
In 1886, while a graduate student in St. Petersburg, Dimitry Nikolayevich Neljubow noticed that etiolated pea seedlings 
grew horizontally in laboratory air, and vertically in air from outside the laboratory.

After an extensive study to exclude cultural practices, light, and temperature as causative agents, he showed that 
ethylene, in the gas used for lighting, induced this abnormal growth.

Many of ethylene′s physiological effects on plant growth and development, including its impact on seed germination, 
root and shoot growth, flower development, senescence and abscission of flowers and leaves, and the ripening of fruit, 
were discovered prior to 1940. Subsequent work has since shown that ethylene also participates in the modulation of 
plant responses to a range of biotic and abiotic stresses.
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Effects

The so called triple response (a decrease in stem elongation, a thickening of the 
stem and a transition to lateral growth)

Maintenance of the apical hook in seedlings (apical hook—a structure of 
dicotyledonous plants shaped by the bended hypocotyl that eases the penetration through the 
covering soil).

Stimulation of numerous defense responses in response to injury or disease.

Release from dormancy

Shoot and root growth and differentiation

Adventitious root formation

Leaf and fruit abscission

Flower induction in some plants

Induction of femaleness in dioecious flowers 

Flower opening

Flower and leaf senescence

Fruit ripening
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5.1 Ethylene is synthesized from S-adenosyl-l-methionine via the intermediate 
1-aminocyclopropane-1-carboxylic acid (ACC)

• Synthesis of ethylene from its immediate precursor 1- aminocyclopropane -1- carboxylic acid (ACC) is
catalyzed by ACC oxidase (ACO).

• ACC is produced from SAM in a reaction catalyzed by ACC synthase (ACS).

These reactions are part of the methionine cycle or Yang cycle named after S. F. Yang, who carried out the 
early work in elucidating the pathway 

In addition to its role in ethylene biosynthesis, SAM is involved in the biosynthesis of polyamines (PA) and a 
wide range of methylation reactions.
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ACS has been isolated from a number of plant tissues following induction by factors that include 
exogenous IAA, wounding, lithium chloride stress, and climacteric fruit ripening. 
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5.2 ACSs are major regulators of ethylene biosynthesis

ACSs catalyze the rate-limiting step in ethylene biosynthesis.

ACSs levels are controlled by:

transcription 

and 

protein stability.

Increased ethylene production, associated with germination, ripening, flooding, and chilling, is
invariably accompanied by increased ACC production due to induction or activation of ACS.
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ACSs requires pyridoxal phosphate for activity and is sensitive to inhibitors of 
pyridoxal phosphate, especially aminoethoxy-vinyl glycine and amino-oxy acetic acid. 
These inhibitors allow investigators to distinguish between the effects of ACS and ACO.

The naturally occurring isomer of SAM, (–)-S-adenosyl-lmethionine, is the preferred
substrate for ACS, while (+)-SAM is an effective inhibitor.

However, incubating the enzyme with high concentrations of (–)-SAM can irreversibly 
modify and inhibit ACS. 

This “suicide inactivation” involves covalent linkage of a fragment of the SAM molecule
to the active site of the enzyme. This substrate-dependent inactivation may be a
contributory factor in the rapid turnover of ACS in plant tissues.
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ACSs levels are controlled by: transcription and protein stability.

Ethylene biosynthesis rates are influenced by other plant hormones and by ethylene 
itself. 

Auxins promote ethylene synthesis by enhancing the rate of ACC production. Transcript 
analysis showed that auxin application results in increased levels of certain ACS 
mRNAs, indicating transcriptional control. 

The respective ACS genes have been shown to have cis acting auxin-response elements.

Unripe developing fruits have auto inhibitory ethylene production and certain ACS
genes are transcribed. During ripening ethylene can promote (autocatalyze) its
production and different ACS genes are transcribed.
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Early observations indicated that ACS stability in S. lycopersicum fruits varied between ripe and
unripe fruits.

More recent experiments have shown that ACS turnover plays an important role in regulating
ethylene production and that the C-terminal regions of the ACS protein act in regulating this
turnover.

