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Ripening of Fruits 

Ethylene influences the growth and development of plants 
and is the hormone which initiates fruit ripening. 
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Ethylene is only one of many vola- 
tile substances evolved by ripening 
fruits, and the small amount produced 
would have attracted little attention if 
it were not for the fact that the gas 
stimulates fruits to ripen (1, 2). When 

early workers (3, 4) found that young 
fruits produce small quantities of ethyl- 
ene and ripening fruits much larger 
amounts, they proposed that ethylene 
might be the endogenous ripening hor- 
mone. However, the action of ethylene 
cannot be understood solely in these 
terms, because the gas causes equally 
striking morphogenetic and physiolog- 
ical changes in all types of plant tissue 
(5-13). Frequently these changes are 
associated with alterations in the pat- 
tern of growth (Fig. 1), and they 
would appear to be unrelated to the 

ripening of fruit; yet there are many 
reasons to believe that the markedly 
different responses which ethylene 
evokes in fruits, flowers, and vegetative 
tissue are a reflection of specific capac- 
ities for secondary changes in metab- 
olism rather than a fundamental varia- 
tion in the basic mechanism of the 
action of ethylene (14-19, 2). There- 
fore we refer to experiments with 

vegetative tissue whenever they clarify 
some aspect of the role of ethylene in 
fruit ripening. For an excellent discus- 
sion of other aspects of the biochem- 
istry and physiology of fruit ripening, 
the reader is referred to the publica- 
tions of J. B. Biale (19-22). 

Is Ethylene a Ripening Hormone? 

The role of ethylene in the metabo- 
lism of fruits has been obscured by the 

suggestion that the gas is a byproduct 
rather than the cause of ripening (20, 
23). The proponents of the by-product 
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theory stated (23) that ethylene can- 
not be the ripening hormone because 

prior to the climacteric (24) it is not 
always present in a large enough quan- 
tity to stimulate the fruit. However, 
this conclusion was based entirely on 

experiments which measured the rate 
of emanation but not the intercellular 
concentration of ethylene. These work- 
ers stated that they did not know what 
intercellular concentration accrued for 

any particular rate of ethylene emana- 
tion, and they admitted that until this 

relationship was established "one can 
advance the argument that small quan- 
tities sufficient to induce ripening are 
produced prior to the rise of respira- 
tion but measurable amounts are de- 
tected only after the onset of the cli- 
macteric" (23). With the manometric 
technique in use at that time it was 
not possible to detect a rate of ethylene 
production less than approximately 5 
microliters per kilogram per hour, but 
with the advent of gas chromatography 
the limit of analysis was advanced al- 
most a million-fold, and it was found 
(15) that more than ten parts of ethyl- 
ene per million were always present 
within the intercellular spaces of a fruit 
before any emanation could be de- 
tected by the manometric method. 
Since in most fruits the threshold (25, 
15, 23) for ethylene action is between 
0.1 and 1 ppm (Table 1), as the pro- 
ponents of the by-product theory esti- 

mated, it is clear that the assay which 
they were using did not approach the 

sensitivity needed to measure the mini- 
mum rate of synthesis which produces 
enough ethylene to stimulate fruit rip- 
ening. To illustrate this point, the data 
in Fig. 2 are presented (left) with a 
scale on the ordinate corresponding to 
amounts of ethylene which can be 
measured by manometry and (right) 

with an expanded scale illustrating the 
sensitivity obtained with gas chroma- 

tography. The pattern of emanation of 
ethylene in mangoes. is clearly indicated 
in the gas chromatographic study (Fig. 
2, lower right), but is below the limit 
of manometric detection (lower left); 
this explains why the proponents of 
the byproduct theory were led to assert 
incorrectly that mangoes and certain 
other fruits (citrus and pineapples) do 
not produce ethylene (23). The mano- 
metric procedure reveals the overall 
relationship between ethylene evolu- 
tion and the CO2 rise in avocados and 
bananas, but only gas chromatography 
shows that well in advance of the res- 
piratory climacteric the intercellular 
content of ethylene increases to a level 
which stimulates these fruits to ripen. 
The same pattern has been demon- 
strated in cantaloupes (26) and honey- 
dew melons (27) (see Table 1). In 
fact, no one has ever shown a climac- 
teric fruit to ripen before it has accum- 
ulated enough ethylene to initiate its 
respiratory rise. Thus the proponents of 
the by-product theory have no experi- 
mental basis for questioning the con- 
cept that ethylene is a ripening hor- 
nmone. 

