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Ah&act-Pronounced increases in activity of phenylalanine ammonia-lyase (PAL), cinnamic acid-4-hydroxylase 
(CAH) and caffeic acid-0-methyltransferase (OMT) occur following infection by TMV of hypersensitive tobacco 
cv. Samsun NN. The maxima of PAL and CAH activities occur at exactly the same time, whereas those of OMT 
and peroxidase activities are delayed. The cells showing increases in these enzyme activities are not synchronally 
affected by the stimulus. There is a radial spread of the stimulated PAL, CAH and OMT activities from the 
center of the local lesions. Stimulation of enzyme activities in cells peripheral to the center of the local lesion 
precedes infection by the virus. Shortly after the initial appearance of the local lesions the stimulus spreads much 
faster than necrosis, but later in the infection the spread of the stimulus slows down while that of necrosis continues 
almost unabated. Similar results concerning the changes in the activities of these enzymes were obtained after 
inoculation of the same host with other strains of TMV inducing smaller lesions. All these data show that enzymes 
of the phenylpropanoid pathway are good biochemical markers of the necrotic reaction. Thus symptoms of necrosis 
and changes in enzyme activity occur at exactly the same time, while increases in enzyme activities are proportional 
to the number of developing necrotic lesions. Also, the greater the increase in enzyme activities, the larger the 
final size of the necrotic lesion. Finally, almost all the cells which show a stimulation of PAL, CAH and OMT 
activities are destined to be destroyed by necrobiosis. 

INTRODUCTION 

It has been known for some time that an increased pro- 
duction of phenolic compounds occurs in many plants 
infected by various phytopathogens [l-3]. Infection of 
plants by viruses leads either to a generalized invasion 
or to the hypersensitive reaction. This latter reaction is 
characterized by the appearance of necrotic local lesions 
on the inoculated leaves and by a limitation of virus 
spread in the vicinity of these lesions. It has been shown 
that the virus is not localized by the barrier of necrotized 
cells, but is also present in an active state in the cells 
around the lesion [4]. There is, however, no movement 
of the virus to uninoculated leaves as in systemic viral 
infections. The mechanism of localization of the virus 
is still unknown and represents probably the most inter- 
esting feature of hypersensitivity. It seems to be associ- 
ated with necrosis which is the important visible event 
of the hypersensitive reaction. Since the production of 
phenolics is stimulated in necrotic reacting hosts rather 
than in systemic hosts, these compounds have been sus- 
pected of involvement in necrogenesis according to this 
hypothesis: a dramatic increase in the levels of phenols 
and a concomitant stimulation of polyphenoloxidases 
[S-S] and peroxidases [7-91 would be responsible for 
a rapid accumulation of toxic concentrations of quinones 
which in turn would lead to disruption of the cells. 

In the case of infections of hypersensitive tobacco 
plants with tobacco mosaic virus (TMV), the most strik- 
ing quantitative changes are found in phenolic com- 

pounds derived from phenylalanine, such as chlorogenic 
acids, coumarins and flavonoids [l&12]. Since the max- 
ima of their levels are reached late after appearance of 
symptoms it has been suggested that these compounds 
cannot be involved in necrogenesis [ 111. Since, however, 
the enzymes which catalyse the catabolism of these 
phenol& are also activated, a conclusion based upon 
the time of maximum accumulation of such compounds 
might be misleading. To determine the exact time of 
stimulation of the phenylpropanoid pathway we have in- 
vestigated both the rate of incorporation of radioisotopes 
and changes in enzyme activities. We have already 
reported that increases in the rate of incorporation of 
labeled phenylalanine into phenylpropanoids occur 
rather early: at the time of local lesion appearance [12]. 
Moreover, preliminary experiments have also shown an 
early increase in the levels of phenylalanine ammonia- 
lyase (PAL) around the local lesions [13]. 

