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ABSTRACT

The effect of ethylene on the development of phenylalanine
ammonia-lyase activity in segments excined from the epicotyl
apex of pea sling was studied. Although there was some in-
creas in phenylanine ammonia-base activity in segments
not treated with ethylene, a marked increase in phenylalanine
ammonia-lyase activity occurred in ethylene-treated tissues dur-
ing the incubation. The induction period was estimated to be
about 6 hours. The activity reached a maxmum at 30 hours
and then declined. On withdrawal of ethylene, the increase was
sustained for a short period and then stopped. After retreat-
ment with ethylene, the increase was resumed. Addition of CO,
reduced the effect of ethylene. Administration of cycloheximide
or actinomycin D at an early period almost completely sup-
pressed the increase in phenylalanine ammonia-lyase activity.
However, if these inhibitors were administered at a later period,
while phenylalanine ammonia-lyase activity was approaching
a maximum, they not only failed to reduce but rather stimu-
lated the activity. These results are consistent with the view that
there exist both phenylalanine ammonia-lyase-ynthesizing
and -inactivating systems, and that the development of both
systems may involve de novo synthesis of protein.

Ethylene is known to be a plant hormone initiating fruit
ripening and regulating many aspects of plant growth (3, 28).
Numerous reports on the biochemical effect of ethylene on
protein and nucleic acid metabolism have appeared, although
the mechanisms involved remain obscure (1, 18, 34, 39). It
has been reported that ethylene enhances the formation of en-
zymes such as peroxidase (16, 20, 26, 37), cellulase (19), poly-
phenol oxidase (37), and PAL' (20, 31) and also the formation
of phenolic compounds in plants (5, 20). PAL is known to be
a key enzyme in the biosynthetic pathway of phenylpropanoids
in plants (7, 41). In addition to ethylene, several factors are
known to affect the development of PAL. They are light (2, 8-
10, 24, 35, 44, 46), wounding (23, 44), disease (12, 14, 23, 29),
gamma-ray irradiation (25, 30), germination (38), development
and differentiation (17, 22, 32, 42), and the application of
certain macromolecules (15).
One of the most spectacular effects produced by ethylene is
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the "triple response" seen in legume seedlings (28). Since cer-
tain phenylpropanoids, such as coumarins and flavonoids (27,
33), are known to act as regulators of plant growth, we have
therefore examined the effects of applied ethylene on the de-
velopment of PAL activity in intact etiolated pea seedlings as
well as in excised epicotyl segments. The present paper de-
scribes the characteristics of PAL development in pea seedlings
as affected by the application of ethylene.

MATERIAILS AND METHODS

Etiolated pea seedlings (Pisum sativum L., cv. Alaska) were
grown at 23 C in vermiculite in plastic pots. For the experi-
ments with intact etiolated pea seedlings, two pots (nine plants
per pot) of 5-day-old seedlings were placed in 18-liter glass
jars fitted with rubber gaskets and metal plates. Water was
added to the bottom of the jars to provide moisture. Each jar
contained 50 ml of 20% KOH in a beaker to absorb CO. pro-
duced during the incubation. In the control jar, an additional
beaker containing mercuric perchlorate solution (43) was
provided to absorb evolved ethylene. For ethylene treatments a
suitable amount of ethylene was injected into the jar by hypo-
dermic syringe. The jars were kept in darkness. At the end of
incubation 2.2 cm-long segments were excised from the epi-
cotyls immediately below the plumular hook. These segments
were used for assay of PAL activity.

For the experiments with excised epicotyl segments, 1 cm-
long segments were excised 1 cm below the plumular hook of
5-day-old etiolated pea seedlings. Ten to 15 segments were
incubated in a 50-ml Erlenmeyer flask containing 10 ml of a
medium consisting of 25 mm phosphate buffer, pH 6.0, 2%
sucrose, and 0.5 mg of chloramphenicol. Sucrose was provided
to serve as an energy source. Chloramphenicol was used to
minimize growth of microorganisms. The flask was sealed with
a rubber serum cap. A suitable amount of ethylene was injected
into the flask with a syringe. In the control flasks, a poly-
propylene center well (Kontes Glass Company) containing a
solution of mercuric perchlorate was provided to trap evolved
ethylene. In both control and ethylene-treated flasks, a center
well containing KOH solutions was provided to trap CO.. At
the end of incubation, the segments were blotted with ifiter
paper, and the enzyme was extracted as subsequently de-
scribed. All operations were performed in darkness except for
the preparation of segments, which was performed under a dim
green safe-light. Gas mixtures of known CO, concentrations
were prepared by mixing CO, with air. These gases were intro-
duced through a hypodermic needle into 50-ml Erlenmeyer
flasks closed with rubber serum caps; another hypodermic
needle was used as the outlet which was connected to a Beck-
man infrared analyzer to monitor CO. concentration. Ethylene
was determined by gas chromatography using an alumina
column and a flame ionization detector.
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FIG. 1. Development of PAL activity in the apical region of the
epicotyl of intact pea seedling. Five-day-old etiolated pea seedlings
were transferred to a sealed glass jar containing 11 Al/liter
ethylene. After growing for various periods of time, 2.2-cm long
sections of the epicotyls were excised from immediately below the
plumule hook and extracted for enzyme assay.
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FIG. 2. Effect of ethylene concentration on development of PAL