Evidence that ethylene is a ripening 
hormone has been reviewed elsewhere 
(28), and here we only mention a few 
recent studies which reinforce this 
view. As ethylene which accumulates 
in a fruit causes it to ripen, ripening 
might be delayed by ventilating the 
fruit if it were not for the fact that no 
amount of ventilation canr remove the 
ethylene from the intercellular spaces 
where it accumulates as a result of 
endogenous production and a slow rate 
of diffusion through the tissue. How- 
ever, if the fruit is placed in a partial 
vacuum, the escape of ethylene is ac- 
celerated because in the tissue the gas 
is moving through an air phase (29) 
in which its diffusivity is inversely re- 
lated to the atmospheric pressure. As a 
result bananas can be stored in a flow- 
ing air stream at a pressure of 0.2 at- 
mosphere (100 percent relative humid- 
ity, 16?C) for 3 months, and some 
fruits even longer. When the atmo- 

spheric pressure is lowered, not only 
ethylene but also CO2 and 02 become 
depleted within the tissue (for example, 
at 0.2 atmosphere the partial pressure 
of 02 is approximately 0.04). The de- 
crease in CO2 might enhance ripening, 
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but lowering the 02 concentration 
should have the opposite effect (17, 21, 
30); thus it could be argued that the 
increase in storage life results from a 

depletion of 02 rather than of ethylene. 
However, if pure 0. is flowed at 0.2 

atmosphere its partial pressure is the 
same as in air at 1 atmosphere, and 

ripening is still delayed. The simplest 
explanation of this behavior is that the 

ripening hormone ethylene has been 
removed. As would be expected, if a 
trace of ethylene is introduced into the 
ventilating stream, even in a partial 
vacuum the fruit responds by ripening 
immediately. Another piece of evidence 
which supports the theory that ethylene 
is the ripening hormone is the observa- 
tion, mentioned above, that CO., retards 

ripening whereas 0., enhances it. We 

present data below which indicate that 
CO, is a competitive inhibitor of ethyl- 
ene action, and 0, a substrate in the 
reaction activated by ethylene; there- 
fore the observed effects of CO., and 
0., on the ripening process are conso- 
nant with ethylene's being the ripening 
hormone. A similar argument is appli- 
cable in the case of ethylene oxide, 
which delays fruit ripening and hinders 
the action of ethylene in flowers and 

vegetative tissues (31). If the oxide 
acts as an antagonist to ethylene, as 
has been suggested (31), the fact that 
it delays ripening is an indication that 

ethylene is a ripening hormone. How- 

ever, this argument must be viewed as 

tentative, for we will show below that 
the idea of an antagonism between 

ethylene and its oxide may be an un- 
warranted conclusion. Finally, experi- 
ments based on gas chromatography 
(summarized in Table 1) show that 

ample ethylene accumulates before the 
onset of the climacteric in all fruits 
which have been investigated, and, in 
the one case where we have studied 
the phenomenon (32), the time which 
elapses between the appearance of an 
amount of gas sufficient to stimulate 
ripening and the onset of the respira- 
tory rise is the same regardless of 
whether the gas is artificially applied 
or naturally produced just before ripen- 
ing begins. 

Response to Harvest 

Although the ethylene content of 
mangoes (Fig. 2) is not markedly aug- 
mented until just prior to the climac- 
teric peak, enough of the gas is pres- 
ent before ripening commences to ini- 
tiate the process by autostimulation 
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Fig. 1. Freehand sectinss (" T65) taken 2 mm below the apex of pea-stem sections 
which were incubated for 20 hours in a medium containing growth hormone, salts, and 

sugar. Ethylene treatment (left) has decreased the rate of elongation and induced radial 

swelling, but the average cellular volume is approximately the same as in the control 
tissue (right). A similar effect on intact plants (6-10) underlies many of the growth 
abnormalities induced by ethylene. 

