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Abstract ‘

The research work of this BARD project proceeded along two main
lines: The first one comprised of studies related to biosynthesis of
ethylene. We elucidated some properties and the membrane association
of the ethylene forming enzyme, the effect of some drugs - ahtagonists
of calmodulin - on ACC synthase activity and described the role of
jnorganic phosphate in the Bﬁosynthesis of ethylene in higher plants
and microorganisms. v

The second main research direction centered on the role of ethylene
in host-pathogen interactions. We studied the effect of fungal infection'
on inhibition of ethylene-induced PAL activity in citrus fruit and on
the ethyleng producing machinary of the host. The contribution of host
and pathogen to the ethylene produced was determined in P. digitatum -
infected citrus‘fruit. We also demostrated a rapid induction of ethylene
biosynthesis in tobacco leaves when leaf discs were incubated with cell-
wall digesting enzymes and demostrated the stimulation of this phenomenon
by ethylene, in an autocatalytic manner. The effect of wounding in
relation to avocado fruit ripening was also studied. The results obtained
have thus deepened our knowledge of these -two main reseqrch areas. |

This BARD project also promoted close, fruitful and ﬁchuctive

. C e .
scientific cooperation between the American and Israeli scientists involved.
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Body of the’ report

The research results of this project can be summarized under
two main Headings as outlined in the proposal: Biosynthesis and mode
of action of ethylene, and the role of ethylene in host-pathogen
interactions.
~The enclosed papers and manuscripts, which comprise the body of

the report, have therefore been arranged accofding1y in two main groups.
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Evaluation of research achievement with respect to original research

proposal

Of the three main research objectives outlined in the porposal, vis.
the elucidation of the biosynthesis and mode of action of ethylene, the
determination of the role of ethy]éne in host-pathogen interactions and
the development of techniques for suppression or acce]Frating ethylene
production and aétion to control the ripening process, the research
achievements are related mainly to the first two objectives. As to the
third objective, we did find a process in which rapid and massive ethylene
production occurs but this has not yet been applied for the control of

fruit or vegetable ripening.

Description and results of cooperation

Throughout the time span of .this broject, several visit; of the
participating scientists at the laboratories of their cooperating
investigators took place. These consisted of short visits (1 to 2 weeks)
intended for the exchange of information, planning of, experiments,
development of new research procedures or the summarizing the work and
writting reports.In addition, the principal investigator (E. Chalutz)
spent an extended period (Sabbatical year)'at the laboratory of the
cooperating investigator.

Another scientist who cooperated in this project, A.K. Mattoo, had
previously spent an extended period (ébout 2 years) Working partly with
scientists at the laboratory in Israel and then joined the U.S. laboratory
where he has been working, among other projects, on this BARD project,

for the past 3 years. Partial salary support for Dr. Mattoo was from

this BARD project.

Throughout the duration of the pfoject, special chemicals such as
inhibitors and fungal isolates were exchanged between the cooperating

laboratories.
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On the whole, this project promoted close collaboration between
the two research qroups with may joint publications and a new BARD
proposal submitted last fall.

On January 18, 1982, during the course of this project, M. Lieberman,
the cooperating American investigator passed away . His successor as Chief
of the Plant Hormone Laboratory BARC, J.D. Anderson, joined in the
project and promoted further the research work and the close cooperation.

As a result of the initiative of all the scientists involved in
this BARD project (and with the help of others), a special International
Symposium onfEthylene,dedicated to the memory of M. Lieberman, was held.
in Israel in January 1984. This successful event Eeflected the close
cooperation between American and Israeii scientists’in the field of

ethylene, a research area which has been promoted by BARD.

Thesis
1. Kapulnik, Esther (1981). Production of ethylene by two isolates

of the fungus Penicillium digitatum. M.Sc. Thesis. Submitted to the

Faculty of Agriculture of the Hebrew University.of Jerusalem, Israel.

2. Achilea, Oded (To be submitted in 1984). The biosynthesis, control

and mode of action of ethylene in Penicillium digitatum-infected

citrus fruit. Ph.D. thesis, to be submitted to the Faculty of

. Agriculture of the Hebrew University of Jerusalem, Israel.
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Biosynthesis of ethylene: the effect of phosphate”

EDO CHALUTZ,+ AUTAR K. MATTOO} & YORAM FUCHSY 1Division of Fruit and Vegetable Storage,
Agricultural Research Organization, The Volcani Center, Bet Dagan, and the }Department of Plant Genetics, The

Weizmann Institute of Science, Rehovot, Israel

Received 24 January 1980; accepted for publication 14 March 1980

Abstract. Biosynthesis of ethylene in tomato and avo-
cado fruit slices, carrot root, pea seedling and tomato
shoot segments, Penicillium expansum and Escherichia
coli was found to be inhibited by inorganic phosphate.
Comnipated with miciobial systeins, relatively high con-
centrations of pliosphate in the incubating mecdium
were necessary to bring about a significant inhibition
of ethylene production in higher plants. The degrec of
inhibition in higher plants correlated with the in-
creased internal cellular concentration of phosphate
and not with that of the incubating medium. Phos-
phate concentrations ihibitury for cthylene biosyn-
thesis did not affect the respiration of tomato fruit
slices. The phosphate effect was reversible, confined
to only the biological systems and was not due to a
change in the ionic strength. The differential inhibitory
effects of aminoethoxyvinylglycine on ethylene biosyn-
thesis in tomato fruit slices of various stages of ripen-
ing, were markedly influenced by high phosphate con-
centrations. 'I'he data indicate a biological significance
to the phosphate control of ethylene biosynthesis.

Introduction

Ethylene, a plant hormone, is synthesized by higher
plants and many micro-organisms (for a recent review
see Licberman, 1979). Methionine is now well estab-
lished as the precursor of ethylene in higher plants
(Baur & Yang, 1972; Lieberman et al., 1966). How-
ever, biosynthesis of ethylene by microorganisms,
which has been studied mostly in Penicillium digitatum
Sacc., the green mould of citrus fruit, may involve
different pathways in which glutamate or methionine
can be utilized as precursors, depending on the culture
conditions under which the fungus is grown (Chalutz,
Liebertnan & Sisler, 1977, Chau & Yaug, 1973; Mattoo
et al., 1979b).

Correspondence: Dr Edo Chalutz, Agricultural Research Organi-
zation, Division of Fruit and Vegetable Storage, The Volcani
Center, P.O. Box 6, Bet Dagan, Israel.

* Contribution from the Agricultural Research Organization, The
Volcani Center, Bet Dagan, Israel. 1979 Series No. 200-E.

0140-7791/80/1000-0349802.00
© 1980 Blackwell Scientific Publications

Although pathways of its biosynthesis have been
extensively studicd and reviewed (Licberman, 1979;
Yang, 1974), the regulation of ethylene production by
micro-organisms and higher plants still remains obs-
cure. Chalutz et al. (1978) demonstrated that inorganic
phosphate is a potent inhibitor of ethylene production
by shake cultures of P. digitatum. The phosphate con-
trol, which involved repression of the ethylene produc
ing system in the fungus (Mattoo ef al., 1979b), was
accompanied by a rise in the intracellular level of ATP
(Chalutz et al., 1978), inhibition of alkaline phospha-
tasc and decreased incorporation of the labelled pre
cursor glutamate into ethylene (Mattoo et al., 1979b).
In view of these observations and the findings concern-
ing changes in phosphatases (Mattoo et al., 1975;
Sacher, 1973) during fruit ripening and known effects
of phosphate level in the soil on leaf senescence, fruit
set and development, and rate of ripening of tomato
fruit (Besford, 1979), we have tested Lhe possibility that
phosphaie affects the production of ethylene in higher
plants and in several other biological systems. In this
paper the results of this study are presented and their
possible significance is discussed.

Materials and methods

Fruit slices (10 mm diameter, 5 mm thickness) of
tomato ( Lycopersicon esculentum, of sevcral cultivars)
and avocado (Persea americana Mill cv. Nabal) were
prepared as described previously (Mattoo & Lieber-
man, 1977). For studying IAA-induced ethylene pro-
duction, root pieces of carrot (Daucus carota L.), seg-
ments of etiolated pea (Pisum sativum var. Early
Frosty) seedlings and tomato shoots.(Type I target cell
according to Osborne, 1977) were used. Fruit slices
and carrot roots were incubated with 2.5 cm? of manni

tol (0.4 mol dm=?) and sodium or potassium phos-
phate buffer at concentrations indicated in the text, pH
7.2, in 50-cm? Erlenmeyer flasks. Each flask contained
six to seven freshly prepared fruit slices or root pieces
(2.0-4.0 g) and was incubated at 23°C in a shaking
water bath. Pea seedling and tomato shoot segments
were incubated with 1 cm? of mannitol (0.4 mol dm~3)-
phosphate buffer, pH 7.2, in 8-cm? flat bottomed glass

349



350 E. CHALUTZ, A. K. MATTOO & Y. FUCHS

tubes. Ethylene sampling and analysis have been
described elsewhere (Mattoo & Lieberman, 1977).

Penicillium italicum (Wehm), P. expansum (Link),
Fusarium solani (Sp.), Diplodia natalensis (P.E.), Colle-
totrichum gloeosporioides (Penz.), Trichoderma viridae
(Pers. Ex Fries), Alternaria citri (Ellis & Pierce),
Oospora citriaurantii (Sacc. and Syd.), Botrytis cinerea
(Pers.) and Aspergillus niger (V. Tiegh) were grown
either under shake or static cultural conditions on
Pratt’s liquid medium (pH 4.5) with varying concen-
trations of phosphate as previously described (Chalutz
et al., 1977; Chalutz & Lieberman, 1978). The concen-
tration of phosphate (added as mono basic potassium
phosphate) in the medium varied from 100 mol m=3,
the normally used concentration, to 0.01 mol m=3 or
lower. Inoculation and incubation procedures, culture
weight determination and ethylene sampling and
analysis have been described elsewhere (Chalutz et al.,
1978; Mattoo et al., 1979b).

Escherichia coli was cultured in 50-cm? Erlenmeyer
flasks on the standard Davis medium (5 cm’) with
L-methionine (0.5 mg cm—3) and varying concentra-
tions of phosphate at pH 6.8. Incubation was carried
out at 34°C in a shaking water bath. Growth was
measured by reading the absorbance of the culture at
540 nm (Asyp). :

For tracer studies, 0.5 or 1uCi of L-[U-"“C]meth-
ionine (285 mCi/mmol) was added to each incubation
flask containing fruit slices and 1.5 cm?® of mannitol-
phosphate buffer. Labelled ethylene produced was
trapped in 0.1 mol dm~3 mercuric acetate in methanol
and determined as described previously (Chalutzet al.,
1977).

For determination of the internal cellular (inter- and
intracellular) inorganic phosphate, pink tomato slices,
incubated in the test solutions for 0, 1, 3 and 6 h, were
removed, washed 3 times with 10-cm? portions of 0.4
mol dm~* mannitol, then boiled in 10-cm® of 80%
ethanol and frozen until used. After thawing, the con-
tents were homogenized and the insoluble material was
centrifuged down. The supernatant was concentrated
under vacuum and its inorganic phosphate content
was determined by the method of Lowry and Lopez
(1946).

Each experiment was carried out in triplicate or
more and repeated at least twice. Further details of
techniques and methods are described in legends to
figures and tables.

Results

Fruit tissue

A significant inhibition in ethylene production was
found to be correlated with a substantial increase in the
cellular concentration of free inorganic phosphate
(referred to hereafter as phosphate) (Fig. 1), when
slices of tomato fruit were incubated in an isotonic
solution containing different phosphate concentra-
tions, The internal phosphate content of the fruit slices

}_4,5__,\ L

Ethylene production (um? g'h™")
o
T
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- Figure 1. Accumulation of intracellular orthophosphate and time-

dependent inhibition of ethylene production in pink tomato fruit
stices. Fruit slices were incubated in mannitol (0.4 mol dm~3) with
varying concentrations of phosphate buffer, pH 7.2. Ethylene was
determined at the end of the third (o) and sixth (e) sealed 1-h period
of incubation. (a) and (a) indicate the intracellular inorganic phos-
phate content (mol m~3; 1 g tissue was taken as equivalent to 1 cm3)
of the slices following 3rd and 6th h of incubation, respectively. Bars
indicate standard error.

increased only three times, from 6 to 18 mol m~3, in
3-6 h while the phosphate content of the incubating
medium was varied, from 1 to 100 mol m-3 ie.
100-fold. Concentrations of phosphate lower than 1
mol m~3had no effect on ethylene production and very
little, if any, accumulation of cellular phosphate
occurred (Fig. 1). Under the conditions of phosphate
inhibition of ethylene production, respiration, as mea-
sured by evolution of CO,, was not affected (data not
shown). The effect of non-inhibitory and inhibitory
concentrations of phosphate was also tested after
adjusting the ionic strength of the incubating medium

- with NaCl (checked by measuring the electrical con-

ductivity of the solutions). The data (Table 1) indicated
that inhibition of ethylene by phosphate was not a
result of ionic strength. Inhibition of ethylene produc-
tion by high phosphate was altered by less than 5%

Table 1. Effect of phosphate buffers with similar or different electri-
cal conductivities on ethylene production by pink tomato fruit slices.
NaCl was added to bring the ionic strength of the 0.01 mol m—3
phosphate buffer or of the mannitol solution to that of 100 molm—3

phosphate buffer.
Electrical

Phosphate conductivity Ethylene
concentration Addition  of solution production
(mol m~3) of salt (umho) pH (umig~lh-}

0.01 None 0.02 6.5 42

0.01 NaCl 7.6 68 38
100 None 7.6 72 16
Mannitol only  NaCl 7.6 6.6 37




PHOSPHATE EFFECT ON ETHYLENE SYNTHESIS . 351

30 o
a0k (&) (8)
20+
30— B
-0 §
20 -
) 1 3
—l_: 0 | 3 [ /§
- I — -
lo 0 ?
mE -
R — l 1 .
c
% aof © L (D)
5
e
a
3]
§ 30 -
>
=
o
20 § —
S
,_ 0 59
° I i | | | 1
| 3 6 | 3 6

Time of incubation (h)

Figure 2. Sensitivity of ethylene production by green (A), breaker (B), pink (C) and red (D) tomato fruit slices to high
concentration of inorganic phosphate. The developmental stages of tomato fruit were scored according to the U.S. Department of
Agriculture colour chart (The John Henry Co., Michigan, U.S.A., February, 1975). ‘Breaker’ signifies that there is a difinite break

in colour from green to tannish-yellow, pink or red on not more than 10%, of the surface. Slices were incubated in high (e, 100 mol
m~3 and low (o, 0.01 molm ~3) phosphate-0.4 mol dm ™~ 3 mannitol buffer (pH 7.2). Bars indicate the standard error.

when the pH of incubating solution was varied
between 6.5 and 8.

Phosphate-mediated inhibition of ethylene pro-
duced was found to be highest in the slices prepared
from pink fruit, which produced ethylene at the highest
rate and least in those from green fruit which had a
relatively lower rate of ethylene production (Fig. 2);
however, the inhibitory effect of phosphate was evi-

dent with slices prepared from fruit at all the stages of
ripening (Fig. 2), and also in those from avocado
(Table 2). Potassium salt was as effective as the sodium
salt of phosphate in inhibiting the ethylene production
(Table 2).

Confirmation of these results was obtained with
experiments carried out on the incorporation of
[U-"4C}methionine into labelled ethylene by fruit slices

Table 2. Effect of various buffers and of phosphate on ethylene production

by tomato and avocado fruit slices. Pink tomato and early climacteric

avocado fruit slices were incubated in mannito! (0.4 mol dm =3) with differ-

ent buffer solutions, pH 7.2, at 23°C. The flasks were sealed for the 6th h of

incubation and ethylene accumulated in the atmosphere above the slices was
collected and determined.

Concentration

Ethylene production

of phosphate (um3g~'h~1)
Buffer solutions (mol m~3) Tomato Avocado
Tris-HCI (0.05 mol dm—3) 0 30 4
K-Phosphate 0.05 28 —
K-Phosphate 50 12 —
Na-Phosphate 0.05 31 44
Na-Phosphate i 30 42
Na-Phosphate 40 20 32
Na-Phosphate 50 16 33
Na-Phosphate 80 13 —
Na-Phosphate 100 12 31
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incubated with 0.01 or 100 mol m~3 phosphate (Table
3). At the high phosphate concentration, incorpo-
ration of the label from methionine into ethylene by
slices of green and pink tomato, and climacteric avo-
cado was inhibited by 67, 17 and 23% in 1 h, respect-
ively, and the degree of inhibition increased on further
incubation for 2 h to 74, 53 and 429, respectively
(Table 3). Radioactive ethylene production was inhi-
bited more in the green than red tomato, while the
converse was found for cold ethylene measurements.

In order to determine whether phosphate effect on
ethylene production is a reversible phenomenon, pink
tomato slices were immersed in mannitol-buffer con-
taining 0.01 or 100 mol m—3 phosphate for 30, 60 and
120 min and the rate of ethylene produced was mea-
sured. After each of these incubation periods, slices
were washed and transferred to fresh mannitol-buffer
containing either 0.01 or 100 mol m~3 phosphate and
incubated further. The results (Fig. 3) suggested a
reversibility of the phosphate effect. The recovery of
ethylene production from phosphate inhibition
appeared to be time-dependent.

Phosphate also influenced inhibition of ethylene
production by aminoethoxyvinylglycine (AVG), the
inhibitor of ethylene biosynthesis in higher plants
(Baker, Lieberman & Anderson, 1978; Lieberman,
Kunishi & Owens, 1974; Mattoo & Lieberman, 1977)
(Fig. 4). In the presence of 0.01 mol m~3 phosphate,

Table 3. Effect of phosphate on the incorporation of L-(U-
14C)ymethionine into labelled ethylene by tomato and
avocado fruit slices. Fruit slices (1.5-2.0 g) were preincubated
for 30 min with 1.5 cm? of 0.4 mol dm 3 mannitol-0.01 mol
m~3 phosphate buffer, pH 7.2, in 50-cm? Erlenmeyer flasks. |
or 0.5 uCi of L-(U-"*C)methionine (679 cpm/pmol) was then
added to each flask. The flasks were sealed for 1 h. A 2-cm®
air/ethylene sample was then withdrawn for cold ethylene
determination. The atmosphere remaining above the lic!uid
and slices was next transferred by vacuum into 3 cm’ of
ice-cold 0.1 mol dm~3 mercuric acetate in methanol and
radioactivity was determined. After transfer of the gases, i.e.
after 30-60 s, the solution in each flask was decanted off and
the slices without any solution were resealed for the second 1
h incubation period. Collection of gases for cold and labelled
ethylene was then repeated.

Ethylene production (pmol g='h~1)
Buffer solution No solution
system* system*

Phosphate  concentration

(mol m~—3)
Tissue 0.01 100 0.01 100
Tomato
Green 0.76 0.25 2.24 0.59
Pink 0.60 0.50 1.25 0.59
Avocado
Climacteric 0.21 0.16 0.38 0.22

* For this nomenclature refer to Lieberman & Kunishi
(1971)
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Figure 3. Reversibility of phosphate inhibition of ethylene produc-
tion in pink tomato slices upon transfer to low phosphate. Pink
tomato fruit slices were incubated in mannitol (0.4 mol dm ~3)-phos-
phate (100 mol m—3) buffer for 30 (), 60 (o) and 120 (©) min. At the
end of these incubations (indicated by arrows) fruit slices were
washed three times with 20 cm3 portions of 0.4 mol dm —? mannitol.
Haif of these were transferred to mannitol (0.4 mol dm—3)-phos-
phate (0.01 mmol dm=3) buffer and half to mannitol (0.4 mol
dm~3)-phosphate (100 mmol dm~3) buffer before incubating them
further for various times. Relative increase in ethylene production is
expressed as the ratio of ethylene produced by slices transferred to
low phosphate-mannitol buffer to that by slices transferred to high
phosphate-mannitol buffer.

AVG inhibited the production of ethylene by green
and red tomato slices by 70 and 64%, respectively,
whereas in the presence of 100 mol m~3 phosphate, it
had no effect (Fig. 4). '

Vegetative tissues

Ethylene production by vegetative tissues is known to
be induced by [AA (Abeles, 1973). In carrot root and
pea seedlings, this IAA-induced ethylene production
was inhibited by increasing the concentration of phos-
phate in the inducing medium (Table 4). A similar
effect of phosphate was observed on the IAA-induced
ethylene production by segments of elongating tomato
shoots (Type I target cell, Osborne, 1977) (data not
shown).

Micro-organisms

Of all the post-harvest fruit pathogens listed in the
Materials and methods section, only P. expansum, in
addition to P. digitatum, produced ethylene at high
rates, i.e., =1 to 5 mm3 h~! when cultured on Pratt’s
medium. The production of ethylene by P. expansum
was markedly dependent on phosphate content of the
medium (Fig. 5). The rate of ethylene production
reached 500 mm?3 h~' flask within 72 h of incubation
and remained so until 120 h, when the fungus was
cultivated on the medium containing 0.1 mol m=?
phosphate. This rate was > 100 times that obtained
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Figure 4. Effect of aminoethoxyvinylglycine () on ethylene production by green and red tomato slices at high and low phosphate
levels. (o) indicates control levels. The concentration of aminoethoxyvinylglycine was 0.1 molm™~ 3, Bars indicate standard error.

with 1 or 100 mol m~3 phosphate (Fig. 5). Mycelial

- weights of the culture cultivated on 0.01, 0.1 and 1 mol
m~-3 phosphate media were only one-half to one-third
of that cultivated on the medium containing 100 mol
m~—? phosphate at 48-120 h incubation.

Ethylene production by Escherichia coli requires in-
duction by methionine (Primrose, 1976, 1979). When
cultivated in Davis medium supplemented with meth-
ionine, E. coli produced ethylene at a rate which was
found to be inversely related to the concentration of
phosphate in the medium (Table 5). The rate of ethy-
lene production increased by 70-fold when the concen-
tration of phosphate in the medium was lowered from
100 to 0.1 mol m~3; bacterial growth decreased by only
7-fold.

Table 4. Inhibition by phosphate of IAA-induced ethylene production
by carrot roots and pea seedlings

Concentration Ethylene production*
of phosphate (um?/g fresh wt/h)
Treatment (mol m~3) Carrot roots Pea seedlings
Buffer controls 0.01 — 1.440.3
1.0 0.07+0.02 11102
100.0 0.07+0.01 0.540.1
IAA (104 mol dm~3)+ 0.0l —_ 9.0+0.8
buffer 1.0 0.80+0.07 65106
10.0 0.64+004 —
50.0 0.36+003 —
100.0 0.19+004 45102

* Ethylene was determined after 17h of incubation
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Figure 5. Effect of initial phosphate concentration of the medium on
ethylene production by P. expansum. The fungus was cultured in
shake cultures on Pratt’s liquid medium with various concentrations
of phosphate and without yeast extract at pH 4.2. Each day the
flasks were sealed for 1 h and ethylene accumulated in the atmos-
phere above the culture was determined.
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Table 5. Effect of initial phosphate concentration of
the medium on ethylene production by E. coli. The
bacterium was cultured as described in Materials
and methods, and the gaseous atmosphere which
accumulated above the liquid during the 24th and
27th h of incubation was collected and ethylene
content determined. As4g indicates the absorbance
of the culture read at 540 nm and was taken as the
measure of growth.

Phosphate
concentration Rate of ethylene production
(molm=3)  Assg (um*/flask/h) (um*/Asao/h)

0.01 024 17.0 70.8
0.1 0.28 15.0 53.6
1.0 034 80 23.5
10.0 071 3.0 42
100.0 1.50 1.5 1.0

phosphate inhibition of ethylene production, together
with the reversibility of this phenomenon and its con-
finement to only the biological systems, suggest that
the phosphate effect on ethylene is not simply due to a
general metabolic breakdown or to any permanent
cellular damage but rather a specific one.

In addition to higher plants, control by phosphate of
ethylene production was observed also in E. coli and
P. expansum as with P. digitatum (Chalutz er al., 1978;
Mattoo er al., 1979b), suggesting that these varied
biological ethylene producing systems may share a
common feature either in their biosynthetic path-
way(s) or in its regulation. This suggestion finds sup-
portin the recent studies of Mattoo, Chalutz & Lieber-
man (1979a) who found similar effects of some mem-
brane probes on ethylene-producing systems of apple
fruit and P. digitatum.