activity in the apical region of the epicotyl of intact pea seedlings.
Experimental materials and methods were the same as in Figure 1,
except that seedlings were grown for 24 hr and the concentration
of ethylene was varied as indicated.

Extraction and assay of PAL were carried out according to
the method described by Zucker (45) with a minor modifica-
tion. A sample consisting of several hundred milligrams of pea

epicotyl tissue was homogenized in the cold in 6 ml of 25 mm

borate buffer, pH 8.8, containing 5 mm /3-mercaptoethanol,
using a glass homogenizer. The homogenate was centrifuged at
14,000g for 10 min at 2 C and the resulting supernatant
fraction was dialyzed against the same buffer for 20 hr at 2 C.
The dialyzed extract was used directly for PAL assay. The
enzyme activity was found to be greater after dialysis, indi-
cating the existence of an inhibitory substance in the crude
extract. The assay mixture contained 0.2 mmole of borate
buffer, pH 8.8, 60,umoles of L-phenylalanine, and the enzyme
preparation in a total volume of 6 ml. The incubation was at
40 C. Enzyme activity was determined spectrophotometrically
by the increase in absorbance at 290 nm in a 60-min interval.
The increase in absorbance was found to be proportional to the
amount of enzyme added to the assay medium. A unit of ac-
tivity was defined as that amount of enzyme which produces an
increase in absorbance at 290 nm of 1.0 per hour with a 1-cm
light path. Specific enzyme activity was expressed as units per
milligram protein of the enzyme extract or as units per
segment. Soluble protein content was determined with phenol
reagent (21). Most of the experiments were carried out in
duplicate. The actinomycin D was a gift from Merck Sharp &
Dohme Research Laboratories, Rahway, N. J. All other chemi-
cals and materials were commercially available.

RESULTS

Effect of Ethylene on Development of PAL Activity in In-
tact Etiolated Pea Seedlings. When etiolated pea seedlings
were exposed to ethylene, the PAL activity extracted from the
epicotyl apices increased in a sigmoidal fashion. The activity
reached a plateau after treatment with 11 Al/liter ethylene for
about 25 hr (Fig. 1). The dependence of the development of
PAL activity on concentration of ethylene is shown in Figure
2. Treatment with about 10 ul/liter ethylene gave the maximal
effect. The activity declined gradually with a greater ethylene
concentration. A comparison of the PAL activity in the epi-
cotyl of intact seedlings following 21-hr growth in the absence
or in the presence of 11 pl/liter ethylene is shown in Figure 3.
It is seen that the lower epicotyl region (X region) did not in-
crease in length during the 21-hr treatments, but the PAL ac-
tivity increased considerably. In the presence of ethylene, the
upper epicotyl region (Y region) increases only 30% in length
but increases considerably in diameter. In the absence of
ethylene, this same region of epicotyl increases 230% in length.
A new region (Z) of 1.3 cm is formed during the 21-hr period.
In all cases examined, the PAL activity was found to increase
with the age of the tissue. Although PAL activity in the apical
region of the epicotyl of the ethylene-treated seedling (Y
region) is much higher than that of the air control seedling (Z
region), this higher activity is at least partly due to the differ-
ence in age of the tissues, since the Y region of the ethylene-
treated tissues contains both old and newly formed tissues. In
order to avoid this complexity, we have examined the effect
of ethylene on development of PAL activity by the excised
apical segments of epicotyls.

