of mustard. The effects of IAA and
AVG on ACC synthase activity and photosynthesis were found significant in
both low and high photosynthetic capacity cultivars, RH30 and Varuna,
respectively. A concentration of 10−4 and 10−5 M spray enhanced the charac-
teristics maximally in Varuna and RH30, respectively. Spray of 10−4 M on
Varuna increased ACC synthase activity by 18.8% in comparison to the con-
trol. Similarly, photosynthesis was increased by 41.5% in comparison to the
control with 10−4 M IAA. In the cultivar RH30, the maximal enhancement of
16.6% in ACC synthase activity and 39.0% in photosynthesis was noted with
10−5 M IAA. The application of AVG on both the cultivars resulted in a
decrease in ACC synthase activity, ethylene, photosynthesis, and growth
(Khan 2005b).

An increase in ACC synthase activity due to IAA application led to
enhanced ethylene evolution, which manifested in ethylene-induced varia-
tion in stomatal conductance. This caused a greater influx of CO2 and its fix-
ation. The higher activity of carbonic anhydrase activity also reflects the
increased rates of CO2 fixation and higher photosynthesis. A relationship of
carbonic anhydrase activity with photosynthesis has been suggested (Khan
1994; Khan et al. 2004). A higher concentration of CO2 is known to act as an
antagonist of ethylene, but atmospheric concentration of CO2 is needed for
the conversion of ACC to ethylene (Mattoo and White 1991). Thus, CO2 could
promote or inhibit ethylene evolution depending upon the sensitivity of the
tissue. There is an interrelation between ethylene and CO2 metabolism, affect-
ing photosynthesis. The differential response of Varuna and RH30 to IAA
concentration was due to the difference in the sensitivity of these cultivars for
ethylene biosynthesis. The physiological active concentration of ethylene was
achieved by 10−4 M IAA in Varuna and with 10−5 M in RH30. This overall
effect resulted in leaf growth and plant dry weight. The reasons for this were
explained earlier.

The inhibitor of ACC synthase activity, AVG reduced the ethylene biosyn-
thesis and consequently reduced ethylene and, therefore, photosynthesis was
lesser than the control. The reduced ethylene with the inhibition of ACC syn-
thase activity was expected as ACC synthase is the first rate-limiting enzyme
of ethylene biosynthesis.

9.4 Ethylene in Photosynthesis and Growth of 
Defoliated Plants

The removal of leaves, partial or complete, is described as defoliation.
Responses of plants to defoliation are of considerable economic importance
(McNaughton 1979a, 1979b). It modulates assimilate balance to the repro-
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ductive sink. Defoliation has been reported to cause increase in growth and
physiological characteristics of plants, including emergence of new leaves
with modified assimilatory capacity (Ericsson et al. 1980; Foggo 1996;
Bruening and Egli 1999; Collin et al. 2000). The growth of defoliated plants is
influenced by the nutritional status of plants (Thornton et al. 1994; Hamilton
et al. 1998; Skinner et al. 1999), time of defoliation (Ericsson et al. 1980) and
genotype (Nugent and Wagner 1995). Regarding defoliation, one may assume
that foliar losses are balanced by increased irradiance of the leaves remaining
after defoliation and that nutrient allocation patterns of plants depend on the
severity of defoliation and whether the defoliation is done on the top or bot-
tom canopy.