Table 6. Stimulation of ethylene production by phosphate in the methionine-
Cu?*-ascorbate model system for ethylene production. The reaction was car-
ried out in 50-cm? Erlenmegrer flasks containing 10 cm? buffer (pH 7.6), 1 mol

m 3 methionine, 1 molm~—

Cu?* and 10 mol m—3 ascorbate (Liebermanet al.,

1965). Incubation was carried out at 25°C for 15 and 30 min.

Concentration of

phosphate buffer (molm~3) 0.1 0.5 1.0 50 100 50.0 100.0 500.0

Ethylene production
(mm~3h—1)

29 25 32 51 54 6.7 7.7 170

Chemical (model) system

Unlike its effect on the ethylene production in various
biological systems, phosphate stimulated ethylene pro-
duction in the chemical, methionine-Cu?+-ascorbate
model system (Table 6).

Discussion

The present study demonstrates that high concentra-
tions of phosphate inhibit ethylene production in a
number of biological systems and that this pheno-
menon appears to be of wide occurrence. In higher
plants, relatively high concentrations of phosphate in
the incubating medium were necessary to bring abouta
significant inhibition of ethylene production. This
could be related to the fact that the internal level of
phosphate may have to reach a certain elevated inhibi-
tory level, since the degree of inhibition of ethylene
production correlated with the increased internal con-
centration of phosphate and not with that of the incu-
bating medium (Fig. 1), However, internal accumu-
lation of phosphate appeared to saturate within 3 h of
incubation while inhibition of ethylene continued to
increase with further incubation (Fig. 1). One explana-
tion for this could perhaps be the existence of a phos-
phate gradient within the cell causing differential
access of phosphate to its site of action with time. The
findings showing no effect of phosphate on respiration
and non-involvement of ionic strength during the

An additional significant feature of the inhibition by
phosphate of ethylene production in tomato fruit slices
concerns its relationship to the effects of AVG. Earlier,
Baker er al., (1978) reported that AVG markedly inhi-
bited ethylene production in green but not in pink and
red tomato fruit slices. They suggested that an AVG-
insensitive pathway of ethylene production may exist
in the ripe tomato. However, in their studies, Baker et
al. (1978) used 4.7 x 10-2 mol dm=3 phosphate in the
incubating medium and contrary to their findings, we
have shown (Fig. 4) that the inhibitory effect of AVG is
obscured at high phosphate concentrations in both
green and red tomato. Our results, therefore, provide
one possible explanation for the relative ineffective-
ness of AVG to inhibit ethylene production in pink and
red tomato slices but not for the data on green slices.
From the data, we emphasize that caution should be
exercised in using phosphate buffers in studies on the
biosynthesis of ethylene. The site of phosphate action
needs to be tested in future experimentation.

Although the detailed mechanism of the phosphate
effect remains to be elucidated, the present data indi-
cate a biological significance to this effect on ethylene
biosynthesis and/or regulation.
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Biosynthesis of ethylene in higher plants:
the metabolic site of inhibition by phosphate”
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Abstract. Phosphate inhibited endogenous as well
as l-aminocyclopropane-1-carboxylic acid (ACC)-
stimulated ethylene synthesis in slices of tomato fruit,
segments of carrot root and pea hypocotyls. ACC
concentrations of up to 10 mol m—3 did not overcome
this inhibition. Phosphate inhibited the conversion of
14C ACC to ethylene in tomato fruit and vegetative
tissue. Enzymatic conversion of ACC to ethylene by
pea seedling homogenate was also inhibited by phos-
phate with a linear concentration dependency. The
formation of ACC from S-adenosylmethionine (SAM)
by extracts of pink tomato fruit was slightly, but not
significantly, affected by phosphate. However, the
SAM to ACC conversion was greater when extracts
from tomato fruit were made in phosphate rather than
in HEPES-KOH buffer. Non-enzymatic ethylene syn-
thesis from ACC in a model system was stimulated by
phosphate. We suggest that phosphate is an inhibitor
of ethylene biosynthesis in higher plants and that one
site of its control is the conversion of ACC to ethylene.
Key-words: Lycopersicon esculentum; Daucus carota; Pisum sativum,
tomato; carrot; pea; ethylene; phosphate control; 1-amino-
cyclopropane-1-carboxylic acid.

Introduction

Ethylene is one of the plant growth regulators synthe-
sized by higher plants and by some micro-organisms
(for a recent review see Lieberman, 1979). In higher
plants, ethylene is formed from methionine (Lieber-
man et al., 1966). There is good evidence for the
following biosynthetic sequence: methionine—S-
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adenosyl-methionine (SAM)— 1-aminocyclopro-
pane-1-carboxylic acid (ACC)—ethylene. It seems well
established that ACC is an immediate precursor of
ethylene both by in vivo labelling studies (Adams &
Yang, 1979; Liirssen, Naumann & Schroder, 1979),
and by in vitro conversion of SAM to ACC by a
cell-free preparation from tomato fruit (Boller, Herner
& Kende, 1979). A homogenate of etiolated pea shoots
has also been shown to catalyse the conversion of ACC
to ethylene (Konze & Kende, 1979). Following these
reports on ethylene biosynthesis it is now possible to
study the site of action of effectors that might specifi-
cally affect the formation of ethylene from SAM using
in vitro systems. Inorganic phosphate is a depressor of
ethylene synthesis in both micro-organisms (Chalutz et
al., 1978; Chalutz, Mattoo & Fuchs, 1980), and higher
plants (Chalutz et al., 1980). Inhibition of ethylene
synthesis by phosphate in higher plants is correlated
more with the increased internal cellular concentration
of phosphate rather than with that of the incubating
medium, and is reversible (Chalutz et al., 1980).
Phosphate control of ethylene synthesis in Penicillium
digitatum involves repression of the ethylene-synthe-
sizing system (Mattoo et al., 1979) and there is an
increase in the intracellular level of ATP (Chalutz et
al., 1978). Nothing is known, however, about the
site(s) at which phosphate controls ethylene biosyn-
thesis in higher plants. In this paper we report studies
carried out on the possible site where phosphate may
exert its control along the biosynthetic pathway of
ethylene from SAM.

Materials and methods

Slices of tomato (Lycopersicon esculentum) fruit of
several cultivars and apple (Malus sylvestris cv. Anna),
discs of carrot (Daucus carota 1.) root, and 1 cm
sub-hook segments of etiolated pea (Pisum sativum cv.
Early Frosty) seedlings were prepared as described
previously (Chalutz et al., 1980; Mattoo & Lieberman,
1977). Tissues weighing 24 g fresh weight were
incubated with 1.5 cm? of a medium containing 0.4 mol
dm~3 mannitol and potassium phosphate buffer (pH
7.2) at various phosphate concentrations in 50 cm3

291



292 Y. FUCHS er al.

Erlenmeyer flasks (for fruit tissues) or in 8 cm? vials
(for carrot and pea tissues), on a shaking water bath at
23°C. Test substances were included in the incubation
medium. The ethylene evolved during the incubation
was accumulated in the containers sealed with serum
caps and samples were withdrawn with air-tight
syringes for ethylene determination by gas chromato-
graphy (Lieberman et al., 1966). The flasks and vials
were flushed with air between successive determina-
tions. All experiments were repeated at least twice.

The developmental stages of tomato fruits were
scored according to the USDA Visual Aid TM-L-1,
February 1975, U.S. Department of Agriculture
colour chart.

ACC was obtained from Sigma (U.S.A.). Radioacti-
vely labelled ACC was accumulated by feeding
3,4-(*C)L-methionine (Research Products Interna-
tional Corporation, France, a gift from Dr M. Lieber-
man, USDA, Beltsville, MD) to apple tissue under a
nitrogen atmosphere (Adams & Yang, 1979). Apple
slices were incubated with 0.4 mol dm ~3 mannitol, 100
mol m=—3 phosphate (pH 7.2), and 37 MBq of
3,4-(*C)L-methionine (s.a. 1.81 TBq mol~!) in a
nitrogen atmosphere for 18 h at 25°C. After incubation
the slices were homogenized with a mortar and pestle
in 80% ethanol containing 0-059%; (v/v) mercapto-
ethanol (Adams & Yang, 1979). The homogenate was
centrifuged at 15000 x g for 15 min, and the superna-
tant was dried under a stream of nitrogen. The residue
was then taken up in 100 mm? of 809 (v/v) ethanol and
spotted (40 mm> along 13 cm) on thin layer plates
(aluminium sheets, 20 x 20 cm, layered with silica gel
0.2 mm thick, ICN Pharmaceutical, Eschwege, West
Germany) which were developed with phenol:water
(4:1, v/v). After developing, 5 or 10 mm sections were
scraped off the plates and eluted with 3 cm? mannitol
(0.4 mol dm~3) and phosphate (0.05 or 100 mol m—3) at
pH 7.2 for tissue feeding experiments. For chemical
assay of ACC, the scraped silica gel powder was eluted
with 100 mol m~3 phosphate buffer at pH 11.5.

Radioactive ethylene, synthesized from labelled
ACC, was assayed by the following method: to 0.5 ¢cm?3
ACC containing solution at pH 8.0, 0.1 cm® of 1 mol
m~? mercuric acetate was added and the test tube was
sealed, then 0.1 cm?® of a mixture of 2 parts of 5%
NaOCIl and 1 part of saturated NaOH were added,
followed by an incubation in the cold for 30 min
(Lizada & Yang, 1979). Ethylene was trapped in
ice-cold 0.1 mol cm~3 mercuric acetate in methanol
according to the previously described procedure
(Chalutz, Lieberman & Sisler, 1977). Conversion of
radioactive ACC by tissue slices to labelled ethylene
was determined by feeding the radioactive precursor to
the tissue in 0.4 mol cm~3 mannitol, in either 0.01 or
100 mol m~3 phosphate buffer, pH 7.2. CO; evolved
during the incubation was adsorbed onto filter paper
discs moistened with 0.2 mol dm~—3 KOH. Radioactive
ethylene was trapped by mercuric acetate as mentioned
above, mixed with 10 cm? of Insta-Gel (Packard), and
determined in a scintillation spectrometer (Packard).

Cell extracts converting SAM to ACC were pre-
pared from pink tomato pericarp tissue in 0.1 mol
dm~3 sodium phosphate buffer (pH 8) or in 0.1 mol
dm~? potassium-HEPES (K-HEPES) buffer (pH 8.0)
as described by Boller et al. (1979). In some experi-
ments, 5 cm?® of the crude extract were layered on a
Sephadex G-50 column (2.5 x 40 cm) previously equili-
brated with either 2 mol m—3 K-HEPES buffer (pH
8.0) or 2 mol m~3 phosphate buffer (pH 8.0) each
containing 0.1 mol m~? DTT and 2 mmol m=-3
pyridoxal phosphate. In other experiments, crude
extract was dialyzed overnight against 500 volumes of
one of these buffers (2 mol m~3). The standard reaction
mixture contained 0.4 cm® of either dialyzed or gel-
filtered cell extract, 0.04 cm? buffer and 0.06 cm® of 0.5
mol m~3SAM solution. Incubation was carried out for
2 or 3 h at 30°C. The ACC produced was analyzed by
the method of Lizada & Yang (1979).

Ethylene formation from ACC was studied also
using homogenates of etiolated pea seedlings prepared
in 60 mol m~3 Tris-HCl or phosphate buffer at pH 7.9
as described by Konze & Kende (1979). The homo-
genate was centrifuged at 11 000 x g for 20 min and the
supernatant stored overnight at 5°C. The reaction
mixture contained 150 mol m~3 Tris-HCI or, where
indicated, phosphate buffer (pH 7.9), 5 or 10 mol m—3
ACC and a suitable aliquot of the enzyme preparation
in a total volume of 0.4 cm? in 8 cm? vials. The vials
were sealed with serum-vial caps and incubated for 90
min in a water bath at 28°C. The ethylene produced
was measured by gas chromatography.

Results and discussion

Ethylene production by segments of carrot roots and
pea seedlings was markedly enhanced by the addition
of 1 mol m~—* ACC in the absence of any exogenous
auxin (Table 1), as was previously observed with mung
bean hypocotyl segments (Cameron et al., 1979). The
presence of phosphate at 50 mol m~3 or higher

Table 1. Inhibition by phosphate of ACC-induced ethylene
production by carrot roots and pea seedlings

Ethylene production
Concentration Carrot roots Pea seedlings

of phosphate  (m? g=! fr. wt. h=1x 101%)
Treatment (mol m~3) (lg='fr.wt. h=1)
Buffer controls 0.01 — 1.4 (0.3)*
1-0 0.07 (0.02) 1.1 (0.2)
100.0 0.07 (0.01) 0.5(0.1)
Buffer+ ACC
(1 mol m~3) 0.01 — 44.0 (3.5)
1.0 0.41 (0.03) 40.2 (5.5)
10 0-40 (0.02) —
50 0.29 (0.02) —
100 0.20 (0.05) 16.6 (4.3)

* Numbers in parentheses indicate standard error. Details
are given in the text.
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Figure 1. Inhibition by phosphate of ACC-stimulated and endogenous ethylene production by slices of green and pink tomato

fruits. ACC concentration was 0.1 mol m~3,

concentrations inhibited by 25-60%, the response of
the tissue segments to ACC (Table 1). Similarly,
ACC-stimulated ethylene production by slices of green
or pink tomato fruit also was inhibited by 100 mol m—3
phosphate (Fig. 1). Previously we (Chalutz et al., 1980)
had shown that this effect of phosphate is not due to an
increase in the isotonicity of the medium. Further-
more, it was also shown that the rate of ethylene
production decreased as the intracellular concentra-
tion of phosphate increased from about 6.5molm—3to
10 mol m—? and higher. In these studies, when the
phosphate content of the incubating medium was
varied from 1 to 100 mol m—3, the internal phosphate
content of the tomato fruit slices increased only by
three times, from 6 to 18 molm =3, in 6 h of incubation.

ACC concentrations of up to 10 mol m~3 did not
overcome the inhibition due to phosphate (Fig. 2),
thereby ruling out the possibility of a direct competi-
tion between phosphate and ACC for the ACC binding
site. The possibility that in vivo phosphate may inhibit.
the conversion of ACC to ethylene was tested by
incubating segments of carrot roots and slices of pink
tomato fruit with ('*C) ACC in the presence of 0.01 or
100 mol m—3 phosphate. Both tissues formed labelled
ethylene from (1*C) ACC, and the rate of conversion
was inhibited in the presence of 100 mol m~3 phos-
phate (Fig. 3). These data indicated that phosphate
inhibits the conversion of ACC to ethylene. It did not,
however, exclude the possibility of additional sites of
control where phosphate may act. Therefore, we

carried out in vitro experiments with cell free extracts
of tomato fruit and etiolated pea seedlings which,
respectively, convert SAM to ACC (Boller et al., 1979)
and ACC to ethylene (Konze & Kende, 1979).
The specific activity of enzymatic conversion of
SAM to ACC by tomato cell-free preparation was
higher when cell-extract was made in phosphate buffer
than when K-HEPES buffer was used and the differ-
ences became 4-fold after gel-filtration of the extract
using phosphate buffer (Table 2). This suggested that
the enzyme binds phosphate and becomes more active.
However, the enzymatic conversion of SAM to ACC
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Figure 3. Conversion of labelled ACC to ethylene by pink tomato
fruit slices (a) and carrot root segments (b) in the presence of 0.01
mol m~=3 (@) or 100 mol m~3 (&) phosphate. Tissue slices (2.5 g)
were incubated with 0.4 mol dm —* mannitol-phosphate buffer, pH
7.2, and 90 pmol of (1*C) ACC in a final volume of 3 cm?. During the
times indicated, flasks were sealed and the labelled ethylene formed
was collected and determined.

was not significantly reduced when determined in the
presence and absence of 100 mol m~3 phosphate using
the K-HEPES extract (data not shown). Thus, phos-
phate was a better extractant (and perhaps a stabilizer)
of the enzyme catalyzing the hydrolysis of SAM than
was K-HEPES. Furthermore, gel-filtration using
K-HEPES buffer seems to inactivate the enzyme
compared with dialysis. This observation has not been
explored further.

In contrast to these results, the conversion of ACC
to ethylene by cell-free extract of pea seedlings
prepared in phosphate buffer was only 409, of that

obtained with cell-free extract prepared in Tris-HCl
buffer. Also the conversion of ACC to ethylene by the
extract of pea segments prepared in Tris-HCl buffer
was inhibited by added phosphate with a concentra-
tion dependency (Fig. 4). These in vitro data comple-
ment those obtained in vivo (Fig. 3) and support the
suggestion that phosphate mainly inhibits the conver-
sion of ACC to ethylene. We consider it significant that
the phosphate effect on the in vivo formation of
ethylene from ACC was mimicked in vitro casting
lesser doubts than put forward initially (Konze &
Kende, 1979) on the fidelity of the in vitro system.

Further confirmation of the conclusion drawn from
the above data—that phosphate regulates the step of
ethylene formation from ACC—has been obtained by
Even-Chen, Goren & Mattoo (unpublished results)
from in vivo substrate feeding experiments. In their
experiments, Shamouti orange peel discs incubated in
air for 20 h with 3,4-(**C)methionine accumulated 474
and 714 pmol (1*C) ACC g~! fr. wt. tissue in the
absence and presence of 100 mol m~3 phosphate,
respectively. Thus, about 509, more ACC accumulated
in the tissue in the presence of 100 mol m 3 phosphate
as compared with controls incubated in the absence of
phosphate. From all this data we conclude that one
major site of phosphate inhibition of ethylene biosyn-
thesis in higher plants is the step of conversion of ACC
to ethylene. The mechanism of this inhibition remains
to be elucidated.

ACC breaks down to ethylene non-enzymatically in
chemical model systems that may utilize H,O0, (Boller
et al., 1979) or perchlorite (Lizada & Yang, 1979).
Therefore, caution has to be exercised when reporting
a biological conversion of ACC to ethylene. In our
studies we found that phosphate stimulated the chemi-
cal breakdown of ACC to ethylene in a model system
(Table 3) but inhibited the enzymatic in vitro and in
vivo conversions of ACC to ethylene (Figs 3 & 4). We
have previously (Chalutz et al., 1980) shown that the
methionine-Cu?*-ascorbate model system for ethylene
production was also stimulated by phosphate. There-
fore, it seems that the mechanism of phosphate effect
observed in vive and in cell-extracts may be different
from that in the chemical systems.

The significance of the data presented here is in its

Table 2. Conversion of SAM to ACC by cell-free systems prepared from tomato fruit.

Cell extracts were prepared from pink tomato pericarp tissue in either 0.1 mol dm—3

phosphate or 0.1 mol dm~3 K-HEPES buffer, both at pH 8 as described in the text. 5 cm?

of the enzyme solution was either dialysed against 500 volumes of each solution or
gel-filtered as indicated.

Extraction ACC produced
buffer Treatment of extract {umol/mg protein)
! Phosphate Dialysis against 2 mol m~3 phosphate 1030
K-HEPES Dialysis against 2 mol m~? K-HEPES 858
Phosphate Sephadex G-50 filtration with 2 mol m~3 phosphate 624

K-HEPES Sephadex G-50 filtration with 2 mol m~3 K-HEPES 154
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Figure 4. Concentration-dependent inhibition by phosphate of the
conversion of ACC to ethylene by Tris-HCl extracts of pea sub-hook
segments. The absolute value of ethylene produced in controls, taken
as 100%, ranged between 5.0 and 10.3 m®>x 10712 CoHa h~! mg ™!
protein. The line was fitted by a linear regression analysis. 7
represents the correlation coefficient.

Table 3. Stimulation by phosphate of ethylene
production in a model system. Each reaction tube
contained 1 mmol m~3 ACC, 0.1 mol m ™3 mercuric
acetate and 5 cm? of indicated concentration of
phosphate at pH 7.6, in 8 cm? vials. The vials were
sealed and 0.1 cm? of 1% (w/w) sodium hypochlorite
was added with a syringe. After 30 min the amount
of ethylene evolved was determined.

Phosphate concentration  Ethylene production

(mol m~%) (m3h~ x102) (nl h )

0.1 71

0.5 63

1 65

5 119

10 166

50 360

100 321
500 315

possible relationship to physiological processes of
" development, ripening and senescence. Inorganic
phosphate content of tomato fruit has been shown to
decrease throughout fruit growth and development
(Stevens & Paulson, 1973), particularly when the
mature fruit starts to produce ethylene at high rates.
Incubation of ethylene-producing tomato fruit slices in
high phosphate medium increased their internal con-
centration of phosphate to levels (Chalutz et al., 1980)
which are present in young developing fruit (Stevens &
Paulson, 1973) that produce littie or no ethylene.
Therefore, we consider our findings of phosphate
effect in vivo on ethylene production from ACC (Table
1, Figs 1 & 3) to be of physiological significance,
although the in vitro system required higher phosphate
concentrations for maximal inhibition of ethylene

production (Fig. 4). In addition, high endogenous
levels of phosphate in tomato plants have been shown
to decrease leaf senescence, fruit set, development and
rate of ripening of the fruit (Besford, 1979). Also, high
levels of phosphate in apple fruit delay the ripening
climacteric respiration (personal communication from
D. Minnis & L. Brohier, Knoxfield, Australia). It is
likely that some or all of these effects may be due to
inhibition of ethylene production by phosphate, the

phenomenon described in this paper.
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SUMMARY

Trifluoperazine (TFP), chlorpromazine (CPZ) and CPZ analogs, the pheno-
thiazine drugs which are antagonists of calmodulin, inhibit tomato fruit
1-aminocyclopropane-1-carboxylic acid (ACC) synthase activity. The I,
dose ranged between 20 uM and 58 uM for various analogs. Inhibition was
not influenced by light or by varying the calcium concentration. CPZ caused
a hyperbolic uncompetitive type of inhibition. The enzyme showed a high
affinity for long chain alkyl and w-aminoalkyl agarose hydrophobic columns.
However, the enzyme was not retained on QAE Sephadex or calmodulin-
Sepharose columns which, under standard conditions, are known to bind
calmodulin, Thus, although the phenothiazines inhibit ACC synthase, the
mechanism probably does not involve calmodulin; rather, the inhibition may
occur through fortuitous hydrophobic interactions of inhibitor and enzyme.

INTRODUCTION

In higher plants, calcium is known to delay senescence [1] perhaps by
inhibiting the biosynthesis of the senescence-inducing hormone, ethylene

*This work was supported by the USDA, Agricultural Research Service, and the
University of Maryland in Cooperative Agreement No. 58-32U4-1-216, and U.S.-Israel
Binational Agricultural Research & Development Fund (BARD).
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CPZS, chlorpromazine sulfoxide; DTT, dithiothreitol; EGTA, ethyleneglycol-bis-(8-amino-
ethyl ether)N,N'-tetraacetic acid; EPPS, N-2-hydroxyethylpiperazine propane sulfonic
acid; SAM, S-adenosylmethionine; MES, 2(N-morpholino)ethanesulfonic acid; TFP, tri-

fluoperazine.
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[2—4], while lowering the microviscosity of microsomal membranes [3].
The sites in the ethylene biosynthetic pathway from methionine at which
calcium exerts its influence are the conversion of S-adenosylmethionine

" (SAM) to ACC [5; Lieberman and Wang, unpublished] and the conversion
of ACC to ethylene [4,6], the latter being attributed to a membrane stabili-
zation effect of the divalent cation [3,4]. Labeling studies in vivo have shown
(Adams, Wang and Lieberman, unpublished) that TFP, an antagonist of
calmodulin, markedly inhibits the conversion of SAM to ACC without
affecting the formation of ethylene from ACC suggesting that the former
reaction may be under the control of calmodulin, In this paper we show that
ACC synthase, the enzyme [7,8] catalyzing the conversion of SAM to ACC,
is strongly inhibited by phenothiazine derivatives but calmodulin does not
appear to be involved.