The present paper summarizes the results of investigat- 
ing the relationship between the activation of the phenyl- 
propanoid pathway, the necrotic process and the locali- 
zation of the virus. Experiments were conducted using 
hypersensitive tobacco plants, Nicotiuno tabacm, cv. 
Samsun NN, infected by one of three strains of TMV. 
Four enzymes were assayed and tentatively used as bio- 
chemical markers. These were PAL, cinnamic acid+ 
hydroxylase (CAH), caffeic acid 0-methyltransferase 
(OMT) and peroxidase. In recent years, considerable 
attention has been devoted to the response of PAL, the 
first enzyme of the pathway, to various stimuli applied 
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to plant tissue 1141. However, rather little is known 
about changes in PAL in relation to plant disease. CAH, 
the second enzyme, catalyses the conversion of cinnamic 
acid to pcoumaric acid and is concentrated in the mem- 
brane fraction [15,16]. Caffeic acid-0-meth)Itransferase 
(OA4T) of tobacco appears to be similar (kgrdnd. hf.. 
unpublished) to the enzyme extracted from pampa grass 
[17,18]. We also assayed the level of peroxidase which 
catalyses the catabolism of many phenylpropanoid com- 
pounds and has been linked by several authors to symp- 
tom severity and resistance [19]. 

RESULTS 

Changes in enzyme activities in TMV-infected Samsun NN 
leaves 

Figure 1 shows that the 4 enzymes tested are sensitive 
to ‘I’MV infection but that they are not stimulated at 
the same time. PAL and CAH activities are already in- 
creasing when the local lesions become detectable, that 
is 36 hr after inoculation. The maximum activity of both 
enzymes occurs 50-60 hr after inoculation and then enzy- 
matic activity decreases. The methylation activity in- 
creases at a lower rate and its maximum is reached at 
about the 4th day following inoculation. The curve of 
peroxidase activity parallels that of OMT, but with a 
longer time lag. Thus, there appears to be a sequence 
in the changes of these enzymes with time of infection. 
PAL and CAH activities increase first, but the PAL 
curve is sharper and the maximum of CAH activity 
occurs slightly later than that of PAL. OMT activity 
starts to increase at about the same time as PAL and 
CAH but at a lower rate and is still increasing when 
PAL and CAH are already decreasing. 

Since the changes in enzymatic activities depend on 
the number of lesions [13J, it is advantageous to use 
heavily infected leaves in order to increase the sensitivity 
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Fig. 1. Changes in enzyme activity during viral infection. 
Leaves have been tnocutated with TMV at a concentration 
of 0.2 ~g/ml in order to develop 250 local lesions. The vertical 
arrow indicates the time of appearance of the lesions. Symbols 
used for enzymic activities: M PAL; @....a cAH; 

A---A OMT; A-A peroxidase. 
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Fig. 2. Time course curves of PAL and OMT activities in 
discs (diameter of 5mm) centered on the necrotic lesions. 
Leaves have been inoculated with TMV at a concentration 
of 0.04 &ml in order to develop 20-50 local lesions. Enqrnic 
activity indicated for the first day atIer inoculation represents 
the average enzyme activity over the period studied in 5 mm 
discs punched on water-inoculated leaves. Symbols used for 

enzyme activities: O-_-O PAL; A---A OMT. 

of measurement in the time course curves. Under these 
circumstances, however, it must be pointed out that after 
several days of infection the leaves show some drying 
out and the lesions, when present in large number, 
become coalescent. This reduces the number of healthy 
cells around the lesions and hence all enzymatic activi- 
ties. Therefore, to measure enzyme activities after long 
infection periods, we assayed discs of 5mm diameter 
containing the local lesion in their center. We have 
already reported that these samples contained the stimu- 
lated PAL activity [13]. Figure 2 summarizes the results 
obtained for PAL and OMT with such discs punched 
from leaves carrying only a few lesions. It is clear that 
the sharp rise in PAL activity is not followed by an 
equally sharp fall as has been mentioned by Simons and 
Ross [ZO]; instead the enzymatic activity decreases pro- 
gressively over a period of several days. The stimulated 
OMT activity, on the other hand, is stable; only a slight 
decrease occurs between the 4th and 8th day following 
inoculation. In the experiment of Fig. 1, 300 local lesions 
were induced per leaf, resulting in some coalescence of 
the enlqging lesions and in turn to an over-pronounced 
decrease in PAL and OMT activities. 