(15). In fact the data in Table 1, which 
show that from 0.1 to I part of eth- 

ylene per million are always present 
in this and other fruits before ripen- 
ing commences, also show that a near- 

ly stimulatory concentration (0.04 to 
0.2 ppm) persists in fruits throughout 
most of their lifetime. Why do fruits 
remain preclimacteric for so long in 
the presence of an ethylene concentra- 
tion which seemingly approaches the 
threshold for autostimulation? (See 33, 
34.) This question naturally poses the 

problem of whether sensitivity to ethyl- 
ene is constant throughout the life of a 

fruit, and experiments with bananas 
and mangoes would lead us to believe 
that it is not (32). These studies sug- 
gest that the threshold for ethylene ac- 
tion decreases after fruits are harvested, 

so that the amounts of ethylene which 
must be present for ripening to occur 
may be lower in detached fruits (Table 
1) than the amounts required to stimu- 
late ripening in comparable fruits left 
on the tree. 

Many fruits enter the climacteric 

phase soon after harvest, whereas if 
left on the tree they might not ripen for 
several months, if at all. This behavior 
is compatible with the concept of a 

changing sensitivity to ethylene. The 
mechanism of response to harvest has 
been investigated by means of experi- 
mental interference with the conduction 
of food material to the fruit (35), and it 
has been shown that some substance 

transported from the shoot system is 

required to keep fruits in a preclimac- 
teric state. When the fruit is harvested 

Table 1. Internal content of ethylene and the threshold for ethylene action 
(53, 2, 15, 20, 26, 27, 32, 54). 

in various fruits 

Concentration (ppm) 

Fruit Prior to At onset of Threshold respiratory respiratory rise (25, 15, 23) rise 

Avocado (var. Choquette) 0.04 0.5-1 
(var. Fuerte) 0.1 

Banana (var. Gros Michel) 0.1 1.5 0.1 -1 
(var. Lacatan) 0.2 0.5 
(var. Silk fig) 0.2 0.9 0.2 -0.25 

Cantaloupe (var. P.M.R. No. 45) 0.04 0.3 0.1 -1 
Honeydew melon 0.04 3 0.3 -1 
Lemon (var. Fort Meyers) 0.1 i 0.1 
Mango (var. Kent) (0.14) 0.08 0.04-0.4 
Orange (var. Valencia) 0.1 . 0.1 
Tomato (var. VC-243-20 0.08 0.8 

An average value of 1.6 ppm has been reported during one growing season (32). t After harvest 
citrus fruits do not normally pass through a climacteric phase unless ethylene is applied (20). 
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it is removed from the source of supply 
of this material, and ripening ensues 

possibly because the threshold for ethyl- 
ene action is lowered in the absence 
of the translocated substance. A similar 
mechanism may be involved in the 
natural ripening of fruits on the tree, 
for the transport of food material to 
attached fruits ceases when their growth 
is completed, and it is only then that 
the climacteric is initiated. 

Gas Storage 

The ideal atmosphere for preserving 
fruits after harvest contains between 5 
and 10 percent CO,, 1 to 3 percent 02, 
and as little ethylene as possible. This 
condition, known as gas storage, is 
achieved commercially by confining 
fruits in an airtight room so that 
through their own respiratory processes 
they mray deplete the atmospheric 02 
and enrich their surroundings with CO2; 
if the CO., content becomes too high 
the excess is "scrubbed" out of the 
atmosphere by being dissolved in water; 
if the O,, concentration becomes too 
low, air is admitted; and if excessive 

ethylene is produced it is eliminated by 
means of brominated charcoal filters. 
Kidd and West, who developed the 

process of gas storage (17), thought 
that its ability to preserve fruit could 
be accounted for solely in terms of the 
ripening hormone ethylene. They pro- 
posed (34) that the sensitivity of fruits 
to ethylene is diminished at a low 02 
tension or high partial pressure of CO2 
and that the production of ethylene is 
restricted when O,0 is deficient. This ex- 
planation is in accord with findings 
that fruits do not ripen as quickly (17, 
21, 30), produce as much ethylene (4, 
17, 34, 36, 37), or respond to applied 
ethylene as readily (2, 17-19) if the 

atmosphere is enriched with CO2 or 
made deficient in 0,. However, excess 
CO2 inhibits respiration and 0, is a 
substrate for that process, so it may be 

argued that the respiratory climacteric 
is delayed not because of any effect on 
the ethylene threshold, but rather be- 
cause gas storage conditions directly 
depress the respiration rate. In order to 
resolve this problem, a kinetic study 
of the effects of CO2, and 02 on respira- 
tion and on sensitivity to ethylene was 
undertaken with stem sections from 

pea plants grown in the dark. When 
these sections are incubated in the dark 
in a medium containing growth hor- 
mone (auxin), sugar, and various salts, 
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Fig. 2. Relation between respiration and 
the endogenous content of ethylene. (Left) 
The gross pattern is illustrated; (right) the 
ethylene scale is magnified to reveal small 
changes which occur at the onset of ripen- 
ing. [Adapted from 15, 32, and 54]. 