MATERIALS AND METHODS

Discs of pericarp tissue were cut from greenhouse-grown tomatoes
(Lycopersicon esculentum Mill., var. Pik red) in the ‘pink’ or ‘red’ stage
and incubated overnight (16—18 h) at 30°C in a solution (1:1, w/v) contain-
ing 0.6 M sorbitol and 0.01 M 2(N-morpholino)ethane sulfonic acid(MES)-
KOH buffer (pH 6.0). The tissue was then washed with distilled water and
homogenized with an equal weight of buffer A (100 mM N -hydroxyethyl-
piperazine propane sulfonic acid(EPPS)-KOH (pH 8.5), 2 mM dithiothreitol
(DTT) and 12.5 uM pyridoxal phosphate). The homogenate was filtered
through 8 layers of cheesecloth and centrifuged at 14 000 X g for 20 min.
Solid MgCl, was added to the supernatant fluid at 2 mg/ml (final conc.) and
the solution was stirred for 30 min at 5°C. After another centrifugation at
14 000 X g for 20 min, the supernatant fluid was filtered through a column
of Sephadex G-25, previously equilibrated with buffer B (2 mM EPPS-KOH
(pH 8.5), 0.4 mM DTT and 2.5 uM pyridoxal phosphate). Fractions contain-
ing protein were pooled and used for the assay of the ACC synthase. In some
experiments this enzyme preparation was chromatographed on various
columns.

Columns of QAE Sephadex G-25 and calmodulin-Sepharose, prepared by
previously published methods [9] were kind gifts from Dr. V.C. Manganiello
and Ms. Ferol Lieberman (Laboratory of Cellular Metabolism, NHLBI,
N.I.H., Bethesda, MD 20205). They were equilibrated with buffer C (25 mM
EPPS-KOH (pH 7.5), 1 mM ethyleneglycol-bis-(3-aminoethyl ether) N,N"-
tetraacetic acid (EGTA), 5 mM MgCl; and 250 mM NaCl) and buffer D (25
mM EPPS-KOH (pH 7.5), 2 mM CaCl,, 1 mM EGTA, 5 mM MgCl, and 250
mM NaCl), respectively. The agarose-C, and agarose-C-NH, series from
Hydrophobic Chromatography Kits (Miles Labs., IN) were equilibrated
with buffer B.

Unless otherwise stated, a standard reaction mixture containing 100 mM
EPPS-KOH (pH 8.5), 50 uM SAM, 0.25 ml of buffer B and an appropriate
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aliquot of enzyme solution in a total volume of 0.5 ml, was incubated with
and without test compounds at 30°C for 30 min or 60 min. SAM was omit-
ted from blank samples. The reaction was stopped by adding HgCl, to the
reaction tubes to a final concentration of 1 mM and transferring them to an
ice bath. The ACC formed was assayed according to Lizada and Yang [8,10].
Protein concentration was determined by the method of Bradford [11].

TFP and the 1-, 3- and 4-chloro analogs of CPZ were generous gifts from
Ms. C. Worthen (Smith, Kline & French Labs., Philadelphia, PA 19101).
CPZ and CPZ sulfoxide (CPZS) were gifts from Dr. A. Manian (N.I.M.H.,
Rockville, MD).

RESULTS

Figure 1 shows a concentration-dependent inhibition of tomato ACC syn-
thase by the various compounds tested: TFP, 2-chloro-10-dimethylamino-
propyl phenothiazine hydrochloride (CPZ), CPZS and 1-, 3- and 4-chloro-
analogs of CPZ. The concentrations of inhibitors needed for a 50% reduction
in the enzyme activity were 20, 36, 38, 40, 50 and 58 uM for CPZ, 3-CPZ,
CPZS, 4-CPZ, 1-CPZ and TFP, respectively. To determine the nature of the
inhibition, the effect of varying the substrate (SAM) and inhibitor (CPZ)
concentrations was studied. The Lineweaver-Burke plot (Fig. 2) of the data
suggest an uncompetitive type of inhibition. A replot of 1/v-axis intercept
against CPZ concentration was not linear (Fig. 2, inset) indicating a hyper-
bolic uncompetitive type of inhibition [12], suggesting that SAM binding to
the enzyme favors inhibition by CPZ.
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Fig. 1. Inhibition of tomato ACC synthase by various phenothiazine drugs. The enzyme
activity of the controls taken as 100% was 25.8 nmol ACC formed h™' mg™' protein (A)
and 10 nmol h™? mg™* (B). In B the enzyme had been frozen after the gel filtration step
and thawed once.
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Fig. 2. Lineweaver-Burke plot of ACC synthase in the absence (o) and presence of 10

(e) and 50 (2) uM CPZ. The constants obtained from linear regression analysis of the data
points were used to draw the lines, Inset: A replot of 1/v-axis intercept against CPZ
concentration.

The inhibition of ACC synthase by CPZ was not affected by light (Table I)
or by increasing the concentration of calcium in the reaction mixture from
10 uM to 100 uM (Fig. 3). A very slight inhibition of the enzyme activity
was apparent at the higher concentrations of calcium (Fig. 3).

The inability of calcium to promote ACC synthase activity and the nature
of enzyme inhibition by CPZ prompted us to ascertain if inhibition was
mediated through calmodulin action. Chromatography on QAE Sephadex
has been used to deplete the enzyme extracts of calmodulin and calmodulin
linked to Sepharose retains several proteins that participate in calcium-
regulated cellular processes [9; also references therein]. When partially

TABLEI

EFFECT OF 2-CHLORO ANALOG OF CPZ AND CPZS ON THE ACTIVITY OF ACC
SYNTHASE ASSAYED IN THE DARK OR LIGHT

ACC synthase activity (nmol mg=' h')

Incubation condition Control Plus 2-CPZ3 " Plus CPZS
(50 M) (50 M)

Dark (28°C) 7.99 3.34 4,41

Light (2000 Lux, 28°C) 8.63 3.86 4.05

29.CPZ, 2-chloro analog of chlorpromazine.
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Fig. 3. Effect of calcium chloride concentration on the inhibition of ACC synthase by
the 2-chloro analog of CPZ. The enzyme source was the same as in Fig. 1B.
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Fig. 4. Binding (A) and elution (B) of ACC synthase activity to and from agarose-C,

series (o) and agarose-C-NH, series (#) columns. The percentage activity in the effluent is
plotted against the number of carbon atoms (n) in the alkyl chains of the columns. The
enzyme activity unbound to agarose-C,, or agarose-NH, was taken as 100%. In A, 0.25 m]
of enzyme solution after gel filtration was applied to each 1-ml column and washed with
2 ml of buffer B. Each column was eluted with 2.5 ml of 0.5 M NaCl in buffer B. Activity
in B is expressed as a percentage of that which passed through the underivatized agarose
column. Slightly different elution patterns were obtained for the alkyl and aminoalkyl

agarose series,



178

purified ACC synthase made 0.25 M with respect to NaCl was applied to a
- column of QAE Sephadex equilibrated with buffer C, the pass through
(unbound) eluate and wash contained 85—90% of the applied enzyme
activity. A part of the unbound fraction having a specific activity of 7.76
nmol mg™! h™! was made 2 mM in CaCl, and was then applied to a column
of calmodulin-Sepharose equilibrated with buffer D. About 75—80% of the
applied activity was recovered in the pass through eluate plus wash fraction.
The specific activity of the enzyme in this fraction was 7.86 nmol mg™' h™!
. Therefore under standard conditions [ 9] when calmodulin should bind to
QAE Sephadex and calmodulin-Sepharose columns, ACC synthase is not
bound and retains complete enzyme activity that is still sensitive to CPZ
(data not shown). These data suggest that the observed interaction of CPZ
and its analogs with ACC synthase is not mediated by calmodulin but

by another mechanism.

ACC synthase seems to be a hydrophobic protein having high affinity for
both long- and short-chain alkyl and aminoalkyl agarose hydrophobic
columns [13]. This is illustrated in Fig. 4, where the percentage activity in
the effluent is plotted versus the number of carbon atoms (n) in the alkyl
chains of the columns. The columns with n > 8 chains retained the enzyme
very strongly, less than 7% activity being eluted with 0.6 M NaCl (Fig. 4B).

DISCUSSION

We have demonstrated that ACC synthase is strongly inhibited by micro-
molar concentrations of TFP, CPZ and CPZ analogs. The inhibition was not
influenced by light or calcium and was of the partial uncompetitive type, the
inhibitor apparently decreasing the V,,,. while the affinity for the substrate
increased.

Our results indicated that all the analogs were inhibitory and therefore
inhibition was not related to their efficacy as antipsychotic agents. For
example, the phenothiazine drug with relatively weak antipsychotic action,
CPZS, was just as potent an ACC synthase inhibitor as the others. Although
the effectiveness of these tranquilizer drugs has been related to the inhibition
of calmodulin-mediated stimulation of enzyme activity [14-—17], this view
has been challenged [18, 19] Our results with ACC synthase and the lack of
calcium stimulation of the enzyme activity lend credence to the latter reports
and suggest additional alternative mechanism(s) for inhibition of cellular
processes by phenothiazines. Thus, the mechanism of their inhibitory action
on calmodulin-dependent enzymes may be different from that for ACC
synthase reported here. Nevertheless, it is possible that the domains on
calmodulin and ACC synthase that bind the antipsychotic drugs are similar,
It has been suggested that the potency of these drugs as inhibitors of cal-
modulin action may be related to non-stereospecific hydrophobic interactions
with calmodulin [18,19]. In this regard, the tighter binding of ACC synthase
to hydrophobic w-aminoalkyl and alkyl agarose columns as the number of
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carbon atoms in the alkyl chains increase is of interest. Such a property of
the enzyme may facilitate its interaction with the phenothiazine drugs.
Finally, our results agree with previous reports [18—20] suggesting that
antagonism of calcium-dependent processes by phenothiazines is not specific
and certainly not a sufficient criterion for implicating involvement of cal-
modulin; interpretations of such results should be made with caution.
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SUMMARY: When freshly prepared homogenates of etiolated pea (Pisum sativum L.
cv Calvedon) subhook segments were fractionated by high speed centrifugation,
the enzyme catalyzing the conversion of l-aminocyclopropane-l-carboxylic acid
(ACC) .to ethylene was found associated with the particulate fraction. However,
on aging the homogenates at 5°C prior to fractionation, 50 to 75% of the enzyme
activity partitioned into the soluble fraction; this solubilization led to a
highly activated enzyme form. Both the particulate and soluble enzyme exhibit-
ed non-linear substrate saturation kinetics and were inhibited to similar ex-
tents by ascorbic acid, EDTA, CoCl, and limiting oxygen. However, they differed
in their response to incubation with n-propylgallate, dithiothreitol, CaCly and
100% oxygen. Calcium stimulated only the particulate form and increased both
the '"low Kp' for ACC from 2.99 to 5.58 mM and apparent Vmax from 88 to 285
nl/mg protein/h.

Ethylene is a plant hormone regulating many aspects of growth, development and
senescence in higher plants (see Ref. 1). The identification (2,3) of
l-aminocyclopropane-l-carboxylic acid (ACC) as an immediate precursor of
etﬂyléne, and in vitro demonstration (4,5) of its formation from S-adenosyl-
methionine (SAM) have established the following metabolic sequence for the
biosynthesis of ethylene: methionine «~t» SAM«» ACC-pethylene. However, the
enzyme system thét catalyzes the conversion of ACC to ethylene (ethylene forming
‘enzyme) under physiological conditions has not unequiroally been isolated and

characterized, although homogenates of pea . shoots do form ethylene from ACC (6).
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In vivo, conversion of ACC to ethylene seems to be, in most cases, constitutive
(7-9) and membrane-associated (10,11). We report here that the enzyme activity
catalyzing the formation of ethyleme from ACC méy be associated with a micro-
'éomal fraction from etiolated pea subhook segments and is released (solubilized)
on storage of the homogenates in the cold. Some characteristics of the membrane-
éssociated and soluble form of the enzyme were determined. We also show that

ACC saturation kinetics for both enzyme forms are non-linear and appear dis-

tinctively biphasic.
MATERIALS AND METHODS

Pea (Pisum sativum L. cv. Calvedon) seeds were imbibed in the dark for
24 h in running water. After sowing them in previously autoclaved vermiculite
wetted by sterile distilled water, they were grown in the dark at 24°C for
6-7 days. The seedlings were harvested when they grew to a height of 8-11 cm.

Subhook segments, 1 cm long, were cut from the etiolated seedlings and
homogenized at 2°C by grinding the material with a mortar and pestle using ice-
cold 60 mM Tris-HC1 buffer, pH 7.9 (0.4ml/g of tissue) (6). The homogenate was
centrifuged at 11,000 x g for 15 min at 2°C. . The residue was discarded. The
supernatant was either taken.immediately or after storage at 5°C for different
periods of time, for further centrifugation at 80,000 x g for 1 h at 5°C." Both
the residue (particulate fraction) and supernatant (soluble fraction) were saved.
The particulate fraction was suspended carefully in 60 mM Tris-HC1l buffer, pH 7.9,
and the volume was adjusted to that of the soluble fraction. Protein was de-
termined by the method of Bradford (12).

Enzyﬁatic conversion of ACC to ethylene was carried out in 7-ml vials in
a reaction mixture containing, unless otherwise stated, 100 ul of 300 mM
Tris-HCl buffer, pH 7.9, 100 ul of the enzyme extract and 10 ul of ACC of a
known concentration. Each reaction was run in triplicate. Control vials did
not contain ACC. The vials were flushed with compressed air and stoppered with
serum caps prior to incubation in a water bath at 28°C. After an appropriate
incubation time, the atmosphere accumulated in the vials above the solution was

. sampled (2ml) and assayed for ethylene by gas chromatography (13). Each experi-

ment was repeated at least twice. Additional methods, modifications or details
are given in the text or under legends to figures and table.

RESULTS AND DISCUSSION
In preliminary experiments considerable variability was observed in the
rate of enzymatic conversion of ACC to ethylene by homogenates prepared from
subhook segments of etiolated pea seedlings. Subsequently, this variability
in enzymétic activity was found to be related to the time of assay of the
enzyme after preparation of the homogenate. Fig. 1 shows the results of an
experiment where 11,000 x g supernatant was assayed immediately or after differ-

ent times in storage on ice. The enzyme activity remained more or less constant
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Fig. 1. Ethylene forming activity of a pea seedling homogenate stored for
various times at 5°C. Aliquots of 11,000 x g supernatant (see
Materials & Methods) were stored with (&) or without (©) 1%
Triton X-100 at 5°C and enzyme activity was deteérmined at times
indicated. The absolute value of the fully activated enzyme in
both cases was 12.2 nl/mg/h. Inset shows change in distribution
of enzyme activity as a function of storage time of the 11,000 x g
supernatant incubated with 17 Triton X-100. 0, 0 - 80,000 x g
supernatant; A , & - 80,000 x g residue.

up to 6 h in storage and thereafter increased considerably (v 3 times), reach-
ing a maximum at about 24 h. The lag of about 6 h in the gradual increase of
enzyme activity was eliminated by addition of Triton X-100 (1% final) to the
homogenate immediately after preparation and prior to storage (Fig. 1).

When a freshly obtained 11,000 x g supernatant was centrifuged at 80,000
X g for 1 h, most of the ethylene forming activity was associated with the
particulate fraction (Table 1). The recovery of the enzyﬁe activity in this
fraction wés ~v 170%, suggesting the removal by centrifugation of an inhibitor
from this fraction. The specific activity of the enzyme in the particulate
fraction was about 16 times as much as in the soluble fraction. Similarly,
distribution of enzyme activity was determined after the 11,000 x g supernatant
was stored at 5°C for 20 h. As shown in Table 1 there was >50% loss in enzyme
activity after high speed centrifugation of aged extracts as also observed
previously (6) and the rémaining activity was equally distributed between the
particulate and soluble ffactions. However, after aging, the specific activity
of fhe particulate fraction decreased by about 2.5 times, while that of the
soluble fractioﬁ was enriched by 4.3 times. In other experiments overnight

stdrage resulted in 75% of the activity partitioning into the soluble fraction.
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Table 1. Fractionation of the ethylene forming activity by differential
) centrifugation of homogenates prior to and after storage
at 5°C for 20 h.

Total. Activity Specific Activity

(nl/h/extract) (nl/h/mg protein)
Fraction Ztgiage 0 20 0 20
11,000 x g supt. 77.50 226.80 5;86 17.16
80,000 x g supt. 12.43 53.65 1.04 ‘ 4.48
80,000 x g residue 131.43 53.03 16.77 6.77

Also, overnighf storage at 5°C of the 80,000 x g particulate fraction by itself
did not show any increase in the enzyme activity; instead, it deéreased (data
not shown), suggesting that a soluble factor is responsible for releasing the
enzyme from the particulate fraction. Thus, it appears that ethylene forming
enzyme is associated with a membrane (particulate) fraction. Elimination of
the lag period by Triton X-100 during the increase in enzyme activity on storage
(see Fig..l) was correlated with more of the enzyme activity being distributed
in the soluble than in the particulate fraction (Fig. 1, 32553). At 9 h in
storage in buffer, the ratio of soluble(s)/particulate(p) enzyme activity was
l.lé whereas storage in 1% Triton X-100 within the same period resulted in a
s/p ratio of 10.26. Thus, increase in the enzyme activity on storage of

11,000 x g supernatant is correlated with solubilization of the ethylene form-
ing enzyme from the membrane fraction, the solubilization concomitantly leading
to a highly activatéd enz§me form (14). Earlier, it was reported (6) that one-
tenth of the extractable ethylene forming enzyme activity is associated with a
particulate fraction. The discrepancy between the data of the previous report
and those presented here may be due to the different pea cultivar used and/or
to our use of, specifically, the l-cm subhook segments and not entire shoots,
as was done previously (6,15). The physiological significance of the release
and activation following 'solubilization on storage of the ethylene forming
eﬁzyme from membrane is a matter for conjecture. However, its membrane

association provides a potential for some control by substances which act on

the membrane. Indeed, ethylene synthesis by intact tissues is disrupted by
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Fig. 2. v vs v/[S] plots of soluble (A) or particulate (B) ethylene forming
enzyme. In B, 0 minus calcium; O plus 1 mM calcium chloride.
The constants obtained from linear regression analysis of the
data points, separately for two distinct regions of each curve,
were used to draw the lines.

treatments that interfere with membrane function (18-20), oné of the metabolic
sites being the conversion of ACC to ethylene (10,21).

The log-log substrate versus velocity plots (see 16) for the particulate
fand soluble enzyme activity showed an obvious inflection in the velocity
curve for the particulate enzyme preparation while none was found for the
soluble fraction, suggesting either the presence of two enzyme forms with
differing affinity constants in the former preparation or the presence of
complex kinetics (16). However, both enzyme preparations exhibited anomalous
kinetic behaviour (Fig. 2 A,B). The exact determination of Km values was
difficult because of the gradual change in the curves. However, a lower
apparent K for ACC was estimated to be 2.99 and 3.77 mM for the particulate

and soluble enzymes, respectively. These results, in general, contrast with

previous studies (6,15) which claimed that the kinetics of ACC saturation
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Fig. 3. Response of particulate (@) or soluble (B) ethylene forming
enzyme to various inhibitory or stimulatory effectors.

followed classical Michaelis-Menten type. It is evident from our data that a
wide ACC coﬁcentration range must be used to detect the biphasic character of
the double reciprocal plots. We varied the ACC concentratiqn up to 600-fold.
The Michaelis-Menten kinetics of the enzyme reported earlier was most probably
caused by working in a narrow range of ACC concentration as well as by
representing the data in a Lineweaver-Burke plot, a procedure which tends to
minimize any curvature in the data (16,26). Thus, the biphasic nature of
substrate kinetics demonstrated here has not been recognized previously.
Ethylene forming enzyme in both membrane and soluble fractions was in-
hibited (Fig. 3) by oxygen deprivation (2%09), ascorbic acid (1 mM), EDTA
(0.1 mM) and CoCl2 (1 mM), known inhibitors of this reaction in vivo
(2,10,17). Although the above results more or less show that the enzyme in
particulate and soluble fractions share many common properties several important
differences between them were.also evident. The particulate enzyme was rela-
tively more sensitive to inhibition by the free radical quencher, propylgallate,
and the reducing agent, DIT. Moreover, the sensitivity to DTT of the soluble
system is virtually eliminated by incubation in 100% 0,, while this was not the

case for the membrane-associated enzyme. The ineffectiveness of N-ethylmaleimide

276



e

Vol. 105, No. 1, 1982 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

in inhibiting th% enzyme suggests that inhibition due to DIT may not involve
sulfhydryl groups, but may perhaps be related to involvement of free radicals
in the conversion of ACC to ethylene which is supported by the inhibition of the
enzyme by free radical quenchers including ascorbic acid (27) and the report of
McRae et al (28). Calcium chloride (1 mM) stimulated only the particulate
enzymé and increased both the 'low K;' for ACC from‘2.99 to 5.58 mM and apparent
Vmax from 88 to 285 nl/mg/h. Assuming that the ethylene forming enzyme in the
soluble and particulate fraction is one and the same, this observation suggests
that the calcium effect on the membrane system is probably not the result of
direct interaction of calcium with the ethylene forming enzyme, but may be a
result of interaction of the cation with a more polar group of the membrane
phospholipids (22). Further study of the calcium effect is important,
particularly when calcium is known, among other effects, to stimulate ethylene
production in mungbean (23) and pea (24) seedling tissue.

In addition, catalase (10 pg/ml) inhibited by 60-70% the soluble
ethylene forming enzyme and had very little effect on the particulate enzyme
fraction (Mattoo & Lieberman, unpublished results). Earlier it was shown (6)
that catalase inhibited ethylene formation from ACC in unfractionated 11,000
x g supernatant of pea seedlings.

Finally, it should be mentioned that the major difficulty in studies
of the ethylene forming system to date (6,15) is the apparently high concentra-
tion of ACC needed to saturate the enzyme. However, this may be an apparent
anomaly- with the enzyme systems that fulfill most, if not all, characteristics
of the in vivo physiological system. Such a system may be the membrane-
associated enzyme reported here. Although it showed biphasic substrate
saturation kinetics, the 'low'Km of 2.99 mM is lower by more than an order of
magnitude than the 'high',.almost infinite, K, (6). Moreover, since the enzyme
system used is not homogenous the presence in close proximity of other competing
enzymes utilizing ACC cannot be ruled out. One such reaction could be the enzyme
system that catalyzgs the conjugation of ACC to malonyl-ACC, a metabolite of

ACC recognized very recently (25) in higher plants.
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Summary

Changes in adenine nucleotides and adenylate energy charge in shake cultures of Penicillium
digitatum were determined under conditions when ethylene biosynthesis was either activated
or inhibited. Activation of ethylene biosynthesis under phosphate-limiting growth conditions
was accompanied by a 28 % decrease in the ATP level of the mycelia. Under these growth con-
ditions, changes in the adenylate energy charge were inversely related to the concentration of
AMP but did not correlate with changes in the rate of ethylene biosynthesis or in total
adenylate nucleotides. Adenine and AMP, when added individually, partially prevented the
inhibitory effect of 0.01 mM orthophosphate on ethylene biosynthesis. On addition of
orthophosphate, orthophosphate and adenine, or orthophosphate and AMP a rapid decrease
within 2 hours in ethylene biosynthesis occurred without a striking increase in the ATP level of
the cultures. In non-growing mycelia of P. digitatum, there was considerable modulation in the
concentration of individual adenine nucleotides but only small changes in the adenylate energy
charge were observed. The data indicated that levels of adenylates, glutamate, or the adenylate
energy charge do not mediate or limit phosphate inhibition of ethylene biosynthesis. However,
it is suggested that an orthophosphate-repressible phosphatase and/or a protein kinase may be
involved in this process.

Key words: Penicillium digitatum, adenylates, adenylate energy charge, ethylene production,
orthophospbate.

