17.5 Ethylene

1 1886, while a graduate student in St. Petersburg, Dimitry Nikolayevich Neljubow noticed that etiolated pea

horizontally in laboratory air, and vertically in air from outside the laboratory.

extensive study to exclude cultural practices, light, and temperature as causative agents, he show

in the gas used for lighting, induced this abnormal growth.

e's physiological effects on plant growth and development, including on seed germination,
root and shoot grow ves, and the ripening of fruit

prior to . Subsequent work has since shown that ethylene also p

ol biotic stresses. .




Effects

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

L 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).

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

LRelease from dormancy
DShoot and root growth and differentiation
1 . . .
Adventitious root formation
and fruit abscission
fion in some plants

in dioecious flowe
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FIGURE 17.49 The triple response fo ethylene of six-day-old efiolated P. sativum seedlings and four-day-old etiolated Vigna radiata bean
seedlings. (A) Untreated confrol P. sativum seedlings (0) and P. sativum seedlings grown for two days in air supplemented with ethylene at 0.1, 1.0,
and 10 ul/ml. Note the concentration-dependent effects of ethylene on diageotropism, inhibition of epicotyl elongation, and lateral enlargement of
the epicotyl. (B) Control V. radiata seedlings (0) and V. radiata seedlings grown for two days in air supplemented with 1 and 10 pl/ mi ethylene, )
which induces a concentration-dependent inhibition of hypocotyl elongation, lateral enlargement of the hypocotyl, and extreme bending of the
apical hook. (C) Magnification of ethylene-treated etiolated V. radiata seedlings.
Source: (A-C) H. Mori, Nagoya University, Japan; previously unpublished.
w,




5.1 Ethylene is synthesized from S-adenosyl-I-methionine via the intermediate

1 -aminocyclopropane-1-carboxylic acid (ACC)

® Synthesis of from its immediate precursor
catalyzed by (ACQO).

- is produced from in a reaction catalyzed by

These re o carried out the

early work i

is involved in the - - b i sl Ve TTES
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5.2 ACSs are major regulators of ethylene biosynthesis

catalyze the rate-limiting step in ethylene biosynthesis.
levels are controlled by:

anscription

bility.

ion, associated with germination

A




requires pyridoxal phosphate for activity and is sensitive to inhibitors of

pyridoxal phosphate, especially and
These inhibitors allow investigators to distinguish between the effects of ACS and ACO

The naturally occurring isomer of , (=)-S-adenosyl-Imethionine, is the prefe
substrate for ACS, while (+)-SAM is an effective inhibitor.

wever, incubating the enzyme with high concentrations of (=)-SAM can irre
and inhibit ACS.

ivation” involves covalent linkage of a fragmen
‘the enzyme. This substrate-depen




levels are controlled by: transcription and protein stability.

Transcriptional control

Ethylene biosynthesis rates are influenced

A promote ethylene synthesis by enhancing the rate of

showed that auxin application results in increased levels of certair

licating transcriptional control.
genes have been shown to have cis acting ¢

auto inhibitory eth




Control via protein turnover

arly observations indicated that ACS stability in S. lycopersicum fruits varied between ri
ipe fruits.

recent experiments have shown that ACS turnover plays an important role i

production and that the C-terminal regions of the ACS protein act i

S proteins is influenced by their phosphorylation sto
d forms being more stable.

Type 1 ACS proteins are phosphorylated by c 0 exor;1p|e, 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.




N

A

Catalytic domain

S o

Type 1|

-S:IS:IE:rl

Type 2 |

Tw93|

Type 1 regulation

[BoR] serser 5|

®- e/ \

Daegradation

4 stability

T3

Type 2 regulation

1 Stability

Ubiquitination (%jg')

R

265 Protoasome

FIGURE 17.51 ACS types and mechanisms of protein regulation.

