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ABSTRACT

The effect of 10, 100, 1000, 10,000 ppm of ethylene, applied
for 3, 6, 12, and 24 hours, on the ripening rate of "Hass"
avocado (Persea americana Mill.) fruits at three stages of
maturity was investigated. Ethylene treatments were started
either immediately after picking or 2 days later. A sharp
peak of ethylene production was found to precede full soften-
ing by about 2 days and the occurrence of this peak was used
to determine ripening rate. Hastening of fruit ripening was
much more marked following ethylene treatment which began
2 days after harvesting than immediately after. The difference
in response diminished gradually as the fruit became more
mature.
These results can be explained by the assumption that the

factors which prevent avocado ripening on the tree, continue
to exert their influence for a limited period after harvest and
inhibit the ripening response in the freshly picked fruit. This
inhibition decreases with advancing fruit maturity.

The softening time of avocado (Persea americana Mill.)
fruits after harvest depends on their maturity, less time being
required as maturity increases (2, 8, 9, 12, 17, 19, 20). The
softening process may be accelerated by applying ethylene to
the picked fruits. The response of the fruit to ethylene appli-
cations also depends on its maturity: the more mature the fruit
is at picking, the more prompt will be its response to ethylene
treatment (2, 9, 10, 12).
The mature avocado does not undergo softening on the tree,

but will soften after harvest. One of the possible explanations
for this phenomenon is that as long as the fruit is still on the
tree, it receives some factors from the tree which inhibit its
ripening (8, 12). Gazit and Blumenfeld (11) found that avocado
fruit did not respond at all to a 24-hr ethylene treatment started
immediately after harvest, while a good response was attained
when treatment was started 49 hr after picking.

In the present study, the response of avocado fruits to brief
ethylene applications was investigated in order to follow the
change in the activity of factors which inhibit fruit softening
as a function of the time between picking and ethylene appli-
cation, at successive stages of maturity.

1 Contribution from The Volcani Center, Agricultural Research
Organization, Bet Dagan, Israel. 1973 Series, No. 151-E.

MATERIALS AND METHODS

Ethylene Treatment. "Hass" avocado (Persea americana
Mill.) fruits were picked in the morning from a commercial
grove in the coastal plain. Data on picking dates and some fruit
parameters are presented in Table I.
A total of 360 fruits were picked at each maturity stage: half

of them (180) were picked 49 hr before the start of ethylene
treatments, and left in the orchard until the second group of
180 fruits was picked 1 hr before the start of ethylene treat-
ment. Each group was randomly divided into 16 treatment lots
of 10 fruits each, and one control (untreated) lot of 20 fruits.
The 16 ethylene treatments consisted of four ethylene concen-
trations (10, 100, 1,000, 10,000 ppm) X four time durations
(3, 6, 12, 24 hr). Eight lots (four picked 49 hr before and four
picked 1 hr before the start of treatment) were enclosed in poly-
ethylene bags and an ethylene-air mixture at the experimental
concentration chosen was blown through the bag at a rate of
10 1/min. The CO, concentration in the bags did not rise
above 0.05%. Ethylene concentrations were verified at the be-
ginning and at the end of the treatments. After the fruits were
removed from the bags, they were aired well for 2 hr and kept,
separated, in a well ventilated room. Ethylene concentration in
the storage room, which was checked regularly, was always be-
low 20 ppb. The temperature during the treatments and storage
period was kept at 21 C. Control fruits were kept near the
treated fruits throughout the pretreatment, treatment, and stor-
age periods.

Ethylene Production and Respiration Analysis. Each fruit
was sealed every day in a 750-ml glass jar for 15 min at 21 C.
Ethylene and CO2 concentrations in the atmosphere of the jar
were then determined. Under such conditions, CO, built up to
approximately 1% at the end of the sealing period.

There seemed to be a possibility that this treatment, short as
it was, might affect the fruit ripening rate. Hence, 15 fruits
were sealed individually for 15 min either every day or every
3 days, but no significant effect on ripening rate or ethylene
production was found.