Introduction

Considerable information is now available on the biosynthesis of ethylene in
higher plants and microorganisms (Yang, 1974; Lieberman, 1979). The most
extensively studied microbial ethylene producer is Penicillium digitatum Sacc. Earlier
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we reported (Chalutz et al., 1977, 1978) the presence of two pathways of ethylene
biosynthesis in shake cultures of this fungus. One is induced by methionine which is
also the ethylene precursor. A second pathway, in which glutamate is the ethylene
precursor like that described for surface cultures of this fungus (see Yang, 1974), is
operative under phosphate-limiting growth conditions and is inhibited by exoge-
nously added orthophosphate (Chalutz et al., 1978; Mattoo et al., 1979 a). This latter
phenomenon occurs also in P. expansum (Chalutz et al., 1980) and P. cyclopium
(Pazout et al., 1982). The microbial formation of another plant hormone, abscisic
acid, has also been reported to be affected by phosphate (Griffin and Walton, 1982).

High amounts of orthophosphate are known to inhibit the production of
secondary metabolites such as antibiotics and pigments (Weinberg, 1974; Drew and
Demain, 1977). Thus, regulation of ethylene biosynthesis in shake cultures of fungi
and of other secondary metabolites by orthophosphate may have some common fea-
tures. This was also suggested by observations of a rapid increase in the intracellular
ATP level after phosphate addition to cultures of Streptomyces griseus (Drew and
Demain, 1977; Martin, 1977) and to shake cultures of P. digitatum (Chalutz et al.,
1978), which coincided with the suppression of candicidin and ethylene production
in the respective cultures. These observations offer interesting regulatory con-
sequences in light of the recognition of a unique role of adenine nucleotides in
stoichiometric coupling and energy transduction between metabolic pathways
(Holzer, 1970; Chapman and Atkinson, 1977).

‘The manner in which energy metabolism regulates growth has been extensively
studied in recent years (Neijssel and Tempest, 1976; Chapman and Atkinson, 1977;
Thomas and Dawson, 1977). However, few studies have been carried out with
respect to secondary metabolites. The effects of depletion of available phosphate on
the concentration of adenine nucleotides and changes in adenylate energy charge in
relation to secondary metabolism remain unclear (cf. Demain, 1972; Thomas and
Dawson, 1977; Chapman and Atkinson, 1977). An important area which remains
unknown is the relationship between the concentrations of adenylates and adenylate
energy charge and the biosynthesis of secondary metabolites. The present study is a
preliminary attempt towards understanding this relationship and reports on the
variations that occur in adenylates and adenylate energy charge during conditions
when ethylene biosynthesis in P. digitatum is either activated or inhibited. Also, the
influence of exogenously supplemented adenine and AMP on ethylene biosynthesis
and adenylates in the absence and presence of orthophosphate is reported. .

Materials and Methods

P. digitatam (ATCC # 10030) was grown as a shake culture (Chalutz et al,, 1977, 1978) on
modified Pratt’s liquid medium (Spalding and Lieberman, 1965) containing various concentra-
tions of phosphate without yeast extract. Other inoculation and incubation procedures, culture
weight determination and ethylene analyses were performed as previously described (Spalding
and Lieberman, 1965; Chalutz et al., 1977). Protein content of the fungal mycelium was

\
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determined in 10 percent trichloroacetic acid precipitates using the fluorescamine method
(Bohlen et al., 1973).

ATP, ADP and AMP contents of the mycelium were determined on trichloroacetic acid-
soluble fractions after ether extraction of the trichloroacetic acid phase as previously described
(Anderson, 1977; Chalutz et al., 1978). .

Further details of techniques are described in figure legends and the table. All treatments
were run with two or three replicates and each experiment was repeated at least once. Data pre-
sented are from representative experiments g

Results and Discussion

Ethylene Biosynthesis, Adenylates and Adenylate Energy Charge in P. digitatum during
Growth on Medium with Different Phosphate Concentrations

The effect of orthophosphate (Pi) concentration on rates of ethylene production,
adenylates and adenylate energy charge is shown in Fig. 1. As was shown earlier

0.75[ 3
[} ~
5 Ei%
5070 12Ey
- gl
2oes- T 1=
o
w | I 1 | 110
0.60
ol 10004
50} ~ 90
< -~
c 0w <
5 sl &£3
< 3 g.‘:
3 A a cE
[ - [
Q - 301 g"‘70-ug’
5 E S| <32
=9 100{E =5
c
® ol 2r o E
T 35 (7] &
<g 8>< >
£ 10F z 's0
o._
1 ! | 1 ] 1 L4

o 6 5 4 3 2

~log Phosphate Con., M
Fig. 1: Effect of phosphate concentration of the medium on the intracellular levels of AMP (0),
ADP (©), ATP (A), total adenylates (A) and on adenylate energy charge (00), adenylate kinase
reaction ratio, (AMP) (ATP)/(ADP)? (0) and ethylene production (B) of shake cultures of P.
digitatum after 3 days of growth. Cultures were incubated in 50-ml Erlenmeyer flasks contain-
ing 10 ml of modified Pratt’s medium without yeast extract but with the indicated concentra-

tion of phosphate.
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(Chalutz et al., 1978), the rate of ethylene biosynthesis at 0.01 mM Pi was ~ 55 times
higher than that at 10 or 100 mM Pi. Activation of ethylene biosynthesis at low Pi
concentrations was accompanied by a decrease in ATP level of the mycelia from 47 to
34 nmol-g™' fresh wt. of mycelium. The changes in adenylate energy charge
(Atkinson, 1969) value,

[ATP}+ 1/2[ADP]

[ATP]+[ADP]+[AMP]

did not coincide with changes in the rate of ethylene biosynthesis but appeared to be
inversely related to the concentration of AMP. ADP level was 20 nmol - g™* fresh wr.
between 1 to 0.001 mM Pi (Fig. 1). These results obtained with cultures growing on
different Pi levels show that low levels of AMP favor conversion of ADP to ATP,
increasing the ATP/ADP ratio, as dictated by the above equation. These data suggest
that metabolic regulation occurs under the described conditions in growing mycelia
of P. digitatur, and that a rapid decrease in energy charge is not accompanied by a
corresponding decrease in the sum of the total adenylate nucleotides.

Ethylene Biosynthesis and ATP Concentration in the Mycelia of Non-growing
P. digitatum in the Presence of Orthophosphate, Adenine and AMP

Our earlier work showed (Chalutz et al., 1978; Mattoo et al., 1979 a) that the addi-
tion of 100 mM Pi to high ethylene producing P. digitatum cultures strongly inhib-
ited ethylene production. This inhibition was accompanied by a concomitant rise in
ATP content of the mycelium suggesting that ATP could be an intracellular effector
of the Pi-mediated control of ethylene biosynthesis. A similar explanation was off-
ered for the phosphate control of candicidin biosynthesis (see Martin, 1977). To test
this hypothesis, the effect of addition of adenine and AMP, the easily transportable
ATP precursors, in the absence and presence of Pi, was examined on ethylene biosyn-
thesis and on intracellular ATP level. Results of short term kinetic experiments (Fig.
2 A) showed that adenine and AMP when added individually caused only a 10 to 20
percent inhibition of ethylene biosynthesis. However, when added in the presence of
Pj, they partially prevented the inhibitory effect of 0.01 mM Pi.

Changes in ATP concentration of the mycelium under the above conditions are
illustrated in Fig. 2 B. It was observed that the rapid decrease in ethylene biosynthesis
after 2 hours occurred without a significant increase in the ATP level of cultures to
which either exogenous Pi, Pi and adenine, or Pi and AMP were added. In most cases,
ATP levels increased only after prolonged incubation, i. e. after 4 hours (Fig. 2 B). In
addition, 0.01 mM Pi resulted in only a 13 percent increase in ATP level when
ethylene biosynthesis decreased by 65 percent after 2 hours. Also, in the presence of
adenine and Pi, an increase in ATP level of 24 percent was accompanied by only 27
percent inhibition of ethylene biosynthesis (Fig. 2 B).

These data suggest that ATP may not mediate the inhibition by Pi of ethylene bio-
synthesis. It may be pointed out that the marked increase in ATP level reported

Z. Pflanzenphysiol. Bd. 111. S. 301-309. 1983.
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Rate of Ethylene Production (% of control)

Fig. 2: Effect of addition of adenine () and
AMP (0J) in the absence (open symbols) and
presence {closed symbols) of phosphate (0.01
mM) () to the medium of high-ethylene 15
producing, shake cultures of P. digitatum on
the subsequent rate of ethylene production
(A) and ATP content (B). Procedure was si-
milar to that described in the legends of Fig,
1 and Table 1. The concentration of each
tested compound was 0.01 mM. Ethylene
production in water controls (O) and experi-
mental flasks was determined after closing
the flasks for several, 1-hr periods following
the addition of each compund. The ATP
content was determined in separate flasks. |

The absolute value for ethylene production 5 o 2 14 é 8
in water controls at time 0, before addition . .

of water, was 728 nl - ug ™! protein hr™'. Hours of Incubation

10 —

ATP(pmoles/ug Protein)

earlier by us (Chalutz et al., 1978) was observed in the presence of 100 mM Pi and not
0.01 mM used here. The lower concentration of added Pi used in the present study is
a more physiologically relevant concentration and may cause relatively slower
changes (kinetically) in metabolism.

Adenylates, Adenylate Energy Charge, and Adenylate Kinase Reaction in the Mycelia of
Non-growing P. digitatum in the Presence of Orthophosphate, Adenine and AMP

The above data prompted us to study the changes in ATP, ADP and AMP, and
consequently in adenylate energy charge during inhibition by Pi of ethylene biosyn-
thesis in non-growing cells of P. digitatum. The results (Fig. 3) showed that the intra-
cellular steady-state AMP and ATP levels of the phosphate-limited, non-growing
mycelia (control) varied from 5 to 10 pmol- pg~! protein while the level of ADP

Z. Planzenphysiol. Bd. 111. S. 301-309. 1983,



306 Autar K. MaTT00, EnO CHALUTZ, JAMES D. ANDERSON and MORRIS LIEBERMAN

Adenylates (pmoles/ug Protein)

oLy 1 1 | 1l | 1 1

1
0 2 4 6 80 2 4 6 8
Hours of Incubation

Fig. 3: Effect of addition of phosphate alone (B) and of AMP (C, D) or adenine (E, F) with (D,
F) or without (C, E) phosphate to the medium of high-ethylene producing shake culture of P.
digitatum on the intracellular levels of AMP (©), ADP (O0)-and ATP (A). Water controls (A)
were analyzed simultaneously. The concentration of each tested compund was 0.01 mM. Other
details are given in legends to Figs. 1 and 2.

increased from 7.5 to 12.5 pmol - ug™" protein respectively over a period of 8 hours
(Fig. 3 A). Upon the addition of Pi to the ethylene-producing cultures, the intracellu-
lar ADP level increased by 100 percent within 2 hours (Fig. 3 B) when ethylene pro-
duction decreased by 65 percent (Fig. 2). A marked rise in intracellular ATP level was
also evident (Fig. 3 B) but only 4 hours after Pi addition. Initially ADP level also
increased (67 percent) in cultures to which Pi was added in concert with AMP
(Fig. 3D).

Although there was considerable fluctuation in the concentrations of individual
adenine nucleotides under the above conditions, only small changes in the adenylate
energy charge were observed (Table 1). Marked increases in adenylate energy charge
occurred ‘only in those cultures to which AMP was added. The response of the
energy charge to Pi, adenine, and AMP was therefore much smaller than the increase
in ADP concentration after 2 hours and in ATP after 4 hours. However, the level of
ADP in controls after 8 hours was similar to the level seen 2 hours after the addition
of Pi (Fig. 3 A, B), and did not correlate with the rate of ethylene production (see
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Table 1: Adenylate energy charge, adenylate kinase reaction ratio and ethylene production in
low phosphate-grown shake cultures of Penicillium digitatum following the addition of Pi, ade-
nine and AMP.

Addition to Ethylene

low Pigrowing nl-mg™ Adenylate (AMP)ATP)
culture*) protein h™! energy charge (ADP) ATP/ADP
Time after addition, Hours
0 2 4 0 2 4 0 2 4 ¢] 2 4

None (Control) 728 728 720 0.59 0.60 0.66 1.25 0.40 0.39 1.44 0.89 1.02
Pi 246 202 0.55 0.62 0.41 0.45 0.75 1.04
Adenine 583 576 0.50 0.66 1.39 043 1.07 1.19
AMP 671 518 0.80 0.68 0.40 0.43 092 1.27
Pi+ Adenine 517 417 0.56 0.63 1.16 0.98 1.07 1.46
Pi+ AMP 523 471 0.54 0.66 1.66 0.74 0.69 1.76

*) Shake cultures of P. digitatum were incubated in cotton-plugged, 50-ml Erlenmeyer flasks
containing 10 ml of modified Pratt’s medium without yeast extract and with 0.001 mM
phosphate. After 3 days of growth, cotton plugs were removed and the indicated com-
pounds added to the culture medium so that final concentration of each compound was
0.01 mM. Water was added to the control flasks. At regular intervals, samples were ana-
lyzed. Other details are described in the legend to Fig. 2 and in the text.

Fig. 2 A). Therefore, the level of ADP does not seem to be an important regulatory
factor. '

Pi level did not significantly affect the ratio, (AMP) (ATP)/(ADP)?, which is a
measure of adenylate kinase reaction (Table 1).

Furthermore, limitation of the availability of the precursor, glutamate, does not
seem to be the reason for the low amount of ethylene produced under excess Pi con-
ditions because (a) exogenously added labeled or unlabeled glutamate to such cultures
did not increase ethylene synthesis (Mattoo et al., 1979 a) and (b) high-Pi cultures
contain 3 times as much intracellular glutamate (0.88+0.19 pmol-g™" fresh wt.) as
low Pi cultures (0.31+0.11 umol-g~" fresh wt.) on the 3rd day of growth when the
maximal rate of ethylene biosynthesis occurs under Pi-limiting conditions (Chalutz
et al., 1978; Mattoo et al., 1979 a).

Thus, it appears that inhibition of ethylene production by orthophosphate may
not involve regulation by energy charge or adenylate levels. However, it is clear that
the Pi-mediated effect is directed at a step(s) in the conversion of glutamate to
ethylene and not in the availability of glutamate. In addition to the previously
implicated control of ethylene biosynthesis at transcriptional and translational levels
by Pi, regulation involving post-translational machinery of the cell may also exist.
This could involve a Pi repressible phosphatase and/or a protein kinase (Mattoo et
al., 1979 a), particularly in view of the close correlation between the level of acid
phosphatase activity and rate of ethylene production in P. digitatum (Kapulnik et al.,
1983). Such a mechanism was proposed earlier (see Drew and Demain, 1977) for the
inhibition by Pi of streptomycin biosynthesis. Our results also support their sugges-
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tion that regulation of secondary metabolites by Pi may be mediated through differ-
ent mechanisms.

Furthermore, as suggested earlier (Kapulnik et al., 1983) phosphate levels may also
directly affect the ethylene-producing enzyme system in P. digitatum as in the case of
other biochemical pathways (Mason et al., 1981) and enzymes (Schramm and Hoch-
stein, 1971; Schramm and Leung, 1973; Mattoo and Shah, 1974; Curdova et al., 1976;
Behal et al., 1977; Majmudar et al., 1978; Mattoo et al., 1979 b).
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Summary

An ethylene-producing isolate of a wild type of Penicillium digitatum was compared to a
non-ethylene-producing isolate of this fungus with regard to various biochemical parameters.
The intracellular acid-soluble phosphate content was markedly higher in the non-ethylene-pro-
ducing isolate and in several other non-ethylene-producing fungi than in the ethylene-produc-
ing isolate whether cultures were grown in medium containing high (100 mM) or low (0.1 mM)
phosphate. Ethylene production by the ethylene-producing isolate increased markedly in low
phosphate growth medium and correlated with an inicrease in acid phosphatase activity but not
with changes observed in the activities of glucose-6-phosphate dehydrogenase, pyruvate kinase,
malate dehydrogenase or succinate dehydrogenase. However, these latter enzymatic activities
were significantly different in the two isolates when cultivated in high phosphate medium. The
data indicated that the ability of the fungi to produce ethylene may be related to high phos-
phatase activity and to their capacity to maintain low phosphate intracellularly.

Key words: Penicillium digitatum, ethylene production, orthophosphate, phosphatase.

Introduction

Ethylene, a plant hormone, is produced by higher plants and by a wide variety of
microorganisms in culture (Ilag and Curtis, 1968; Lynch, 1974; Primrose, 1976;
Lieberman, 1979). Since enhanced ethylene production has often been observed in
diseased plants, the possible involvement of this gas in pathogenesis has been
suggested (Pegg, 1976). The biosynthetic pathway of ethylene has been studied
extensively in both higher plants and microorganisms (Chou and Yang, 1973; Yang,
1974; Lieberman, 1979). In higher plants, ethylene is derived from methionine
through a biosynthetic pathway that involves S-adenosylmethionine (SAM) and |-
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aminocyclopropane-l-carboxylic acid (ACC) (Adams and Yang, 1979). In Penicillium
digitatum, the most extensively studied microbial ethylene producer, the immediate
precursor(s) of ethylene were unambiguously shown to be 2-oxoglutarate and glut-
amate (Chou and Yang, 1973).

Production of ethylene by shake cultures of P. digitatum and by other micro-
organisms is affected by the concentration of inorganic phosphate in the growth
medium (Chalutz et al., 1978; Mattoo et al., 1979 a; Chalutz et al., 1980; Pazout et al.,
1982). Reducing the concentration of phosphate — but not of any other component of
the medium — very markedly stimulates the production of ethylene. This increased
production is strongly inhibited by exogenous addition of orthophosphate to the
low-phosphate medium.

Recently, a non-ethylenc producing isolate of P. digitatum was reported which did
not produce ethylene in culture or during infection of its host — citrus fruit (Chalutz,
1979). This isolate, however, is similar to the wild type of the ethylene-producing
fungus in both morphological and physiological characteristics, as well as in its patho-
genicity and virulence to citrus fruits (Chalutz, 1979). In the present work we com-
pared the non-ethylene-producing isolate to the wild type, ethylene-producing isolate
as well as to some other fungi with regard to several biochemical parameters that
could be related to the ability of the fungi to produce ethylene.

Methods

Organisms and growth conditions. Single spore cultures of the fungus Penicillium digitatum
Sacc. (American Type Culture Collection 10030), the ethylene-producing isolate (P), and the
non-ethylene-producing isolate {NP) (obtained from green mould-infected citrus fruits; Cha-
lutz, 1979), were grown on yeast-extract-free, modified Pratt’s liquid medium (Pratt, 1944) con-
taining per litre: 18.0g glucose; 4.0g NHaNOs3; 1.23 g MgSO4-7H,0; 0.02¢g FeCly- 6 H20;
0.22mg ZnSO4-7H;0 and deionized distilled water. The concentration of phosphate
(KH,POy) in the medium was varied from 100 mM (high phosphate), the optimal concentra-
tion for fungal growth (Pratt, 1944), to 0.1 mM (low phosphate) and the pH was adjusted to 4.5
with 0.5M NaOH before autoclaving for 20 min at 15 psi. The fungus was incubated on a
shaking (100 strokes/min) water bath at 23 °C. Inoculation and other incubation procedures,
culture weight determinations, and ethylene analysis were performed as described previously
(Spalding and Lieberman, 1965; Chalutz et al., 1977).

Determination of protein and acid-soluble phosphate. Protein and acid-soluble phosphate
contents of the fungal mycelium were determined after hand homogenization of washed myce-
lium with acid-washed sand and ice-cold, 5% TCA in a mortar and pestle. Cell breakage (more
than 90 %) was checked under a light microscope. The homogenate was centrifuged at 10,000¢
for 20 min at 4 °C. The supernatant was analyzed for acid-solubilized phosphate by the method
of Lowry and Lopez (1946). The residue obtained after centrifugation was suspended in 0.1 M
NaOH for 24h at 25°C to dissolve the precipitated protein. After centrifuging down the
residue, the protein content of the supernatant was determined by the method of Bradford
(1976) using bovine serum albumin as a standard.

. Enzymatic assays. For enzyme activity determinations the mycelium was homogenized in ice-
cold 0.05M Tris-HCl buffer, pH 7.5, containing 0.25M sucrose, 1 mM phenylmethylsulfonyl
fluoride (Sigma), 1 mM Na, EDTA, and 5mM B-mercaptoethanol. The homogenate was cen-
trifuged at 30,000g for 20 min and the pellet was discarded. The supernatant was dialyzed at
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4°C for 24 h against 100 volumes of 0.05 M Tris-HCI buffer, pH 7.5, and then used as an enzy-
me preparation.

Acid phosphatase activity was determined by the method of Brandenberger and Hanson
(1953). One unit of enzyme activity was defined as the amount that hydrolyzed 1 umol of o-
carboxyphenyl phosphate per min. Glucose-6-phosphate dehydrogenase (G6PDH) was assayed
by the method of Caldrider and Gottlieb (1963). One unit of G6PDH activity was defined as a
change of 0.001 in absorbance at 340nm per min. Pyruvate kinase (PK) was assayed by the
method of Kapoor and Tronsgaard (1972). One unit of PK activity was similar to that defined
for G6PDH. Malate dehydrogenase (MDH) activity was assayed by the method of Courbright
and Henning (1970). One MDH unit was defined as that amount of enzyme that reduced
1umol of 3,4,5-dimethylthiazolyl-2-2,5 diphenyl tetrazolium bromide per min. Succinate
dehydrogenase (SDH) activity was assayed by the method of Courbright and Henning (1970)
and one unit of activity was defined as that amount of enzyme that oxidized 1 umol NADH per
min.

All experiments were repeated at least three times.

Results and Discussion

Ethylene production and phosphate content of fungal mycelium. As reported earlier
(Chalutz et al., 1978; Mattoo et al.,, 1979 a), ethylene production by the shake cultures
of a wild type isolate (P) increases as the concentration of phosphate in the cultivation
medium is decreased. However, the NP isolate did not respond similarly and pro-
duced negligible ethylene when cultivated in a medium containing varying amounts
of phosphate (Table 1). In this regard, the NP isolate resembles other fungi, viz.
P. expansum (Link) Thom., P. italicum Wehmer and Geotrichum candidum Lk. &
Pers. that produce very little ethylene (Table 2).

Table 1: Production of ethylene by two isolates of P. digitatum when cultivated in Pratt’s liquid
medium containing different concentrations of orthophosphate. Ethylene production was
determined on the fourth day of cultivation after 1 h of sealed period.

Phosphate content Ethylene production
of the medium P isolate NP isolate
(mM) {(nl-h™'-g ' FW)
100 1 0.5
1 350 0.7
0.1 1000 0.5
0.01 1200 0.3

0.001 1300 0.7

Since ethylene production by the P isolate was markedly affected by the phosphate
content of the cultivation medium, we analyzed the mycelial acid-soluble phosphate
content of this fungus, of the NP isolate (of P. digitatum) and of the non-ethylene-
producing fungi listed above. The P isolate maintained the lowest intracellular acid-
soluble phosphate content relative to all the other isolates or fungi tested (Table 2).
At the time of maximal ethylene production by the P isolate, its intracellular
phosphate content was about 8 times lower than in the NP isolate (0.18 mg per g FW
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Table 2: Intracellular acid-soluble phosphate content and rate of ethylene production of several
fungi on the fourth day of cultivation in high or low-phosphate medium.

Phosphate content of the medium (mM)

100 0.1
Acid-soluble Ethylene Acid-soluble Ethylene
phosphate phosphate
(mg-g'FW)  (al-h™'-g'FW) (mg-g'FW)  (nl-h™'-g7' FW)
P. digitatum
P isolate 1.10 2.0 0.18 1000.0
NP isolate 6.44 0.5 1.42 1.0
P. expansum 11.30 25 1.32 3.0
P. italicum 5.70 1.0 1.87 1.5
G. candidum 5.82 0.1 2.34 0.1

compared to 1.42 mg per g FW). A similar relationship was obtained when the data
were expressed either on a fresh weight or on a protein basis.