The changes in enzyme activities in response to TMV 
infection show some similarities to the behaviour of the 
enzymes of flavone glycoside biosynthesis in illuminated 
cell suspension cultures of parsley [21]. Activities of all 
enzymes involved in this pathway increased, but differ- 
ences were observed in the point of maximum enzyme 
activity. As in our case, PAL and CAH were found to 
be rapidly responding enzymes whereas the O-methyla- 
tion enzyme (S-adenosylmethionine: luteolin 3’-O-meth- 
yltransferase) fell into a second group of enzymes whose 
activity was still rising at a time when activities of the 
first group had already decreased. Concerning the rela- 
tionship between CAH and PAL, we find in the case 
of infection a close parallel between the activities of the 
two enzymes, as has been found in other plant materials 
during ageing [22] or aker light treatments [21,23]. 
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How can these changes in enzyme activities be related 
to changes in the levels of the individual phenolics of 
the phenylpropanoid pathway? The sharp increase in 
PAL and CAH activities at the time of appearance of 
the lesions is in good agreement with a concomitant rise 
in the levels of all the phenylpropanoids and with an 
increased rate of incorporation of labelled phenylalanine 
into these compounds [12]. Between the second and 
third day following inoculation, PAL and CAH activities 
reach their maximum level and then start to decline. The 
rate of incorporation of labelled phenylalanine into all 
phenolics is immediately reduced as a result of the de- 
crease in activity of these two key enzymes. At the same 
time, the levels of odihydroxyphenols such as chloro- 
genie acids and rutin fall abruptly whereas, surprisingly, 
those of methoxylated compounds such as scopoletin, 
scopolin and conjugates of ferulic acid increase. This 
enrichment in m-methoxy, p-hydroxy phenyl compounds 
appears to be closely correlated with the high OMT acti- 
vity which lasts for several days. A similar correlation 
between OMT activity and production of ferulic acid 
has been observed in wheat during lignification [24]. The 
aforesaid methoxylated compounds are substrates for 
peroxidases whose activity is also enhanced at this time. 
Both methylation of o-diphenols and enhanced catabo- 
lism of the resulting methoxylated compounds are in 

good agreement with the decrease in the levels of total 
phenols which is observed after 3 days of infection 
[11,20]. 

All these data show that, even though the maximum 
concentration of some compounds may occur rather late, 
the onset of stimulation of the phenylpropanoid pathway 
appears to be an early event in the course of the disease 
and not, as previously proposed [l 13, a secondary effect 
of viral infection. 

Localization of the stimulated PAL and OMT activities 
and development of necrosis 

Figure 3 shows that the growth of the necrotic lesions 
is relatively fast during the first week of infection but 
slows down thereafter. There is no significant enlarge- 
ment of these lesions between 2 and 3 weeks after inocu- 
lation. To see how PAL activity, OMT activity and virus 
titers are localized in relation to necrosis, we assayed 
discs and rings punched on the leaves with cork borers. 
The sizes of the different samples were the following: 
(D) disc with a diameter of 2.5 mm; (R,) ring with inter- 
nal and external diameters of 2.5 and S.Omm respect- 
ively; (R,) ring with internal and external diameters of 
5.0 and 8.Omm respectively; (R3) ring with internal and 
external diameters of 8.0 and 13.Omm respectively. 
Leaves were inoculated with low titers of TMV in order 

PAL activity 

Doys ofter inoculation 

Fig. 3. Localization of the stimulated PAL and OMT activities and of the virus particles during lesion 
enlargement. Legend: Leaves have been inoculated with 0.01 &ml TMV suspension in order to induce 5-20 
local lesions per leaf. The samples assayed for PAL and OMT activities and for virus titers are as follows: 
B---H disc D with a diameter of 2.5 mm and centered on the center of the lesion. W ring R, with 
diameters of 2.5 and 5.Omm and centered on the center of the lesion. A-A ring R2 with diameters 
of 5.0 and 8.Omm and centered like disc D and ring RI. Enzymic activities in ring R2 of infected leaves 
were the same as those in disc D and rings RI and R2 of healthy leaves. Therefore R2 may be considered 
as the control sample. The average diameter @--o of the necrotic lesions has been measured using a 
magnifying glass. The fluorescent rings around the necrotic areas have been viewed in UV light at 360nm 