The stability of ACS proteins is influenced by their phosphorylation status at C-terminal regions
with the phosphorylated forms being more stable.
Type 1 ACS proteins are phosphorylated by a MAPK in response to stress, for example, pathogen and wounding, and by a CDPK.
Phosphorylation increases protein stability whereas unphosphorylated proteins are degraded by an undefined mechanism. Type 2 ACS
proteins are phosphorylated by a CDPK and this prevents binding of the ETO (Ethylene overproducing) gene product. ETO1 can
catalyze the addition of ubiquitin to ACS. Once ACS is ubiquitinated it is targeted for proteolysis.
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5.3 ACC oxidase resisted biochemical characterization and was cloned using 
molecular techniques

The conversion of ACC to ethylene is catalyzed by ACO, previously referred to as “ethylene-forming enzyme”.

• The ACO reaction can be summarized in:

ACO is activated by one of its products, carbon dioxide. The cyanide generated by the reaction is detoxified by conversion to
β-cyanoalanine, which is further metabolized to Asn or γ-glutamyl-β-cyanoalanine.

All plant tissues appear to contain ACO, as measured by the rate of ethylene evolution in the presence of a saturating concentration of
ACC. Under stress conditions, in response to ethylene, and at selected stages of development (e.g., fruit ripening), ACO activity increases
markedly. Both senescence and ripening-induced increases in ACO activity are a result of increased transcription.
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5.4 When supply of available SAM is low, ethylene and polyamine 
biosynthetic pathways may compete for this shared substrate

• Biosynthesis of both ACC and PAs involves the incorporation of the 
aminopropyl group from SAM.

Under certain conditions, competition for SAM may restrict rates of ethylene or PA 
production. Inhibition of ACC synthesis by aminooxyacetic acid results in increased PA 
production. Conversely, inhibition of PA biosynthesis leads to increased concentrations 
of ACC and ethylene. 

This implies that one SAM-dependent pathway is stimulated when the other is blocked.
When competition for the available SAM is circumvented by low demand for PAs, or
when ACC levels are increased by upregulation of 5′-methylthioribose-recycling
enzymes, ethylene and PA production will not directly interact.
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5.5 Most hormones must be catabolized, but volatile ethylene can be 
released as a gas

Prior to 1975, ethylene metabolism by plants was considered to be an artifact, caused by bacterial contamination.

There is now evidence from plants grown in sterile conditions that [14C]ethylene is oxidized to [14C]CO2 or converted to
[14C]ethylene oxide and [14C]ethylene glycol.

Ethylene metabolism exhibits a very high KM indicative of a chemical reaction rather than a physiological process.

In peas, the concentration of ethylene yielding a half-maximal rate of ethylene metabolism is ≈1,000 times the
concentration required for half-maximal response in the pea growth test.

It is likely that ethylene metabolism is largely a consequence of artificially elevated ethylene levels.

The major route by which plant tissues lose ethylene is probably diffusion to the surrounding atmosphere.
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5.6 Repression of ethylene biosynthesis can delay over-ripening in fruit, and 
represents an important field of biotechnological research

Two different biotechnological strategies have been employed to generate transgenic tomato fruit that
resist over-ripening.

1: the overexpression of a Pseudomonas gene encoding ACC deaminase, reduces ethylene levels in fruits
by catalyzing the conversion of ACC to α-ketobutyric acid and NH3.

2: limiting ethylene biosynthesis involves use of antisense gene constructs against either ACO or ACS.

The phenotype of transgenic tomato fruit expressing antisense ACO:

• ethylene production is inhibited by about 95% during ripening.

• fruits grow normally and begin to change color, losing chlorophyll and accumulating lycopene, at the

• same stage of development as nontransformed fruit. 

• exhibit reduced reddening and an increased resistance to over-ripening and shriveling when stored at

• room temperature for prolonged periods.

• do not soften as readily and can be left on the plant longer to ripen more fully.
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ETHYLENE IN RIPENING

The role of ethylene in ripening of climacteric fruits has been known for 
more than 50 years.

Since then, considerable effort has been focused on the studies of:
• ethylene biosynthesis (S-adenosylmethionine, SAM; SAM

synthetase; 1-aminocyclopropane carboxylic acid; ACC synthase;
and ACC oxidase),

• ethylene perception (ethylene receptors, ETRs);
• signal transduction (ethylene response factor, ERFs);
• and ethylene-regulated genes such as cell-wall disassembling
genes (endopolygalacturonase; pectin methyl esterase, PME; and
pectate lyase).



six ethylene receptors have been isolated in tomato
(ETHYLENE RECEPTOR1, LeETR1; ETHYLENE RECEPTOR2, LeETR2;
ETHYLENERECEPTOR5, LeETR5; NEVER-RIPE, NR; ETHYLENE
RECEPTOR4, LeETR4; and ETHYLENE RECEPTOR6, LeETR6)

compared to

five members in Arabidopsis
(ETHYLENE RECEPTOR1, ETR1; ETHYLENE RECEPTOR2, ETR2;
ETHYLENE R
ESPONSE SENSOR1, ERS1; ETHYLENE RESPONSE SENSOR2, ERS2; and
ETHYLENE INSENSITIVE4, EIN4).

