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Sununary. Ethylene stimulated RNA and protein synthesis in bean (Phascolu(s
zulwlgaris L. var. Red Kidney) abscission zone explants prior to abscission. The
effect of ethylene on RNA synthesis and abscission was blocked by actinomycin D.
Carbon dioxide, which inhibits the effect of ethylene onl abscission, also inhibited
the influience of ethylene on protein synthesis. An aging period appears to be
essential before bean cxplants respond to ethylene. Stimulation of protein synthesis
by ethylene occurred onlv in receptive or senescent explants. Treatment of juvenile
explants with ethylene, which has no effect on abscission also has no effect on
protein synthesis. Evidence in favor of a hormonal role for ethylene dulring abscission
is discussed.

In an earlier paper (2) we showed that the
protein synthesis inhibitors actinomycin D and
cyclohex:mide woould block abscission, and that
during the course of ethylene-enhanced abscission
L-leucine-1"C was incorporated into a trichloro-
acetic acid-precipitable fraction of tissue homogen-
ates from the separation zone of bean (Phaseolus
vutlgaris var. Red Kidney) and cotton (Gosstptium
hirsiturm var. Acala 4-42) explants. Protein syn-
thesis in the stem and in the nodal tissue surrotund-
ing the separation zone was not influenced bv the
ethylene treatment. These results supported the
view that ethylene, like other hormones (4) was
capable of acting as an effector or regulatory
metabolite.

In this paper we will show that the stimulation
of RNA synthesis and protein synthesis is analogous
to that reported for other hormone systems.

Materials and Methods

Methods utsed to grow and prepare explants and
to measure ethylene in the surrounding gas phase
have been described earlier (3, 17).

Preparation of RNA. The perchloric acid
method of RNA extraction was modified after
Key and Shannon (13). One and one-half grams
of tissue (10-15 explants) were homogenized in
2 ml 0.01 M Tris buffer, pH 7.5, in a ground glass
homogenizing flask with a ground glass pestle for
1 to 2 minutes. The sides of the homogenizing
flask were washed down with 3 ml of 0.01 M Tris
buffer and the resultant suspension was filtered
through glass wool. Samples (3.5 or 4.0 ml) were
taken immediately after filtration throtugh glass
wool, made to 0.2 xN with respect to HClO4, thor-
otighly mixed, and centriffuged at 1000 X 9 for

10 minutes. The pellets wNere then suspenlded and
washed twice with 0.2 N HC104 and centrifulged
at 1000 X g for 10 minutes. The resiilting pellets
were then suLspended and washed twice in methanol
containing 0.05 _Ni formic acid and centrifuged at
2000 X g for 10 minutes. All above steps, includ-
ing centrifugation, were carried ouit at 2° to 4°.
The washed pellets were twice extracted at 370
for 30 minutes in a 2: 2: 1 mixture of ethanol:
ether: chloroform to remove lipids and centrifuiged
at 3000 X g for 10 minutes. RNA was hydrolyzed
in 0.3 N KOH for 18 hoturs at 31-0. After chilling,
HClO, was added to a final concentration of about
0.3 N, followed by centrifugation at 2000 X g for
10 minutes to remove the KClO4 precipitate, protein,
and DANA. Absorbance of samples of RNA was
measured at 260 and 290 mju with a spectrophoto-
meter. After determining the RNA, each sample
was neutralized with KOH to pH 4.5 to 5.5. After
chilling, the KClI4 precipitate was removeed by
centrifugation and samples were plated, dried, and
counted for determination of 32P incorporatioin into
RNA.

Proteini Extraction Methods. A modified Peter-
son and Greenberg (16) method was used. Tissue
was homogenized in ground glass homogenizers
with 1 ml 0.01 m Tris buffer, pH 7.5, containing
0.2 mg L-leucine 12C per ml. After 2 minuttes of
homogenization, 3 ml of Tris buffer were added
and the resultant suspension was poured into cen-
trifuge tubes. A small sample of the homogenate
was taken for extraction in hot 80 % (v/v) ethanol
to determine the amount of ethanol-soluble L-leu-
cine-_4C. The amount of ethanol-soluble of L-
leucine-14C was essentially the same (±+ 10 %)
from ethylene-treated and control explants. The
remaining homogenate was centrifuged at 775
X g for 10 minutes. The sediment (cell wall
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material) was washed with distilled water and 0.01
N NaOH. The supernatant fractions were com-
bined with the original supernatant. The proteins
were precipitated by adding 2 volumes of 20 %
(w/v) trichloroacetic acid and purified by succes-
sive washings with 5 % trichloroacetic acid (4
times), ethanol (once), 3: 1 ethanol-ether, 3 minutes
at 600 (3 times), and ether (once). During the
second 5 % trichloroacetic acid wash, the suspension
was heated at 900 for 15 minutes. The final pro-
tein pellet was suspended in 1 N NaOH and a
sample was taken and diluted to 0.1 N NaOH for
protein analysis by the Lowry method (14). The
protein associated with the cell wall was extracted
in the same manner as above. A less exhaustive
but simpler method of protein extraction that gave
identical results is based on a method described by
Key (12) and has been published earlier (2).

