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ABSTRACT

Little or no change in ethylene or C02 production occurred in
rin tomato mutant fruits monitored for up to 120 days after
harvest. Of the abnormally ripening tomatoes investigated, in-
cluding "Never ripe" (Nr Y a h, Nr c 12 r), "Evergreen" (gf r)
and "Green Flesh" (gf), only rin did not show a typical climac-
teric and ethylene rise.

Fruits from F1 plants resulting from reciprocal crosses be-
tween rin and normal plants apeared to ripen normally, but
when compared to normal fruit, their ripening was delayed as
measured by ethylene and C02 production and color change.
These fruits produced only one-third to one-half as much ethyl-
ene at the peak of production compared to normal fruits.
Exogenous ethylene or propylene treatment did not stimulate

ethylene production by rin fruits but did stimulate C02 produc-
tion. The C02 stimulation persisted only in the presence of the
exogenous olefins. Stimulation of C02 production could be re-
peated several times in the same fruit. Wounding stress stimu-
lated both ethylene and C02 production in rin fruits. It was
concluded that rin tomato fruits behave like nonclimacteric
fruits.

catalytically (6, 19). Propylene treatment of these fruits stimu-
lates both ethylene production and respiration (19).

In climacteric fruits, ethylene is generally considered to be
the trigger of the ripening syndrome (21), and its presence at
proper levels has been shown to be necessary for normal ripen-
ing (7, 16).
Normal tomato fruits have been shown to be of the cli-

macteric type (2, 8, 10, 27, 28), and the response of tomato
fruits to ethylene treatment has been investigated (15, 22). As
in other tissues (1, 17, 18, 26), tomato fruits respond to wound-
ing stress by greatly increased ethylene and CO2 production
(20).

Reports concerning abnormally ripening tomato mutants
have been published (13, 14, 24). Of special interest is the rin
tomato mutant described by Robinson and Tomes (25) as a
spontaneous mutation in a breeding line. Fruits of the rin
mutant remain green while normal fruits ripen and turn red.
The mutant eventually turns a lemon color with little or no
lycopene development. Genetic analysis showed that rin was a
monogenic recessive determined characteristic with no linkage
associations except large sepal size. Little work has been done
on the physiology or biochemistry of these ripening mutants
(11). The respiratory and ethylene production behavior of the
rin tomato mutant is described in this report.

MATERIALS AND METHODS

Biale (4) has classified fleshy fruits into two general categor-
ies, climacteric and nonclimacteric, depending upon the
changes in respiration which occur during ripening and the
response to exogenous ethylene. In nonclimacteric fruits,
changes in color and composition are not accompanied by a
rise in ethylene or CO2 production (4, 5). Exogenous ethylene
causes a rise in respiration when it is applied to the fruits;
after it is removed, the respiration rate returns to normal (9).
This stimulation of respiration can be repeated in the same
fruits several times (4, 23), and a stimulation can occur in
fruits at any stage of maturity (3). Vegetative tissues, such as
potato tubers, respond in a similar manner (12, 23). Recently,
it was shown that propylene (CMH,) causes a rise in respiration
rate in nonclimacteric fruits with no change in ethylene pro-
duction (19).

In contrast, a large increase in respiration and ethylene pro-
duction accompanies ripening in climacteric fruit (4, 23). Exog-
enous ethylene stimulates respiration and ripening of mature
unripe fruits (4). Once stimulated by exogenous ethylene or by
their own ethylene, climacteric fruits produce ethylene auto-
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Plants of the F5 generation of rin and the normal breeding
line (61-37, Fireball X Cornell 54-149) from which it origi-
nated were grown in the greenhouse (15 C night, 20 C day)
and trained to a single stem. Flowers were tagged at anthesis
with only one flower (lst or 2nd) per cluster being pollinated.
All others in a cluster were excised. Fruit load per plant was
limited to 8 to 10 fruits. Fruits were harvested 30 days after
anthesis, the stems were removed carefully, and fruits were
washed in water and dried with paper towels. Fruits of similar
size were used for all treatments. Fruits from F1 plants (re-
ciprocal crosses of normal (nor) and rin types) and other mu-
tants including "Never ripe" (Nr Y a h, Nr c 12 r), "Ever-
green" (gf r) and "Green Flesh" (gf) were handled in the same
manner.

