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ABSTRACT

Ethylene production was stimulated severalfold during the hypersensi-
tive reaction of Samsun NN tobacco to tobacco meosaic virus (TMV).
Exogenous methionine or S-adenosylmethionine (SAM) did not increase
ethylene evolution from healthy or TMV-infected leaf discs, although both
precursors were directly available for ethylene production. This indicates
that ethylene production is not controlled at the level of methionine
concentration or availability, nor at the level of SAM production or
concentration. In contrast, 1-aminocyclopropane-1-carboxylic acid (ACC)
stimulated ethylene production considerably. Thus, ethylene production is
primarily limited at the level of ACC production.

The regulation of ethylene production during the hypersensitive reaction
to TMV was further studied by determining the time course of the
concentrations of methionine, SAM, and ACC, as well as the course of
their in vivo conversion rates. Endogenous concentrations of methionine
and SAM remained unaffected until late in infection. On the contrary, the
peak in ethylene production near the time of local lesion development was
preceded by a large increase in ACC production. As a result of this
increase, ACC accumulated in the leaf tissue. Only after local lesions
became visible, the capacity to convert ACC into ethylene increased
severalfold, associated with a sharp decrease in ACC content and a large
increase in ethylene production.

Ethylene production in tobacco leaves reacting Ilypersen'sitlvely to TMV
is thus regulated at the level of both the production of ACC and its
conversion to ethylene.

Infection of N gene-containing tobacco cultivars with TMV?
*.-ds to the formation of necrotic local lesions within 48 h after
inoculation (10). Such a hypersensitive reaction is accompanied
by a sharp peak in ethylene production near the time of lesion
appearance. Virus-stimulated ethylene production gradually sub-
sides during subsequent lesion growth (6, 17).

In a previous paper, we demonstrated that methionine is the
precursor of both normal and virus-stimulated ethylene in tobacco
leaves (6). This conclusion was based on observations that AVG,
known to inhibit methionine-derived ethylene production (9, 14),
inhibited both normal and virus-induced ethylene production.
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Furthermore, after labeling leaves with L-[U-"C]methionine, the
specific radioactivity of the ethylene produced was in accordance
with that of the methionine pool within the leaves. Moreover, the
concentration of the intermediate, ACC (1, 16), increased sever-
alfold 2 days after TMV infection, when ethylene production was
maximal.

An increase in ethylene production may be the result of an
increase in: (a) the concentration and/or availability of the eth-
ylene precursor(s), and/or (b) the activity of one or more of the
enzymes involved in ethylene biosynthesis. It has been suggested
that in the biosynthetic pathway for methionine-derived ethylene
production, ACC synthesis rather than its conversion to ethylene
is the rate-limiting step (3, 11, 25). However, the accumulation of
ACC after virus infection (6) indicates that the utilization of ACC
may also be limiting. The present study was undertaken to analyze
how, during the hypersensitive reaction of Samsun NN tobacco to
TMYV, the limiting factors change in the pathway from methionine
to SAM to ACC to ethylene in order to enable the ethylene
outburst.

MATERIALS AND METHODS

Plant Material and Incubation Conditions. Tobacco plants (Ni-
cotiana tabacum L. cv. Samsun NN) were grown from seed in a
greenhouse at a minimum temperature of 20°C; photoperiod was
maintained at 16 h by additional illumination from high pressure
halide Philips HPI/T lamps at 18 w/m’. Almost full-grown leaves
from 10- or 11-week-old plants were selected. The leaves were
inoculated on the plant by dusting with carborundum, rubbing
with either water (controls) or TMV W Ul (100 pg/ml) using a
gauze pad, and rinsing with tap water. At specific times leaves
were picked off for analyses. Subsequent incubations of the de-
tached leaves were carried out in growth chambers under con-
trolled conditions (20°C, 16 h photoperiod, 70% RH) (20).

Uptake of labeled substrates was accomplished by vacuum
infiltration. Leaf discs (40 mm diameter) were immersed for 30 s
at 1 mm Hg in aqueous solutions of either L-[U-'*C]methionine or
SAM-[3,4-"C]methionine, blotted dry with Kleenex tissues, and
incubated in water-locked 750-ml Petri dishes (6).