Inctubation of Explants. Except for part A of
figure 5, only senescent explants were used in the
experiments reported in this paper. After the
explants were cut from the primary bean leaf, they
were stored by sticking them in 3 mm of 1.5 %
agar for 22±2 hours and placing the petri dishes
in the incubation chamber described below. Six ml
of 1.5 % agar were poured into 43+ 2-ml gas-col-
lection bottles (5 cm in diameter and 2.5 cm high)
and 10 senescent explants were inserted petiole
end down in the agar so that 3 mm of the explant
were submerged. The bottles were fitted with a
neck in which a 25-mm-diameter rubber vaccine
cap could be placed. Where required, ethvlene
was injected into the bottles through the vaccine
cap to give the specified ethylene concentration.
The gas-collection bottles were cut horizontally
1.25 cm from the bottom to facilitate manipulation
of the agar containing radioactive compounds and
explants. To make the bottles gastight, silicone
grease was applied to the ground surfaces and the
bottle halves were held together with adhesive
tape. Control explants were aerated by opening
and resealing the gas-collection bottles. The ethyl-
ene concentration in -the gas phase was monitored
by gas chromatography, and in the aerated bottles
the concentration was not allowed to exceed 0.1 nl
ethylene per ml (0.1 ppm) during the experiment.
Previotus experiments by Rubinstein and Abeles
(17) indicate that this amount of ethylene does not
accelerate abscission over that of aerated controls.
The explants were incuibated at 250 tinder 400 ft-c
of continuous fluorescent light (General Electric
type 30T8-ww).

Application of 32p and L-leucinc-'4C to Ab-
scission-Zone Explants. Radioactive orthophosphate
in neutralized solution, carrier-free, was incor-
porated in 1.5 % agar disks (1.4 mm X 3 mm
diameter) that contained approximately 3 uc of
32p. The amount of L-leucine-14C incorporated in
these agar blocks (0.01 ml of 2.8 X 10-5 M) was
not high enough to act as an abscission stimulant
(17). iConcentrations greater than 1 mm are re-
qtiired for this effect. The radioactive agar blocks

were placed on the pulvinal end of the 10 mm-ex-
plants.

The disks of L-leucine-'4C and 32p were saved
at the end of an experiment, placed in planchets,
and melted by adding 1 ml of water and heat.
This treatment spread the disks (usually 10 per
replicate treatment) evenly over the bottom of the
planchet. The planchets were then counted to
check whether ethylene had any effect on isotope
uptake into the tissue. No effect of ethylene on
L-leticine-14C or 32p uptake has been observed.

All tissue samples were immediately frozen
after harvesting and thawed just before homogeni-
zation.

Results

Inhibition of Abscission by Actinontycin D and
Cyclohexim7ide. Since actinomycin D inhibits at
an earlier point than cycloheximide in the sequence
of events leading to protein synthesis, a time course
curve showing the effect of these inhibitors on
ethylene-treated explants should show that the
tissties will be sensitive to cycloheximide longer
than actinomycin D.

Actinomycin D and cycloheximide were injected
into the explant in 1 ul of solution with a micro-
liter syringe by sticking the needle tip throough the
center of the petiole tissue to a depth of about
5 mm, at which point the firmer pulvinal tissue
resists further movement of the needle. After the
needle was withdrawn, all of the solution remained
within the cavity of the petiole tissue. The first
injection was made immediately prior to the addi-
tion of the ethylene. Two, 4, and 6 hoturs later, a
set of bottles was opened, inhibitor was injected

100

0 80 1ig Actinomycin D
0 'I

,Sl60

-~40-
4--u C~~~~ycloheximide

20

Hours after Addition of Ethylene
the Inhibitor is Injected

FIG. 1. Effect of actinomycin D and cycloheximide
on abscission of senescent explants.
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into the explants and the bottles were resealed, and
the ethylene reinjected. Abscission was measured
9 houtrs after the start of the experiment. As shown
by the representative experiment in figure 1, the
ability of the actinomycin D to delay abscission de-
creases when actinomycin is added after the ethyl-
ene, but cycloheximide retains its effectiveness for
about 4 hours.