Individual fruits were weighed and placed in pint canning
jars with a continuous air flow of approximately 10 ml/min
through the chambers. The fruits were held at 20 C under
fluorescent lights (16 hr day, 8 hr night). Gas samples from the
effluent air stream were analyzed daily for ethylene and CO2
by gas chromatography. Internal concentrations of ethylene
were determined by withdrawing a gas sample from fruits with
a syringe while the tomatoes were held under water.
For exogenous ethylene treatments, a gas cylinder was pre-

pared using a mixture of ethylene and compressed air to give
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a concentration of approximately 10 pul/l. Fruits were held in
containers with a continuous air flow of 10 ml/min for 2 to 3
days, then gassed with 10 1ul/l ethylene for 2 days at the same
flow rate and subsequently returned to the air supply. Carbon
dioxide production was measured continuously during exog-
enous ethylene treatment, but ethylene measurements were
taken only before and after the period when fruits were being
treated. Ethylene and CO2 production of control fruits was
measured continuously for the duration of the experiment.
A static system was used for propylene treatments with three

to four tomatoes per 10-liter desiccator. Oxygen was sup-
plied by a Mariotte bottle apparatus, and CO2 was absorbed by
10 ml of 2 N KOH in a small container in each desiccator.
Propylene was added to each desiccator to achieve a concen-
tration of approximately 1000 pdll. Ethylene production was
determined daily by removing 1 ml of gas and analyzing it by
gas chromatography. Carbon dioxide production was deter-
mined daily by titrating the KOH with 1 N HCI. After CO2 and
ethylene production was determined, the chambers were
flushed for 1 min with air, sealed and propylene added again.
This was repeated for 4 days.

In the wounding experiments, fruits were placed in con-
tainers, and CO2 and ethylene measurements were taken for 2
to 3 days to obtain initial production rates. Fruits were then
cut in half, dipped in 0.5% sodium hypochlorite, rinsed with
sterile distilled water, and then returned to the containers with
a continuous air flow. Whole control fruits were dipped in so-
dium hypochlorite and sterile distilled water. Most experi-
ments were repeated three or four times, and each treatment
consisted of three to four tomatoes.

RESULTS

Ethylene production of normal fruits began to increase soon
after harvest, while rin fruits maintained a low and constant
production rate during the duration of the experiment (Fig. 1).
No surge of ethylene or CO2 was detected in rin fruits which
had been monitored up to 120 days from harvest, even though
a gradual softening and yellowing of the tissue occurred during
this period (data not shown). Fruits from F1 plants (reciprocal
crosses between normal and rin) produced much less ethylene
than normal fruits, even though color development and soften-
ing appeared normal (Fig. 1). The F1 fruits were delayed in
ripening compared to normal fruit as measured by ethylene
and CO2 production and by color change. In many, but not all
experiments, the ripening of nor 9 X rin S fruits was delayed
less than rin 9 X nor S fruits. Color development in normal
and F1 fruits was first evident 1 or 2 days after the beginning
of the rise in ethylene production. Rin fruits gradually turned
a lemon yellow color after 3 to 4 months.

Internal ethylene concentrations of normal fruits increased
rapidly during ripening, but that of rin fruits remained low
and constant in fruits of varying ages and with differing
amounts of yellow color (Table I).