Determination of Methionine Concentration. Leaf material was
extracted and the concentration of methionine determined by
amino acid analysis as described earlier (6). The specific radioac-
tivity of methionine from [**C]methionine- or [“C]SAM-labeled
leaves was determined by liquid scintillation counting of the
methionine-containing fractions eluted from the amino acid ana-
lyzer. Corrections for counting efficiency were made using an
external standard.

Determination of SAM Concentration and in Vivo Conversion
of Methionine to SAM. Leaf material was frozen in liquid N:
ground in a mortar with pestle, and 2 ml 6% HClO,/g fresh weight
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were added. The homogenate was stirred for 30 min at 0°C and
centrifuged for 10 min at 30,000g. The supernatant was adjusted
to pH 4.5 at 0°C by slowly adding solid KHCOs.

SAM was separated from other UV-absorbing compounds by
subjecting the mixture to sulfopropyl (SP)-Sephadex ion-exchange
column-chromatography according to Glazer and Peale (8). A
comparison with authentic SAM by TLC (19) and thin-layer
electrophoresis (18), confirmed that SAM was the only UV-ab-
sorbing compound within the SAM-containing fraction. The con-
centration of SAM was determined spectrophotometrically, as-
suming a molar extinction coefficient of 15,000 cm™"-M at 260 nm
(8). Recovery of SAM during the whole procedure was about 80%,
as established by adding a known amount of SAM as an internal
standard.

The rate of the in vivo conversion of methionine to SAM was
estimated by labeling leaf discs with L-[U-"C]methionine and
determining the amount of radioactive SAM formed. The pH 4.5
extracts were passed through a Bio-Rex 70(H*-form) column (20
X 5 mm) by elution with water to remove the labeled methionine.
SAM was then eluted with 0.1 M HCI according to Schlenk (18)
and its radioactivity determined by liquid scintillation counting.

Determination of ACC Concentration and in Vivo ACC Produc-
tion. After grinding of the leaf material, 2 ml of 5% sulfosalicylic
acid/g fresh weight were added. The mixture was stirred for 30
min at room temperature and centrifuged for 10 min at 30,000g.
The concentration of ACC in the supernatant was determined by
chemical conversion of the ACC to ethylene according to Lizada
and Yang (15). ACC determinations were carried out in 40-ml
sealed serum flasks; the amount of ACC was calculated from the
concentration of ethylene reached after conversion.

To identify the ethylene-releasing compound as ACC, extracts
were passed through a Dowex 50 (H*-form) column (0.4 X 4 cm).
After the column was washed with water, amino acids were eluted
with 10 ml 2 M NH,OH. This fraction was taken to dryness by
rotary evaporation at 30°C. The small residue was dissolved in
96% ethanol and the amino acids were separated by TLC on silica
gel plates using chloroform:methanol:(17%)ammonia (2:2:1, v/v/
v) as the solvent system, according to Boller ef al. (2). Different
zones of the chromatogram were scraped off and subjected to
ACC determination. More than 95% of the total amount of
ethylene produced by these zones was derived from the one
containing ACC, as established by co-chromatography with au-
thentic ACC.

In all determinations, corrections were made for the efficiency
of the conversion of ACC to ethylene by using authentic ACC as
an internal standard. Ethylene recovery from ACC was generally
about 80%.

Attempts to isolate ACC-synthase activity from either healthy
or TMV-infected tobacco leaves by methods similar to those used
by Boller et al. (2) and Yu et al. (23) for tomato fruits were
unsuccessful. Probably ACC synthase is inactivated as a result of
decompartmentation upon homogenization. Therefore, as a mea-
sure of ACC-synthase activity in vivo, ACC production was as-
sayed by determining ACC accumulation during incubation of
tobacco leaf discs under anaerobic conditions. Since the conver-
sion of ACC into ethylene requires oxygen, anaerobiosis blocks
the last step in ethylene biosynthesis (1). Discs from one leaf half
were extracted immediately after detachment to determine the
level of ACC at the start of incubation, whereas discs from the
other half were placed in an atmosphere of N;. To this end, a
desiccator was 3 times evacuated and filled with oxygen-free
nitrogen. This procedure reduced the O: concentration to less than
0.1%, resulting in an inhibition of ethylene production of more
than 80%.