{A) ACS proteins fall into three major classes according to their
C-terminal sequences. Tvpe 1 have three conserved Ser residues
{(vellow) that can be phosphorylated by a MAPK and a single
conserved Ser (red) that can be phosphorylated by a CDPE. Type

2 are slightly truncated and have a Ser that can be phosphorylated
by a CDPK. Type 3 lack any conserved C-terminal Ser residues. (B)
Type I regulation: CDPK and MAPK phosphorylation of C-terminal
region increases ACS stability. The MAP kinase {MKK), induces
MAPK activity when stimulated by stress e.g. wounding or pathogen
attack. Unphosphorylated protein is removed by a vet to be defined
mechanism. Type 2 regulation: CDPK phosphorylation of C-terminal
Ser increases ACS stability by preventing binding of the ETO protein.
Unphosphorylated ACS undergoes ETO binding and this facilitates
the formation of a RING E ligase complex that includes a Cullin3
(CUL3) protein and a RING Box 1 protein (REX1). The E3 ligase
adds ubiquitin (U) moieties to the ACS protein thereby targeting it for
degradation by the 265 proteasome.




5.3 ACC oxidase resisted biochemical characterization and was cloned using

molecular techniques

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

ACC+0,_+ ascorbate > C,H, +CO, +dehydroascorbate

+ HCN+2H,0

one of its products, carbon dioxide. The cyanide generated by the reaction |

er metabolized to Asn or y-glutamyl-B-cyanoalanine.




FIGURE 17.52 Effect of antisense ACO genes on ripening and spoilage of 5. lycopersicum cultivar Ailsa Craig fruit picked three weeks after
onset of ripening and stored at room temperature for three weeks. (Left) Fruits from the descendants of the original TOM13-antisense plants,
which generate about 5% of the normal amount of ethylene. They ripen fully but do not overripen and deteriorate. (Right) Fruits from wild-
type plants grown and stored under identical conditions. They produce normal amounts of ethylene and consequently exhibit severe signs of
over-ripening.

Source: D. Grierson, University of Nottingham, UK; previously unpublished.




5.4 When supply of available SAM is low, ethylene and polyamine

biosynthetic pathways may compete for this shared substrate

® Biosynthesis of both and involves the incorporation of the

aminopropyl group from

nder certain conditions, competition for SAM may restrict rates of ethylene or
duction. Inhibition of ACC synthesis by aminooxyacetic acid results in incre
tion. Conversely, inhibition of PA biosynthesis leads to increased co
ethylene.

AM-dependent pathway is stimulated
lilable SAM is ci

”







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 contamina

ere is now evidence from plants grown in sterile conditions that ['“Clethylene is oxidized to ['“C]CO2 o
ethylene oxide and ['“Clethylene glycol.

abolism exhibits a very high K,, indicative of a chemical reaction rather than a ph

on of ethylene yielding a half-maximal rate of ethyl
1ximal response in the pea growth test




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 t
resist over-ripening.

1: the overexpression of a Pseudomonas gene encoding ACC deaminase, reduces ethylene levels in

by catalyzing the conversion of ACC to a-ketobutyric acid and NH3.
imiting ethylene biosynthesis involves use of antisense gene constructs against either ACO or

10type of transgenic tomato fruit expressing antisense ACO:
ion is inhibited by about 95% during ripening.

d begin to change color, losing chlorophyll and accumulating lycopene, at the

ntransformed fruit.




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; SAl
synthetase; 1-aminocyclopropane carboxylic acid; ACC synth
ACC oxidase),
perception (ethylene receptors, ETRs);
5 ion (ethylene response factor, ERF

()




six ethylene receptors have been isolated in tomato
(ETHYLENE RECEPTOR1, LeETR1; ETHYLENE RECEPTOR2, LeETRZ2;
ETHYLENERECEPTORS, LeETRS5; NEVER-RIPE, NR; ETHYLENE
RECEPTOR4, LeETR4; and ETHYLENE RECEPTORG6, LeETR6)

compared to

five members in Arabidopsis
(ETHYLENE RECEPTOR1, ETR1; ETHYLENE RECEPTOR2, ETR
ETHYLENE R
SPONSE SENSOR1, ERS1; ETHYLENE RESPONSE SENSOR2, ERS
THYLENE INSENSITIVE4, EIN4).

six tomato receptors have shown to bind ethyle
n shown different profiles. Transcript leve
pon treatment of etf



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.