Ethylene concentration was determined by means of a
Packard gas chromatograph using an alumina column and a
flame ionization detector. CO2 was determined on a second
sample using a Porapak type R column and a thermal conduc-
tivity detector.

Fruit Firmness Determination. The firmness of each fruit
was tested just before determination of its CO2 and ethylene
production. Five arbitrary degrees of fruit firmness were used:
hard, flexible, beginning of softening, soft (edible), and very
soft.

Results of the experiments were analyzed statistically by
means of a three-way analysis of variance, with Q test included.

899



- Plant Physiol. Vol. 53, 1974

Table 1. Parameters Chiaracterizinlg the Hass Avocado Fruits
Used iln the Ethylenie Experiments

Picking Date

Mid-Oct.
Mid-Dec
Mid-Feb.

Avg. Fruit
Weight

193 + 1.0
192 ± 0.5
196 4 0.8

Seed'Fruit

el
,C

13.7 4 0.8
13.4 4 0.5
13.4 ± 1.0

Oil Content
of Fruit Mesocarp

/0

1 7.6 + 0.4
i8.7 +-i 0.7
12.7 +4 0.6

.Time from
Harvest to
Peak of
Ethylene
Production

da)s

10.9 ± 0.3
9.4 ±+- 0.3
7.4 i 0.2

The standard error was calculated from the mean square of the
error of the complete experiment.

RESULTS

Criteria for Ripening. The peaks of respiration and ethylene
production coincided, and full softening of the fruit took place
about 2 days later (Fig. 1). As the peak of ethylene production
was much more clearly defined than the respiratory peak, ethyl-
ene production rate was used to determine the fruit ripening
stage.

Fruit became soft and edible within 1 to 3 days after reach-
ing the peak of ethylene production (about 88% within 1.5-2.5
days), regardless of prior short ethylene treatment (Table II).

Fruit Response to Ethylene Treatments. Fruits were sampled
on three successive picking dates: in mid-October, December,
and February. In October, the fruit was in the initial stages of
maturation and seed coats were still fleshy, constituting about
8.5% of the whole seed. In December and February fruits were
fully mature, with brown, dried seed coats. The percentage of
oil, which can also serve as a parameter of fruit maturation, was
continuously rising, while the number of days from harvest to
peak of ethylene production was decreasing (Table I).

Results of fruit response to the various ethylene treatments
are presented in Table III. Fruits responded to ethylene treat-
ments by ripening earlier, the stronger effect being that of the
duration of the treatment, while the concentrations of ethylene
used had a lesser effect. The effect of the ethylene treatments
on the individual fruit ripening was usually a "yes or no" type
of response. Hence, partial response of a group occurred when
some fruits had a full response while others did not respond at
all.

Response to ethylene was clearly dependent both on the
lapse of time from picking to start of treatment and on the stage
of fruit maturity. Significant fruit ripening response to the
brief ethylene treatments was markedly enhanced as the fruit
became more mature (Table III). This tendency was quite obvi-
ous both when the ethylene treatment was begun immediately
(1 hr) after picking, as well as when it was started 49 hr after
harvest. However, at all the three maturity stages, fruit re-
sponse to the later treatment was much greater than to the
treatment started immediately after picking.

All fruits, even those treated with 10,000 ppm of ethylene
for 24 hr, ripened in a normal manner and had the same pat-
tern of ethylene production.

DISCUSSION
The relationship found between ethylene production, respira-

tion, and fruit softening (Fig. 1) is in accordance with previous
reports (1, 5, 6, 13). Softening occurred about 2 days after fruit
had reached the respiratory and ethylene production peaks (Ta-
ble II), which agrees with Biale's data (1) but differs from Eaks'

findings that softening coincides with the respiratory climac-
teric (10).
The respiratory climacteric has served for many years as an

objective parameter for determining ripeness of climacteric
fruits (3). The tremendous increase in ethylene production that
occurs in most climacteric fruits during ripening (2, 4, 5, 15),
and the important role of ethylene in this process (6, 17) justify
the use of ethylene production as a better and more convenient
parameter for determining the degree of fruit ripening.