and their external diameter lS--Cl measured. 
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to induce 5-20 lesions per leaf. Each ring or disc was 
centered upoa a local lesion. Similar samples were 
punched from water-inoculated leaves and served as 
controls. We observed that stimulated PAL and OMT 
activities were detectable only in disc D and ring RI. 
At .any time, enzymatic activities in rings Rz and R3 
of infected leaves were the same as those in disc D and 
rings R,, Rz and R3 of healthy leaves. Therefore, ring 
Rz of infected leaves could also be considered as a con- 
trol sample. Figure 3 shows the changes with time of 
infection of PAL and OMT activities in disc D and rings 
R, and Rz. These curves indicate how the stimulated 
enzymatic activities contained in a disc of 5mm in dia- 
meter (see Fig. 2) are shared between the smaller disc 
D and ring R, during development of necrosis. In these 
graphs enzymatic activities are expressed relative to the 
same amount of soluble proteins of the crude extract. 
Total activities in disc D and first ring R, are not com- 
parable since necrosis develops in the first but not in 
the second sample at the time of these measurements. 
The curves of PAL and OMT activities in disc D and 
ring R, indicate that the reaction of all the cells to the 
stimulus is not synchronous. For both enzymes the max- 
ima of activity are not coincident in the two samples. 
Furthermore, in disc D there is a decrease in PAL acti- 
vity between 3 and 5 days whereas OMT activity in- 
creases very sharply in the same sample during the same 
period. Such concomitant increase in one enzyme and 
decrease in another is a matter of enzyme regulation and 
not of reduction in the number of living cells as a result 
of necrosis. Figure 3 shows that there is a radial spread 
of the stimulation of PAL and OMT activities in a man- 
ner similar to the spread of the virus and to the progres- 
sion of necrosis. Moreover, each cell affected by the 
stimulus shows first an enhancement of PAL and later 
a stimulation of OMT. 

Electron microscopy has shown that, at any time of 
infection, clumps of virus particles are present in the nec- 
rotic areas and in a layer of a few cells surrounding 
the local lesions [4]. Five days following inoculation. 
virus was detected even further in advance of necrosis, 
up to 1.4mm from the center of the lesions (Roussel, 
G., unpublished). These results are in good agreement 
with the curves of virus titers (Fig. 3) which show that 
one can detect significant amounts of virus in first ring 
RI only after necrosis has approached the edge of this 
sample. However, stimulation of enzymes are detectable 
in ring RI much earlier, 

The curve of fluorescence indicates the minimum size 
of the zone containing stimulated cells. This is because 
fhiorescence is brought about by an accumulation of sco- 
poletin and its glycoside, scopolin [12], both of which 
require PAL and OMT for their synthesis [25]. At the 
time of appearance of the local lesions the fluorescent 
rings arc already clearly visible (diameter of approximati- 
vely 1 mm); they extend much faster than necrosis during 
the following 4 days. Later in the infection the rate of 
growth of the fluorescent rings slows down while the 
spread of necrosis continues almost unabated. Two 
weeks after inoculation, fluorescence is restricted to a 
zone with a width of 0.2mm surrounding the necrotic 
lesion. It is clear from Fig. 3 that at the time of large 
increases in PAL and OMT activities the stimulated cells 
are situated in advance of the zones showing high virus 
titers. Although the presence in these cells of a few virus 
particles cannot be excluded, it is apparent that extensive 

multiplication of virus in non-necrotic cells occurs later 
and in a small layer of cells in advance of necrosis. 

Since the fluorescent ring extends to a maximum dia- 
meter of 3.5 mm, it follows that only about l/4 of the 
cells of ring R, are affected by the stimulus (Fig. 3). Thus 
the degree of stimulation of PAL and OMT activities 
in this sample is diluted by 75% of unstimulated cells. 
The conclusion is that PAL and OMT activities increase 
almost to the same extent in the stimulated cells of disc 
D and ring R, and that all these stimulated cells are 
progressively necrotized thereafter. 