Other tomatoes with abnormal ripening, including "Never
ripe" with two genetic backgrounds (Nr Y a h, Nr c 12 r),
"Evergreen" (gf r) and "Green Flesh" (gf) all produced a surge
of ethylene (Fig. 2) and had a respiratory climacteric (data not
shown) during the time of color change, even though the color
change was slow or irregular.
Exogenous ethylene (10 jil/l for 2 days) stimulated en-

dogenous ethylene and CO2 production and caused earlier
ripening of normal fruits (Fig. 3). Exogenous ethylene treat-
ment of rin fruits did not stimulate endogenous ethylene pro-
duction but did cause a stimulation of CO2 production (but
only as long as ethylene was present). Removal of the exog-
enous ethylene resulted in a decrease in CO2 production to
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FIG. 1. Ethylene production of fruits of normal, rin, normal
9 X riln and rin 9 X normal & plants. Fruits were harvested
30 days after pollination and held at 20 C.

Table I. Inzternial Ethylente Concentrations of Normal anid rin
Tomato Fruits at Designated Stages of Color Developmenzt
Fruits were harvested 30 days from anthesis and held at 20 C.

Each datum is the average of four measurements and is followed
by its standard error.

Tomato Fruit Time from Internal C2H4 ConcnHarvest

days j4/1
Normal
Green 4 0.18 4- 0.03
Breaker 6 2.15 4± 0.76
Orange 8 11.80 ± 2.71
Red-orange 10 14.70 :1 0.81
Red 18 17.92 ± 2.81

rini
Green 4 0.29 - 0.01
Green-yellow 30 0.15 i 0.04
Yellow-green 63 0.16 -1 0.06
Yellow 102 0.22 i 0.05
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FIG. 2. Ethylene production of fruits of 'Never ripe' (Nr Y a hi,

Nr c 12 r), 'Evergreen' (gf r) and 'Green Flesh' (gf) plants. Fruits
were harvested 30 days after pollination and held at 20 C.
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production were stimulated by propylene in normal fruit, but
only CO, production was stimulated in rnf fruits. The high
initial CO2- levels were probably due to harvesting injury.
To investigate the effect of stress, fruits were cut in half and

ethylene and CO2- production monitored (Fig. 6). Both rin and
normal fruit exhibited a capacity for wound-induced ethylene
production. Increased ethylene and CO-2 production could be
detected as early as 6 hr after cutting, and afterwards both
declined.

DISCUSSION

Evidence presented for classifying the rnf tomato mutant as
a nonclimacteric fruit includes: (a) its lack of a respiratory
climacteric and of a rise in ethylene production for up to 120
days from harvest, (b) the response to exogenous ethylene
which resulted in enhanced respiratory activity only while
ethylene was present, (c) the repeated stimulation of CO-, pro-
duction by repeated ethylene treatments, and (d) its response
to propylene where CO2 production was stimulated but ethyl-
ene production was not. All of these responses have been
shown to be typical of nonclimacteric fruits (3-5, 9, 19, 23).
Apparently the rin tomato mutant lacks the genetic capacity
for autocatalytic production of ethylene or, in terms of
McMurchie et al. (19), lacks system 2 of ethylene production
as do other nonclimacteric fruits. Of the abnormally ripening
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Fio. 3. Ethylene (upper graph) and CO2 production (lower

graph) of normal and rin fruits treated with 10 pIllI CM-4 for 2 days

compared to untreated fruit. Fruits were harvested 30 days after

pollination and held at 20 C.
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FIG. 4. CO2 production of rin fruits treated three times with

10 jul/I C2H4 compared to untreated fruit. Fruits were harvested

30 days after pollination and held at 20 C.

that of the untreated controls. Stimulation of CO., production

by ethylene was repeated several times with the same rin fruits

(Fig. 4), and each time the exogenous ethylene was removed

the CO2- production decreased to that of the untreated con-

trols.