Table I. Effect of 1 ,ug Actinomycin D on 32p Incorpo-
ration into Bean Explant RNA

Explants were aged 22 hours at 250 and then injected
through the petiole with either 1 ,ul of water or 1 /Al of
actinomycin D. Two hours later the agar blocks coIn-
taining 32p were put on the pulvinus and the gas collec-
tion bottles were sealed. The explants were harvested 5
hours later. RNA was extracted and was purified by the
perchloric acid method.

Treatment % Abscission CPM/mg RNA
after 29 hrs ± SD

Control 23 44.000 ± 7000
Ethylene, 2 ppm 68 102000 ± 7000
Actinomycin D 8 27,000 + 5000
Ethylene, 2 ppm
+ actinomycin D 8 34,000 4- 6000

Data in table I show that the action of actino-
mycin D in explant tissue is due to an inhibition
of RNA synthesis. Explants were injected with
actinomycin D (described above) before exposure
to ethylene. The agar blocks containing 32p were
placed on top of the explants, and the RNA was
extracted and measured 5 hoturs later. In order
to enhance the difference between ethylene treated
and control explants the 32p was placed on pulvini
which had the top 2 mm removed. Earlier experi-
ments (2), indicated that ethylene had only a
negligible effect on RNA synthesis in the uipper
part of the pulvintus. Data in table I show that
actinomycin D inhibits RNA synthesis of both
control and ethylene-treated explants.

Effect of X-Irradiation. Another way of im-
plicating an interaction between ethylene and the
nucleic acids of the cell in abscission is to alter
the priming activity of the DNA with X-irradiation.

If an intact ntucleuis is required for ethylene
action, then X-irradiation prior to addition of ethyl-
ene to susceptible explants should block or retard
the abseission-stimulating effect of ethylene. If
the nucleus is exposed to X-rays after ethylene has
had a chance to initiate polypeptide formation, the
X-rays shotuld have little or no effect on abscission.
Senescent explants were exposed to a General
Electric Maxitron 1000 for 30 minutes at a distance
of 10 cm, giving a total dose of 260,000 r. Explants
were treated immediately prior to the addition of
ethylene and then 2.5 and 5 hoturs later. Abscissiori
was measured 8 houirs after the start of the experi-
ment. As shown in figure 2, an exposure of
260,000 r prior to an inductive ethylene treatment
resulted in an inhibition of abscission. The same
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FIG. 2. Effect of x-irradiation on abscission of sene-

scenit explants exposed to 4 pipm ethylene.

treatment 2.5 houirs later had only a residuLal effect,
and a 5-hour treatment gave results similar to that
of uintreated controls.

Enhancement of RNA and Proteint Synthesis
by Ethylene. The use of inhibitors and X-irradia-
tion can only give indirect suipport to the idea that
ethylene is capable of acting as an indtucer in the
abscission process. A more direct approach is to
show that ethylene is capable of stimullating RNA
synthesis in receptive tissue, followed bv a stimtu-
lation in protein synthesis.

In this experiment, agar blocks of 32p and
L-leucine-14iC were placed on top of senescent ex-
plants, and the explants were incubated in either
air or an atmosphere containing 4 ppm ethylene.
The RNA and protein was extracted at 2, 4, 6, and
8 houirs. Figure 3 shows the percentage difference
in incorporation of tracer into RNNA and protein
in ethylene-treated versus control explants. En-
hancement of RNA synthesis occurs after an hotur
lag; the enhancement in protein synthesis occturs
after a 2-houir lag. These results indicate that
stimtulation of protein synthesis occturs only after
a stimullation in RNA synthesis.

Another possible explanation for the enhance-
ment of protein synthesis is that ethylene catused a
soltubilization of wall proteins which resuilted in a
larger amotunt of tagged material in the suipernatant.
No evidence for this explanation was obtained. We
foulnd that ethylene also stimulated incorporation
of L-leuicine-14C into wall protein, that similar
amounts of protein were extracted from control
and ethylene treated explants, and that the en-
hancement of protein synthesis was actinomycin D
sensitive.

Effect of Ethylene on Juvenile and Senescent

I

n.
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0 2 4 6 8

Hours after Addition of Ethylene

acceler-ationi of protein synthesis Vy ethyTlenCe A
if the assutmption that the carlbon dioxide occuipies
the same site as ethylene cani he extrapolated from
daltct oIn pea stem grrowth, ai(l B ) if the stimtiltioii
of proteini synthesis is atn integral part of allscissioli.