Preliminary experiments indicated that accumulation of ACC
under these conditions was equal in light and darkness. The rate
of ACC accumulation remained constant for at least 8 h. Thus,
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within this time period, any influence of anaerobic conditions on
ACC-synthase activity, such as the induction found as a long-term
effect of anaerobiosis in tomato roots (4) could be excluded.

Routinely, leaf discs were incubated for 4 h at 20°C in light.
After opening of the desiccator, the leaf material was immediately
frozen in liquid N, for extraction and determination of ACC.
ACC production was expressed as the increase in ACC content in
nmol/g fresh weight.

Measurement of Ethylene Production. Individual leaf discs (25
mm diameter) were incubated in 1 ml water in 40-ml sealed serum
flasks at 20°C in fluorescent light (10 w/m?). At specific times, 1-
ml gas samples were withdrawn through the rubber seal. The
concentration of ethylene was determined with a gas chromato-
graph, equipped with an alumina column, and a flame-ionization
detector. Ethylene production was calculated as the mean of at
least three independent incubations. Each experiment was re-
peated at least twice.

After labeling leaves with either L-[U-'“Clmethionine or S-
adenosyl-[3,4-'*C]methionine the ethylene produced was trapped
with mercuric perchlorate and its specific radioactivity was deter-
mined as described earlier (6).

Determination of the in Vivo Capacity of the ACC-Converting
Enzyme(s). This capacity should be assessed by exogenous appli-
cation of a saturating amount of ACC. However, due to the low
affinity of the ACC-converting enzyme system to ACC (13),
saturation could not be reached (7). Nevertheless, it can be as-
sumed that comparison of the ethylene production of leaf discs
incubated in a high concentration of ACC will reflect their relative
capacities for ACC conversion. To this end, discs were incubated
in 1 ml 1 mm ACC solutions in 40-ml serum flasks. Ethylene
production was measured during a 4-h incubation in light (6).

Chemicals. L-[U-"C)methionine (285 mCi/mmol) was pur-
chased from The Radiochemical Centre (Amersham, UK) and S-
adenosyl-[3,4-'*C]methionine (about 40 mCi/mmol) from the
“Commissariat 3 ’Energie Atomique” (CEA) (Gif sur Yvette,
France). ACC was obtained from Bayer AG (Leverkusen, F.R.G.)
and AVG from Dr. R. Maag AG (Dielsdorf, Switzerland).

RESULTS

Ethylene Production. When discs were punched out of freshly
detached leaves at specific intervals after inoculation, ethylene
production during the first 4 h showed a pattern identical to the
one established earlier for whole detached leaves during continu-
ous incubation (6). Discs from TMV-inoculated leaves showed a
sharp peak in ethylene production with a maximum at 52 h after
inoculation, 4 h after lesions became macroscopically visible (Fig.
1). The ethylene production by leaf discs from water-inoculated
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F1G. 1. Time course of ethylene production by leaf discs (25 mm diam),
punched from water- (—) or TMV-inoculated (-----) leaves at the
indicated times after inoculation. Ethylene production was measured
during a 4-h incubation period at 20°C in light. The time that lesions
became macroscopically visible is indicated by the arrow.
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leaves remained at a steady low level.

Influence of Exogenously Applied Methionine, SAM, and ACC
on Ethylene Production. Leaf discs, cut from freshly detached,
noninoculated leaves, were vacuum infiltrated with, and further
incubated in water or methionine solutions at concentrations
varying from 107° to 1072 M. At all concentrations tested, ethylene
production was equal to that on water (about 0.3 nl/disc-h). Also,
after preincubation of leaf discs in an humidified atmosphere for
24 h, application of methionine did not affect ethylene production.