Biale (2, 4) found that avocado fruits ripened at the same
rate when put under continuous ethylene treatments at 10, 100,
1,000 and 10,000 ppm. Using brief treatments with the same
concentrations, a gradual ripening response was achieved (Ta-
ble III).

Gazit and Blumenfeld (11) found a lack of response to 24-hr
ethylene treatments started immediately after harvest, a result
which we also obtained in fruits harvested in December. On the
other hand, we found that more mature fruit responded fully

120-

Ethylene

70

-0 /-O
~~~602~~~~~~0
o n 0

z ~
w z
3 40 av3- 50L

Firmnessdw

Averages ~ Lweecluae nacrac ihtepa aeo

20 4-

0~~~~~~~~~~~4

-3 -2 -1 0 + 1 +2 +3
DAYS FROM PEAK OF ETHYLENE PRODUCTION

FIG. 1. Relationship between ethylene production, respiration,
and fruit firmness (tested manually). Successive ethylene production,
respiration, and manual firmness determinations were performed
on the same fruits; each point represents an average of 20 fruits.
Averages were calculated in accordance with the peak date of
ethylene production and are not related to picking date. Arrow
points to the day on which the fruits were judged edible.

Table II. Effect of Ethylenze Treatmenit oni the Relationt between
the Peak Date in Ethyleite Produictionl anid the Softeninig of

Hass Avocado Fruits

Concn Ethylene Treatment
for 3, 6, 12, or 24 hr

ppmn

0

10
100

1,000
10,000

No. of Fruits per
Treatment

20
80
80
80
80

Soft Fruitsl1.5-2.5 Days
After the Peak Date in
Ethylene Production

%
90
89
86
88
87
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RESPONSE OF AVOCADO FRUIT TO ETHYLENE

to the same treatment, and that a difference in response oc-
curred only with ethylene treatments shorter than 24 hr (Table
III).
The effect of ethylene on fruit ripening rate in relation to

time of harvest is shown in Table III. Another legitimate way
of presenting the same results is in relation to the start of
ethylene treatment, and then differences between treatments
started 1 hr and 49 hr after harvest would be extended by 2
more days. Figure 2 shows the change during the season in the
response of the fruit to 24 hr of 10,000 ppm ethylene, in rela-
tion to the start of ethylene treatment. This pattern of change
in response to ethylene during fruit maturation occurred in all
the other effective ethylene treatments (Table III). This shows
that the ability of ethylene to trigger the ripening process dur-
ing the first day after harvest is related to avocado fruit ma-
turity.

In most cases the importance of the time relationship be-
tween ethylene treatment and harvest time has not been taken
into account (16). The effect of the time lapse between harvest
and start of ethylene treatment should always be considered in
experiments as well as in practice.

Inhibitory factors are assumed to prevent fruit ripening be-
fore harvest (8, 9, 15). It has been demonstrated that in avo-
cado fruit these unidentified factors apparently continue to
exert their inhibitory influence for a limited period after
harvest, the inhibition gradually diminishing as substances are
depleted, decomposed, or inactivated (11). The results reported
herein (Table III) are in accord with this basic assumption.
As fruit becomes more mature, the activity of these inhibi-

tory factors gradually decreases to a level at which most cli-
macteric fruits will ripen on the mother plant (8, 19). Figure 2
demonstrates that the ripening response of the avocado fruit
