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ABSTRACT

These studies were conducted to determine whether ethylene
serves as a natural regulator of fruit wall dehiscence, a major
visible feature of ripening in some fruits. We employed treat-
ments to inhibit ethylene action or remove ethylene and ob-
served their effect on fruit dehiscence. CO2 (13%), a com-
petitive inhibitor of ethylene action in many systems, readily
delayed dehiscence of detached fruits of cotton (Gossypium
hirsutum L.), pecan (Carya illinoensis [Wang.] K. Koch), and
okra (Hibiscus esculentus L.). The C02 effect was duplicated
by placing fruits under reduced pressure (200 millimeters
mercury), to promote the escape of ethylene from the tissue.
Dehiscence of detached fruits of these species as well as at-
tached cotton fruits was delayed. The delay of dehiscence of
cotton and okra by both treatments was achieved with fruit
harvested at intervals from shortly after anthesis until shortly
before natural dehiscence. Pecan fruits would not dehisce until
approximately 1 month before natural dehiscence, and during
that time, CO2 and reduced pressure delayed dehiscence. C02
and ethylene were competitive in their effects on cotton fruit
dehiscence. All of the results are compatible with a hypothetical
role of ethylene as a natural regulator of dehiscence, a domi-
nant aspect of ripening of cotton, pecan, and some other fruits.

Evidence that ethylene is a natural regulator of fruit de-
hiscence prompted this investigation of the ability of CO2 and
reduced pressure to regulate fruit dehiscence (9). CO2 inter-
feres with responses of plant tissues to ethylene (8); leaf abscis-
sion is one response so affected (1). More recently, storage of
fruits at reduced atmospheric pressure was shown to delay fruit
ripening, apparently by hastening escape of endogenous ethyl-
ene (3-5). If ethylene produced by the fruit causes dehiscence,
then fumigation with CO2 or storage at reduced pressure
should delay dehiscence and both effects are reported here.

MATERIALS AND METHODS

Fumigation with CO. Detached fruits of cotton (Gossypium
hirsutum L.), pecan (Carya illinoensis [Wang.] K. Koch), and
okra (Hibiscus esculentus L.) were fumigated with CO2 and the
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effects on dehiscence were observed. Cotton fruits from this
portion of the study were from greenhouse-grown plants of the
Stoneville 213 cv., except Figure 1. Moore, Stuart, and Mahan
pecans from the Texas A&M University farm were used.
Okra fruits were from field-grown, United States Department
of Agriculture Plant Introduction No. 65.

Fruits of the ages given in the figures were surface-sterilized
with commercial grade sodium hypochloride (diluted 1: 4) and
placed upright in Petri dishes containing a 2% glucose solution.
Groups of 10 to 15 fruits were treated with CO2 in 54.5-liter
Plexiglas chambers. Dishes of calcium carbonate were placed
in the chambers to remove excess humidity. CO2 was applied
at 0 (control treatment) and 13%. The experiments were con-
ducted in a growth room with a 15-hr photoperiod and a con-
stant temperature of 27 C. Dehiscence was recorded and each
chamber was aired and refumigated daily until the completion
of dehiscence.

CO2-ethylene competition was tested by applying both CO2
and ethylene alone and in various combinations to field-grown,
Tamcot SP37 cotton fruits as detailed in Figure 1. All other
aspects of the experiment were identical with those described
in the preceding paragraph.
Reduced Pressure. The effect of reduced pressure on dehis-

cence of detached cotton, pecan, and okra fruits was observed.
Handling, numbers, and ages of fruits were identical with those
described for CO2 experiments. Fruits in the treatment were
held at 200 mm Hg pressure under 12-liter bell jars. In this
system the bell jars were placed between the vacuum source
and a Matheson No. 49 vacuum regulator which maintained
the desired pressure by allowing air to bleed into the system.
In order to insure that accumulation of ethylene or depletion of
available oxygen was not a factor in the experiments, air flow
was maintained through both the vacuum and atmospheric
pressure (control) systems. The flow of air passing over the
fruits was regulated by a needle valve placed between the
vacuum source and the bell jars; air flow was measured by a
flow meter placed between the needle valve and the bell jars.
The air flow in control chambers in most experiments was
near 500 ml/min, providing air exchange each 12 min. In all
experiments the chambers were opened daily and the number
of fruit showing any opening of the separation zone due to
slight pressure was recorded as dehisced.
The effect of reduced pressure (200 mm Hg) on dehiscence

of attached cotton fruits was studied by enclosing intact plants
in 24-liter chambers made of two 12-liter bell jars placed end
to end. Except for chamber size, this system was identical
with the one used for detached fruits. Control plants were en-
closed in chambers at atmospheric pressure. Two treatment
and two control chambers, with one plant per chamber, were
used. An observed air flow of about 1000 ml/min was main-
tained through all chambers providing air exchange in 24
min or less.
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Table I. Dehiscenice of Detached Fruits Treated with Air or Air Containinig 13% CO2
Weeks after anthesis (cotton and okra) and weeks before dehiscence (pecan) indicate the relative stage of development when the

fruits were detached.