Normal green

Figure 3.1  Mutants of ethylene action and ripening. Mature green and ripe Ailsa Craig tomato fruits, photographed at approxi-
mately 40 and 50 days respectively, together with fruit from near-isogenic lines of the ripening inhibitor (rin) and Neverripe (Nr)
mutants, photographed at around 6 months old. As discussed in the text, the Nr mutation bred into the Pearson tomato cultivar (not
shown) has a more severe phenotype and the fruits remain green.




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.

ange of fruit color mutants, in which no other aspect of ripening apg
ected, indicated that the ripening pathway had severa
ig. 3.2).




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(l), prevents ripening, by interfering with the ethylene-

receptor interactions.

Ag™ inhibits ethylene perception or action and consequently prevents ripening. Silver thiosulfate, which is a
translocatable form of Ag + , was introduced to one side of the mature green fruit pedicel while it was still attached to the plant. A
needle was used to insert a thread asymmetrically into the fruit stalk to act as a wick for the uptake of the solution. Ag + was only
transported to half of the vascular tissue and delivered to one-half of the fruit, preventing those cells from responding to ethylene
and they did not undergo ripening changes. See Davies et al. (1988), (1990).

Figure 3.3



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-i.h-, whick

can increase 100-fold or more at particular stages of the life cycle, f

example in response to wounding or pathogen attack, ripening, senes
abscission.

espiration and a burst of ethylene biosynthesis are
ocess in many fleshy fruits, such as tor
hese are called climac

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.

1ere is recent evidence for small changes in ethylene biosynthesis genes, and

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

ompared the ripening genes of




Thus, it has gradually become clear that the distinction between climacteric and nonclimac-
teric fruits, and the view that ethylene is only involved in controlling ripening of climacteric
fruits, is an oversimplification. In general, fruit with the highest respiration rate tend to ripen
most rapidly. Ethylene hastens the ripening of climacteric fruits and the increase in ethylene
production associated with the respiratory rise is autocatalytic. There is clear evidence that, at
least in some fruits, ethylene causes the climacteric rise in respiration. Climacteric and non-
climacteric types can be found in the same species, however, suggesting that small genetic
differences underlie the climacteric trait, and in other cases different fruit parts, such as skin
and pulp, may behave differently. It is likely, therefore, that as our molecular understanding
increases, and the ripening behavior of a wider range of fruits is investigated at the genetic
level, we may need to modify our classification of fruit types. The view that is emerging is of a
basic underlying genetic program that controls climacteric and nonclimacteric ripening, which
is modulated by a range of factors, including ethylene, particularly in the climacteric fruit types,
but also involving other regulators (Fig. 3.2).




Biochemical evidence suggests that ethylene production may be influenced or reg-ulated
by interactions between its biosynthesis and other metabolic pathways. One such example

is provided by the fact that SAM is the substrate for both the polyamine pathway and the
nucleic acid methylation; the competition for substrate was demonstrated by the finding that
the overexpression of a SAM hydrolase has been associated with inhibited ethylene production
during ripening (Good et al., 1994). On the other hand, the methionine cycle directly links
ethylene biosynthesis to the central pathways of primary metabolism.




Many fruits can ripen on the plant or tree, but some, such as avocado, only ripen after they are picked. A “tree factor”
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 achene
layed the onset of ripening.

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

It would be /ot ethylene is the only hormone

trawberry, which is nonclimacteric.

1 of some ethylene response