Effect of Ethylene on Development of PAL Activity in Ex-
cised Pea Epicotyl Segments. Epicotyl segments 1 cm in length
were excised from 1 cm below the hook of pea seedlings grown
for 5 days in darkness. The segments were incubated in dark-
ness in the sucrose medium with or without ethylene. The
changes in the enzyme activity are shown in Figure 4. Marked
increase in PAL activity following ethylene treatment was ob-
served. The maximal activity appeared to occur at about 30
hr after treatment with ethylene. During the first 30-hr incuba-
tion, the activity increased nearly 15-fold with ethylene and
about 5-fold in the absence of ethylene. Mercuric perchlorate
solutions were included in all of the control flasks to trap en-
dogenously produced ethylene. The ethylene content in the
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control flasks was found to be 0.044, 0.020, 0.009, 0.008, and
0.004 Al/liter, respectively, at 7.5, 18, 24.5, 31, and 43 hr
after commencement of incubation. These concentrations of
ethylene may be too low to bring about any significant bio-
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FIG. 5. Effect of ethylene concentration on development of

PAL activity by excised epicotyl segments. Experimental materials
and methods were the same as those described in Figure 4 except
that various concentrations of ethylene were used as indicated.
Incubation time was 25 hr.
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FIG. 3. Effect of ethylene on elongation and PAL activity of the
apical region of the epicotyl of intact pea seedlings. Experimental
materials and methods were the same as described in Figure 1,
except that the apical region of each epicotyl was marked in 1-cm
intervals before transferring to air or ethylene treatment. Following
21 hr of growth, the marked sections were excised and extracted
for enzyme assay. The length of each section shown in the figure
was for an average of 20 seedlings. Z represents the newly formed
epicotyl portion following the 21-hr growth.
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FIG. 4. Effect of ethylene on development of PAL activity by
excised epicotyl segments. Epicotyl segments, 1 cm in length, were
excised from 1 cm below the hook of 5-day-old etiolated pea
seedlings and were incubated in a medium containing phosphate
buffer, sucrose, and chloramphenicol with (35 Ad/liter) or without
ethylene. After various incubation times, segments were extracted
for enzyme assay. In control flasks mercuric perchlorate solution
was provided to absorb endogenously produced ethylene.
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Fio. 6. Effect of addition or withdrawal of ethylene on develop-
ment of PAL activity by excised epicotyl segments. Experimental
materials and methods were the same as described in Figure 4,
except that 40 Al/liter ethylene was added (0) or withdrawn (0)
at various times.
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FIG. 7. Measurement of a lag phase period in the development
of PAL activity. Ethylene, 40 ,l/liter, was added to flasks containing
epicotyl segments which had been incubated for 20 hr in the
absence of ethylene. After incubation for various time periods
PAL was extracted and assayed.
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FIG. 8. Effect of withdrawal of ethylene on development of
PAL activity. Segments were first incubated in the presence of 29
Aul/liter ethylene for 18 hr. Ethylene was then withdrawn and PAL
activity was measured at various times.

logical effect. It appears thiat two factors affect PAL activity in
this system: ethylene and aging. More than 10 ,ul/liter ethylene
was required to enhance PAL activity effectively (Fig. 5). On
withidrawal of ethylene from the incubation flask, the increase
in activityr ceased. When ethylene was again added to the
flask, the increase resumed as before (Fig. 6). It is illustrated
in Figure 7 that after application of ethylene there was a lag

period of about 6 hr before the steady rate of increase in PAL
activity appeared. When ethylene was withdrawn, the increase
in PAL activity was not stopped immediately but continued for
a short while (about 2 hr), after which PAL activity decreased
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FIG. 9. Inhibition of the development of PAL activity by CO2.
Segments were incubated with 27 MAl/liter ethylene and various
concentrations of CO2 for 24 hr in darkness.
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FIG. 10. Effect of cycloheximide on development of PAL ac-
tivity. Segments were incubated with 27 pl/liter ethylene in dark-
ness. At various times (indicated by arrows) samples of segments
were transferred to medium containing 17.5 gm. cycloheximide and
incubated further in the presence of 27 A1/liter ethylene. Enzyme
activity was expressed as units per segment.
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(Fig. 8). Carbon dioxide has been known to act as a competitive
inhibitor of ethylene (4). Figure 9 shows the effect of CO. con-
centration on the development of PAL activity in the presence
of ethylene. An inhibition of such development was observed
when the concentration of CO, exceeded 5%. The increase in
PAL activity was inhibited 50% by 10% CO,, and the inhibition
was greater with a higher concentration of CO2. Cycloheximide
(5 ug/Iml), if administered during the first 6 hr of incubation, al-
most completely suppressed the increase in PAL activity caused
by treatment with ethylene (Fig. 10). Application of the same
concentration of cycloheximide at a later phase when PAL
activity was approaching maximum, however, failed to reduce
the activity and even stimulated the increase. Since cyclo-
heximide is known as an inhibitor of protein synthesis, pre-
sumably interfering with the transfer of amino acids from
transfer RNA to protein (36), it may be tentatively inferred
that the increase in PAL activity is derived from de novo syn-
thesis of enzyme protein. Stimulation of PAL activity by the
application of this inhibitor of protein synthesis during the
later stages of PAL development has been observed by
Engelsma (10) in gherkin seedlings and by Zucker (45) in
potato tuber disks. They have postulated that there exists a
PAL-inactivating system, the development of which was also
blocked by cycloheximide. Actinomycin D at a concentration
of 20 jug/ml or higher was also found to be effective in inhibit-
ing the PAL development induced by ethylene (Fig. 1 1). When
actinomycin D (50 jug/ml) was applied at the later stage, it
prevented the reduction of PAL activity as in the case of cyclo-
heximide.