Enzyme levels. Earlier studies with transcriptional and post-transcriptional inhib-
itors led us to suggest (Mattoo et al., 19792a) that phosphate-mediated control of
ethylene production involved de novo protein synthesis. Also, we showed that the
levels of alkaline phosphatase and protein kinase activities were higher in low than in
high phosphate-grown cultures. In order to check if phosphate levels differentially
affect some other key enzymes in cellular metabolism of the P isolate compared to
the NP isolate, we determined the activities of pyruvate kinase (representing the gly-
colytic pathway), glucose-6-phosphate dehydrogenase (representing the pentose
monophosphate pathway), malate and succinate dehydrogenases (representing the
Krebs cycle), and acid phosphatase. The activities of acid phosphatase (Weinberg,
1974; Ezhov and Santesevich, 1976), other phosphohydrolases (Mattoo et al., 1979b,
1980), malate dehydrogenase, and glucose-6-phosphate dehydrogenase (Savant et al.,
1982) have been shown in other organisms to be inversely proportional to the
phosphate level of the medium. Table 3 lists the levels of the various enzyme activ-
ities tested in the P and NP isolates cultivated on low and high phosphate medium. In
low phosphate grown cultures, when the P isolate produces ethylene at high rates,
the levels of glucose-6-phosphate dehydrogenase and acid phosphatase were 61 and 26
times higher, respectively, than those in cultures grown in high phosphate medium.
On the other hand, the levels of pyruvate kinase, malate dehydrogenase, and suc-
cinate dehydrogenase were considerably lower in the low phosphate than in the high-
phosphate-grown culture (Table 3). In contrast to the enzyme makeup of the P iso-
late, in the NP isolate the levels of glucose-6-phosphate dehydrogenase and acid phos-
phatase were respectively only 4.6 and 2.4 times higher in low-phosphate-grown cul-
tures than in the high-phosphate-grown fungus. Moreover, instead of decreased levels
of pyruvate kinase, malate dehydrogenase, and succinate dehydrogenase as shown in
the low-phosphate grown P isolate, the activities of all these enzymes were higher in
the low-phosphate-grown NP isolate compared to their levels in the high-phosphate-
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Table 3: Pyruvate kinase (PK), glucose-6-phosphate dehydrogenase (G6PDH), malate dehydro-
genase (MDH), succinate dehydrogenase (SDH) and acid phosphatase (AP) activities of P and
NP isolates of P. digitatum cultivated in low or high phosphate medium. The activities were
determined in mycelia obtained from 4-day old cultures.

P isolate NP isolate
. Phosphate
Enzyme level(mM) 100 0.1 100 0.1
assayed
: (units min~' - mg™* - Protein)

_’PK 11.86 291 1.28 2.68
G6PDH 0.01 0.61 0.18 0.82
MDH 0.76 0.32 0.02 0.26
SDH 0.96 0.45 0.06 0.41
AP (x10% 0.80 21.00 0.08 0.19

10
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Fig. 1: The relationship between the activity of acid phosphatase and the rate of ethylene pro-
duction in the P isolate of P. digitatum.

grown culture. However, when a direct comparison is made between the levels of
enzyme activities in the P and NP isolates cultivated in low phosphate or in high
phosphate, marked differences in the enzyme activities were observed only when the
cultures were cultivated in high phosphate medium (Table 3). However, in low-
phosphate-grown cultures the activity of acid phosphatase was 110 times higher in
the P compared to the NP isolate.

- The levels of acid phosphatase activity determined in the P isolate on different days
of cultivation correlated closely with the increase in ethylene production (Fig. 1).
This difference in acid phosphatase activity between the P and the NP isolates grown
in low phosphate may be significant in the light of the observation that the activity of
none of the other enzymes tested changed so markedly in low phosphate cultures and
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that the P isolate, under these conditions, produced ethylene while the NP isolate did
not (Table 1). This could be a reflection of the difference in the intracellular concen-
tration of acid-soluble phosphate which was approximately 8 times higher in the NP
isolate than in the P isolate as shown above (Table 2).

The results presented indicate that, unlike the P isolate of P. digitatum, the NP iso-
late did not respond by producing ethylene in low phosphate medium (Table 1).
Thus, the NP isolate differs from the wild type isolate in its inability to produce
ethylene, not only during infection of citrus fruit (Chalutz, 1979) but also when cul-
tivated under conditions that stimulate ethylene production in the P isolate.

The inability of the NP isolate to produce ethylene may be related to its relatively -
high intracellular phosphate content. Even when the NP isolate was cultivated in low
phosphate medium, it maintained more intracellular phosphate than did the P isolate
when cultivated in high phosphate medium (Table 2). Similarly, other fungi tested
maintained a higher intracellular phosphate content than the NP isolate, and none of
them produced ethylene in any considerable amounts. Thus, it is possible that the
ability of P. digitatum, and perhaps of other microorganisms as well, to produce
ethylene may be related to a critical low intracellular phosphate concentration. Such
a phenomenon was recognized earlier with secondary metabolites (Weinberg, 1974),
each of which is inhibited by a certain specific phosphate level of the medium. How-
ever, in these earlier studies intracellular phosphate content was not measured.

The data presented in this work indicate clear differences between the P and NP
isolates of P. digitatum not only in their ability to accumulate acid-soluble phosphate
intracellularly but also in the levels of various enzyme activities, particularly acid
phosphatase activity. These observations may be related to the inability of the NP
isolate and of some other fungi, to produce ethylene. One of the possible mechanisms
of control of ethylene in fungi by intracellular phosphate levels may involve phos-
phorylation/dephosphorylation of the ethylene-producing enzyme system mediated
through changes in protein kinase activity (Mattoo et al,, 1979a) and acid phos-
phatase activity as shown here. Low concentrations of phosphate lead to the de-
repression of acid phosphatase in other microorganisms as well (Nyc, 1967; Wein-
berg, 1974; Boutin et al.,, 1981) and may activate the ethylene-producing enzyme
system in P. digitatum as in the case of other biochemical pathways in micro-
organisms (Mason et al., 1981). However, a direct testing of such a suggestion has to
await the isolation of the ethylene forming system in fungi, attempts at which have
not been successful to date.
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Effect of Wounding on ‘Fuerte’
Avocado Ripening!

Giora Zauberman and Yoram Fuchs?
Division of Fruit and Vegetable Storage, Institute for Technology and
Storage of Agricultural Products, ARO, P.O.B. 6, Bet Dagan 50250,

Israel

Additional index words. wound ethylene, firmness, polygalacturonase, Persea amer-

cana

Abstract. Wounded mature ‘Fuerte’ fruit (Persea americana Mill.) ripened faster than non-
wounded fruit when stored at 14°C. Sigaificant differences were not observed in respiration or
ethylene production between wounded and non-wounded fruit when stored at 20° but the former
softened faster and showed greater polygalacturonase activity. Wounded and non-wounded fruit
ripened at similar rates when stored after wounding for 10 days at 5° and thereafter transferred to
cither 147 or 20°. No “wound ethylene” could be detected immediately after wounding at any
temperature angd is not the carliest event occurring during ripening. Effects of wounding in
metabolic processes of ripening are observed better at a moderate continuous storage tempera-

ture of 14° than at 20°.

It is well known wounding in various

frutt cnhances physiological processes .

which lcad to faster ripening and decay
(3, 4, 10, 11). It has been suggested (3)
the response of fruit to wounding is com-
plex, apparently differing among culti-
vars and even in an individual fruit de-
pending upon the extent of the wound or
the conditions under which it was inflict-
cd. More recently, it was reported that
removal of a pulp plug from avocado fruit
and covering of the wound immediately
with tanolin did not affect the general
pattern of respiration and ethylene pro-
duction during ripening (1).

Avocado harvesting is an expensive
and difficult operation, leading people to
try cheaper and faster ways of harvesting
truit. Tree-shaken harvest has been at-
tempted (7) and effects of snap-harvest of
avocado upon ripening and weight loss
have been studied (5). Some of the fruit
are wounded in the above-mentioned op-
crations and during packing and trans-
portation: therefore, it was of interest to
study the effects ol wounding upon the
npening processes and shelt life of avoca-
do fruit.

Mature “Fuerte” avocado  fruit were
harvested when they contiwined 15% oil,
held for one day at 14° or 20°C and 85 to
9% relative humidity. then wounded by
cxcising | em? of tissue including the peel
and pulp at the widest part of the fruit.

Five fruit from cach treatment were
tested daily, cachin a 2-liter jar for exact-
ly 1 hr; 10 ml of gas from the head space
was then sampled with a syringe for
cthylene and CO, determination by gas

'Received for publication December 13, 19K,
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chromatography (6). The limit of detec-
tion was 20 ppb cthylene/ml.

Firmness was determined without re-
moving the peel, with a machanized Cha-
tillon pressure tester’ using o conical tip
34.6mm in diameter (12). The beginning
of softening could be sensed by hand
when the resistance to penctration was
about 3.5 kg. Three fruit per treatment
were tested at cach determination, cach
at 2 points, then sampled for polygalac-
turonase (PG) activity, The latter was de-
termined as described previously (13); 50
g fruit pulp was ground. | part tissue and
3 parts | M NaClL, in an Osterizer biender
tor 3 min. The fittered extract was incu-
bated for 30 min with 1% aqueous solu-
tion of citrus pectin (Yakin, Israel) at a
ratio of 1:10, at pH 5.0 and 30°C. PG ac-
tivity was expressed as percent loss of vis-
cosity using an Ostwald Viscometer (Vol-
ac No. 150). Similar studies were carried
out during 3 consceutive harvest scasons,
however in this commuanication repre-
sentative data of oply 1 season of studies
are presented.

Wounding avocado fruit aceelerated
their ripening, this effect being more
clearly observed at 14° then at 20°C. Res-
piration rates and cthylene production
were similar in both wounded and non-
wounded fruit at 20°. Peak respiration
rate on the Sth day and that of ethylene
production on the 4th day after wounding
(Fig. 1A & B). Rates and ievels of CO,
and cthylene production were lower at
14° and their peaks in wounded fruit pre-
ceded those in non-wounded fruit by 2
days. The ethylene peak in sound fruit
occurred on the 12th day after wounding
and that of respiration on the 13th day;
whereas the respective peaks were ob-
served in wounded fruit on the 10th and
Lith days (Fig. A & B). Awad and
Young (1) recently showed that the gen-
cral  pattern on avocado  ripening
processes was not atltered by wounding,

No increase in ethylene evolution was ob-
served cither immediately after wounding
or 2,6, and 24 hr later at cither tempera-
ture (Fig. [B). Itis in contrast to reports
about “wound cthylene™ produced by
other fruits (R, 9). The fact that no
“wound cthylene™ could be observed af-
ter wounding is in line with the suggestion
that cthylene may not be the initiator of

T T T T T T T T

A RESPIRATION

g

8

3

Respiration rate (mgCO,/kg/h}

t+ + + + + + + +

0
B
150 ETHYLENE -

8

g

(o]

o

@

H
T

t t t +

D POLYGALACTURONASE
P8 4

& Xo
T

@

o

0] 4 8 12 16
DAYS AFTER WOUNDING

PG activity (Loss of Viscosity,%) Resistance to Penetration (kg) Ethylene production (! CoHq /kg/h)

Fig. | The effect of wounding of avocadu fruit on
respivation rate (A}, cthylene production (134,
softening (C) and polygalacturonase activity (1)),
during storage at 1 and 200C . Respitation
cthylene were measured in the siune frui: solten-
g and polygalacturonase activits are mveriges off
6 determinanions. Intact fruit w20
Wounded Truicar 200 - o ntaer et qn
A - Wounded truit s 14— e o

HoriSonner, Vor . 16(4), Avaosr 1981

3DUIIDG [EIMNINIOH 10§ £13130S UBdLIAWY 2yl Jo uonesiqnd v

eI A ‘eUpUERXSpY ¢



natural ripening but rather a product of
ripening processes (2). 1t seems possible
thut, in wounded avocado fruit, the hy-
drolytic enzymes are activated or re-
leased direetly by the act of cell breaking
(wounding) or are indireetly activated by
some agents other than ethylene.
Softening was accelerated by and PG
activity increased following  wounding
(Fig. 1C & D). A difference could be ob-
served only on the 11th day at 14°C, but it
was obvious already by the 2nd day after
wounding at 20°. Final PG activity in
sound and wounded fruit reached similar
levels at both temperatures similar to
what was reported by Awad and Young
- (1): however the final level of PG activity
was lower at 14° (Fig. 1D). There were no
differences between sound and wounded
fruit in softening rates when fruit were
stored at 52 for 10 days (9.5 Kg resistance
Lo penetration) before being transterred
to cither 147 or 20°. However, fruit, both
sound and wounded, become soft (0.5
kg) 7 days after it was transferred to 14°
and after only 4 days at 20° (0.4 kg).

HowriSaiesce. Voo 16(4), AuGust 1981

Wounding the fruit did not cause any de-
cay development during softening under
our conditions.

[tappears that when ripening processes
are aceclerated by storage at a temperi-
ture such as 20°C small differences cannot
be observed; however, by slowing these
process at 14° the relatively small differ-
ences become more obvious as the time
scale of ripening is stretched out.
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Fungal infections suppress ethylene-induced phenylalanine
ammonia-lyase activity in grapefruitst

N. Lisker, LEa Conen, E. Cuarurz and Y. Fuchs

Division of Fruit and Vegetable Storage, Institute for Technology and
Storage of Agricultural Products, Agricultural Research Organization,
The Volcani Center, P.O. Box 6, Bet Dagan 50250, Israel

(Accepted for publication Decembes 1982)

Ethylene-induced phenylalanine ammonia-lyase (PAL) activity in yellow grapefruit peel
was inhibited by inoculation of the fruit with Penicillium digitatum, not only at a place close
to the infection site but also in areas farther away from it. The degree of inhibition was related
to the distance of the fungus from the assayed region. Other fungi tested such as a non-
ethylene producing isolate of P. digitatum, an isolate of P. italicum and an isolate of Geotrichum
candidum had a similar effect. This phenomenon was also found in orange fruit peel. PAL was
not induced in the green fruit by ethylene and also not induced during natural infection of
mature fruits by P. digitatum in spite of the production of ethylene during infection.

These findings indicate a mechanism whereby fungi are able to prevent the defence
response of host cells to invasion.

INTRODUCTION

Increase in phenolic compounds, derived from phenylalanine, may occur in many
plants after infection with pathogens, particularly in the case of incompatible host—
pathogen interactions [7, 8, 13]. Phenylalanine ammonia-lyase (PAL, EC. 4.3.1,5) is
a key enzyme in the secondary metabolism of plants. The product of the enzyme
reaction, cinnamic acid, is the precursor of many corppounds, e.g. p-coumaric, caffeic,
ferulic acids and lignins [#] thought to be involved in the defence mechanisms of
some plants [7, 8, 13]. Increase in PAL activity has been found after wounding and
following inoculation [4, 8, 9, 11, 17], and increased amounts of p-coumaric acid
residues were also found in lignin formed in wheat plants following inoculation [16].

Healing of wounds in citrus fruit is an active biological process involving the in-
duction of PAL activity. Such increase in enzymatic activity is probably responsible
for the increase in lignin and free phenolic constituents in injured citrus flavedo [11].
It has been suggested that lignin deposition provides a mechanical barrier blocking
penetration by fungal germ tubes [2, 3, 10]. In addition, free phenolic compounds
may directly act as fungitoxic compounds [7, 13].

PAL activity in citrus fruits can be induced by wounding [/J, 17] and by ethy-
lene applications [/7] but it is not induced by light [17]. Whether or not infections
of citrus fruits by some of their important pathogens such as Penicillium digitatum
Sacc., P. italicum Wehmer or Geotrichum candidum Lk. ex Pers. affect PAL activity is

tContribution from the Agricultural Research Organization, The Volcani Center, Bet Dagan,
Israel. No. 502-E, 1982 series. ~
0048-4059/83/030331+ 08 $03.00/0 ‘ © 1983 Academic Press Inc. (London) Limited
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not clear. Ismail & Brown [1I] reported recently that PAL activity in injured orange
fruits was inhibited after inoculation of the injured area with P. digitatum.

We report here on an inhibition of PAL activity by fungal inoculation not only at
the infection site, but also in peel areas distant from the site of infection.

MATERIALS AND METHODS

Fung:

The fungi used in this study were (1) an ethylene-producing isolate (EP) of P. digi-
tatum Sacc. (American Type Culture Collection 10030), (2) a non-ethylene-producing
isolate (NP) of P. digitatum obtained from infected citrus fruits, (3) an isolate of P.
italicum Wehmer and (4) an isolate of Geotrichum candidum Lk. ex Pers. All fungi were
obtained as single spore cultures and kept on potato-dextrose agar (PDA, Difco)
until used.

Plant material

Ripe grapefruit (Citrus paradisi Macf., “Marsh Seedless”’) were hand picked twice
during the season (January and April, unless otherwise indicated). Only fruits,
uniform in size, from the shadowed centre of the trees were used in these tests.
“Shamouti” oranges [(Citrus sinensis (L.) Osbeck)], were picked in January. The
fruits were stored at 11 °C at 909, rh until used.

Fruit inoculation

In general, dense spore suspensions obtained from PDA-grown, 4 to 7-day-old fungal
cultures, to which 0-1%, Tween 80 was added, were used for inoculation. Fruits were
inoculated near the stem-end by placing a drop (40 ul) of the spore suspension on the
surface of the fruits and then piercing once with a needle. Inoculated fruits were
placed inside 6-1 glass jars, generally three fruits in each jar. The jars were kept at
1841 °C in the dark except when fruits were inoculated with G. candidum. In this
case, the fruits were kept in the dark at 25 °C and at high humidity (95 to 100%, rh)
during the whole experiment to promote better infection and development of the
fungus. When fungi developed on the fruits to a visible area of either 2 or 4 cm in
diameter, each jar was connected for 48 h to a flow system through which an ethylene-
air mixture (100 ppm ethylene) was passed at a constant rate of 30 ml min-1. The
fruits were then removed from the jars, the flavedo of seven to nine fruits at the area
to be examined was carefully cut out and immediately frozen at — 18 °C until assayed
for PAL activity.

PAL extraction and determination of its activity

The enzyme was prepared from frozen flavedo essentially as described by Chalutz [5]
and Rahe et al. [15]. Ten grams of the flavedo were ground in a Waring Blender for
1 min with 100 ml acetone at —18°C The blended flavedo was filtered through
Whatman No 1 filter paper and the powder blended again with acetone. This step
was repeated three times. The acetone powder was then dried in the air at room
temperature for 3 h, collected and stored at —18°C until used. For enzyme assay,
500 mg of the dry acetone powder was added to 10 ml cold 0-1 M borate buffer, pH
88, and stirred for 1 h at 4°C. The suspension was centrifuged twice at 12 100 g at
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4°C and the clear yellowish supernatant was then dialysed at 4 °C against 21 0of 0-2 M
borate buffer, pH 8-8, for 48 h and then taken for PAL determinations. The reaction
mixture contained 1-5 ml enzyme preparation, 2.5 ml 0-1 M borate buffer, pH 88,
and 1-0 ml 0-05 M L-phenylalanine (Aldrich Chemical Inc.). Tubes containing the
reaction mixture were incubated for 1 h at 40°C. In some experiments Tris—-HCl
buffer was substituted for borate buffer with no differences between the level of
activity obtained [/4]. The reaction was stopped by the addition of 0-1 ml 5 N HCL
Then, 7 ml of diethyl ether (spectroscopic, Merck) were added to the reaction mix-
ture and thoroughly mixed in a Vortex apparatus. Since a thick gel was formed in
the upper ether fraction the mixture was centrifuged at 12 100 g for 5 min and 3-5
ml of the clear ether supernatant was taken for direct measurements, in a spectro-
photometer at 269 um, of the cinnamic acid formed.

Scanning the ether fraction of controls stopped at time 0 of incubation, showed
an absorption peak at 283 pm. However, the addition of pure cinnamic acid to this
preparation shifted the peak from 283 to 269 yum. Thus it seemed that the presence
of pre-existing substance(s) in controls with an absorption peak near that of cinnamic
acid could interfere with enzyme readings at low enzyme activities and so this
question was investigated further. Three millilitres of ether fractions of controls
(without cinnamic acid) and of controls to which cinnamic acid had been added,
were dried at 40 °C and dissolved in 0-5 ml ether. These were then loaded on silica
gel 60 tlc plates containing a F,g, fluorescent indicator {(E. Merck). Plates were run
in a solvent mixture of toluene:ethyl-acetate:90%, formic acid (50:40:5 v/v). After
development the plates were air-dried and three spots could be visualized under a
short-wave uv lamp in samples containing cinnamic acid. One spot having a Ry
similar to authentic cinnamic acid (R;=0-6) was removed from the plates, resus-
pended in ether and as expected showed maximum absorbance at 269 to 270 um.
The other two spots (Ry 0-90 and 0-95 respectively) were present in all samples and
found to have maximum absorbance at 283 um. This tlc method was subsequently
adapted to check spectrophotometric determinations of cinnamic acid by using a
relationship which was determined between cinnamic acid concentrations, diameter
of spots on tlc plates and absorbance.

Ethylene determination
Individual fruits inoculated or not inoculated with P. digitatum were placed inside 1-1

glass jars kept at 18°C. Every day the jars were sealed for 1 h prior to sampling of
the air above the fruit for ethylene determinations as described previously [6, 18].

RESULTS

Influence of fruit age on PAL induction by ethylene

Grapefruits were tested monthly from September until February in order to deter-
mine their ability to respond to ethylene treatment with increased PAL activity. In
September fruits were still deep green and about 70 cm in diameter. In December
the fruits reached full size and were fully coloured. The results showed (Fig. 1) that
treating fruits for 48 h with 100 ppm ethylene did not induce PAL activity as long
as the fruits were not completely yellow. Therefore all our experiments were carried

out with fruits picked from January onwards.
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PAL activity in grapefruit inoculated with P. digitatum

Since ethylene is known to induce PAL activity in citrus fruits [/7] and since inocu-
lation by P. digitatum results in ethylene production [6], PAL activity in grapefruit
peel inoculated by this fungus was examined. Different peel areas of the inoculated
fruits were tested for PAL activity: the inoculation site, the water soaked area sur-
rounding the inoculation site, the region surrounding the water-soaked area and an
additional area 2:5 cm away from the inoculation site. PAL activity was low in all
these areas throughout the infection process. Figure 2 shows the value obtained for
PAL activity at the inoculation site and for ethylene production during this period.
It is possible that injuries made at the time of inoculation were responsible for the
small peaks in activity found during the initial incubation period. Maximum ethylene
production (37-0 ppm) was detected 12 days after inoculation when fruits were
already completely covered by the fungus.

Inhibition of PAL activity at a fruit site opposite to the inoculated area by different fungi
Grapefruits were inoculated by the EP isolate of P. digitatum near the stem-end, kept
until the lesion developed to either 2-0 or 4-0 cm in diameter. The ethylene treat-
ment did not affect the growth rate of the fungus in the fruit peel. Non-inoculated
" fruits were used as controls either pierced once or not pierced, and with or without
treatment with ethylene. An additional control included inoculated fruits not treated
with ethylene. Our previous results (Fig. 2) indicated that 6 days following inocu-
lation, as a result of fungal infection, fruits were exposed to a very minute concentra-
tion of ethylene which was not sufficient to induce PAL activity. Following the
100 ppm ethylene treatment, the flavedo tissue from a 1 cm wide strip at the equa-
torial part of the fruit and a 2-5 cm wide strip at the styler side of the fruit opposite
to the inoculated area were cut and examined for PAL activity. Table 1 shows that
as the fungus progressed over the fruit ethylene-induced PAL activity was inhibited,
inhibition being higher in peel regions close to the inoculated area.

TasLe 1

PAL activity in the flavedo tissue of grapefruit peel inoculated with P. digitatum and subsequently
i treated with ethylene

PAL activity
(uM cinnamic acid g~! dry weight~1 h)
Days after inoculation

Fruit treatment . 4 6
Non-treated Trace Trace
Inoculated only:

Equatorial Trace Trace
Stylar-end opposite to inoculation site Trace Trace
Ethylene treated only 63-54-12-1 68-5415-57

Inoculated and ethylene treated:
Equatorial 18:54-7-43 504418
Stylar-end opposite to inoculation site 50-049-38 17-5+5-12

Ethylene treatment (100 ppm) was applied at two different stages of the fungus develop-
ment, after 2 and 4 days of growth. Each result is the mean of five experiments + s.d.
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Inhibition of PAL activity seemed also to take place at regions of the peel far away
from the infected area. Other fungi, e.g. the NP isolate of P. digitatum, an isolate of
P. italicum and an isolate of G. candidum showed similar inhibitory effects on PAL
activity (Table 2). '

' TaBLE 2

PAL activity in the flavedo tissue of grapefruit peel inoculated with several fungi and subsequently
treated with ethylene

PAL activity

Fruit treatment (uM cinnamic acid g~! dry weight h-1)
Non-inoculated 75-04+16-1
Inoculated with:
P. digitatum (NP) 16-046-60
P. italicum 15:045-0
G. candidum 22:047-50

Ethylene treatment was at 100 ppm. PAL activity was assayed at the stylar-end of the
fruit opposite to the inoculated site after 6 days incubation. Non-ethylene treated
fruits, inoculated or non-inoculated by these fungi, showed only traces of PAL activity.
Each result is the mean of three experiments 4 s.d.