Light interception by the green organs and efficiency of photosynthetic
conversion of intercepted light in biomass has influence on the productivity
of plants. With this view, work of defoliation in mustard (Brassica juncea
L. Czern & Coss.) was started as the factors of light and nutrients have special
relevance because the leaves produced in mustard are large in number,
broader in size, and oblong, and cause overshadowing effect. A presence of a
large number of leaves affects the interception of photosynthetically active
radiation (Ballare et al. 1989; Grewal and Kolar 1990; Kruger et al. 1998). The
shaded and unproductive leaves in Brassica become senescent and abscise
prematurely. The rate of tissue senescence declines markedly if photosyn-
thetic tissues are maintained in the light by preventing shading. This could be
achieved by adopting strategies that lead to rapid loss of lower leaves in the
canopy at early growth stages. Thus, once the physiological cost to the plant
of maintaining these dying leaves is removed, the assimilate balance may be
improved. Significantly higher seed productivity on the removal of lower
leaves of Brassica juncea has been found (Khan and Ahsan 2000; Khan 2002,
2003, 2005a; Khan et al. 2002a). Partial defoliation not only increases the rel-
ative demand for photosynthates on the remaining leaves but also increases
the photosynthetic efficiency by reducing the competition between leaves for
mineral nutrients and possibly for specific hormonal factors (Wareing et al.
1968). Increased light intensity upon the remaining photosynthetic tissues
after defoliation results in an immediate increase in the photosynthetic rate
per unit of remaining leaf (Jameson 1963; Robson 1973). The morphological
and physiological changes following defoliation are presumed to have been
brought about by signals produced by plant hormones. Therefore, the
renewed growth of a terminal bud after removal of mature leaves may be
associated with the changes in plant hormones. Qi and Yan (2000) reported
accumulation of ABA in cotton leaves following defoliation. Earlier, in mus-
tard, it has been reported (Khan 2003) that removal of 50% lower shaded
leaves resulted in the increase in plant growth associated with ethylene and
auxin concentration. Defoliation induces the production of phenolics in pro-
tection mechanism. The increased concentration of phenolics increases IAA
oxidase activity and decreases auxin concentration. The index of relationship
among ACC synthase activity, ethylene, photosynthetic rate, and growth
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suggests that there exists a concomitant relationship among these character-
istics (Fig. 9.4) (Lone 2004).

Moreover, comparison of stage of defoliation, 40 days (pre-flowering) or
60 days (post-flowering) suggests that the early removal of leaves greatly
influences photosynthesis and growth and also ACC synthase activity and
ethylene (Khan and Lone 2005). Leaf removal at an early stage of reduces the
competition between organs for efficient utilization of light, water, and nutri-
ents. Moreover, younger leaves produced after defoliation are photosynthet-
ically more active than those attained at later stages of plants cycle. The plants
defoliated at an early stage show higher stomatal conductance, carbonic
anhydrase activity, and CO2 assimilation. Higher photosynthetic and growth
activity of plants at this early stage (pre-flowering) also coincide with the
higher activity of ACC synthase and ethylene. It may be suggested that
increased activity of ACC synthase and ethylene are attributed to the emer-
gence of more new leaves at the early stage of development. A comparison of
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50% upper or lower leaves suggested that upper leaves removal showed
higher decrease in photosynthetic rate but greatest ethylene evolution.
Application of auxins (IAA, IBA, and NAA) helped in the partial restoration
of the decrease in photosynthesis and growth (Khan et al. 2002a). Ethylene
evolution in this study was shown to be determinant for morphology and
physiology of the plant. Another attempt to substantiate the hypothesis that
ethylene has a role in photosynthesis and growth, ethylene application on
intact plants and plants with 50% lower leaves removed were compared.
Photosynthesis and growth were increased with removal of leaves. Ethephon
at 200 µL L−1 increased the overall growth of plants in no-defoliation treat-
ment, which was equivalent to defoliation plants treated with water spray.
Ethephon spray on defoliated plants proved inhibitory. The ethylene concen-
tration in 200 µL L−1 ethephon treatment on no-defoliation plants was equal
to water spray on defoliated plants. The growth and photosynthesis changes
were found to be correlative with the changes in the ethylene level. Ethephon
at 200 µL L−1 increased the ethylene in no-defoliation plants that increased
the characteristics maximally. However, in defoliation plants, such ethylene
concentration was achieved in water spray. Ethephon applied on defoliation
plants resulted in supra-optimal ethylene concentration that reduced the
characteristics (Khan 2005a). Based on these studies, it may be said that
among several intrinsic and extrinsic factors that control photosynthesis of
plants, ethylene plays a prominent role. Ethylene-induced abscission is asso-
ciated with the expression of polygalacturonase and ends β-1,4 glucan hydro-
lase in the vicinity of the distal abscission zone. However, it is also not be
ruled out that ethylene may not act as a single developmental switch setting a
cascade in motion, but may act as an inducer whose presence is required for
long periods of time.
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