Cotton Okra Pecan
W1eek-s after Anthesis Weeks after Anthesis Weeks before Dehiscence

Tim e to

Dehiscence Ilto 2 3 to 4 5 to 6 1 3 to4 iMoore 2to 3 MahanlIto 2 StuartlIto 2

Air C021 Air C02 Air CO2 Air CO2 Air C02 Air C02 Air IC02 Air CO2

days /0

2 0 0 0 0 0 0 0 0 0 01 0 0 0 6 0 6
4 00 0 0 ~~~ ~~ ~~~ ~~~50040 0 0 0 0 0 13 25 25 25

6 0 0 0 0 100 0 100 0 0 0 33 0 56 44 25 25
8 0 0 0 0 0 0 0 0 87 20 100 63 38 50

10 1010 0 0 302 0 0 0 100 73 69 75 75
12 20 0 0 0 100 20 0 0 ~ 100 i100 94 88
14 20 0 0 0 100 01 0 100 94
16 40 0 10 0 30 0 100
18 50 20 30 0 40 0
20 50 20 30 0 80 0
22 50 20 90 0 100 10
24 70 20 100 0 1 70
26 90 20 0 100
28 11001202 02

' Air containing 13% CO2.
2 Removed from 13%0 CO2 and placed in 10 glll of ethylene on the date indicated.
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FIG. 1. Competitive effects Of CO2 and ethylene on dehiscence

of detached cotton fruits. Field-grown Tamcot SP37 fruits were

collected 3 to 5 weeks after bloom and were treated in the dark in

groups of 20 fruits each, with the indicated levels of C0,, ethylene,
or both.

The role of oxygen depletion in the effect of reduced pres-

sure on dehiscence was determined. Groups of fruits were

placed under 200 mm pressure, atmospheric pressure (control),

or 200 mm pressure with a flow of 80% 02. 02 content was

calculated to be approximately equal in an atmosphere of

80% 02 at 200 mm pressure and in room air at atmospheric

pressure.

RESULTS

Treatment with CO2,. CO2 delayed dehiscence of all ages of

detached cotton, pecan, and okra fruits (Table I). Dehiscence

of cotton fruits was so effectively delayed that some of them

eventually deteriorated without dehiscing. After 28 days, un-

dehisced cotton fruits from 1 to 2 and 3 to 4 weeks after
anthesis were removed from CO,, and half of them were fumi-
gated with 10 ul/l of ethylene while the other half were left
untreated. The younger fruits dehisced 3 to 5 days after being
placed in the ethylene atmosphere, while most of the fruits
left untreated deteriorated without dehiscing (data not shown).
Dehiscence of fruits in the COA-reated 3- to 4-week-old group
was unaffected by 10 ~d/l of ethylene, but the 5- to 6-week-old
cotton fruits treated with CO,,, removed from CO-, after only
10 days, and placed in 10 pltl/ of ethylene, completely dehisced
after 1 to 2 days. Light was not necessary for the CO,, delay
of dehiscence; the response to CO_, was demonstrated with de-
tached bolls in the dark. Control greenhouse-grown Stoneville
213 fruits, 5 to 6 weeks after anthesis, completely dehisced
in 12 days in the dark, but CO.-treated bolls reached only 70%
dehiscence in 21 days (data similar to those in Fig. 1).

Dehiscence of both 1- and 3- to 4-week-old okra fruits was
readily delayed by CO2 (Table I). Younger okra fruits (de-
tached 1 week after anthesis) dehisced much sooner than fruits
detached 3 to 4 weeks after anthesis, a situation already noted
with fumigation of okra fruits with ethylene (9).
CO, also effectively delayed dehiscence of detached pecan

fruits (Table I). Dehiscence of Moore and Mahan pecans was
delayed for 2 to 3 days and 1 to 3 days, respectively, by CO2.
Dehiscence of Stuart pecans was not appreciably delayed by
CO2; however, CO2 damaged Stuart fruits (the outer fruit walls
blackened) which probably prevented a delay in dehiscence
by CO,.