to ethylene is a function both of fruit maturity (aging) and of
the time elapsed after harvest (senescence), and that aging may
replace senescence and vice versa. It seems reasonable to ex-
plain this relationship by assuming that basically the same
process operates in both cases, namely, a decrease in the ac-
tivity of the ripening inhibitory factors.

Table II1. Effect ofEthylenle Treatmen2ts oni Advancenmenit (- days)
or Retardationz (+days) of Ripeninlg of Hass Avocado Fru(its

as Compared with Unztreated Conttrols
Results are presented as the difference in length of time elapsed

from harvest to peak date of ethylene production. Treatments
were given to fruits at three stages of maturity and were started
1 hr or 49 hr after picking. Results within the boxed areas are sig-
nificantly different from the untreated controls (P = 0.05).

ETHYLENE TREATMENT STARTED 1 hr AFTER HARVEST
OCTOBER DECEMBER

DURATION(hr) 3 6 12 24 3 6 12 24

10 1+1.0 +1.3 +1.3 +0.5 -0.2 -0.1 +0.4 -0.4
LU

> E 100

I0. 1000

10,000

DURATION (hr

10

ILUwLlE 100

0-
I- 1000

10,000

+0.7 +1.0 +1.7 +0.1 -0.1 +0.8 +0.4 0

-0.1 -0.8 +0.7 -0.4 -0.1 +0.1 +0.2 -0.8

-0.1 0 +0.8 -1.1 0 0 -0.2 2.

S.E. = 0.6 S.E.=0.5

FEBRUARY
3 6 12 24

0 -0.2 -0.3 -2.7

-0.1 -0.7 -1.5 -3.3

0 -1.0 -1.6 -2.8

-0.5 -1.0 -2.8 -3.6

S.E. 0. 4

ETHYLENE TREATMENT STARTED 49 hr AFTER HARVEST
OCTOBER DECEMBER FEBRUARY

) 3 6 12 24 3 6 12 24 3 6 12 24

0 +0.3 0 -1.2 -04 -0.6 -1.6 0 +0.2 -1.7 -3.6

-0.1 +0.6 -1.4 -2.8 -1.1 -1.8 -.1 -3.7 0 -0.4 -2.2 -3.4

-0.7 -06 -1.4 -3.9 -Q6 -2.2 -29 -4.0 -03 -1.0 -3.0 -3.4

-0.1 +0.4 -0.5 -14 -0.8 -2.5 -2.1 -3.8 -1.6 -2.8 -2.3 -3.5

S.E.=0.6 S.E.= 0.5 S.E = 0.4
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FIG. 2. Effect of 10,000 ppm ethylene for 24 hr, on the number
of days elapsing from the beginning of treatment until the peak of
ethylene production in Hass avocado fruits. Treatment started 1 hr
after harvest (0); Treatment started 49 hr after harvest (A); Con-
trol-untreated fruits (A).

We believe that the same situation exists in other kinds of
climacteric fruits because during quite a long period of their
development, they will ripen only after detachment from the
mother plant (7, 14). It would seem that climacteric fruits may
be divided into three groups in accordance with the supply of
factors which inhibit ripening from the mother plant to the
fruit. The difference between the groups depends on the stage
at which such supply ceases.

1. The first group includes fruits in which no inhibitory fac-
tors are translocated from other parts of the plant long before
the fruits become mature. This is apparently the case with the
honeydew melon where 28- to 35-day-old fruits will ripen at the
same time whether picked or left connected to the mother
plant (17).

2. The second group includes most of the climacteric fruits,
which eventually ripen while still connected to the plant. The
supply of inhibitory factors to these fruits decreases with their
advancing maturity in similarity to the supply of all other sub-
stances translocated from the mother plant to the fruit (8),
until the fruit reaches the climacteric phase and ripens while
still on the plant.

3. In fruits of the third group, the supply of inhibitory fac-
tors from the plant to the fruit continues as long as the fruit is
connected to the tree, so that the fruit is capable of ripening
only after harvest. The avocado belongs to this group. It is
possible that the continuation of meristematic activity during