Leaf discs were then cut 2 days after inoculation with either
water or TMV, and infiltrated with and further incubated in
solutions of methionine, SAM, or ACC, at a concentration of 1
mM. This is far higher than the endogenous concentrations of
these ethylene precursors (see below). Methionine and SAM did
not influence ethylene production in either the control, or in the
virus-infected leaf discs. In contrast, the ethylene production of
discs incubated in ACC was increased 5- and 2-fold, respectively
(Table I). This indicates that ethylene production in tobacco is
limited at the level of ACC.

After labeling leaves by vacuum infiltration with either L-
[U-"C]methionine or S-adenosyl-[3,4-"*C]methionine, radioactive
ethylene was produced without any noticeable lag phase (Fig. 2),
indicating that exogenously applied methionine or SAM are di-
rectly available to the ethylene-synthesizing enzyme system.

After labeling leaves with [*C]methionine, the specific radio-
activity of the methionine pool within the leaf decreased from
5,500 dpm/nmol at the beginning, to 250 dpm/nmol after 7 h of
incubation, indicative of a high turnover rate. As a result, the
specific radioactivity of the ethylene produced by these leaves
decreased rapidly with time.

Althou&h after vacuum infiltration, ethylene was produced from
applied [*C]SAM without a lag phase, the specific radioactivity
of the ethylene was low and remained constant for at least 7 h.
Apparently, SAM was taken up only gradually by the leaf cells.
This prevented a reliable estimation of the specific radioactivity

Table 1. Ethylene Production of Tobacco Leaf Discs, Cut Two Days after
Inoculation with Either Water or TMV

The discs were incubated in 1-ml solutions of 1 mM methionine, SAM,
or ACC. Ethylene production was measured during a 5-h incubation
period immediately after punching of the discs, and was expressed as the
average (x sp) from four leaf discs.

Ethylene Production
Incubation
Water-inoculated TMV-inoculated
nl/disc-h
Water 0.22 + 0.03 3.13+£0.29
Methionine 0.18 + 0.04 310+ 0.24
SAM 0.21 £ 0.05 3.25+0.38
ACC 1.05 + 0.04 6.37 £ 0.40

FIG. 2. Time course of the specific radioactivity of the ethylene pro-
duced by TMV-infected tobacco leaf discs 2 days after inoculation. Leaf
discs were labeled with either L-[U-"C]methionine (#) or SAM-[34-
“C]methionine (%) at time 0.
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of SAM within the tissue proper. Due to the labeling with
[“C]SAM, the specific radioactivity of the methionine pool in-
creased from 30 dpm/nmol at the beginning to 80 dpm/nmol at
the end of the incubation period, indicating that some of the ["*C]
SAM was hydrolyzed in the tissue. However, since the specific
activity of the ethylene produced from [“C]SAM was about 450
dpm/nmol, the ethylene was produced directly from SAM and
not via SAM-derived methionine. .

Time Course of Methionine and SAM Concentration and the in
Vivo Capacity to Convert Methionine to SAM During the Hyper-
sensitive Reaction. In water-inoculated leaves, the methionine
content remained stable at about 15 nmol/g fresh weight. No
appreciable change occurred in TMV-infected leaves during the
development of the lesions when ethylene production was rapidly
rising (Fig. 3A).

Similarly, SAM content was unaffected during the hypersensi-
tive reaction and remained at a level of about 7 nmol/g fresh
weight during the first 3 days after inoculation, equal to the level
of SAM in water-inoculated leaves (Fig. 3B). Only at 4 days after
inoculation did the concentrations of both methionine and SAM
increase significantly in the TMV-inoculated leaves, reflecting
metabolic changes well after occurrence of the necrotic lesions.

To compare the conversion rates of methionine to SAM between
water- and TMV-infected leaves, leaf discs were punched from
leaves 48 h after inoculation, and labeled with L-[U-"C]methio-
nine. In a Previous paper (6) we demonstrated that after labeling
with L-[U-"C]methionine by vacuum infiltration both healthy and
virus-infected leaf discs produced ethylene with the same specific
radioactivity, indicating uptake of the labeled methionine to be
identical. This was confirmed by pulse-chase labeling: from 57,000
dpm L-[U-"C]methionine introduced in the leaf discs by vacuum
infiltration, after successive washings with 0.1 M KCl and 0.1 M
unlabeled methionine 20 min after the pulse, 9,500 + 1,100 dpm
and 10,100 + 1,500 dpm were retained in the water- and TMV-
inoculated leaf discs, respectively.