Competition between C02 and ethylene in the mediation of
dehiscence did occur (Fig. 1). Detached cotton fr-uits treated
with 13% CO2 plUS 1 1d of ethylene per liter of air dehisced
5 to 7 days later than fruits treated with 1 pul1 of ethylene
alone. CO2 had much less effect in the presence of 10 ul!l of
ethylene. The combination of 13% CO,2 and 1 pl!lI of ethylene
resulted in a competitive balance since these fruits dehisced
at a rate almost identical with the controls. Fruits treated
with 13% CO2 alone dehisced 6 to 8 days after both the con-
trol and fruits treated with 13% CO, plus 1 pl!/I of ethylene.
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Table II. Effect of Atmospheric or Reduced Pressure on the Dehiscence of Detached Fruits
Weeks after anthesis (cotton and okra) and weeks before dehiscence (pecan) indicate the relative stage of development when the

fruits were detached.

Cotton Okra Pecan
Weeks after Anthesis Weeks after Anthesis Weeks before Dehiscence

Time to
Dehiscence 1 to 2 3 to 4 5 to 6 1 3 to 4 Moore I to 2 Stuart I to 2

c. IV2 c Iv c Iv c Iv c Iv I c Iv c lv
days %
2 0 0 0 0 0 0 0 0 0 0 0 0 19 12
4 0 0 0 0 20 0 70 20 0 0 0 0 1 25 12
6 0 0 0 0 100 0 100 80 0 0 13 0 44 12
8 0 0 0 0 30 100 0 0 27 0 50 19
10 10 0 0 0 100 0 0 87 13 75 31
12 10 0 0 0 0 0 100 53 100 69
14 10 0 0 0 60 0 100 81
16 30 0 10 0 100 0 94
18 80 0 50 0 20 100
20 80 0 70 0 80
22 90 0 100 0 100
24 100 10 50
26 10 70
28 203 100

1 Atmospheric pressure.
2 Reduced pressure (200 mm Hg).
3 Removed from reduced pressure and placed in atmospheric pressure with or without 10 ,1/1 of ethylene.

Reduced Pressure. Reduced pressure of 200 mm Hg effec-
tively delayed dehiscence of detached fruits of cotton, okra,
and pecan in a manner similar to the response to CO2. Dehis-
cence of 1- to 2-, 3- to 4-, and 5- to 6-week-old cotton fruits
was delayed considerably at 200 mm pressure (Table II). The
two younger ages of cotton fruits dehisced more slowly than
the older fruits. The 1- to 2-week-old control fruits were re-
stored to atmospheric pressure after 28 days; and half the
fruits fumigated with 10 ,ul/l of ethylene dehisced after 3 to
4 days while the other half (untreated) eventually deteriorated
without dehiscing (data not shown). Reduced pressure delayed
dehiscence of young okra fruits 1 to 2 days, and 3- to 4-week-
old okra fruits approximately 5 days (Table II). Reduced
pressure also effectively delayed dehiscence of pecan fruits
(Table II).

Tests with intact cotton plants with attached maturing fruits
revealed that reduced pressure delayed dehiscence of intact
fruits for 3 to 6 days (Fig. 2). Of 18 fruits on the two control
plants, dehiscence occurred from 4 to 20 days after the treat-
ment was begun. Plants under reduced pressure had 21 intact
fruits and these dehisced from 8 to 25 days after the treatment
was started. All of these fruits were from 20 to 36 days after
anthesis when the experiment was begun.
The possibility that 02 depletion, rather than removal of

ethylene, caused the delay of dehiscence at 200 mm Hg pres-
sure was investigated. However, cotton fruits that were under
200 mm pressure and 0.21 atm of 02 (purging gas 80% 02)
dehisced only about 1 day faster than fruits under 200 mm
pressure and 0.055 atm of 02 (purging gas room air). Fruits in
the control dehisced much sooner than either of the treatments
under reduced pressure. Thus, 02 depletion had little effect on

dehiscence of fruits at 200 mm pressure.

DISCUSSION

CO2 has been shown to be a competitive inhibitor of ethyl-
ene action (6). Thus, if ethylene produced by the fruit causes

W4 (18) Xf (21)
w
)60-

2c50- de 00Control
IC / y -0- Vacuum

37 38 39 40 41 42 43 44 45 46 47 48
DAYS AFTER BLOOM

FIG. 2. Effect of reduced pressure on dehiscence of intact fruits
of cotton. Two greenhouse-grown Stoneville 213 plants with matur-
ing fruits were held at 200 mm Hg. Control plants were under at-
mospheric pressure. The total number of fruits involved in each
treatment is in parentheses. Data are plotted as a cumulative per-
centage of fruit dehiscence relative to the number of days from
anthesis (bloom) to dehiscence of each fruit. Bloom occurred over a
16-day period; thus, the data were adjusted to the relative age from
anthesis to dehiscence of each fruit.

dehiscence, then fumigation with CO2 should delay dehiscence.
This was, in fact, the result of exposure of cotton, okra, and
pecan fruit to 13% CO2 (Table I). The only exception was the
failure of CO2 to delay dehiscence of Stuart pecan fruits. This
failure was attributed to a visible toxicity, blackened fruit
walls, produced by the CO2.