Data presenite(d in table II stipport this interpreta-
tion. This table shows that 15 % CO., blocks alb)-
scissionl of bean explants anid that the inhibiting
effect of the CO.> is partially relieved by the adci-
tion of 0.75 ppm ethylene. Carbon (lioxide inhibited
the inicol-poration of leulcine into protein by 7

which might reflect the initeractioni of CO, with
enclogenous ethylene produtictioln. As usual, 0.75
ppm ethylene stimulatedlprotein synthesis (by 30 %
and this stimuilationi was almiiost completely over-
come 1h 15 % CO,. Addition of ethylene tind( Co.,
simulltanieouisly gave a rate of proteini synthesis and
ahscission, somewx hat -reater thani that of the coin-
trols.

Fi(i. 3. T miie cotirse (o enhancement (of 2-P an L-
leuciu e-i4 iincporp-porationi;ltO RNA p-otei:zE ot
ethvlene-treated(l v. control bcan exp)lault.

L.irpla;its. In ain earlier papcr ( 2) )preseute(l

evidence that the stimulation of pr iteim formatioln

occtrre(l only in the separ.ation layer of cottoni and

ilean explanits ani(l lnot in the surroundi(lingX p tiole

or niollal tisstie. Aniother way of denv)nstrating

that ethylene action is specifically directe(d to\v arn

ethylene-sensitive tissueC is to treat juvenile explaiits
with the gas. Yama-uchi (It) an<(d Aheles and

Rubinstein ( 3 ) have shown that ethylene xwas xvith-
ouit effect on abscission when juvenile explants
were treated with gas. It follows that if the gas

has no effect on abscission at this time, it shotldd
also have Ino effect on proteini synthesis. Figure 4
shows that this is trtie: ain ethvlene-(lepenldent en-

hancemenit of proteini synthesis is absent in jtivenile
explaints but readily observable in seniescenit explanlts.

Eff fct of Carbon DioCxidc Abscission anl(d
Prottcin Synthlesis. C(), is knowvn to block the
effect of ethylene in accelerating abscission (19),
and frtuit ripening (6). BoLrg aind Bltrg ( ) have
shown w-ith a Lineweaver alnd Buirk kinetic analysis
that CO., acts as a competitive inhibitor in the inl-
hibition of pea stem growth by1 ethylene. Since
CO., inhilits abscission, it also sholl"d inhibit tlle
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Table II. Iilnibition of IExplalt Abs.cissionl (and Prl()?in
Sivntdiesis 1v Carl(on Dioxide

Explants wN-ere acged 22 liour.,s at 2,5 lefore L-leticine-
1 4C in agar blocks w-as al)l)Iiedl to the pllvinal stu1mi),
ilicubated in the below atmospheres for 5 lhours, anid then
the protein was extracte I l)v the triclhloroacetic acid
ietlho(l.

Treatmuent Abscissionl CGPNI/n- pDrotei+ SD

tConTtrol
15% CO.,
0.75 pp))m ethiyl le

15 % CO., _ 0.75 p)ji)
etlhv le:e

70 21.100
0) 19 60')

10( 27.200 -1

400

700
100

8) 21,600 + 300

Discussion

Ethylene appears to stimul1ate abscission of seni-

esceint explants only. Somc of the factors that main-

tain juvenility of explaints, measured as an insenl-
sitivity to -wartl ethy lenic, inclri(le storage at low

temperatuires (19) and treatment wvith auixinls (3 ),
kinins, and( carbon (lioxide. After the tisstile has

aged, carbon (lioxi(le cani still block ethvlene action

althouigh atixins and( kininis Care without effect (uln1-
pLul)lished resuilts). This seconld effect of carhon

lioxi(le may be similar to the competitive inhibitor

effect known for the inhibition of pea stem growth
b)) ethylene (06 ). This 2-fold actioni of carbon

(lioxi(le oIn abscission, first retar(diing seinesence an(d

second( blocking ethyleine action, wx-as previolsly
recognize(l by Yamaguichi ('19).

Once the abscission zone becomes receptive, the

action of ethylene appears to be similar to that of

other plant an(d animal hormonies. Althotugh the

i(lea of a gaseotis hormone is not new! (20), it has

never achieve(d the popularity accorded the les.S

ephemeral ones stichl as auxini, gibberellins, aii(l

kiniins. Nevertheless, eth-lene is known to be
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cvolved from frtuits, flo vers, leaves, stems, roots,
tubers, and seeds from a large variety of plants
(5), and characteristic of hormones is active in
small amouints (ca. 1 ppm) for most of its effects.
Since the gas is prodtuced in all parts of the plant,
translocation from the site of prodtuction to the
site of action does not seem to be a problem.