In order to determine if the inhibition by fungal infection of ethylene-induced
PAL activity is independent of the site of fungal inoculation, we also inoculated P.
digitatum at a point in the equatorial region of the fruit. In these fruits as well, PAL
activity assayed at the site opposite to the inoculated area was inhibited approxi-
mately fourfold by fungal infection.

Inhibition of ethylene-induced PAL activity in orange fruits by P. digitatum

To check whether the inhibitory effect of fungal infection on PAL activity was re-
stricted to grapefruits only, similar tests were carried out with oranges. The results
obtained showed that in oranges also fungal infection inhibited PAL activity at an
area far away from the inoculation site. Control, ethylene treated non-inoculated
fruits showed PAL activity of 70-0 pM cinnamic acid g=! dry weight h-!, whereas in
the ethylene treated inoculated fruits PAL activity decreased by fourfold on the 6th
day after inoculation.

DISCUSSION

PAL is the first enzyme of the phenylpropanoid pathway and may have an important
role in the defence mechanism of plants [8]. In spite of the fact that during its
development on grapefruit peel, P. digitatum is ‘“‘wounding” the tissue and ethylene
is produced, we did not observe an increase in PAL activity (Fig. 2) as was also
reported by Ismail & Brown [/1] who mechanically injured the tissue prior to inocu-
lation of the injured site. Thus, in mechanically injured peel PAL activity is increased
[11] while this is not so in inoculated tissue. A possible explanation for this fact is
that mechanical injury kills only a small part of the cells and the living adjacent ones
react by increased PAL activity. Fungal injury, on the other hand, probably kills
most of the cells in the tissue and therefore an increase in PAL activity could not take
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place. In addition, the ethylene produced during this host—parasite interaction may
reach amounts which can induce PAL activity [17] only when most of the fruit is
infected by the fungus. Therefore, ethylene in this case has little or no effect on the
induction of the enzyme (Fig. 2).

Increased PAL activity has been reported to occur in plants during the resistant
reaction [8]. Mature grapefruit and oranges are not resistant to any of the fungi
used in this investigation and therefore the negligible increase in PAL activity found
during pathogen development on the fruit (Fig. 2) is not unexpected. Furthermore,
green grapefruit which are also susceptible to fungal attack did not respond to
ethylene treatment by increased PAL activity (Fig. 1).

However, the most interesting effect of PAL inhibition by the fungus was observed
at areas far away from pathogen development (Tables 1 and 2). This phenomenon
was observed when fungal inoculations were performed at different sites on the fruits,
when several other fungi were used to inoculate grapefruits, or when oranges were
used instead of grapefruits. The absence of fungal mycelium in areas which are 2-0 cm
or more away from the visible water soaked area was verified (Achilea, Fuchs &
Chalutz, unpublished results).

The phenomenon of “killing in advance” the fungus then growing in the already
dead tissue is well-known [1, 12]. However, we report a finding which indicates
that the fungus is apparently able to “‘neutralize” cell responses far away from the
" site of its development. Thus, it may prevent, in advance, the formation of unfavour-
able substances by the host cells before destroying the whole fruit. Further investi-
gations on the phenol and lignin levels may indicate the ability of the fungus to
suppress these two other main constituents of the plant’s defence systems.

This research was supported in part by a grant from the US-Israel Binational Agri-
cultural Research and Development Fund (BARD). The technical assistance of
Y. Shalom and E. Levy is acknowledged.
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SUMMARY: Cellulysin induces ethylene production in tobacco leaf discs by
initiating the formation of l-aminocyclopropane-l-carboxylic acid. Induction
occurred within 30 to 60 min of incubation and was inhibited by aminocethoxy-
vinylglycine, and the antiproteases, PMSF and soybean trypsin inhibitor.
Cycloheximide (CHI) at 2.8 ug/ml and chloramphenicol (CAP) at 100 ug/ml did
not inhibit this induction although incorporation of the label from
(3,4-14C)methionine into the acid-insoluble fraction was inhibited by 57%.

At 14 ug/ml CHI, and CAP, ethylene production was inhibited by 25% while
protein synthesis was inhibited by 75%. We suggest that either the low amounts
of protein synthesis that appear to be insensitive to CHI is sufficient to
induce ethylene biosynthesis or that Cellulysin activates a preexisting but
inactive form of ACC synthase to promote ethylene biosynthesis. Also,
induction of ethylene production by microbial enzymes that digests plant cell
walls may be an initial protective response of plants that serves to combat
microbial- infection.

Ethylene, the gaseous plant hormone, is produced, to varying degrees, by
most higher plants‘and by microorganisms (1l). Auxin treatment as well as
mechanical or chemical wounding of higher plants lead to a considerable
enhancement in the rate of ethylene production, particularly-in those plant
tissues that normally produce very little of this hormone (1-4). This type of
stimulation of ethylene biosynthesis in higher plants has been related to the
induction of l-aminocyclopropane~l-carboxylic acid (ACC) accumulation as a
result of enhanced conversion of S-adenosylmethionine (SAM) to ACC in the
following metabolic sequence: methionine —y SAM —» ACC —» C2H4

The mechanism of this stimulation remains obscure, although it is apparently

related to de novo synthesis of ACC synthase (3).

lThis work was supported by the USDA, Agricultural Research Service, and the
University of Maryland in Cooperative Agreement No. 58-3204-1-216, and
U.S.-Israel Binational Agricultural Research & Development Fund (BARD)..
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In contrast to our knowledge of hormone- and wound-induced ethylene
production in higher plants, little is known about the enhanced ethylene
biosynthesis common to most host-parasite interactions during disease
development. In the latter, the actual contribution of the host, or the
pathogen, or both in stimulating ethylene biosynthesis is not yet established,
However, one of the first events during the contact of a pathogen with the
host plant involves secretion by the pathogen of enzymeé that degrade plant
cell walls (5). Fungi secrete a variety of extracellular plant cell wall
digesting enzymes that are routinely used to obtain protoplasts from plant
cells (6). In this context, we found it interesting that the fungal, cell wall
degrading enzyme mixture, Cellulysin, markedly induced the production of .
ethylene in tobacco leaf discs. We report here that Cellulysin-induced
ethylene biosynthesis is rapid, related to a considerable increase in the
synthesis of ACC, and insensitive to low concentrations of the protein

synthesis inhibitors, chloramphenicol and cycloheximide.

MATERIALS & METHODS

Tobacco plants (Nicotiana tobacum L. cv. Xanthi) were grown in a
greenhouse under natural light at temperatures ranging between 20 and 30°C
for 1-2 months. Leaves were washed with distilled water, surface-sterilized by
soaking for 10 sec in 70% ethanol, and rinsed several times in sterile
distilled water. Sterile technique was used in all subsequent handling of the
tissue and glassware. .

Discs (1 cm in diameter) were cut from leaf blades of fully expanded,
deep—-green leaves and were floated abaxially down under cool-white fluorescent
light (1750 lux) for about 1 h in petri dishes containing, unless otherwise
indicated, filter-sterilized basal medium containing 700 mM sorbitol, 10mM
MES(pH 6.0), 10 mM CaCly, 50 ug/ml streptomycin sulfate and 50 units/ml
penicillin G in the absence and presence of Cellulysin (Calbiochem). Six discs
(70-100 mg fresh weight) were floated on 1 ml of filter-sterilized test
solutions in 25-ml Erlenmeyer flasks. The flasks were sealed with rubber serum
stoppers and incubated at 259C in darkness.

Ethylene was allowed to accumulate for 1 to 2 h and quantified by gas
chromatography (7). Between each sampling, the flasks were flushed with
sterile fresh air. Radioactive ethylene produced by leaf discs incubated with
(3,4-14C)methionine was absorbed in 1 ml of ice-cold, 100 mM mercuric
acetate (in methanol) and assayed in a liquid scintillation counter.

For ACC determination, leaf discs were homogenized in 70% ethanol, and the
homogenate was centrifuged at 10,000 x g for 20 min. The supernatant was
evaporated to dryness under vacuum at 40°C and the residue suspended in 1 ml
of water. The solution was used directly or passed through a cation-exchange
column (Dowex 50, HY). In the latter case, ACC was then eluted with 2N
NH40H and concentrated as before. ACC was then degraded to ethylene by the
method of Lizada and Yang (8).

With a few exceptions, three replicates were used routinely. Experiments
were repeated at least twice and gave reproducible results. Representative
experiments are presented.
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Fig. 1. Induction by Cellulysin of ethylene production in tobacco leaf
discs. Leaf discs (6 per flask) prepared as described in Materials
and Methods were floated on 1 ml of basal medium containing 600 mM
sorbitol, 10mM CaCly, 10 mM MES, pH 6.0, 50pg/ml streptomycin
sulfate and 50 U/ml penicillin G in the absence () and presence
of either 1.3% Cellulysin (Q) or 0.05mM IAA ( A ). Rate of
ethylene production is shown in relation to the time of incubation.

RESULTS

freviously.Aharoni and Lieberman (9) reported that the rate of endogenous
ethylene production by tobacco leaf discs, floating on water in the dark, was
very low, taking as many as 7-8 days to reach 40-80 pmoles/h/g. A rapid
induction of ethylene production was observed when tobacco leaf discs were
treated with Cellulysin (Fig. 1). The Cellulysin-dependent ethylene production
occurred in less than 1 h and rates (2120 pmoles/h/6 discs) which Qere over
17-fold greater than the control were reached within 3 h(Fig. 1). In the same
time period, béiling Cellulysin or supplementing IAA in the absence of
Cellulysin were ineffective in stimulating ethylene production (Fig. 1). In
some experiﬁents, a lag of less than 0.5 h was observed in Cellulysin-induced
ethylene production. The induction of ethylene production occurred prior to
the detection of protoplasts in the medium, using a light microscope. Over the
2 years during which this investigation was carried out variation was found in
the rate of ethylene production induced by Cellulysin. Much of this

variability was related to the age of the leaf, from which discs were prepared.
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Table 1. Inhibition of Cellulysin~induced ACC formation and ethylene
production by aminoethoxyvinylglycine(AVG) in tobacco leaf discs

Additions to the CoHy acC
incubation medium* nmoles/h/g fr wt. nmoles/h/g fr wt.
‘None 0.25 .12
Cellulysin 3.03 1.83
Cellulysin + 0.1 mM AVG 0.20 0.07

*The concentration of Cellulysin was 2%. Ethylene production
was measured between 0-2h. ACC was isolated from the leaf discs
after a 6 h incubation period and the concentration determined as
described in Materials and Methods.

The marked increase in ethylene production by tobacco leaf discs in
contact with Cellulysin was accompanied with an increase in the formation of
ACC (Table 1), suggesting that the conversion of SAM to ACC is the target of
Cellulysin action. This conclusion is supported by the inhibition of both the
.Cellulysin—induceq ethylene production and ACC formation by
aminoethoxyvinylglycine (AVG) (Table 1), a potent inhibitor (10,11) of ACC
synthase which catalyzes the SAM —» ACC reaction.

Cycloheximide(CHI) (10 kM), an inhibitor of cytoplasmic protein synthesis,
did not block Cellulysin-mediated induction in ethylene biosynthesis (Table
2), shedding doubts on the involvement of de novo protein synthesis in this
‘induction. This was furpher tested in experiments using (3,4—14C)methionine

12C-—methionine (to adjust for pool saturation) as a

supplemented with 1mM
substrate for ethylene biosynthesis as well as protein synthesis.
Cellulysin induced the conversion of (3,4—14C)methionine into

14C2H4, which was comparable to the rise in total ethylene production

over the controls (Tabie 2). Under these conditions, Cellulysin caused 22%
inhibition in the uptake of radioactive methionine and 42% inhibition in the
incorporation of radioactivity into acid-insoluble material. Inclusion of CHI
(10uM) and chloramphenicol(CAP) (100ug/ml) along with Cellulysin in the
incuba;ion medium further inhibited uptake of radioactive methionine by 14%
,and its incorporation into acid-insoluble (protein) radioactivity by 57%, but

14

neither total ethylene production (+10%) nor ~ C-methionine incorporation
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Table 2. Effect of chloramphenicol(CAP), cycloheximide(CHI}, isopropanol and PMSF on
Cellulysin-induced ethylene production and on protein synthesis*

addition to ‘ Protein l4cpet Ratio

the basal medium Total CpH4 l4cyHy (PCA-insoluble) Uptake l4coHy/
nmoles nCi l4c protein

None 0.11 0.04 3.84 93.0 0.01

Cellulysin 1.43 0.66 2.21 72.6 0.30

Cellulysin + CAP
+ CHI (10uM) 1.57 0.60 0.96 69.9 0.63

Cellulysin + CAP
+ CHI (50uM) 1.07 0.26 0.56 65.3 0.46

Cellulysin + iso-
propanol 1.18 - 0.43 1.79 82.4 0.24

Cellulysin +
PMSF : 0.56 0.22 1.50 76.2 0.15

*Each data point is the mean of 2, 6 leaf disc replicates, prepared as described in the
"Materials & Methods". Discs were preincubated in 1 ml of filter-sterilized basal medium
containing 1kCi L-(3,4-14C)methionine (50pCi/umol),lumole 12C-methionine and additions
listed in the table. After 3 hr, total C;H4 and 14CH4 were determined. Discs

were then rinsed with basal medium and stored at -20°C until extraction with perchloric
acid. The concentrations of various additives were: Cellulysin, 1.2%; CAP, 100 ug/ml; CHI,
as indicated; PMSF in isopropanol, 1lmM; isopropanol control for PMSF, 1l0upl.

into 14C2H4 (-8%) were affected (Table 2). Only at much higher

concentrations (50uM) was CHI effective in inhibiting both the total ethylene
production (by 25%) and radioactive ethylene (by 61%), when 75% of
radioactivity into acid-insoluble material was inhibited. Therefore, under
conditions when 57% of protein synthesis is inhibited neither total ethylene
nor radio-labeled ethylene formation weie affected. Indeed, the ratio of
14C2H4/14C-§rotein iq Cellulysin-treated tissue, which was 0.3,

increased to 0.63 in the presence of 10uM CHI and CAR, and to 0.46 when 50uM
CHI was used (Table 2).

It was suspected that Cellulysin-induced ethylene production may involve a
moaification of the already'present but inactive ACC synthase, e.g. by a
protease-mediated activation phenomenon observed elsewhere (12,13)in other
-systems. Therefore, ethylene pfoduction and ACC levels were analyzed in

tobacco leaf discs after incubation with Cellulysin in the absence and

presence of known protease inhibitors. The results (Table 3) show that
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Table 3. Effect of protease inhibitors on Cellulysin-mediated increase
in ACC level and rate of ethylene production*

Addition to Ethylene Production ACC

the basal medium (nmoles/h/g fr. wt.) (nmoles/h/g fr. wt.)
_ None 0.25 0.11

Cellulysin . 3.10 1.84

Cellulysin + PMSF 0.40 0.05

Cellulysin + trypsin
inhibitor (1l mg) 1.83 0.50

Cellulysin + Pep~
statin A (0.1 mg) 3.10 1.39

*petails are given in the text and in the legend to Table 1.

phenylmethanesulfonic acid (PMSF) and soybean trypsin inhibitor, but not
pepstatin A (an inhibitor of carboxyl proteases), markedly inhibit ethylene
production induced by Cellulysin and that the inhibition parallels a
corresponding decrease in the level of ACC. There was some inhibition of ACC
formation but no inhibition of ethylene production by Pepstatin A (Table 3).
This experiment, howevér, did not rule out the possibility that the
serine-type protease inhibitors could also prevent any contaminating protease
present in Cellulysin fﬁom acting on the leaf discs, if, in fact, that was the
mechanism of induction of ethylene production by Cellulysin. To test this,
Cellulysin was preincubated with PMSF for 30 min to inactivate any serine-type
protease or esterase. The precipitated protein was centrifuged down and
supernatant gel-filtered through a column of Sephadex G-25 (30 ml bed volume)
to remove any free PMSF present and tested for ethylene—producing activity in
tobacco leaf discs. PMSF-treated Cellulysin was as effective in stimulating
ethylene biosynthesis as the untreated enzyme mixture (Table 4), while the
addition of PMSF to the incubation medium inhibited Cellulysin-induced
ethylene production. PMSF inhibited production of both the total and
_radioactive ethylene from (3,4—14C)methionine in the presence of Cellulysin
(Table 2) confirming effective inhibition of Cellulysin-induced ethylene

production by PMSF. During the short incubation periods used,  CHI, PMSF and
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Table 4. Pretreatment of Cellulysin with PMSF does not
prevent Cellulysin-induced ethylene production*

Addition to Ethylene production
the basal (nmoles/2h/6 discs)
medium

None ' 0.08
Cellulysin 1.64
Cellulysin + isopropanol 1.37
Cellulysin + PMSF 0.83

Isopropanol-treated
Cellulysin after gel
filtration 1.67

PMSF-treated Cellulysin
after gel filtration 1.54

¥For details see text and the legend to Table 1,
Incubation period was 2 hr.

Pepstatin A did not affect the conversion of exogenously applied ACC to
ethylene, while trypsin inhibitor slightly stimulated this conversion (data

not shown).

DISCUSSION

We have demonstrated a rapid induction of ethylene biosynthesis in tobacco
leaf discs by Cellulysin treatment. This induction appears to be related to a
tremendous increase in the activity of ACC synthase as judged by the formation
of ACC and inhibition by AVG. In this respect, these results are similar to
stress- (3,14) and auxin-induced (4) ethylene production where SAM==d ACC
conversion has been invoked as the réte—limiting step. Such an increase in the
activity of ACC synthase has been attributed to de novo synthesis because of
its inhibition by relatively high concentrations of CHI (3). However, doubts
about this conclusion have been expressed (14,21) and no direct proof of
actual de novo synthesis of ACC synthase has been reported.

In Ehe phenomenon described here, either the low amount of protein
synthesis that occurs in the presence of CHI is sufficient to induce ethylene
biosynthesis at the level of ACC synthase activity or, alternatively, in

certain situations, the increase in ACC levels and ACC synthase can occur by a
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post-translational modification, involving modification of a pre-existing,
enzymatically inactive protein. The absence of lag, specificity of inhibition
" of both Cellulysin-mediated ethylene production and ACC formation by a serine
protease inhibitor, PMSF(since the carboxyllprotease inhibitor, Pepstatin A,
was not inhibiﬁory), and ineffectiveness of CHI to inhibit this process
support our contention that a post-translational modification/activation of an
"inactive" ACC synthase may be involved. Also, we have observed (15) that PMSF
inhibits the increase but not the activity of ACC synthase in wounded tomato
fruit slices. However, elucidation of the activation méchanism alluded to
above awaits preparing antisefa to pure ACC synthase and analyzing the content
of this protein in tissues unactivated and activated for ethylene production.

Cellulysin-mediated increase ih ethylene biosynthesis demonstrated here
has other implications. For example, the marked increase in ethylene
production during host-parasite interactions (16,17) may be caused by an
interaction between cell wall degrading enzyme(s) secreted by the pathogen and
the host plant tissue in the same hanner as reported here. Such a rapid
induction of ethylene production by a pathogenic organism could be a defense
mechanism involving a hypersensitive reaction (18) by which plants eliminate
infected areas and/or possibly a mechanism which enhances the pathogencity or
virulence of the parasite.

Finally, ethylene is known to cause abscission of leaves and fruits by
inducing cellulase and polygalacturonase activity in the abscission zone
(19,20). It remains to be ﬁnderstood whether this induction of cellulase and
polygalacturonase activities is a mechanism by which the initial trigger
caused by ethylene leads to continued, self-activation of ethylene production
via the stimulation of ACC synthase by cellulase and/or polygalacturonase.
This phenomenon would generate a cyclic process until the leaf or fruit

abscisses.
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ABSTRACT

Cellulysin-induced ethylene production in tobacco (Nicotiana tabacum
1..) leaf discs was enhanced several-fold by prior exposure of the leafl
tissue to ethylene. This enhancement in the response of the tissue to
Cellulysin increased rapidly during 4 and 8 hours of pretreatment with
cthylene and resulted from greater conversion of methionine to ethylene.
On treatment with Cellulysin, the content of 1-aminocyclopropane-1-
carboxylic acid (ACC) in leaf discs not pretreated with ethylene markedly
increased while that of the ethylene-pretreated tissue was only slightly
higher than in the tissue incubated in the absence of Cellulysin. Ethylene-
treated tissue, however, converted ACC to ethylene at a faster rate than
air controls. These data indicate that ethylene stimulates Cellulysin-
induced ethylene production by stimulating the conversion of ACC to
cthylene. Data are also presented on a possible relation of this phenom-
enon to ethylene produced by the tobacco leaf upon interaction with its
pathogen, Alternaria alternata.

Ethylene is produced by higher plants as well as microorgan-
isms and its role as a plant hormone is well established (1. 15,
16). In most diseased plants, ethylene production is stimulated
and the involvement of ethylene in pathogenesis has been sug-
gested (6. 21, 25). Ethylene may be involved in disease resistance
by induction of enzymes or by formation of antifungal com-
pounds (8. 10, 11, 21, 28). while it may also promote sensitivity
of higher plants to external stimuli by accelerating senescence
(1). Little is known about the mechanism of production and
roles of ethylene during the interaction of host and parasite.
There is also no clear knowledge of the contribution of host or
pathogen to ethylene produced during discase or of the site of
cthylene production (21). However, an carly event in the inter-
action between the host and its pathogen is the secretion. by the
pathogen, of cell-wall degrading enzymes (5) including cellulase
(26). It was therefore of considerable interest to us that a fungal
cell wall digesting preparation, ‘Cellulysin.’ induced ethylene
biosynthesis in tobacco leaves (4) by causing a rapid formation

' Supported in part by a grant from the United States-Israel Binational
Agricultural Rescarch and Development Fund (BARD). This work was
carried out under the Cooperative Agreements No. 58-32U4-1-216 and
§8-12U4-2-394 of the United States Department of Agriculture, Agnicul-
tural Research Service and the University of Maryland.

2 On leave from Division of Fruit and Vegetable Storage, ARO. The

Volcani Center. Bet Dagan, lIsrael.
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of ACC. the immediate precursor of cthylene. We report here
on further studies of this phenomenon, its enhancement 1n tissues
pretreated with ethylene, and its possible relationship to cthylene
produced by the tobacco leaf upon interaction with its pathogen.
Alternaria alternata.

MATERIALS AND METHODS

Three cultivars of tobacco (Nicotiana tabacum L)) plants were
used. viz. Burly Mammoth. Maryland 609, and Xanthi. Mate-
rials and methods used for the preparation of lcaf discs and
cthylene determination were described carlier (4).

Tobacco Icaves were pretreated in air or cthylenc in 3.8-L
desiccators. Each leaf was divided in half by cutting along its
mid-rib and cach half was placed on filter paper. moistened with
water. in individual desiccators. A vial containing filter paper
soaked with 2 ml of 0.25 M mercuric perchlorate was placed in
the ‘air control’ desiccator to absorb traces of ethylene. Similarly,
in some experiments, whole, potted tobacco plants were pre-
treated with ethylene. Four plants were placed inside a 2-ply (3
mil). 45-L polyethylenc bag for 16 h with the desired cthylene
concentration. Unless otherwise indicated, three leaf discs (1 cm
in diameter, weighing 50 mg) were incubated in 25-ml Erlen-
meyer flasks with 0.5 ml of the basal medium containing 700
mM sorbitol. 10 mM Mes (pH 6.0), 10 mm CaCly. 50 ug/ml
streptomycin sulfate. and 50 units/ml penicillin G in the absence
or presence of Cellulysin (Calbiochem) (4). Cellulysin was de-
salted before use by ultrafiltration with an Amicon PM- 10 mem-
brane (3). Ethylene was allowed to accumulate for | h and
quantified by GC (17). Between each sampling. flasks were
flushed with sterile fresh air.