Further evidence that CO2 and ethylene do compete in their
effects on fruit dehiscence was provided by exposure of cotton
fruits to mixtures of the gases (Fig. 1). Fruits fumigated with
10.0 and 1.0 ,lI/l of ethylene dehisced sooner than fruits that
were fumigated with 13% CO2 mixed with 10.0 and 1.0 ,ul/l
of ethylene. CO2 more effectively delayed dehiscence of fruits
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treated with 1 1ll/1 of ethylene than 10 1,u/l of ethylene, an
observation consistent with the kinetics of CO,-ethylene com-
petition (4). The combination of 13% CO2 and 1.0 jl/l of
ethylene resulted in a competitive balance in which fruits de-
hisced at the same rate as fruits in the control. Cotton fruits,
after long exposure to C02, were readily stimulated to dehisce
by ethylene (data not shown). This result indicates that the ef-
fects of CO2 were reversible and that, in general, detached
fruits did not rapidly lose their ability to respond to ethylene
with time after they were detached. However, some fruits
eventually reached a state of deterioration in which they would
not respond to ethylene. These observations also support the
concept that ethylene must exceed a certain threshold level be-
fore it can initiate dehiscence.

Reduced atmospheric pressure (200 mm Hg), employed to
accelerate escape of ethylene from detached fruits of cotton,
pecan, and okra, delayed dehiscence of all fruits (Table II,

Fig. 2). As a rule, the response of fruits to reduced pressure
was much the same as the response to C02, with the possible
exception that dehiscence of pecans was delayed longer by
reduced pressure (Table II) than by CO2 (Table I). This result
agrees with the very high ethylene production rate and internal
concentrations for pecan fruits (9). Possibly a level of ethylene
would soon be reached that would overbalance the effect of
C02, while reduced pressure could keep the internal level of
ethylene below the threshold level for a longer time.

Ethylene removal was the major reason for the delay in de-
hiscence of fruits under reduced pressure. Since low 02 pre-
vents ethylene from acting on tissues (7), the slightly increased
rate of dehiscence by fruits that were under 200 mm pressure
with added 02 (partial pressure of 0.021 atm) was possibly a

result of increased action of the ethylene present in the fruits.
Reduced pressure did not appear to have a detrimental effect

on the ability of fruits to respond to ethylene. Young cotton
fruits that had been under 200 mm pressure for 28 days were

restored to atmospheric pressure and were stimulated, by 10
,ul/l of ethylene, to dehisce in 5 days (data not shown). This
was approximately the same rate of dehiscence observed with
fruits placed in 10 ,jlll of ethylene soon after they were de-
tached.

It might be asked why fruits treated with CO2 or pressure
reduction eventually dehisce anyway. In fact, some never do,
since after several weeks they eventually decay, but, up to that
time, they can respond to ethylene. These circumstances
simply re-emphazie the juvenile-senescene hormone balance
concept of fruit dehiscence regulation. As the fruits age they
produce more and more ethylene until eventually the minimum
concentration for initiation of dehiscence is exceeded (9).
Thus, at this time, production of ethylene is occurring at a

rate greater than can be compensated for by CO2 or vacuum.
The data from both detached and intact fruit (Table II, Fig.
2) indicate that ethylene production eventually exceeds the
threshold level for induction of dehiscence and reduction of
natural juvenile factors may play a role in the over-all process.

Quantitative relationships can be established for mature
fruit by using production rate data, the ratio of internal ethyl-
ene to the rate of production, the dehiscence dose-response
relationship (9) and the KI for ethylene-CO2 competition (6)
or the percentage removal of ethylene by 200 mm Hg pressure
(4). Such calculations are complicated because the data are
from both attached and detached fruits from several popula-
tions, and one must assume that the CO2 and reduced pressure
treatments do not substantially alter ethylene production rates.
However, such calculations indicate that both treatments
would delay the time required for ethylene levels to exceed
threshold levels and that natural production would eventually
approach or exceed saturation levels, thus completely escaping
the dehiscence-blocking action of the treatments. The results
agree with these projections. No calculations were made for
the young fruit because data were not available on their ethyl-
ene production rates after lengthy periods of detachment or on
their production rate to internal level relationships. However,
young expanding cotton fruit produce relatively low levels of
ethylene (9, 10) and most of these fruits, predictably, were pre-
vented from dehiscing for the duration of their storage life by
both CO2 (1- to 2- and 3- to 4-week-old fruits, Table I) and
reduced pressure (1- to 2-week-old fruits, Table II).
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