Figure 4 shows that the amount of radioactivity recovered in
SAM increased with time up to a maximum 30 min after labeling
in both water- and TMV-inoculated leaf discs, apparently reflect-
ing methionine uptake into the cells. At longer incubation times,
the amount of radioactive SAM decreased, probably due to both
the rapid decrease of the specific radioactivity of the methionine
pool and the rapid turnover of SAM.

In each of three experiments, the peak in radioactive SAM
formed was about 2 times higher in the virus-infected leaf discs
than in the water-inoculated controls. Since the SAM-pool size
was not increased after TMV-infection (Fig. 3B), this indicates
that the turnover of SAM is increased about 2-fold upon TMV
infection.

Time Course of in Vivo ACC Production and ACC Content
During the Hypersensitive Reaction. Figure 5 shows the time
course of the in vivo ACC production after water or TMV inoc-
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Fic. 3. Changes in endogenous concentrations of free methionine (A)
or SAM (B) in extracts from tobacco leaves at specific times after inocula-
tion with either water (——) or TMV (-----). The time of lesion appearance
is indicated by the arrow.
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F16. 4. Radioactive SAM formed after labeling leaf discs with L-[U-
“C]methionine. Discs were cut from leaves 2 days after inoculation with
cither water (—) or TMV (-----), and incubated at 20°C in light.
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F1c. 5. ACC production at specific times after water (—) or TMV
(-----) inoculation of leaves. ACC-synthase activity was calculated from
the amount of ACC accumulated in leaf discs during a 4-h incubation in
a nitrogen atmosphere. The time of lesion appearance is indicated by the
arrow.
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F1G. 6. Time course of ACC content in tobacco leaves after inoculation
with water (—) or TMV (-----). The time of lesion appearance is
indicated by the arrow.

ulation. After water inoculation, the activity of ACC production
remained at the level of about 0.3 nmol/g fresh weight - h, whereas,
in TMV-infected leaves, it increased more than 50-fold (up to 16
nmol/g fresh weight.h), as early as 40 h after inoculation. At 48
h, when local lesions had become macroscopically visible, ACC
production had fallen to about 2 nmol/g fresh weight-h. It
remained at this comparatively high level during subsequent days.

In both water- and TMV-inoculated discs, the endogenous ACC
content fully reflected ACC synthesis. After water inoculation, it
remained about 0.5 nmol/g fresh weight during the whole period,
whereas in the TMV-infected leaves it increased from 40 h after
inoculation onwards (Fig. 6), with a sharp peak at 48 h (about 9
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nmol/g fresh weight). In four different experiments, the maximal
increase was 15-, 9-, 24-, and 12-fold, respectively. By 60 h, the
ACC content had decreased to the control level, but it slowly
increased again to about 2 nmol/g fresh weight from 3 days after
inoculation on.

As described before (6), AVG, at a concentration of 0.1 mm,
very efficiently inhibited ethylene production of water- or TMV-
inoculated leaves. ACC-synthase activity of AVG-treated, nonin-
fected leaves was nearly abolished, whereas the rate of ethylene
production of leaf discs incubated in 1 mM ACC was not influ-
enced by AVG (Table II). Similar effects of AVG were found in
TMV-infected leaves. These results confirm the conclusions of
Boller et al. (2) and Yu and Yang (24) that AVG inhibits methi-
onine-derived ethylene production by blocking ACC synthesis,
rather than by inhibition of the conversion of ACC into ethylene.

Conversion of ACC into Ethylene. The sharp peak in ACC
production during the hypersensitive reaction caused a temporary
accumulation of ACC within the leaf tissue (Fig. 6). Since the
increased ethylene production during the hypersensitive reaction
is confined to the ring of tissue immediately adjacent to the
necrotic lesions, it is tempting to assume that ACC accumulated
only in that area. However, the amount of ACC had already
declined when lesions became clearly visible. This indicates that,
in the lesion area, at least from 36 to 48 h after infection, the final
step in ethylene biosynthesis was rate-limiting.