The response of normal and rin fruits to propylene was simi-

lar to the response to ethylene (Fig. 5). Both ethylene and CO2
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FIG. Ethylene (upper graph) and CO2 production (lower
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FIG. 6. Effect of wounding stress (cutting of fruits in half) on

ethylene (upper graph) and CO2 (lower graph) production. Fruits
were harvested 30 days after pollination and held at 20 C.

tomato mutants investigated, only rin fruits showed this pecu-

liar respiratory and ethylene production behavior.
In some experiments there was a clear difference in ripen-

ing time between fruits from plants of reciprocal crosses be-
tween normal and rin types. In all experiments, the rise in
ethylene and CO2 production were consistently delayed in the
fruits from F1 plants compared to normal fruits. In several in-
stances. nor 9 X rind fruits ripened before rin 9 X nor

fruits. This may indicate that cytoplasmic factors affect the
ethylene production mechanism. Exceptions were noted and
may have been due to the fact that fruit load per plant was not
strictly regulated, and this may have affected ripening behavior
(15). Fruits from the F1 crosses were stimulated to ripen by
exogenous ethylene but did not respond as rapidly as normal
fruits (data not shown).
The fact that rin fruits produced ethylene in response to

wounding by cutting suggests that either: (a) this stress ethyl-
ene was not produced through the same pathway as the ethyl-
ene during the climacteric of normal fruit, or (b) cutting or

wounding stimulated the synthesis of ethylene through the
normal pathway, but exogenous ethylene was unable to do so,

for undetermined reasons. Abeles and Abeles (1) have sug-

gested that wound or stress ethylene does come from the same

pathway from methionine as that produced during the ripen-
ing of normal fruit. They also pointed out that the efficiency of
conversion of labeled methionine to ethylene fell 50% after
wounding which might indicate another pathway for at least
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part of the stress-induced ethylene. There is also the possi-
bility that wounding or stress merely stimulates system 1 pro-
duction of ethylene but is incapable of stimulating system 2 in
nonclimacteric fruits (19). Rin fruits were also observed to
produce ethylene in response to fungal invasion, but it was not
determined if the ethylene was produced by the organism or
the fruits. Fruits from F1 plants resulting from crosses between
rin and normal plants also produced large amounts of ethylene
in response to wounding.
One of the major differences between climacteric and non-

climacteric fruits is the ability of the fruits to produce ethylene
autocatalytically. The rin mutant should provide very valuable
information concerning this basic difference between climac-
teric and nonclimacteric fruits, since there is now the possi-
bility of comparing tomato fruits from breeding lines which
are very closely related genetically but exhibit a difference in
ripening behavior. The rin mutant may also serve as a tool for
investigations concerning the biosynthetic pathway of ethylene
production.

Acknowledginents-The authors wish to thank Dr. R. W. Robinson, Depart-
ment of Vegetable Crops, Geneva, New York for supplying seed of the tomato
rin mutant and Dr. E. A. Kerr, Horticulture Research Institute of Ontario. Vine-
land Station. for seed of "Never ripe" and "Evergreen" genetic lines. We also
tlhank Dr. D. R. Dilley and Dr. E. Sfakiotakis for their valuable stuggestions.

LITERATURE CITED

1. ABELES, A. L. AND F. B. ABELES. 1972. Biochemical pathway of stress-in-
duced ethylene. Plant Physiol. 50: 496-498.

2. BEADLE, N. C. WV. 1937. Studies in the growth and respiration of tomato
frtits and their relationship to carbohydrate content. Aust. J. Exp. Biol.
Med. Sci. 15:173-189.

3. BIALE. J. B. 1948. Respiration of citrus in relation to metabolism of fungi.
II. Effects of emanations of Penicillium digitatum Sacc. on lemonis at (lif-
feient stages of ripeness. Proc. Amer. Soc. Hort. Sci. 52:187-191.

4. BIALE. J. B. 1960. Respiration of fruits. Encycl. Plant Physiol. 12: 536-592.
5. BIALE. J. B., R. E. YOUN-G, AND A. J. OLMISTEAD. 1954. Fruit respiration and

ethylene production. Plant Physiol. 29: 168-174.
6. BURG. S. P. AND E. A. BURG. 1965. Ethylene action and the ripening of fruiits.

Science 148:1190-1196.
7. BURG. S. P. AND E. A. BURG. 1966. Fruit storage at subatmospheric pressures.

Science 153: 314-315.
8. CLENDENNING, K. A. 1942. The respiratory and ripening behavior of the

tomato fruit on the plant. Can. J. Res. (C) 20:197-203.
9. DENNY, F. E. 1924. Effect of ethylene upon respiration of lemens. Bot. Gaz.