they almost double in length in 24 

hours; but if ethylene is present in a 
concentration greater than 1 ppm, the 
rate of elongation is reduced by about 
50 percent and the tissue swells. Carbon 
dioxide alone has no effect on the 

growth of pea plants unless its concen- 
tration exceeds 10 percent, but even 
much smaller quantities of the gas 
markedly reduce the efficacy of ethyl- 
ene. This relationship is illustrated in 

Fig. 3 by the method of Lineweaver 
and Burke (38). The kinetic model 
which best describes this behavior is 

T, C.:- 

(I/Vm) 

5 10 15 1 

(ppm CH4) 
(A) 

Fig. 3. Effect of CO2 on ethylene action. 
The response to ethylene, expressed as 
percentage inhibition of elongation in the 
pea-stem-section assay, is plotted as a 
function of the ethylene and CO2 concen- 
trations by the method of Lineweaver and 
Burke (38). The Michaelis-Menten con- 
stant, KA, is the concentration of ethylene 
(A), the activator, which causes a half- 
maximum response, and V,,, is the maxi- 
mum response at an infinite concentration 
of ethylene and 21 percent Os. 

one in which CO2 competes with the 
activator (ethylene) for the receptor 
site which ethylene must occupy to 
exert a biological effect (38). At the 
molecular level this is in accord with 
the fact that CO2 is a close structural 

analogue of allene, a compound which 
mimics the effect of ethylene (see Table 

2) by binding to the same receptor site. 

CH. C C - CHo 

allene 
-- C -- 

carbon dioxide 

Competition is governed by the law of 
mass action, and since the affinity of 

ethylene for the receptor site is one 
million-fold greater than that of CO,,, 
if enough ethylene is present no amount 
of CO2 will prevent it from acting. Kidd 
and West (34) concluded that "mod- 
erate amounts of COo (about 10 per- 
cent)-do not render the fruit insus- 

ceptible to stimulation by ethylene-but 
may act by raising the threshold value 
for ethylene stimulation." 

Ostensibly the effect of lowering the 

concentration of 02 in the atmosphere 
surrounding pea-stem sections is close- 

ly similar to that which results when 
the CO2 tension is enhanced, but when 

the kinetics of the two cases are com- 

pared (compare Figs. 3 and 4) certain 

interesting differences are revealed. A 

steady-state kinetic model developed 

by Friedenwald and Maengwyn-Davies 
(38) for a dissociable activator exactly 
fits the data for 02, and, in particular, 
the case which they term "coupling ac- 
tivation of the second type" is appli- 
cable. The criterion for this model is 
that the activator (ethylene) cannot 
bind to the enzyme (receptor site) un- 
less the substrate (02) has already at- 
tached. The lowered response to applied 
ethylene which occurs when 02 is de- 
ficient is accompanied in pea-stem 
sections by a slight inhibition of growth 
and respiration; however, this does not 
alter the interpretation of these experi- 
ments since, if the same inhibition is 

imposed on the tissue by applying res- 

piratory poisons such as azide or iodo- 
acetate or nonspecific inhibitors such as 

ethylene oxide, the sensitivity to ethyl- 
ene is not changed. The results in vege- 
tative tissue are in close agreement with 
those obtained in experiments with 
fruits (2, 17-19) and indicate that, 
when the COs concentration is raised 
and the 02 and ethylene tensions low- 
ered, every factor is adjusted to yield 
the maximum threshold for ethylene ac- 
tion and the minimum concentration 
of ripening hormone, just as Kidd and 
West postulated (34). 
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Physiology of Ethylene Formation 