DISCUSSION

Ethylene caused a marked rise in PAL activity in pea
epicotyl segments. The lag period was estimated to be about
6 hr, while the lag periods required for a-amylase production in
barley aleurone layers by gibberellic acid and for peroxidase in
sugarcane stalk tissue were determined to be 7 to 9 hr and 4 to
5 hr, respectively (6, 13). The increase in PAL activity was al-
most completely suppressed by applying cycloheximide or ac-
tinomycin D. These results suggest that the increase in PAL
activity by ethylene involves de novo synthesis of enzyme
protein. Since the crude enzyme extract was dialyzed before the
enzyme assay, it is not likely that the increase was due to an
appearance or disappearance of a low molecular weight acti-
vator or inhibitor during the incubation period with ethylene.
On withdrawal of ethylene, the increase in PAL activity con-
tinued for about 2 hr and then ceased, suggesting that the level
of PAL mRNA persists for some time after withdrawal of
ethylene. During the course of incubation in the presence of
ethylene, PAL activity reached a peak at about 30 hr, after
which the activity declined. The decrease in activity after 30 hr
could be accounted for by assuming that there existed both
PAL-synthesizing and -inactivating systems, and that the PAL-
synthesizing system which was predominant in the exponential
phase was compensated by a PAL-inactivating system which
became active in the later stage and finally became dominant.
Such views have been advanced by several investigators.
Zucker (45) has reported that an inactivating system capable
of degrading or inactivating PAL is formed in potato tuber
disks. This system counteracts PAL synthesis and causes the
eventual loss of PAL activity. To explain the development and
subsequent decline of PAL activity in mustard seedlings ex-
posed to far red light, Weidner et al. (40) have considered three
processes through which regulation may be expressed: phyto-
chrome-mediated PAL synthesis, inactivation of PAL, and
eventual repression of PAL synthesis. Engelsma (11) suggested
that the induction of a PAL-inactivating system may involve a
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FIG. 11. Effect of actinomycin D on development of PAL ac-
tivity. Segments were incubated with 45 1l/liter ethylene in dark-
ness. At various times (indicated by arrows) samples of segments
were transferred to the medium containing actinomycin D (50 Ag/
ml) and incubated further with 45 Al/liter ethylene.

protein inhibitor which might play a role either in repressing
the synthesis of PAL mRNA or in associating directly with
PAL.
A high concentration of CO2 strongly inhibited PAL forma-

tion. It is possible that CO. interferes with ethylene by hinder-
ing its binding to an active site within the cell, as postulated
by Burg and Burg (4).

In addition to the regulation by ethylene, wounding or aging
affects PAL development in the present system. Whether some
other plant hormone is involved in the wounding or aging
process remains to be shown. The development of PAL by
sweet potato roots and by potato tuber disks is well known
(23, 44). Since ethylene may be evolved from plant tissues as
a result of wounding (3, 28), we have examined the possible
role of ethylene in the development of PAL in potato tuber
disks. Based on our observation that the removal of ethylene
from the potato tuber disks did not reduce the rate of PAL
development and that the addition of ethylene did not enhance
the rate of PAL development, we conclude that ethylene was
not involved in this process (H. Hyodo and S. F. Yang, un-
published results).
The present experiments clearly demonstrate that ethylene

enhanced the development of PAL activity in the apical region
of pea epicotyls. Since there is a close relationship between the
increase in PAL activity and the synthesis of phenylpropanoids
in plants, ethylene may play an important role in enhancing
phenylpropanoid synthesis through its regulation of PAL syn-
thesis. However, it should be noted that the concentration of
ethylene required to stimulate the PAL activity (Fig. 5) was
much higher than that to cause the morphological changes
(triple response) in pea seedlings (3, 28). These data suggest
that the stimulation of PAL activity by ethylene cannot be the
causal factor for the triple response observed in pea seedlings.
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