The time course of the capacity of leaf discs to convert ACC

Table II. Influence of (0.1 mm) AVG on Ethylene Production (Expt. 1) or
ACC-Synthase Activity (Expt. 2)

Ethylene production of noninfected leaf discs was measured between 2
and 7 h of incubation either in the presence or absence of 1 mm ACC.
ACC-synthase activity was calculated from the amount of ACC accumu-
lated during a 6-h anaerobic incubation following vacuum infiltration of
the leaf discs with either water or 0.1 mm AVG.

Expt. No.  Incubation conditions Ethylene Production
nl/disc-h % of control
1 Water 0.115 100
AVG 0.010 8.7
ACC 0.813 707
ACC + AVG 0.781 679
ACC-Synthase Activity
nmol/g fresh
wih % of control
2 Water 0.285 100
AVG 0.003 1.1
101 l I,".TMV
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F1G. 7. Ethylene production of leaf discs, cut from water- (—) or
TMYV- (-----) inoculated leaves, upon incubation in 1 mM solutions of ACC
at 20°C in light for a 4-h period. The time of lesion appearance is indicated
by the arrow.
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into ethylene was studied by incubating discs, cut from leaves at
specific times after inoculation, in 1 mMm solutions of ACC (Fig.
7). A comparison of Figure 1 with Figure 7 shows that the ethylene
production of the water- and the TMV-inoculated leaf discs was
increased manifold upon incubation in ACC. Starting around
lesion appearance on day 2, the capacity of the TMV-inoculated
leaf discs to convert exogenously applied ACC into ethylene
increased 5- to 10-fold during the following days. Contrary to its
production, ACC conversion kept increasing once local lesions
had become visible.

DISCUSSION

After labeling leaves with L-[U-'“C]methionine, the specific
radioactivity of the ethylene produced decreased rapidly with
time, in accordance with the rapid decrease of the specific radio-
activity of the methionine pool (cf. ref. 6). The specific radioactiv-
ity of the ethylene produced by S-adenosyl-[3,4-"*C]methionine-
labeled leaves was low in comparison with that of the [**C]methi-
onine-labeled ones, but was far higher than that reached by the
methionine pool within these leaves, indicating that the applied
[“C]SAM was not converted into ethylene via methionine, but
that it was taken up as such and acted as an intermediate in
methionine-derived ethylene production.

Since after labeling of the leaves with L-[U-"*C]methionine or
S-adenosyl-[3,4-'“C]methionine, radioactive ethylene was pro-
duced without any lag time, exogenously applied methionine or
SAM must have been directly available for the ethylene-synthe-
sizing enzyme system. However, neither methionine nor SAM
stimulated ethylene production of tobacco leaf discs when applied
at 1 mum in the incubation solution. This indicates that the con-
version rate of SAM to ACC is the limiting factor in ethylene
biosynthesis as was shown to be the case in several other systems
(3, 5, 11, 22, 24, 25). Furthermore, the increase in ethylene
production 2 days after TMV infection was not accompanied by
an increase in the pool size of either methionine or SAM. These
results exclude the possibility suggested by Kende and Baumgarter
(12) that ethylene production is regulated at the level of either the
concentration or the availability of methionine or SAM.

Determination of the in vivo conversion of methionine to SAM
in leaf discs, punched from leaves 2 days after inoculation with
either water or TMV, revealed that the rate of ['“C]SAM produc-
tion from [*C]methionine was elevated in the TMV-infected
leaves. This fits with our observations that, on the one hand, the
SAM pool size remained constant during the hypersensitive re-
action, whereas, on the other hand, SAM is converted to ACC at
an increased rate.