The quantities of 02 required for 
ethylene synthesis and for respiration 
are similar (37), and while this might 
mean that 0, is directly used in the 
manufacture of ethylene, it is equally 
possible that the result simply reflects 
the fact that respiration is required to 
provide energy or substrate for ethylene 
synthesis. The latter interpretation is 
supported by the observation that res- 
piratory poisons invariably inhibit both 
the synthesis of ethylene and consump- 
tion of 02 to a closely similar ex- 
tent (39). The other major metabolic 
gas, CO,, has very little influence on the 
rate of ethylene formation aside from 
that which could be readily accounted 
for by its ability to inhibit respiration 
when present at a very high concentra- 
tion (4, 39). At 28?C the rate of 
ethylene production reaches a maximum 
in fruits; at lower temperatures both 
ethylene synthesis and 0, consumption 
increase about 2.5-fold for every 10- 
degree rise, whereas at temperatures 
only 5 to 10 degrees higher than the 
optimum, no ethylene is formed (39). 
When the temperature is raised and 
then lowered, it takes several hours for 
the tissue to recover its initial capacity 
for manufacturing ethylene; this may 
be of some physiological significance 
since the production fails at a tempera- 
ture which the pulp of tropical fruits 
must approach on hot days. 

An unusual aspect of ethylene syn- 
thesis is the striking and varied effect 
which tissue damage (39, 40), disease 
(41), and application of growth hor- 
mone (auxin) (42) have on the rate 
of the process. These three conditions 
sometimes induce tissues, whose pro- 
duction of ethylene is too small for de- 
tection by vapor-phase chromatography, 
to evolve quantities of the gas, and it is 
interesting to speculate on the possibil- 
ity that a similar mechanism triggers 
the climacteric rise in ethylene syn- 
thesis. It is not clear in some of these 
studies whether the response to auxin 
is basically different from the wound 
reaction, because often a nearly toxic 
amount of growth hormone must be 
applied to vegetative tissue before the 
rate of ethylene evolution is altered. If 
a fruit initially has a high rate of pro- 
duction (as is the case with ripening 
apples), then cutting the tissue into 
sections or applying auxin may adverse- 
ly affect emanation of ethylene, and 
usually when any tissue is homogenized 
or cut into very small pieces ethylene 
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Fig. 4. Effect of 0, on ethylene action. 
The response to ethylene, expressed as 
percentage inhibition of elongation in the 
assay with pea-stem sections, is plotted as 
a function of the concentrations of ethyl- 
ene and 02. The Michaelis-Menten con- 
stant (K8) is the concentration of '0 (S), 
the substrate, needed for a half-maximum 
response, and V,,, is the maximum response 
at an infinite concentration of ethylene 
and 0,. The curves have been corrected 
for a 2.8-percent 02 gradient between the 
tissue and ambient atmosphere. 

synthesis is abolished. The exceptions 
to this rule are two recently reported 
cases in which cell-free extracts that 
produce ethylene were prepared (43- 
46). However, these still are couched 
in uncertainty (43-45), and it has not 
been demonstrated that the same reac- 
tion is responsible for ethylene synthe- 
sis in vitro and in intact tissue. 

Biochemistry of Ethylene Formation 

Studies with specifically labeled C1-4- 
sugars show that apple slices (47) and 
the fungus Penicilliumr digitatuim (48) 
preferentially utilize the carbons at 
positions 5 and 6 of glucose to produce 
ethylene; some ethylene is formed from 
the carbons at 1 and 2, whereas little 
or none is produced from those at 3 
and 4. During the glycolytic cleavage 
of sugar, pyruvic acid is formed with 
the labeling pattern illustrated in Fig. 
5, but in addition a quantity of py- 
ruvate is also derived exclusively from 