Radioactive ethylene produced by the leaf discs upon incuba-
tion with [3.4-"*C]methionine was accumulated for | hin the
incubation flask. A 12-m! gas sample from the atmosphere above
the discs was then injected (9) into a 485-ml jar which contained
a filter paper wetted with 0.6 ml of 0.25 M mercuric perchlorate
in a scintillation vial. After 2 h incubation on ice. 10 ml of a
toluene-based scintillation cocktail (25% Triton X-100 in Liqui-
fluor. New England Nuclear) was added to each vial. Radioactive
cthylene absorbed by the filter paper was counted in a liquid
scintillation counter (9). Uptake of {*CJACC by the leaf discs
was checked by incubating the leaf discs for 15, 60, or 120 min
with 0.5 ml of {2.3-"*CJACC (3754 dpm/nmol). Aliquots of the
incubation solution were sampled at the indicated times and
counted 1o estimate the residual radioactivity. After cach incu-
bation. the discs were removed from the incubating solution,
washed. and further incubated in water for 2 min to relcase the

¥ Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid; AVG,
aminocthoxyvinylglycine: SAM, S-adenosylmethionine.
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Table 1. Effect of Different Pretreatments on the Cellulvsin-Induced
Ethviene Production by Tobacco Leaf Discs

Tobacco (cv Burly Mammoth) leaf tissue was pretreated in ethylene
(60 ul/1) or in air (less than 8 nl/l of ethylene) for 16 h at 25°C at high
(95%) RH under cool-white fluorescent light (1750 lux). Ethylene pro-
duction was measured duning the 3rd h of incubation aficr the addition
of Cellulysin (1.2%. w/v). Discs without Cellulysin addition produced
cthylene at rates lower than 45 nl/g fresh wi-h.

Treatment Ethylene Production
nlfg-h

Freshly cut (no pretreatment) 160
Pretreated as leaf (halves)

Air 185

C:H. 550
Pretreated as discs

Air 495

C,H, 760

500

Ermvpvene (miginl

*

e

3oo}

prestes

100

Stimulation over air control (%)

2
Time after pretreatment (h)

Fi. 1. Effect of the time clapsing between pretreatment in cthylene
and Cellulysin applications on the Cellulysin-induced ethylene produc-
tion by tobacco (cv Xanthi) leal discs. Potted plants were pretreated in
60 ul/! cthylene for 16 h. Cellulysin was then applied to leaf discs cut
from the treated plants at the times indicated. Absolute values of air
controls, ranged from 100 to 150 ul C;H./g fresh wt-h. Inset shows the
response of leaf discs to Cellulysin after a second. 16-h exposure of the
leaf to ethylenc. 48 h after the first exposure, as compared to the response
afier the first exposure.

Table 1. Production of Ethylene by Cellulysin-Treated Leaf Dises of
Several Tobacco Cultivars
Procedures were similar to those outlined in Table 1. Control discs
incubated without Cellulysin produced cthylene at less than 25 nl/g-h
for Burley Mammoth and less than 6.5 ni/g-h for ali other cultivars.

Ethylene Production

Cultivar Pretreatment
Freshly Cut e e e
Air Ethylene
mlg-h
Burly Mammoth 160 200 575
Maryland 609 30 55 275
Xanthi 23 S0 130
Yellow Mammoth : M4 40 73
T1102 is RN 36

label from intracellular spaces. Thereafter, the tissue was frozen
and homogenized with 0.8 ml of 80% cthanol. Aliquots of the
homogenate were then sampled and counted. Total ACC and
[*CJACC in the tissue after incubation with [3.4-'“C]methionine
were determined in extracts homogenized with 80% ethanol as

Plant Physiol. Vol. 74, 1984

W «Q
(=] [=
ko] (=]

-
Qo
(=]

Ethylene production (ni/g/h)

n It I

"

8

12

20

Length of pr

T
etreatment (

h)

24

FiG. 2. Effect of the length of the pretreatment period on the Cellu-
lysin-induced ethylene production in tobacco (cv Burly Mammoth) leal
discs. (©), Half leaf pretreated in air; (O), half leaf pretreated in ethylenc
(60 ul/N). Values are for the 3rd h of incubation afler the addition ol
Cellulysin.

600} s S

400,

Ethylene production (nl/g/h)

200 1
[0 L VU . " N
0.08 0.1 1 10 100 120

Ethylene concentration (nl/1)

Fii. 3. Effect of the concentrations of ethylene during pretreatment
on the Cellulysin-induced cthylene production in tobacco (cv Burly
Mammoth) leat discs. Procedures were similar to those outlined in Table
1.

cut

cut

’E\ D Control ? lsoo
2 % Cellulysin treated 7 o
(< ]
~100; Y m
© Total / Radioactive Z
S 8o ) 1a00 3
= =l
3 // 7, e
o 60} / 7 g
e 3
£ 7 g
> 40 {200 .
s Z ' e
= 20 7 -
SRR EAEL D
ol L7 r 1 1. VAl. VA
Freshly Air Ethylene Freshly Air Elhyleneo

Fii. 4. Comparison between rates of total and labeled ethylene pro-

duction from [3.4-"*C]methionine by tobacco (cv Xanthi) leaf discs.
L.eaves were pretreated in air or ethylene, then discs were cut and treated
with Cellulysin. The values represent average rates of ethylene production
during the first 2 h of incubation after the addition of Cellulysin.
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Table WL Total and Labeled ACC Content and Ethylene Produced by Tobacco (ev Xanthi) Discs Incubated

- with [3.4-"“CIMethionine in Relation to Different Pretreatments
Leaf discs, either freshly cut or after the indicated treatments given to whole leaves, were incubated with the

basal medium (6 discs/ml) com_z_l_i__nin_g_lv9§¢2_d_pr!1/£m}_)_l_ r_r_wlhioninc,

. Cellulysin

o : a 14 4R QR

Leaf Tissue, Treatment Addition C,H, ACC* - 4[ (‘]AC—C/[ E‘!EM
nmol — dpm x 10*  nmol  dpm/nmol x 10}
’ Fresh - 0.15 3.80 1.40 2714 1.45
+ 0.65 14.30 26.95 531 8.06
Pretreated in air; 16 h - 0.20 .50 1.05 RRER} 1.04
+ 1.50 7.30 30.10 243 6.24
Pretreated in CH,; 16 h - 0.20 3.45 1.05 3286 1.18
2.8S 7.70 370 .46

"+

325
* Values are for ratc, g™ h™". :
* ESF cthanol-soluble fraction.

 Specific activity.

70 [:] Freshly cut 1
g r Pretreated in air h
:2450_ @ Pretreated in ethylene |
K=
Q
230} Bz -
-
2 7 Z1:R

7 Z
10} / E
Control ACC 0.1mM ACC 1.0mM

FiG. 5. Effect of pretreatment of tobacco (cv Xanthi) leaves in ethyl- '

enc on their subsequent conversion of ACC to ethylene, in the absence
of Cellulysin. The procedure was similar to that described in Table L.
Values of ethylene production are for the ist h of incubation following
the addition of ACC, in the presence of | mm AVG.

described earlier (18).

Inoculation of tobacco leaves with A. alternata (Fr.) Keissl was
carricd out by the method of Spurr (24). Leaf discs, 1 cm in
diameter, were inoculated by dipping them for | min in a spore
suspension (10° spores/ml). Uninoculated control discs were
dipped in water. Eight discs were then transferred into each 25-
mi Erlenmeyer flask, placed on moist filter paper, and incubated
at 25°C in the dark. Ethylene produced by the inoculated and
control discs was measured by GC.

Three replicates were routinely used and experiments were
repeated at least twice and gave similar pattern of results. How-
ever. due to the variability of the greenhouse-grown plants, results
of typical experiments are presented.

. RESULTS

As shown previously (4), tobacco leaf discs incubated in a
medium containing Cellulysin respond by increased cthylene
production (Table 1). This response of leaf discs to Cellulysin
was further enhanced several-fold by pretreating the detached

A

Icaf in cthylene (Table I). However, when leaf discs instead of
whole leaves were pretreated in air, their subscquent response to
Cellulysin was similar to that of the discs cut from cthylene-
treated teaves. Ethylenc-treated leaf discs produced cthylenc in
response to Cellulysin at a rate 1.5 times higher than discs treated
in air (Table I). This responsc of ethylene-treated leaf discs or
single leaves to Cellulysin was also evident when whole. potted
plants were pretreated in ethylene. Under these conditions, the
cffect of the treatment was maintained for at lcast 24 h after the
plants were removed from cthylene (Fig. 1). When lcaves of the
treated plants were detached and pretreated for a second time in
cthylene, 48 h after the first treatment, the subsequent response
of discs cut from these leaves to Cellulysin was 50% more than
that of discs cut from Icaves pretreated in cthyvlene for the first
time (Fig. 1, inset).

Of the tobacco cultivars studied, Burly Mammoth produced
the highest rates of cthylene in response to Cellulysin: cultivar
differences occurred whether freshly cut leaves or leaves pre-
treated in cthylenc were used. although some cultivars (i.e. Tl
102) did not respond to the cthylene pretreatment (Table 11).
The maximal response of the leaf to cthylene pretreatment was
reached between 4 and 8 h of incubation. Periods longer than 10
h of incubation did not further increase the subsequent response
of the discs to Cellulysin (Fig. 2). The optimal concentration of
ethylenc for maximal response was between 10 and 100 ul/l (Fig,
3.

To verify that the increased production of ethylene by the
discs from ethylene-pretreated leaves in the presence of Cellulysin
was due to de novo synthesis instead of release of absorbed or
bound ethylene from the tissuc, discs from leaves pretreated in
cthylene were incubated with [3,4-'“C] methionine and Celluly-
sin. Total and labeled ethylene were then assayed. The results
(Fig. 4) showed that Cellulysin-induced cthylene production in
cthylene-treated tissue resulted from the conversion of methio-
nine to ethylene. Furthermore, these data showed close similar-
itics in the pattern of total and labeled ethylene produced and in
the specific radioactivity of cthylene produced by Celtulysin-
treated discs from freshly cut or ethylene-pretreated leaves sug-
gesting a common biosynthetic pathway.

Cellulysin caused a marked accumulation of ACC in the
treated tissue (Table 111), a phenomenon observed ecarlier (4).
However, this effcct was pronounced in the freshly cut or air-
pretreated discs and was relatively inconspicuous in discs pre-
treated in ethylene (Table 111). The lower content of ACC in the
ethylene-treated discs in the presence of Cellulysin could result
from a higher rate of conversion of ACC to cthylene. To test this
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Fii;. 6. Incorporation of [2.3-"*CJACC and labcled cthylene produc-
tion by tobacco (cv Burly Mammoth) leaf discs following pretreatment
in air or cthylene, in the absence of Celtulysin. Pretreatment conditions
were similar to those described in Table 1. (0). Freshly cut discs: (O),
discs cut from air-pretreated lcaves: (A). discs cut from ethylene-pre-
treated lcaves.

possibility. we compared the rates of ethylene production by
freshly cut leaf discs as well as by discs cut from air- or ethylenc-
pretreated tissue in response to exogenously added ACC (without
Ccllulysin) while blocking the formation of endogenous ACC by
including | mM AVG in the incubation medium. The results
(Fig. 5) confirmed previous observations in Nicotiana (19) and
other systems (14, 22) that aging of leaf tissue increases their
capacity to produce cthylene from ACC. Our data further indi-
cated that the conversion of exogenously added ACC to ethylene
was twice as much in cthylene-treated than in air-treated leaf
tissue while the uptake of labeled ACC by the ethylene-treated

discs was lower than that by the air-treated or freshly cut leaf

discs (Fig. 6).

Tobacco leaf dises inoculated with the pathogen, 4. alrernata,
produced cthylene at higher rates than did uninoculated controls
(Fig. 7). Morcover, inoculated discs cut from leaves pretreated
in cthylene produced higher rates of cthylene than those cut
from fresh tissue or from leaves pretreated in air,

DISCUSSION

Enhancement by ethylenc of the Cellulysin-induced cthylene
production in tobacco Icaf discs as evidenced here exhibited
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F1G. 7. Effect of pretreating tobacco (cv Burly Mammoth) leaves
air or ethylene on the subsequent ethylene production. 24 h after ino.
vlation of leaf discs with Alternaria alternata. Freshly cut leaf discs wer
inoculated by dipping them for | minina spore suspension of 10" spore:
ml.

characteristics common to many other physiological effects ¢
ethylene (1, 16), viz. concentration-dependence during pretreat
ment (Fig. 3), a several-hour lag period (Fig. 2), and a requirc
ment for the continuous presence of ethylene for maximal re
sponsc (Fig. 1). The greater response of tobacco leaf discs 1.
Cellulysin following a second exposure of the leaves to ethylen:
(Fig. 1. insct) also seems to be a common effect of ethylene o
plant tissues. Such a responsc was reported earlier (10) for th:
ethylene-induced formation of the phytoalexin, isocoumarin, i
carrot roots, and recently (23) for the induction by ethylene o
cthylenc biosynthesis in citrus leaf discs. Such responses t
cthylene could be observed only in tissues where an initia
exposure of the tissue 10 ethylene does not evoke the autocatalytic
production of cthylene common to climacteric-type fruits (!
22). A possible explanation of such a phenomenon was offere
carlier (10) based on the data obtained on the isocoumarii
formation. There it was suggested that the ethylene inductior
may be a two-step process: the first, activation of the biosynthetic
system through the induction of enzymes. This process is quan.
titatively dependent upon the length of the initial ethylene in-
duction period. The sccond step involves the actual synthesis o!
the phytoalexin and also requires the presence of ethylene (10)
The relatively slow rate of decline in the response of tobacco t¢
Cellulysin (Fig. 1) following removal of cthylene may be due t¢
a higher rate of cthylene production by cthylene-treated leaves
than by those pretreated in air. Thus. ethylene may be present
in or ncar these leaves at slightly higher concentrations than in
or near control leaves. Our findings (Fig. 4, controls) support
this suggestion as do those of Aharoni and Lieberman (2) who
showed that tobacco leal discs pretreated in cthylene for 24 h
produced ethylenc at a shightly higher rate for at least | to 3 d
after the treatment compared to control discs,

The mode of action of cthylene in enhancing the response of
tobacco leaves to Cellulysin may be complex. The following
findings suggest an explanation: (a) pretreatment of leaf dises in
air could partially substitute the efiect of pretreatment in ethylene
of wholc leaves (Table 1); and (b) pretreatment of leaf tissue in
air also slightly. but consistently, enhanced the response of the
tissue to Cellulysin (Table I; Figs. 2 and 5) as compared to freshly
cut leaves. On this basis, we suggest that cthylene could be
involved in the enhancement of the tissues' response at extremely
low concentrations (i.e. less than 8 nl/l). Alternatively, thesc
findings may suggest that other factors, in addition to ethylenc.
may be involved in the process. Such a suggestion was offered
by Geballe and Galston (13) who studied wound-induced resist-
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ance to cellulase in oat leaves and reported that ethylene was a
factor in this process (12). A similar phcnomenon was observed
carlier in prune tissue (27). However, since exogenously applied

. cthylenc could only partially substitute for the wounding effect,

Geballe and Galston suggested (12) that the induction of resist-
ance may require a wound signal in addition to ethylene.

Whether or not cthylene is the direct factor in the enhancement

of the Cellulysin-induced ethylenc biosynthesis in tobacco leaves.
the results presented here clearly indicate that higher rates of
cthylene production are not mercly the result of the release of
cthylene from the tissue. Rather, it originates from enhanced
biosynthesis from mcthioninc (Fig. 4). Also. these data indicate
that in all leaf treatments, i.e. freshly cut, air-, and ethylene-
pretreated, a common precursor and biosynthetic pathway lead
1o the production of ethyiene (Fig. 4). However, following incu-
bation with Cellulysin, the ACC content was much lower in discs
from cthylenc-treated leaves than from freshly cut or air-pre-
treated discs (Fig. 6). We interpret these findings to suggest that
while Cellulysin induces the formation of ACC, presumably due
1o increased activity of ACC synthase (4), cthylene treatment of
lcaves causes a higher rate of conversion of ACC to cthylene,
thus increasing the utilization of newly formed ACC in the
cthylene-treated tissue. This suggestion is supported by the find-
ings that discs from cthylenc-treated leaves converted cxoge-
nously applicd ACC to ethylene at a higher rate than discs from
{reshly cut or air-pretreated leaves (Fig. 5). irrespective of the
differences in the uptake of ['*CJACC (Fig. 6).

In a recent report, Riov and Yang (23) reported that a 24-h

cxposure of the citrus leaf discs to ethylenc induced cthylenc
production by the discs. The stimulatory effect of ethylene re-

*sulted. 36 to 48 h after exposure to ethylene, from an increased

formation of ACC as well as conversion of ACC to ethylene. In
some respects, this effect of ethylene, and a similar observation
«reported recently for preclimacteric cantaloupe (14) resembles
the enhancement by ethylene of the Cellulysin-induced ethylene
production reported here. However, unlike the requirement of
36 10 48 h by citrus leaf discs to exhibit increased ACC formation
and cthylene production in response to ethylene, the enhanced

< response of tobacco leaf to ethylene as exhibited by measuring

Cellulysin-induced ethylene production occurs within 4 10 8 h.
Also. in our studies the faster response of the tissue to cthylene
was on the ethylene-forming enzyme and not on ACC synthesis.

# This delineation was possible since ACC synthesis is induced by

Cellulysin within 1 h of incubation (4) and thus is not rate
limiting,

Since the cthylene-forming enzyme scems to be membrane

associated (20, 29) and ethylene is known to cause changes in
membrane permeability (1), it is possible that increased conver-
sion of ACC to ethylene in ethylene-treated tissue may be me-
diated through a change in the membranc milieu of this enzyme.
* Earlier it was suggested (4) that Cellulysin-induced ethylene
production may be a hypersensitive response of the tissue nor-
mally elicited under conditions of stress or infection. Our prelim-
pary findings (Fig. 7) indicate that the interaction between
tobacco leaves and the fungal pathogen Alternaria alternata can
cause increased ethylene production. An enhanced response of
the leaf tissue to a cellulase, to other hydrolytic enzymes (7). or
w0 another component of fungal origin, following exposure to
cthylene, may thus create an autocatalytic-like process of ACC
induction and ethylene production during fungal growth in the
lcal. This may predispose healthy leaf tissue to the advancing
fungal mycelium by promoting premature senescence. Alterna-
tively. it may. be a process by which the plant tissue maintains
its ethylenc-induced defense reactions aimed at combating infcc-
tion. At the present time, we are examining the possibility that
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induction of ethylene by A. alternata, during its growth on
tobacco leaf tissue (Fig. 7). may involve the action of a fungal
clicitor, '
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Ethylene Biosynthesis and Related Physiological Changes

in Penicillium digitatum - Infected Citrus Fruit.

Abstract
Biochemical and physiological changes and their relation to ethylene

biosynthesis were studied in grapefruit (Citrus paradisi Macf. cv. Marsh

Seedless) peel, 5 to 6 days after inoculation of the fruit with Penicillium
digitatum Sacc. In both the albedo and flavedo tissues of the peel, fungal
invasion was associated with an 1ncreqse in the content of galacturonic
acid and with a decrease in the pH an;qgéluble protein content of the tissue.
The extent of these changes was related to the distance of the sampled site
from the maceration front. Two parallel and distinct maceration fronts
could be defined in the peel, the one in the albedo consistently preceding
that in the flavedo. Fungal hyphae were present in the apparently healthy
region of the fruit up to 15 mm from the maceration front.

Fungal invasion was associated also with an increase in the content
of l-aminocyclopropane-l-carboxy]ic acid (ACC) and ethylene production.
On the other hand, the ability of the tissue to convert ACC to ethylene
decreased wifh the development df the infection. Since this fungus is capable
of producing ethylene at high rates, we propose that both the peel and the
fungus were involved in the enhanced ethylene production of the diseased
fruit. An early relatively lTow rate of ethylene production seems to originate

mostly from the fruit while a later and higher rate of ethylene production

< ___originated mostly from the fungus.
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INTRODUCTION

Citrus fruits are usually classified as nonclimacteric fruits.
This is based on the fact that mature frujts do not exhibit a rise in
either respiration or ethylene production throughout their normal pre-
and post-harvest life (6,28). However, when these fruits are infected

by the common postharvest pathogen Penicillium digitatum Sacc., high

rates of ethylene are produced (11,27). These could be associated with
the ability of the fungus to produce ethylene in culture (10,17). Increased
production of ethylene is a common feature of diseased plants (22, 29);
while ethylene may originate from the fungus it may also be produced partly
or entirely by the plant as a response to the infection (12). Stress
conditions have been reported to be accompanied by increased levels of
1-aminocyclopropane-1-carboxylic acid (ACC), the immediate precursor of
ethylene in higher plants (1). Generally, a lag period is observed between
the increase in ACC levels and the subsequent increase in the rate of
ethylene production. However, in several plant systems accumulation of
ACC is not always followed by a pronounced increase in ethylene production,
as in post-climacteric avocado fruit (14). Although some microorganisms
can utilize ACC as a sole nitrogen source (15), it is not clear whether
P. digitatum can utilize ACC for ethylene production.

During infection of citrus fruits, P. digitatum apparently can produce
a pectolytic enzyme, characterized as an exo-polygalacturonase (poly-1,
4-D-galacturonide glycanohydrolase, E.C. 3.2.1.15) (4,5), This enzyme
hydrolyses pectin to D-galacturonic acid monomers, resulting in a loss
of physical stability of the infected tissue. D-galacturonic acid in turn
causes swelling of cell walls and collapse of their cytoplasm, leading
eventually to tissue maceration (5). Barmore and Brown (5) found a maximal
level of 12 mg g'1 of D-galacturonic acid in the peel of P. digitatum -
infected Hamlin and Valencia oranges, while Miyakawa (20) detected a

level of more than 2% in Satsuma oranges during the early stage of infection
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with P. digitatum.

We report here the results of a study of several physiological
changes caused in P. digitatum-infected citrus fruit and their relationships

to ethylene production by this host-pathogen interaction.

MATERIALS AND METHODS

Plant and fungal material

Grapefruits (Citrus paradisi Macf. cv. Marsh Seedless) used for this

work were harvested in mid-season, and stores at 11 to 14°¢ (80 to 90% rh)

until use. For inoculations, a single-spore culture of Penicillium digitatum

Sacc. (ATCC # 10030) was used. The culture was propagated on potato
dextrose agar slants. Prior to inoculation,the fruits were washed with
water and surface sterilized with 70% ethanol. They were inoculated by
introducing a 5x5x1 mm piece of inoculum into a V-shaped 3 mm deep cut,
made 20 mm away from the stem-end of the fruit. The wound was then covered
with masking tape, and the fruit was stored at 20 to 23°C in a ventilated
dark chamber.

For the various tests, samples of peel were removed with a scalpel
or a cork borer, and the albedo and the flavedo parts were separated.
Representative peel samples were taken from several defined regions of the
inoculated fruit (Fig. 1A). A minimum number of nine fruits was used as

replicates for the determination of each parameter studied.

Biochemical and physiological assays

The quantitation of fungal mycelium or spores in the fruit peel was
based on the determination of glucosamine (13), the monomer of chitin -
a compound present in fungal cell wall but not in higher plant tissues.
The method of Netzer, Kritzman and Chet (21) was used in order to quantitatively
relate glucosamine content to the amount of fungus present in the tissue.

A slight modification of this method involved the extending of the acid
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hydrolysis of the sample from 6h to 9h to increase the sensitivity of
the method.