avocado maturation (18) ensures the continuous supply of these
inhibitory substances.

It is suggested that the increasing sensitivity of climacteric
fruits to ethylene during maturation is due mainly to a decrease
(which occurs also in avocado) in the amount of the ripening-
inhibiting factors which are supplied by the plant.

Acknowledgments-We wish to thank Mirs. M. Elimeleh and 'Mr. Z. Ben
Chetz for their valuable technical assistance.

LITERATURE CITED

1. BIALE, J. B. 1941. The climacteric rise in respiration rate of the Fuerte
avocado fruit. Proc. Amer. Soc. Hort. Sci. 39: 137-142.

2. BIALE, J. B. 1960. The postharvest biochemistry of tropical and subtropical
fruits. Adv. Food Res. 10: 293-354.

Plant Physiol. Vol. 53, 1974 901



902 ADATO A

3. BIALE, J. B. 1960. Respiration of fruits. In: W. Ruhland, ed., Encyclopedia
of Plant Physiology, Vol. 12(2). Springer-Verlag, Berlin. pp. 536-592.

4. BIALE, J. B. 1964. Growth, maturation, and senescence in fruits. Science 146:
880-888.

5. BIALE, J. B., R. E. YOUNG, AND A. J. OLMSTEAD. 1954. Fruit respiration and
ethylene production. Plant Physiol. 29: 168-174.

6. BURG, S. P. AND E. A. BURG. 1962. Role of ethylene in fruit ripening. Plant
Physiol. 37: 179-189.

7. BURG, S. P. AND E. A. BURG. 1964. Evidence for a natural occurring inhibitor
of fruit ripening. Plant Physiol. 39: S-x.

8. BURG, S. P. AND E. A. BURG. 1965. Ethylene action and ripening of fruits.
Science 148: 1190-1196.

9. BURG, S. P. AND E. A. BURG. 1965. Relationship between ethylene and
ripening in bananas. Bot. Gaz. 126: 200-204.

10. EAKS, I. L. 1966. The effect of ethylene upon ripening and respiratory rate of
avocado fruit. Calif. Avocado Soc. Yearbook 50: 128-133.

11. GAZIT, S. AND A. BLUMENFELD. 1970. Response of mature avocado fruits to
ethylene treatments before and after harvest. J. Amer. Soc. Hort. Sci. 95:
229-231.

12. HANSEN, E. AND G. D. BLANPIED. 1968. Ethylene induced ripening of pears
in relation to maturity and length of treatment. Proc. Amer. Soc. Hort. Sci.
93: 807-812.

4D GAZIT Plant Physiol. Vol. 53, 1974

13. HANSEN, E. AND H. HARTMANN. 1937. Effect of ethylene and certain metabolic
gases upon respiration and ripening of pears before and after cold storage.
Plant Physiol. 12: 441-454.

14. KInDD, F. AND C. WEST. 1945. Respiratory activity and duration of life of
apples gathered at different stages of development and subsequently
maintained at constant temperature. Plant Physiol. 20: 467-504.

15. MAPSON, L. W. AND A. C. HULME. 1970. The biosynthesis, physiological ef-
fects and mode of action of ethylene. In: L. Reinhold and Y. Liwschitz,
eds., Progress in Phytochemistry, Vol. 2. Interscience Publishers, London,
pp. 343-384.

16. McGLAssoN, W. B. 1970. The ethylene factor. In: A. C. Hulme, ed., The
Biochemistry of Fruits and their Products, Vol. 1. Academic Press, New
York. pp. 475-519.

17. PRATT, H. K. A-ND J. D. GOESCHL. 1968. The role of ethylene in fruit ripen-
ing. In: F. Wightman, and G. Setterfield, eds. Biochemistry and Physiology
of Plant Growth Substances. Runge Press, Ottawa. pp. 1295-1302.

18. SCHROEDER, C. A. 1953. Growth and development of the Fuerte avocado
fruit. Proc. Amer. Soc. Hort. Sci. 61: 103-109.

19. WILKINSoN, B. G. 1963. Effect of time of picking on the ethylene production
of apples. Nature 199: 715-716.

20. ZAUBERMAN, G. AND M. SCHIFFMANN-NADEL. 1972. Respiration of wlhole
fruit and seed of avocado at various stages of development. J. Amer. Soc.
Hort. Sci. 97: 313-315.

kN