(I) CHO 
(2) HCOH 
(3) HOCH 
H) HCOH 
(5) HCOH 
(6) C HOH 

GLUCOSE 

(3.4) COOH 
---(z,5) C=O - 

GLYCOLYSIS (61) CH5 

OXIDATION (4) COOH 

(5) CO= 
(6) CH, 

PYRUVATE 

the carbons at positions 4, 5, and 6 of 
glucose if the direct oxidative pathway 
of sugar metabolism is functioning. By 
comparing the yield of C'4-labeled CO2 
after the addition of 1-C14 glucose with 
that obtained after the addition of 6-C14 
glucose, it is possible to estimate the 
relative contributions of the direct oxi- 
dative and glycolytic pathways, and, 
although this method nust be used with 
certain reservations, it still suffices to 
indicate that the direct oxidative path- 
way contributes significantly to the 
respiration of both apple tissue (47) 
and P. digitatum (48, 49). Accordingly 
it would be expected that the carbons 
at positions 4, 5, and 6 of glucose 
would find their way into pyruvate 
more readily than the carbons 1, 2, and 
3, and if pyruvate were converted to 
ethylene this would explain why the 
lower half of the glucose molecule is 
more effective than the upper in form- 
ing ethylene. When pyruvic acid is de- 
carboxylated to yield acetate (Fig. 5), 
the carbon which is released as CO2 
originates from the carbons at positions 
3 and 4 of glucose, so the fact that the 
carbons at these positions. do not con- 
tribute significantly to ethylene forma- 
tion is an indication that acetate is an 
intermediate in the conversion of glu- 
cose to ethylene. Both carbons of C14- 
acetate contribute equally to ethylene 
formation in short-term experiments 
with apple slices, but When studies with 
apples or P. digitatum are prolonged, 
the carboxyl carbon becomes far less 
effective than the methyl carbon in 
forming ethylene. It is likely that this 
effect is explained by depletion of the 
carboxyl carbon in the tissue, for it is 
lost as CO, much more rapidly than 
the methyl carbon. A similar result is 
obtained with the 4-carbon acid fuma- 
rate (see Fig. 5) which is derived indi- 
rectly from acetate via the Krebs cycle; 
in short-term experiments with apples 
the C14 yield in ethylene is similar after 
feeding either 1,4-C14 or 2,3-C14 fuma- 
rate, but in long-term experiments with 

(3.4) CO 
(,6) COOH 

25,5) CH ,,6} 
(2,C) C {H ) CH 
(.6) COOH 

ACETATE FUMARATE ETHYLENE 

Fig. 5. Proposed pathway for the conversion of C'1-glucose to ethylene. 
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apples and P. digitatum the transfer of 
label from the carbons No. 2 and No. 3 
to ethylene is much more rapid than 
from the carboxyl positions which are 
more labile. These results indicate that 
in the conversion of glucose carbon 
atoms to ethylene, the sugar is trans- 
formed to pyruvate, which is decar- 
boxylated to acetate; this may enter 
the Krebs cycle before it is transformed 
into ethylene. 

ENZYME ----> ENZYME 

METAL METAL 

o0 

ENZYME SUBSTRATE NO REACTION 
- - SUBSTRATE 

METAL 

0? CO? 

ENZYME F ABILE 
SUBSTRATE LPRODUCT 

METAL 

\ 

4 

02 C2H4 

The Mechanism of Ethylene Action Fig. 6. Scheme for activation of the receptor site by ethylene. 

The chemical structure required for 
ethylene-like action in vegetative tissues, 
flowers, and fruits has been investigated 
(11, 12), and the results obtained are 
in fair agreement, indicating that the 
order of activity is ethylene > propy- 
lene > acetylene or carbon monoxide 
> butylene (unspecified isomer). Al- 
kanes, halogenated ethylenes, and over 
100 other compounds were found to 
be ineffective, and it was concluded that 
activity requires unsaturation and is 
inversely related to molecular size. We 
have recently investigated this problem 
using the pea-stem-section assay and 

chromatographically pure gases, and on 
the basis of the results (Table 2) a 
series of empirical rules governing eth- 
ylene action can be formulated: 

1) All active compounds are un- 
saturated. 

2) In any homologous series, smaller 
molecules tend to be more active than 
larger ones. (The effect of alkyl sub- 
stitution is much less in the case of 
alkynes than with alkenes because in 
acetylenic compounds the carbons are 

Table 2. Biological activity of ethylene and 
other unsaturated compounds as determined 
by assay with pea-stem sections. 

C .mu "K,A relative to 
Compound -ethylenet 

Ethylene 1 
Propylene 130 
Vinyl chloride 2,370 
Carbon monoxide 2,900 
Vinyl fluoride 7,100 
Acetylene 12,500 
Allene 14,000 
Methyl acetylene 45,500 
1 -Butene 140,000 
Vinyl bromide 220,000 
Ethyl acetylene 765,000 
Vinyl methyl ether 1,175,000 
Butadiene 1,200,000 
1,1 Difluoro ethylene 2,060,000 
Vinyl ethyl ether 5,440,000 

For a list of inactive and toxic compounds see 
55. -The Michaelis-Menten constant (KA) is 
the molarity in solution required for half-maxi- 
mum biological activity. Its value for ethylene at 
24?C in ihe presence of an infinite concentration 
of 02) is 6 X 10-'~?M. 
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colinear with the triply bonded carbons, 
and groups substituted on them are 
held out of the region of the multiple 
bond.) 