As described earlier (6), ethylene production by tobacco leaf
discs was increased severalfold upon incubation in ACC, in ac-
cordance with Cameron et al. (4), who demonstrated ACC to
increase ethylene production in 16 plant species. This further
demonstrates that ACC synthesis is the rate-limiting step in eth-
ylene biosynthesis. As expected, the peak in ethylene production
52 h after inoculation with TMV was preceded by an increase in
ACC production peaking at 40 h. Whether this stimulation of
ACC production results from de novo synthesis of ACC synthase,
as found for chemically- or mechanically-induced wound ethylene
in tomatoes (25), or is caused by activation of a preexisting
enzyme, was not investigated because inhibitors of protein synthe-
sis inhibit virus multiplication and, hence, interfere with the virus-
induced hypersensitive reaction and ethylene production.

In most experiments, the amount of ethylene evolved was less
than expected on the basis of the ACC production. Inasmuch as
accumulation of ACC during the 4-h incubation in the nitrogen
atmosphere was linear, an effect of anaerobiosis as described by
Bradford and Yang (4) for water-logged tomato plants is improb-
able. Perhaps the discrepancy between ACC and ethylene pro-
duction results from an inhibition of other reactions in which
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ACC and/or ethylene are normally involved.

Apparently, as a result of the increase in ACC production, ACC
accumulated within the leaf tissue. A maximal content (up to a
15-fold increase) was reached at 48 h after inoculation. Since
ethylene production in TMV-infected tobacco leaves is increased
only in the leaf cells surrounding the developing local lesions (6),
the increase in ACC content is expected to be restricted to these
cells only. Thus, the concentration of ACC within these cells must
be excessively high. Under these conditions, the capacity of the
ACC-converting enzyme system turned out to become limiting.
Only around the time of lesion appearance did the capacity of the
leaf discs to convert ACC into ethylene strongly increase, accom-
panied by a decrease in ACC-content and an increase in ethylene
production during the first hours after lesions had become visible.
Because the final step in methionine-derived ethylene production,
the conversion of ACC into ethylene, is assumed to be mediated
by a peroxidase-like enzyme (1), the increase in the ACC-con-
verting enzyme activity is in good agreement with the increase in
peroxidase activity after lesion appearance in TMV-infected to-
bacco leaves, observed by Van Loon and Geelen (21).

From the observations that ethylene production in noninfected
leaves is increased severalfold upon incubation in ACC solutions
and the increase in ACC synthesis precedes the stimulation of
ethylene production in hypersensitively reacting leaves, we can
conclude that virus-stimulated ethylene formation is regulated
primarily at the level of ACC production. However, inasmuch as
ACC accumulates near the time of lesion appearance, and the
peak in ethylene evolution occurs only when the capacity for
conversion of ACC into ethylene is increased, ethylene production
is also limited temporarily at the level of ACC oxidation.

Acknowledgments—The authors are indebted to Ms. D. C. C. Brandenburg for
skillful technical assistance and to Prof. Dr. J. Bruinsma for his stimulating support.
We also thank Dr. K. Liirssen (Bayer AG, Leverkusen F.R.G.) for a gift of ACC and
Dr. P. F. Bocion (Dr. R. Maag AG, Dielsdorf, Switzerland) for kindly providing us
with a sample of AVG.