The degradation rate of the peel pectic substances was determined
by the assay of D-galacturonic acid (7). One g tissue was homogenized
with 10 ml of 70% ethanol at 4°C for 1 min using an Ultra-Turrax. The
homogenate was then centrifuged at 27000xg for 10 min and the supernatant
used as the tissue extract. In the same way water extracts of the albedo
and flavedo parts of the peel were prepared for the determination of the
pH, soluble proteins (9) and ACC content (18). |

Production of ethylene by the peel tissue was determined as follows:
Peel discs, 12 mm in diameter were cut from the fruit with a cork-borer.
Each disc was separated into the albedo and flavedo parts. Samples from
five discs were then weighed and placed inside 21 ml glass vials. One h
later, the vials were sealed with rubber serum caps and kept closed for
60 min at 24°C in the dark. A 2 m1 sample of the atmosphere above the
discs was then withdrawn by a hypodermic syringe, and its ethylene content
determined by a Packard gas-chromatograph equipped with an alumina column
and a flame ionization detector. Under these conditions, production of
wound-induced ethylene could not yet be detected.

In some experiments, the excised discs in the vials were incubated
for relatively long periods of up to 32 h. Ethylene production by these
discs was determined periodically at 2,8,16,24 and 32 h after excision
of the discs. Between each sampling period the vials were aerated and
than resealed.

Six days after fungal inoculation, several, well defined zones could
be observed on the fruit surface. These were defined as follows (Fig.lA):
Green spores zone (SZ); a zone 50 to 80 mm in diameter around the
inoculation site, where mature green fungal spores had developed; white
mycelium zone (WMZ), which consisted of an area approximately 13 mm

wide, surrounding the SZ and easily distinguishable by the dense white
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mycelium which developed on the peel; maceration zone (MZ), which
consisted of a belt approximately 17 mm wide, surrounding WMZ and easily
distinguishable by the soft peel, and the vague appearance of oil glands
on its surface; a healthy, non-infected area of the peel (HZ), consisting
of the rest of the fruit, where no infection symptoms were visible; the
maceration front (MF), a distinct line between the MZ and the HZ.

Since the distance of any part of the fruit peel from the MF was
found to be useful as a reference point reflecting the extent of fungal
jnvasion and various physiological changes taking place in the infected
fruit, we expressed the data in relation to this value (Fig. IA). MF is
referred to as the zero point. Various sites in the HZ were referred to
as +X, while sites on the infected zones were referred to as -X, where X
indicates the distance (in mm) of the site from the MF.

A1l results were expressed on the peel tissue fresh weight basis,
except those of glucosamine content which were expressed on the basis

of dry weight.

RESULTS

Fungal presence in the peel

The distribution of fungal mycelium in the various regions of the
fruit peel is shown in Fig. 1B. The fungus was found not only in the

zones showing symptoms, but also in the adjacent apparently healthy tissue.

Small amounts of glucosamine were found as far as 15 mm away from the
MF in the flavedo of the HZ. The total content of the funqus increased
at sites closer to the inoculation site. The most distant site in the
albedo where glucosamine could be detected in the apparently healthy
zone was at +5. Glucosamine in the albedo increased similarly as in the

flavedo, but its amounts were considerably less. This difference was most

obvious in the WMZ and in the SZ. In the latter region, glucosamine content

in the albedo evinced a slight decrease.
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Physiological changes associated with the infection

Fungal infection markedly affected the D-galacturonic acid content
of the peel (Fig. 1C). The healthy albedo and flavedo parts contained
only 1 to 2 mg q'1 of galacturonic acid. However, when the assayed site
was closer to the MF than +10 in the albedo or +5 in the flavedo, the
values increased to about 14 mg g'1 in the MZ and the WMZ, and then slightly
decreasedih the SZ. Galacturonic acid content was generally higher in
the albedo than in the flavedo of macerated regions. Anatomic examinations
in the MF region revealed that the albedo tissue was already macerated
underneath the flavedal front. Therefore, there existed two parallel
maceration fronts, and the inner albedo one was preceding the external
flavedo front by 5 to 10 mm.

Considerable changes were evident also in the pH of the water extract
ofvthe peel, as a fesu]t of the infection (Fig. 1D). A moderate but
consistent decline was evident in the pH of albedal water extract produced
from healthy fruit, ranging from 5.5 at the stylar-end to 5.2 at the stem-
end. Similar values were found in the healthy zone of a P. digitatum-infected
fruit. However, a sharp decline in the pH value, from 5.1 to 3.7 occurred
within the narrow region of +20 to -8, with no further changes throughout
the infected region. A similar pattern of pH changes was found also for the
flavedo tissue.

The content of water-soluble protein in the.pee] of healthy and
P. digitatum-infected grapefruit is shown in Fig. 1E. In healthy fruit,

a moderate and consistent decline in protein content of the flavedo
tissue was evident, from 3.52 mg g_1 at the stylar-end to 2.87 mg g'l»

at the stem-end. Somewhat higher levels of proteins (4.02 mg g'l) were
found throughout the flavedo of the healthy zone of a P. digitatum-infected
fruit. However, a sharp decline in the water-soluble proteins content,

1

from 4.11 to 0.73 mg g = occurred in the region of +20 to -8. The same

Tow value was maintained in the whole infected region. A similar pattern
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of water-soluble protein content was found also for the albedo tissue

‘but all the values (except in the region -8 to -70 in the infected

fruit) were substantially lower. A constant level of soluble proteins
was maintained in the healthy fruit in all regions.

To test whether the decrease in pH of the water extract (Fig. 1D)
could be related to the decline in the water solubility of the peel
proteins (Fig. 1E), we examined the effect of pH adjustments of the
water extract of the peel of a non-infected fruit on its protein content
(Table 1). Only within a pH range of 5.4 to 4.5 was a correlation

found between the pH value and the protein content.

Ethylene production and the infection process

The effect of fungal infection on ACC content of the peel is shown
in Fig. 1F. The basal level of ACC in healthy fruit as well as in the
distal parts of the HZ of an infected fruit was low (0.27 to 0.32 nmol
g_l). ACC content increased in both peel tissueSdue to the infection
process. The increase occurred first in the albedo tissue where it reached

1 at the site of

a level of 8 nmol g'1 at the site of +8, and 23 nmol g~

-25, as compared to 3 and 29 nmol g'1 in the flavedo, respectively.

The highest ACC values were found in both tissués at the center of the SZ.
The rate of ethylene production by healthy albedo and flavedo discs,

shortly after excision from the fruit, was very low (0.5 nl g'lh'l)

Fig. 1G). Albedo discs maintained this low rate at the distal HZ as well

as at the MZ and at the WMZ of the infected fruit. A small but clear

increase in ethylene production occurred at the proximal HZ and in the

SZ (Fig. 1G). Both peaks were relatively lTow and did not exceed the rate

of 2.3 nl g'lh'l. In the flavedo tissue, a similar pattern of ethylene

production was found in all the regions from +/0 to -8. However, d marked

increase in ethylene production was evident starting in the WMZ and

lh-l

reaching a peak of 18 nl g~ at the center of the SZ (Fig. 1G).
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A more detailed study was done to further characterize ethylene
production patterns in the infected fruit (Fig. 2). The data which were
collected during a périod of 32 h of incubation after excision, indicated
similar changes with time in ethylene production by the albedo and flavedo
tissues, when they were in a similar level of infestation. However, the
rate of ethylene production by 1ﬁfected flavedo discs was always higher than
that of the infected albedo discs (Fig. 2 A to D). Rates of ethylene production
changed similarly throughout the incubation time in the +70 discs from either
heatlhy or infected fruit (Fig. 2 A). It increased in the albedo discs from
0.3 to 26 nl g"lh'1 during the first 24 h of incubation and subsequently
increased to 2.2 nl g'lh'l. This pattern was found typical for both albedo
and flavedo tissues. Similar pattern was found also in the ethylene production
by +8 infected flavedo (Fig. 2B) but not by albedo discs which produced

-1 or Tower throughout the incubation

period. A very low rate of ethylene production (0.6 nl g—lh'l) by albedo or

ethylene at the low rate of 3.6 nl g~

flavedo discs cut from -8 infected fruit was typical for the first 16 h of
incubation (Fig. 2C). The following 16 h of incubation were characterized
by an increase in ethylene production which was moderate in the albedo and
very large in the flavedo. Ethylene production by discs from the -70 region
of an infected fruit increased rapidly throughout the 32 h of incubation from
18 to 120 nl g'lh'1 for the albedo (Fig. 2D). Dense mycelium and spores
developed on the surface of -70 discs of both tissues during the incubation
period.

The ability of the fruit peel tissue to convert exogenously added ACC
to ethylene was tested in discs cut from the different zones of the infected
fruit (Table 2). Ethylene production by ACC-treated discs cut from the HZ
(+70) increased markedly (nearly 1000% of control) while ACC=treated
discs cut from the SZ (-70) or from the MZ (-8) did not produce ethylene at.
a higher rate than did the control discs. ACC was readily taken up by all

discs (Table 2).
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DISCUSSION

The data presented clearly show that in P. digitatum-infected
grapefruit, fungal mycelium is present not only in the macerated regions,
but also in the regions where no infection symptoms are visible. The
slightly higher glucosamine content of the flavedo, as compared to the
albedo tissue in the HZ may indicate that the fungal mycelium advances
somewhat faster in the flavedo than in the albedo part of the peel.
Autolysis of mature mycelium (23,24,26) could account for the slight
decrease in glucosamine content of the albedo in the SZ.

The marked increase of D-galacturonic acid (Fig. 1C), may be regarded
as a direct result of the fungal attack, probably because of hydrolysis of
pectic substances by the fungal exo-polygalacturonase enzyme (4,5).

The fact that the increase in galacturonic acid content at the infected
site occurred in the albedo before the flavedo, may imply that the extent
of maceration depends not only on the quantity of fungal mycelium present
in the host tissue (Fig. 1B), but also depends on the host response.

While the level of galacturonic acid found in the macerated tissue was
similar to that reported previously (5,20), the decrease in galacturonic
acid content in the SZ could perhaps be due to the substantial fungal
presence and intensive metabolism at this region. The lower protein content
(Fig. 1E) 1in regions where the pH of the water extracts decreased (Fig. 1D)
may be only partially related to the change in pH (Table 1). The further
decrease in the content of soluble proteins in the regions where the fungus
was established could be related to a direct degradation of fruit proteins
by the fungus.

We found the ACC content of the peel in healthy grapefruit as well as
in the HZ of an infected grapefruit to be slightly higher than the values
reported by Yu and Yang (30) and by Hyodo and Nishino (16) for healthy

Valencia and Citrus hassaku, respectively. However, this does not explain

how the infection induced a 23 and 109 fold increase in the content of ACC,
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at the SZ of the flavedo and the albedo, respectively. One possible

inducer of ACC could be the galacturonic acid which changed in the infected
tissue in a similar pattern as did the ACC content of the peel tissue

(Fig. 1C and F). However, direct application of galacturonic acid (50-400 mM)
to albedo discs, did not increase their ACC content.

Another possible mechanism by which the fungus may increase ACC content
in the peel tissues is related to the high rate of ethylene production
evinced by the invading fungus (Fig. 1G), and to its autocatalytic effect
on ACC synthesis as shown recently by Riov and Yang (25) for citrus leaf
discs. Exogenous ethylene treatment of healthy grapefruits, however, did
not cause any increase in the ACC content of the peel and its level
remained low, during 48 h of exposure to ethylene (our data, not shown).

Pathogen infection may enhance ACC synthesis by the wounding effect
that the invading fungal hyphae impose on the peel cells or by an inducer
of fungal origin (2). Mechanical and biochemical stresses are known to
jnitiate ACC synthesis (8,16,30); and Barmore and Brown (5) have shown
plasmolyzed cells, and swollen cell walls near the invading hyphae, even
in the apparently healthy zone (site +8), where fungal hyphae do not
penetrate cell walls.

Whatever may be the specific signal to produce ACC, the accummulation .
of ACC in the infected peel region (Fig. 1F) and a similar phenomenon
reported recently during virus infection of tobacco leaves (12) suggest
that pathogen infection may affect differently the formation of ACC on one
hand and its conversion to ethylene on the other. Indeed, we showed that
in the infected region of the fruit, the tissue gradually lost its capacity
to convert exogenously added ACC to ethylene (Table 2). Also in the
infected fruit the level of ACC (Fig. 1F) probably is not lTimiting its
conversion to ethylene.

Further information on the processes taking place in the infected

fruit can be derived from the data obtained in the 32 h incubation experiments
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(Fig. 2). Ethylene production by healthy peel discs was induced by
the wounding and the mechanical.stress of the excision (16). It may
peak at high rates during 24 h of incubation (Fig. 2A) but, when the
fungus is present, even at low amounts, suppression of plant ethylene
production takes place as shown for +8 albedo in Fig. 2B and for -8
flavedo during the first 16 h of incubation - in Fig. 2C. This suppression
of host ethylene by the developing fungus probably results from the
impairment of the conversion step of ACC to ethylene while ACC is still
being formed and therefore accummulates(Fig. 1F). Thus,the impairment
of the ethylene producing machinary of the host seems to affect mostly
one step of the biosynthetic pathway - the conversion of ACC to ethylene -
which is associated with the cell membrane (19). It does not seem to
fesu]t, however, from the general death of the tissue since,on one hand,
this tissue continues to form ACC and,on the other,it respires at high
rates (27). The accummulation of ACC in the infected tissue reported |
here and by De Latt and Van Loon, who showed accummulation of ACC in
virus-infected tobacco leaves (12), may be similar to an earlier observation
on ACC accummulation in postclimacteric avocado fruit (14). In both the
diseased and the overriped tissues, the accummulation of ACC and the lower
rates of ethylene production, are prdbab]y related to the disintegration
of cell membranes. Thus, since the host ethylene producing mechanism
is suppressed at the advanced stages of fungal infection of the fruit,
still being

but ethylene is”produced at high rates (Fig. 1G and 2D), ethylene is likely

to originate mostly from the fungus (17) at these stages of infection,

Based on our findings to date we suggest the following hypothesis
as to the origin of the ethylene produced during the infection of
grapefruit by P. digitatum. At the initial phases of the infection (+8
region), the enhanced production of ethylene originates from the peel

cells and is ACC mediated. This biosynthetic pathway is apparently impaired
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by the infection (region - 8 to -70) since the tissue exhibits a
decreased ability to convert ACC to ethylene and ACC accummulates.

The increased production of ethylene at this stage is likely, therefore,
to be of fungal origin and does not use ACC as the precoursor, This "
hypothesis is in agreement with earlier suggestions (11,27) indicating
that the pathogen is responsible for the high rates of the ethylene
produced in this interaction. At present, the investigation is continued
with the aim of obtaining direct evidence for the contribution of host

and pathogen to the ethylene produced.

Acknowledgement

This research was supported in part by a grant from U.S.-Israel

Binational Agricultural Research & Development Fund (BARD).



- 14 -

REFERENCES

1. Adams, D.0. & Yang, S.F. (1979). Ethylene biosynthesis: Identification
of 1-aminocyclopropane-1-carboxylic acid as an intermediate in the
conversion of methionine to ethylene. Proceedings of the National
Academy of Sciences U.S.A. 76, 170-174.

2.  Anderson, J.D., Mattoo, A.K. & Lieberman, M. (1982). Induction of
ethylene biosynthesis in tobacco leaf discs by cell wall digesting
enzymes. Biochemical & Biophysical Research Communications 107,
588-589.

3. Anderson, J.D., Chalutz, E. & Mattoo, A.K. (1984). Purification and
properties of the ethylene induction factor from cell wall digesting
enzyme mixture - Cellulysin. In Biochemical, Physiological and
Applied Aspects of Ethylene Y. Fuchs & E. Chalutz. Ed. Martinus
Nijhoff and Dr. Junk, The Hague, (In press).

4. Barash, I. & Angel, E. (1970). Isolation and properties of an
exopolygalacturonase produced by Penicillium digitatum during
infection of lemon fruits. Israel Journal of Botany 19, 599-608.

5. Barmore, C.R. & Brown, G.E. (1979). Role of pectolytic enzymes and
galacturonic acid in Citrus fruit decay caused by Penicillium
digitatum. Phytopathology 69, 675-678.

6. Biale, J.B. (1960). Respiration of fruit. Handbuch der Pflanzen
Physiologie 12, 539-592. Springer Verlag, Berlin.

7. Blumenkrantz, N. & Absoe-Hansen, G. (1973). New method for quantitative
determination of uronic acids. Analytical Biochemistry 54, 484-489,

8. Bradford, K.J. & Yang, S.F. (1981). Physiological responses of plants
to waterlogging. HortScience 16, 25-30.

9. Bradford, M.M. (1976). A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of

protein-dye binding. Analytical Biochemistry 72, 248-254.

10. Chalutz, E. & Lieberman, M. (1978). Inhibition of ethylene production
in Penicillium digitatum. Plant Physiology 60, 402-406.




11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

- 15 -

Chalutz, E. (1979). No role for ethylene in the pathogenicity of
Penicillium digutatum. Physiological Plant Pathology 14, 259-262.

De Laat, A.M.M. & Van Loon, L.C. (1983). The relationship between
stimulated ethylene production and symptom expression in virus-
infected tobacco leaves. Physiological Plant Pathology 22, 261-273.

Elson, L.A. & Morgan, W.I. (1933). A colorimetric method for the
determination of glucosamine and chondrosamine. Biochemical Journal
27, 1824-1828.

Hoffman, N.E. & Yang, S.F. (1980). Changes of l-aminocyclopropane-
1-carboxylic acid content in ripening fruits in relation to their
ethylene production rates. Journal of the American Society of
Horticultural Science 105, 492-495.

Honma, M. & Shimomura, I. (1978). Metabolism of l-aminocyclopropane-
1-carboxylic acid. Agricultural and Biological Chemistry 42, 1825-
1831.

Hyodo, H. & Nishino, T. (1981). Wound induced ethylene formation
in albedo tissue of citrus fruit. Plant Physiology 67, 421-423.

Ilag, L. & Curtis, R.W. (1968). Production of ethylene by fungi.
Science 159, 1357-1358.

Lizada, M.C.C. & Yang, S.F. (1979). A simple and sensitive assay for
1-aminocyclopropane-1-carboxylic acid. Analytical Biochemistry 100,
140-145.

Mattoo, A.K., Achilea, 0., Fuchs, Y. & Chalutz, E. (1982). Membrane
association and some characteristics of the ethylene forming enzyme
from etiolated pea seedings. Biochemical and Biophysical Research
Communications 104, 765-770.

Miyakawa, T. (1968). Studies of the Penicillium rot of Satsuma orange
fruit. Special report of the Tokushima Horticultural experiment
Station No. 1, 68 pp.

Netzer, D., Kritzman, G. & Chet, I1.(1979). B - (1,3) Glucanase activity
and quantity of fungus in relation to Fusarium wilt in resistant and
susceptible near-isogenic lines of muskmelon. Physiological Plant

Pathology 14, 47-55.




22.

23.

24.

25.

26.

27.

28.

29.

30.

- 16 -

Pegg, C.F. (1976). The involvement of ethylene in plant pathogenesis.
In: Encyclopedia of Plant Physiology, New Series, Physiological

Plant Pathology 4, Springer Verlag, Berlin, Heidelberg and New York.

Polacheck, Y. & Rosenberger, R.F. (1975). Autolytic enzymes in hyphae
of Aspergillus nidulans: Their action on old and newly formed walls.
Journal of Bacteriology 121, 332-337.

Reyez, F., Lahoz, R. & Cornago, P. (1977). Autolysis of Neurospora
crassa in different culture conditions and release of g-N-acetyl-
glucosaminidase and chitinase. Transactions of the British Mycological

Society 68, 357-36l.

Riov, J. & Yang, S.F. (1982). Effects of exogenous ethylene on
ethylene production in citrus leaf tissue. Plant Physiology 70,
136-141.

Santos, T., Villanueva, J.R. & Nombela, C. (1978). Regulation of
B-1,3-Glucanase synthesis in Penicillium Italicum. Journal of
Bacteriology 133, 542-548.

Schiffmann-Nadel, M. (1974). Facteurs et regulation de la maturation
des fruits. Colloques Internationaux du Centre National de la

Recherche Scientifique, No. 238.

Sinclair, W.B. (1972). The grapefruit, its composition, physiology
and products. University of California, Division of Agricultural

Science. Riverside, California.

Williamson, C.E. (1950). Ethylene, a metabolic product of diseased
and injured plants. Phytopathology 40, 205-208.

Yu, Y.B. & Yang, S.F. (1980). Biosynthesis of wound ethylene.
Plant Physiology 66, 281-285.




- 17 -

Table 1 The influence of the pH of the water extract of the

peel on the solubility of its proteins.

Water solable proteins in the extract

Peel Non-treated Modified to pH 4.5 Modified to pH 3.5
Tissue (mg g'l) (% of non-treated) (% of non-treated)
Albedo 1.87 ¥ 0.062  82.4 1 6.6 ~ 80.0 %46
Flavedo 3.15 £ 0.073  80.9 3.9 75.9 1 5.9

Water extracts were prepared from peel tissues of healthy
grapefruits. The pH of the extracts was either non-treated or modified
(by HC1) to 4.5 or 3.5. The extracts were then incuabted at 0°C for 8 h and
water-soluble proteins were determined. The original pH of the
extracts of the albedo and the flavedo were 5.2 ¥ 0.05 and 5.4 I 0.06,

respectively. Each value is a mean of 9 replicates with S.D.



- 18 -

Table 2 ACC content and conversion of ACC to ethylene by albedo
discs, cut from different locations of P. digitatum -

infected grapefruit.

Control ACC treated

Assayed ACC content Ethylene production Ethylene production

site (nmo1l g'l) : (nl g'1h°1) (% of control)
+70 0.5 ¥ 0.03 0.2 ¥ 0.06 994 ¥ 130
+8 8.8 ¥ 2.7 - 23%0.8 142 ¥ 31
-8 18.1 ¥ 3.0 0.2 ¥ 0.08 102 5 2
-70 32.4 Y 4.2 2.0% 0.6 91 ¥ 17

Albedo discs were excised from the indicated sites (see Fig. 1A)
of P. digitatum - infected grapefruit. Five discs of each site were
treated with either water (control), or with ACC (5mM) and incubated
at 24°C for 6 h in the dark. ACC content and ethylene production were
then determined. ACC content of the ACC-treated discs ranged from 141
to 180 nmol g'l. Each value in the table is a mean of 5 rep]iéates with

S.D.
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Figure 1 Some biochemical and physiological changes in the peel of
P. digitatum-infected grapefruit in relation to ACC content

and ethylene production.

A: Definitions of regions on a 6-days old infected grapefruit and the
method of their graphic presentation as a function of their distance from
the maceration front. B to G: Changes in biochemical and physiological
parameters, in an infected fruit as related to the distance from the
maceration front. B: Glucosamine content. C: Galacturonic acid. D: pH of
water extract. E: Water-soluble protein content in water extract. F: ACC

content. G: Ethylene production.

A11 assays were carried out on peel tissues samples taken from healthy
or P. digitatum-infected grapefruits, 6 days after id?u]ation near the
stem-end of the fruit. The fruits were incubated at 21°C in the dark.
Assay procedures are given in "Materials and Methods". Bars indicate S.D.
o———o:Healthy fruit albedo. A-------- A:Healthy fruit flavedo.

o———— o :Infected fruit albedo. A-------- A:Infected fruit flavedo.

Figure 2 Time-course of ethylene production by albedo and flavedo discs,
cut from different locations of healthy or P. digitatum-infected

grapefruit.

Ethylene production by peel discs cut from different sites of the fruit,
as defined in Fig. 1A: +70(A); +8(B); -8(C); and -70(D).
o——————0: Healthy fruit albedo. A-------- A: Healthy fruit flavedo.

o——————2o: Infected fruit albedo. A-------- A: Infected fruit flavedo.

Five peel discs, 12 mm in diameter were excised from each site of nine
fruits. The discs were separated into the albedo and flavedo parts,

weighed and placed inside a 21 ml glass vial. The vials were incubated
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in the dark at 24°C. One h accumulations of ethylene were determined

at various intervals during the following 32 h. Prior to every closure,
the vials were aerated. The data obtained from healthy control discs

are not given for Fig. 2B,C and D, since they were similar to those shown

in Fig. 2A. Vertical bars indicate S.D.
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