3) The more the bond order re- 
sembles that in ethylene, the greater 
the activity. (Electron delocalization 
due to hyperconjugation or other forms 
of resonance lowers activity.) 

4) The unsaturated linkage must be 
adjacent to a terminal carbon atom. 

(Nitrogen will not substitute-compare 
acetonitrile and methyl acetylene.) 

5) The terminal carbon next to the 
unsaturated position must not bear a 

positive charge (compare formaldehyde 
with carbon monoxide). 

These requirements for ethylene ac- 
tion bear a marked resemblance to the 
rules for metal-binding to olefins as de- 
rived from experiments in which the 

stability constants of silver-olefin com- 
plexes were determined by gas chroma- 

tography (50). When this method 
was applied to the compounds listed in 
Table 2, there was a close correlation, 
within each homologous series, between 

biological activity and the stability of 
the silver complex which a substance 
forms. This and several other observa- 
tions suggest that ethylene must bind to 
a metallic receptor site in tissues. For- 
mation of complexes with a metal is a 
characteristic of olefins, acetylenes, 
carbon monoxide, cyanide, and a few 
aromatic molecules; all have ethylene- 
like activity except the aromatic mole- 
cules, which presumably are too large, 
and cyanide, which so inhibits growth 
and respiration that it renders the bio- 

assay useless. The affinity of carbon 
monoxide for the receptor site is close- 
ly similar to its affinity for cytochrome 
oxidase, and it is known that carbon 
monoxide inhibits cytochrome oxidase 
and various other metal-containing 
enzymes by forming complexes with 
the metal. There is no reduction in the 

efficacy of ethylene at high concentra- 

tions, and since in enzyme systems in- 
hibitions in the presence of a large 
amount of substrate are an indication 
that two substrate molecules can bind 
at the two sites of attachment which 
normally are occupied by a single sub- 
strate molecule, it follows that the lack 
of such an effect suggests a single point 
of attachment. In this context, it is 

important to note that carbon mon- 
oxide and cyanide are known to bind 
to metal through a single point of at- 
tachment at the carbon end; and in ac- 
cord with the concept of metal-binding, 
the data in Table 2 show that the ter- 
minal carbon next to the unsaturated 

linkage must not bear a positive charge 
(if it did, a positively charged metal 
ion would be repelled). Finally, the 
kinetic studies which demonstrate that 
0 and ethylene attach to the same re- 
ceptor are a further indication that this 
site contains metal, for enzymes able 
to bind 02 typically contain iron or 
copper. 

Any substance which is produced as 
a result of the reaction activated by 
ethylene must be labile, and any that 
is destroyed must be rapidly replaced, 
for in vegetative tissue ethylene pro- 
duces no lasting effect unless it is con- 

tinually present. [In fruits the response 
to ethylene is irreversible, but Kidd and 
West (34) have pointed out that this 
is because when ethylene is applied the 
tissue increases its own production of 
the gas]. From these facts and the ki- 
netic studies with CO2 and 02, a model 
for ethylene activation of the receptor 
site emerges; this is illustrated sche- 
matically in Fig. 6. 

It has. been claimed (31) that ethy- 
lene oxide is an antagonist of ethylene 
action in fruits, flowers, and vegetative 
tissue, including pea seedlings, but we 
find that the oxide does not compete 
with ethylene in the straight-growth test 
on peas. The concentration of ethylene 
oxide which "antagonized" ethylene ac- 
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tion in pea seedlings was not given (31), 
but the growth of the plants was 
stunted, and it was reported that be- 
tween 0.1 and 0.5 percent ethylene 
oxide was required in other tissues. 
Our kinetic studies were carried out in 
the presence of 0.3 percent ethylene 
oxide, a concentration which inhibits 
the rate of elongation of pea-stem sec- 
tions by 25 percent. At a concentra- 
tion of 1 percent, ethylene oxide almost 