LITERATURE CITED

1. Apams DO, SF YANG 1979 Ethylene biosynthesis: identification of 1-aminocy-
clopropane-1-carboxylic acid as an intermediate in the conversion of methio-
nine to ethylene. Proc Natl Acad Sci USA 76: 170-174
2. BoLLER T, RC HERNER, H KENDE 1979 Assay for and enzymatic formation of an
ethylene precursor, l1-aminocyclopropane-1-carboxylic acid. Planta 145: 293-
303
3. BorLer T, H KENDE 1980 Regulation of wound ethylene synthesis in plants.
Nature 286: 259-260
4. BRADFORD KJ, SF YANG 1980 Xylem transport of l-aminocyclopropane-1-
carboxylic acid, an ethylene precursor, in waterlogged tomato plants. Plant
Physiol 65: 322-326
5. CAMERON AC, CaL FENTON, Y Yu, OD ApaMms, SF YANG 1979 Increased
ethylene production by plant tissues treated with l-aminocyclopropane-1-
carboxylic acid. Hortscience 14: 178-180
6. DE LAAT AMM, CR VonK, LC vaN LooN 1981 Regulation of ethylene biosyn-
thesis in virus-infected tobacco leaves. I. Determination of the role of methio-
nine as the precursor of ethylene. Plant Physiol 68: 256-260
7. bE LaAaT AMM, DCC BRANDENBURG, LC vaN Loon 1981 The modulation of
the conversion of 1-aminocyclopropane-1-carboxylic acid to ethylene by light.
Planta. In press
8. GLAzER RI, AL PEALE 1966 M ment of S-adenosyl-L-methionine level by
SP-sephadex chromatography. Anal Biochem 91: 516-520
9. HaNsoN AD, H KeNDE 1976 Methionine metabolism and ethylene biosynthesis
in senescent flower tissue of Morning Glory. Plant Physiol 57: 528-537
10. HorMes FO 1938 Inheritance of resistance to tobacco mosaic disease in tobacco.
Phytopathology 28: 553-561
11. Jones JE, H KENDE 1979 Auxin-induced ethylene biosynthesis in subapical stem
sections of etiolated seedlings of Pisum sativum L. Planta 146: 649-656
12. KENDE H, B BAUMGARTER 1974 Regulation of aging in flowers of Ipomoea
tricolor by ethylene. Planta 116: 279-289
13. Konze JR, H KENDE 1979 Ethylene formation from 1-aminocyclopropane-1-
carboxylic acid in homogenates of etiolated pea seedlings. Planta 146: 293-301
14. LieBeRMAN M, AT KunisHi, LD OWeNs 1975 Specific inhibitors of ethylene
production as retardants of the ripening process in fruits. Colloques Int. CNRS
238, Paris, 161-170
15. Lizapa C, SF YANG 1979 A simple and sensitive assay for 1-aminocyclopropane-
1-carboxylic acid. Anal Biochem 100: 140-145
16. LURsSEN K, K NAUMANN, R SCHRODER 1979 1-Aminocyclopropane-1-carboxylic




IN VIVO REGULATION OF ETHYLENE SYNTHESIS

acid—An intermediate of ethylene biosynthesis in higher plants. Z Pflanzen-
physiol 92: 285-294

17. PRITCHARD DW, AF Ross 1975 The relationship of ethylene to formation of
tobacco mosaic virus lesions in hypersensitive responding tobacco leaves with
and without induced resistance. Virology 64: 295-307

18. ScHLENK F, CR ZyDEK, DJ EHNINGER, JL DAINKO 1965 The production of S-
adenosyl-L-methionine and S-adenosyl-L-ethionine by yeast. Enzymologia 29:
283-298

19. SHAPIRO SK, DJ EHNINGER 1966 Methods for the analysis and preparation of
adenosylmethionine and adenosylhomocysteine. Anal Biochem 15: 323-333

20. vAN LooN LC 1976 Systemic acquired resistance, peroxidase activity and lesion
size in tobacco reacting hypersensitively to tobacco mosaic virus. Physiol Plant

245

Pathol 8: 231-242

21. vaN LooN LC, JLMC GEELEN 1971 The regulation of polyphenoloxidase and
peroxidase to symptom expression in tobacco var. “Samsun NN after infection
with tobacco mosaic virus. Acta Phytopathol Acad Sci Hung 6: 9-12

22. Yu Y, DO Apawms, SF YANG 1979 Regulation of auxin-induced cthylene
production in mung bean hypocotyls. Role of 1-aminocyclopropane-1-carbox-
ylic acid. Plant Physiol 63: 589-590

23. Yu'Y, DO Apams, SF YANG 1979 1-Aminocyclopropane-1-carboxylate synthase,
a key enzyme in ethylene biosynthesis. Arch Biochem Biophys 198: 280-286

24. YU Y, YANG SF 1979 Auxin-induced ethylene production and its inhibition by
aminoethoxyvinylglycine and cobalt ion. Plant Physiol 64: 1074-1077

25. Yu YB, SF YANG 1980 Biosynthesis of wound ethylene. Plant Physiol 66: 281-
285