The observation that ethylene action is blocked
l)y actinomycin D and cycloheximide is evidence
in favor of an effector role for ethylene. The fact
that the inhibiting effect of cycloheximide persisted
longer than that of actiinomyciin D after the addition
of ethylene is evidence that the mode of action of
these compoutnds in explants is similar to that
ascribed to them from stutdies of other systems,
that is, the inhibiting effect of cycloheximide lasts
longer than that of actinomycin D becauise it acts
at a later point in protein synthesis.

The effect of ethylene was blocked b1 250 krad
of X-irradiation. Althotugh no direct evidence is
offered, we assumed that the effect of the radiation
as preferentially on the nucleic acid-dependent
part of protein synthesis alnld that proteins were
more resistant to the action of this high-energy
radiation. This assutmptioni x-as supported by the
fact that X-irradiation w-as most effective prior to
the addition of ethylene and(l that after polvpeptide
synthesis had taken place, its effectiveness w\as
lost. A similar observation on the effect of gamma
radiation on ripening pears has been reported by
Maxie et al. (15). They fouind that 300 krad of
gamma radiation wotuld prevent normal ripening of
preclimateric pears buit did not inhibit ripening when
the pears were one-half way throuigh the asceinding
portion of the climacteric.

When we examined the effect of ethylene on
RNA and protein synthesis, wve fotlnd that restults
with explant tisstue agree \-ith what is wvell known
for polypeptide synthesis in other organisms: that
is, a short lag period occulrs after the addition of
ethylene before an enhancement of RNA synthesis
begins, followed by another lag period and the stiIml-
tilation of protein synithesis. As anticipated, actino-
mycin D blocked the stimulation of R.NA synzhesis
by ethylene. Additional sulpport for the idlea that
ethylene-dependent proteini synthesis is ain in tergral
part of abscission comes from the experim2nts that
show that carbon (lioxi(le blocked 1)oth ab3cission
and protein synthesis. When the inhibiting effect
of the carbon dioxide was overcome by adcditional
amotlnts of ethylene, protein synthesis also pro-
ceeded.

In this paper we offer evidence in favor of the
hypothesis that ethylene is a plant hormone by-
showiing that ethylene is capable of acting as an
effector substance. Other hormonal attribuntes of
ethylene such as its effectiven^ss in small amotuints,
its catalytical characteristics, andl its ubiquity has
been described by Burg (6).

Other possible interpretations of these data in-
cltide the idea that ethylene treatment resuilts in an
alteration of membrane permeiability or causes ani-

other suibstance to lbe an effector, either througlh
synthesis or release by alteration of celltular com-
partmentalization. These ideas are not advanced
to avoid the risk of spectulation but represent a real
problem in sttudies with plant hormones. Sacher
has presented evidence that changes in compart-
mentalization by an alteration of membrane per-
meability accotunt for some of the phenomena as-
sociated wvith ripening of bananas (18) and
senescence of bean pods (10). Earlier -workers
have foutnd that ethylene may increase (11) or have
no effect (9) on membrane permeabilitv. \NVe have
found that ethylene had no effect on the rate of
sodiuim azide uiptake ilnto scenescent abscission zoine
explants measuired as an inhibition of respiration
or onl the rate of ion leakage meastured as a change
in the conductivity of bathing soltutions.

It is wvell known that IAA (13) can stimulate
RNA synthesis. It is also known that IAA canl
stimulate ethylene synthesis, and interestingly
enotugh that this IAA effect can be blocke(d by
actinomycin D and puromycin (1). Since we show
here that ethylene is capable of stimullating RN\A
synthesis uinder certain circuimstances, how can we
be sture that s'me auixin effects are not ethylene
effects?

Buirg and Buirg have shown that the inhibiting
effect of high concentrations of IAA onl pea stem
growth (7) and stimulationi of floral initiation in
the pineapple by NAA (8) are probably dute to
enhanced ethylene produiction. Other effects of
growth reguilators stuch as epinasty, gtittation, re-
lease of dormancy, root initiation, frtuit ripening,
and intuimescence formation that are known to be
similarly influenced by ethy-lene could be profitably
re-examined, [see Abeles and Rubinstein (3) for
appropriate references].
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