completely stops pea-stem. elongation, 
and since the action of ethylene in 

vegetative tissue is recognized by its 
effect on growth, without growth no 

response to ethylene can be perceived. 
Therefore it seems likely that the re- 

ported lack of a "visible" ethylene ef- 
fect in pea seedlings treated with eth- 
ylene oxide must be a result of growth 
inhibition rather than of any direct an- 
tagonism of ethylene action. Even if 
ethylene oxide prevents ethylene from 
affecting fruits and flowers, this is not 
in itself a demonstration of an antago- 
nism between the two molecules, for 
to demonstrate such an antagonism it 
must also be shown that the criteria of 

competitive inhibition are met. A high 
concentration of ethylene must be fully 
effective in the presence of an amount 
of ethylene oxide which reverses the 
action of a lower concentration of eth- 
ylene. If this does not occur it must 
be concluded that the "antagonism" 
between ethylene and its oxide is non- 

competitive, possibly no different in 
kind from that which might be obtained 
with various metabolic and enzymatic 
poisons. So far all studies on the molec- 
ular structure required for ethylene ac- 
tion indicate that ethylene oxide does 
not compete with ethylene for the re- 
ceptor surface since only unsaturated 
molecules are able to attach to the sur- 
face. 

The mainstream of thought concern- 
ing the mode of ethylene action in 
vegetative tissue has centered on an 
interplay between ethylene and auxin 
because so many processes known to be 
controlled by auxins are also influenced 
by ethylene. Some think that this inter- 
play consists of a similarity between the 
action of auxin and that of ethylene 
(12); others have presented evidence 
that ethylene causes a reduction in the 
rate of synthesis of auxin and a break- 
down in the system by which the auxin 
is transported laterally in the stem un- 
der the influence of gravity (6); still 
others have concluded that ethylene en- 
hances the destruction (7, 51) or in- 
activation (13) of auxin, or that it in- 
fluences the spread of auxin from the 
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conduction system (8) and upsets the 
auxin-induced polarity of plant cells 
(10). Recent studies in our laboratory 
have eliminated several of these possi- 
bilities (52, 6, 7, 13), but it remains 
to be seen whether the concept of an 

interplay between growth hormone and 
ethylene which has evolved from ex- 
periments with vegetative tissues will 
prove useful in interpreting the action 
of ethylene in mature fruits where 
growth has ceased. 

Summary 

Recent studies employing gas chro- 
matography show that an amount of 

ethylene large enough to stimulate rip- 
ening is always present within a fruit 
before the respiratory climacteric be- 

gins. This fact and data from experi- 
ments in which fruits were exposed to 
a partial vacuum or varying concentra- 
tions of 0., CO,, and ethylene oxide 
reinforces the view that ethylene is a 

ripening hormone. The respiratory cli- 
macteric begins soon after the fruit is 
harvested because the tissue no longer 
receives from the shoot system a 
substance which inhibits ripening; 
this substance may act by lowering the 

sensitivity of the fruit to ethylene. 
The threshold for ethylene action is also 
influenced by the composition of the 
atmosphere, for 0, is a substrate in 
the reaction activated by ethylene and 
CO. inhibits the action of ethylene by 
competing with the olefin for the re- 
ceptor site. Experiments indicate that 
ethylene is derived from acetate or 
acids of the Krebs cycle and acts by 
binding to a metal receptor site in the 
tissue. 
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Where women are concerned, the 
late 1940's and the 1950's were marked 
by a national mood of domesticity 
demonstrated by the rapid rise in the 
birth rate and the flight of families to 
the suburbs. It was a period of high 
praise for woman's domestic role. That 
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mood has shifted in the 1960's. Educa- 
tors, employers, government officials, 
and manpower specialists are urging 
women to enter more fully into the 
occupational life of the nation. A Presi- 
dent's Commission on the Status of 
Women has recently issued a set of 
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wide-ranging recommendations to this 
end (1). Particular stress has been put 
on the need for women in fields in 
which there is a critical shortage of 
manpower-teaching, science, and en- 
gineering-and conferences on women 
in science have been held under federal 
auspices, at Marymount College in 
1963 and at the Massachusetts Institute 
of Technology in 1964. 

What can we expect as a result of 
this campaign? Working women in the 
industrial, service, and clerical occupa- 
tions will probably experience an im- 
provement in status. The implementa- 
tion of the Equal Pay Act and the 
retraining possible under the Manpow- 
er Development and Training Act will 
be of help to such women, as will all 
attempts to improve community child- 
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