Five of the six tomato receptors have shown to bind ethylene but expression
studies have been shown different profiles. Transcript levels of LeETR1, LeETR2,
and LeETR5 change little upon treatment of ethylene in fruit, where NR, LeETR4,
and LeETR6 are strongly induced during ripening



The existence of tomato-ripening mutants confirmed the genetic basis of ripening. The Neverripe (Nr) and ripening
inhibitor (rin) fruit shown in Figure 3.1 were photographed 6 months after control fruit ripened and remained in good
condition for a year or more, provided they were prevented from becoming dehydrated. After 1 year the rin seeds
began to germinate but the flesh had still not changed their color, although there had been some softening.

The Nr mutation was shown to be due to a crucial amino acid change in a tomato ethylene receptor and the two other mutants had 
drastically reduced ethylene production, although ripening could not be restored by adding ethylene externally.



ETHYLENE PLAYS AN IMPORTANT ROLE IN RIPENING 

This indicates that ripening and the eventual deterioration and rotting of normal
fruit is a regulated process; it is not unavoidable event, but is genetically
determined.

A range of fruit color mutants, in which no other aspect of ripening appeared to
be affected, indicated that the ripening pathway had several independent
branches (Fig. 3.2).

The production of individual enzymes involved in cell wall metabolism (e.g.,
polygalacturonase (PG), pectin esterase (PE), pigment synthesis (phytoene
synthase (PSY)), and volatile production could each be inhibited independently
by gene silencing without affecting other ripening attributes.



Thirty years before ethylene receptors were cloned and sequenced, Burg and Burg (1967) predicted the
presence of a metal ion in the receptor based on the metal affinity of compounds that have ethylene-like or
ethylene-antagonistic activities. For example, Ag(I), prevents ripening, by interfering with the ethylene-
receptor interactions.



ETHYLENE AND CLIMACTERIC AND NONCLIMACTERIC FRUITS

All plants produce some ethylene during their life cycle.

Often there is a low basal level, in tomato this is around 0.05 nL.g−1.h−1, which
can increase 100-fold or more at particular stages of the life cycle, for
example in response to wounding or pathogen attack, ripening, senescence,
or abscission.

Increased respiration and a burst of ethylene biosynthesis are characteristics
of the ripening process in many fleshy fruits, such as tomato, avocado, apple,
melon, and banana, and these are called climacteric fruits

In other fruits, such as strawberry, grape, and citrus, ripening control was
originally! thought to be independent of ethylene.



It is becoming clear, however, that ethylene may be involved in the development and

aspects of ripening of some nonclimacteric fruits, such as citrus, white grape, and

strawberry, although it seems that only low levels of ethylene are required.

There is recent evidence for small changes in ethylene biosynthesis genes, and ethylene

production during ripening of strawberry (Trainotti et al., 2005).

Fei et al. (2004) compared the ripening genes of climacteric tomato fruits and

nonclimacteric grapes and showed that the two species shared a subset of common

ripening transcription regulators, including members of the MADS-box, zinc finger, and bZIP

transcription factor families, suggesting that these genes have been conserved for ripening

control during evolution, and are active in both climacteric and nonclimacteric fruits.







Many fruits can ripen on the plant or tree, but some, such as avocado, only ripen after they are picked. A “tree factor” that
inhibits ripening has been postulated to explain this effect.

Also, in strawberry it was recognized over 50 years ago that auxin, coming probably from the developing achenes, actually
delayed the onset of ripening.

Harvesting can also hasten the ripening of some fruits and in such cases wound- or dehydration stress-ethylene from the
calyx or calyx scar may also stimulate ripening.

It would be wrong to assume, however, that ethylene is the only hormone that affects ripening.

Auxin inhibits the ripening of strawberry, which is nonclimacteric.

Auxin is also involved in the regulation of some ethylene response factors (ERFs, transcription factors), which are
important in climacteric fruit ripening, and there is some evidence of interactions between auxin and ethylene signaling
during ripening.