77: 322-329.
10. GUSTAFSO-N. F. G. 1936. Influence of oxygen and carbon dioxide concentrations

on the respiration of tomato fruits. Amer. J. Bot. 23: 441-445.
11. HOBsoa-, G. E. 1967. The effects of alleles of the "Never ripe" locus on the

ripening of tomato fruits. Phytochemistry 6:1337-1341.
12. HUELIN, F. E. AND J. BARKER. 1939. The effect of ethylene on the respiration

and carbohydrate metabolism of potatoes. New Phytol. 38: 85-104.
13. KERR, E. A. 1956. Green Flesh, gf. Tomato Genetics Cooperative 6:17.
14. KERR, E. A. 1958. 'Mutations for chlorophyll retention in ripe fruit. Tomato

Genetics Cooperative 8: 22.
15. Lyox-s, J. 'M. AND H. K. PRATT. 1964. Effect of stage of maturity and ethylene

treatment on respiration and ripening of tomato fruits. Proc. Amer. Soc.
Hort. Sci. 84: 491-500.

16. MAPsON-, L. W. AND J. ROBINSON. 1966. Relation between oxygen tension,
biosy-nthesis of ethylene, respiration and ripening changes in banana fruit.
J. Food Tech. 1: 215-225.

17. McGLASSON-,W. B. 1969. Ethylene production by slices of green banana fruit
and potato tuber tissue during the development of induced respiration.
Aust. J. Biol. Sci. 22: 489-491.

18. 'McGLAssoN-, XV. B. AND H. K. PRATT. 1964. Effects of wounding on respira-
tion and ethylene production by cantaloupe fruit tissue. Plant Physiol.
39: 128-132.

19. IMCMURCHIE, E. J., W. B. McGLASSON-, AND I. L. EAKS. 1972. Treatment of
fruit with propylene gives information about biogenesis of ethylene. Nature
237: 235-236.

20. 'MEIGH, D. F., K. H. NORRIS, C. C. CRAFT, AND 'M. LIEBERMANX. 1960.
Ethylene production by tomato and apple fruits. Nature 186: 902-903.

21. PRATT, H. K. AND J. D. GOESCHL. 1969. Physiological roles of ethylene
in plants. Annu. Rev. Plant Physiol. 20: 541-548.

22. PRATT, H. K. AN-D M. WORKMAN. 1962. Studies on the physiology of tomato
fruits. III. The effect of ethylene on respiration and ripening behavior of
fruits stored at 20 C after harvest. Proc. Amer. Soc. Hort. Sci. 81: 467-478.

Plant Physiol. Vol. 52, 1973

200,

Fi
a

la

S 100
C4
V

-; 50

- nor - cut
, -, - intact

I
-
r

a

I 5



42 HERNER AND SINK Plant Physiol. Vol. 52, 1973

23. REID, M. S. AND H. K. PRATT. 1972. Effects of ethylene on potato tuber 27. WORKMAN, M., H. K. PRATT, AND L. L. MORRIS. 1957. Studies on the
respiration. Plant Physiol. 49: 252-255. physiology of tomato fruits. I. Respiration and ripening behavior at 20

24. RICK, C. M. 1956. New mutants. Tomato Genetics Cooperative 6: 22. degrees C as related to date of harvest. Proc. Amer. Soc. Hort. Sci. 69:
25. ROBINSON, R. W. AND M. L. TOMES. 1968. Ripening inhibitor: a gene with 352-365.

multiple effect on ripening. Tomato Genetics Cooperative 18: 36-37. 28. WORKMAN, M. AND H. K. PRATT. 1957. Studies on the physiology of tonmato
26. WILLIAMSON, C. E. 1950. Ethylene, a metabolic produce of diseased or in- fruits. II. Ethylene production at 20 C as related to respiration, ripening,

jured plants. Phytopathology 40: 205-208. and date of harvest. Plant Physiol. 32: 330-334.