Changes in activity of enzymes in relation to the size of 
the local lesions induced by 3 strains of TMV 

In the experiments described above, Samsun NN 
leaves were inoculated with the common strain of TMV. 
To confirm these results, we assayed the same enzymes 
in Samsun NN leaves inoculated with one of three 
strains of TMV: the common strain, strain 2 and strain 
3. Strain 2 is the GTAMV strain [26J Strain 3 has been 
isolated from the common strain after several transfers 
on tobacco tissue cultures and cloning on leaves of Nico- 
tiana tabacum, cv. Xanthi n.c. [27]. Strains 2 and 3 in- 
duce much smaller lesions on Samsun NN leaves than 
the common strain (see Fig. 4), indicating that the plant 
is more resistant to these other two strains. 
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Fig. 4. Changes in activity of PAL, OMT and peroxidases 
and growth of local lesions induced by three strains of TMV. 
Enzyme activities were assayed on whole leaves. Virus titers 
have been adjusted in order to induce approximately 300 local 
lesions per leaf for each strain. Enzymic activity drawn on 
each graph for the first day of infection represents that of 
water-inoculated leaves. Diameters of local lesions have been 
measured using a graduated magnifying glass. Each deter- 
mination represents the average of 500 measurements. Sym- 
bols used for virus strains: H4 common strain; +----O 

strain 2; o-_O strain 3. 
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Figure 4 summarizes the results obtained for the 
stimulation of PAL, OMT and peroxidase activities after 
inoculation of Samsun NN leaves with the three strains 
of TMV. The local lesions induced by the different 
strains appear exactly at the same time, i.e. 36 + 2 hr 
after inoculation. This is also exactly the time at which 
PAL and OMT activities are increasing. It appears in 
Fig. 4 that the time course curves of all enzymic activities 
are paralleling each other during the increase in activity. 
After the maxima of euzymic activities is obtained, the 
decrease in activity is sharper when leaves have been 
infected by strains 2 and 3. This is apparent in Fig. 4 
for PAL and has also been shown for OMT for times 
of infection longer than 6 days. As will be discussed 
below, this is the result of a more restricted spread of 
the stimulus. 

The localizations of the stimulated PAL and OMT 
activities are compared in Table 1. The same samples 
as those described in Fig. 3 have been punched on Sam- 
sun NN leaves infected by one of the three strains. For 
none of these strains does the stimulus reach ring R,, 
i.e. spread further than 2Smm from the center of the 
lesion. Around the local lesions produced by the com- 
mon strain, increased PAL and OMT activities are found 
in disc D and ring R, as expected from Fig. 3. However, 
it is clear from Table 1 that, on leaves infected by strains 
2 and 3, the stimulated PAL and OMT activities are 
restricted to the disc D with a diameter of 2.5 mm. These 
data on the localization of stimulated enzyme activities 
are in good agreement with the results described in Table 
2. The fluorescent rings delimit the zone of enrichment 
in methoxylated phenylpropanoids. They extend into the 
ring RI when leaves are infected by the common strain 
but are contained in disc D in the case of infection by 
strains 2 and 3. Thus, there is a close relationship 
between the spread of the stimulus and that of necrosis: 
the larger the size of the necrotic reaction, the larger 
the zone with a stimulated metabolism of the phenylpro- 
panoids. Moreover, the relative rate of spread of the 
stimulus and necrosis are similar for the three strains. 
At the time of appearance of the lesions the fluorescent 
zone spreads faster than necrosis but later the reverse 
situation occurs. During advanced stages of infection 
with all three strains of TMV there remains a fluorescent 
ring with a width of 0.2 mm in which diffusion or multip- 
lication of the virus (or both) are almost suppressed. It 

Table 2. External diameters (in mm) of the fluorescent rings 
around the necrotic lesions induced by three strains of TMV 

Time of 
infection Virus strains 

(days) Common Strain 2 Strain 3 

1.5 1.20 0.90 0.95 
3 2.71 1.22 1.31 
5 3.07 1.27 1.31 

10 3.33 1.31 

The fluorescent rings containing high levels of methoxylated 
phenols have been viewed and measured in uv light at 360 nm. 

is noteworthy that all these events (appearance and 
spread of the fluorescent zone and of necrosis) are 
approximatively the same for the three strains till 2 days 
after inoculation. At that time, the movements of fluores- 
cence and of necrosis are slowing down on leaves in- 
fected by strains 2 and 3, and 1 day later, i.e. 3 days 
after inoculation, growth of the lesions is almost undetec- 
table. A similar situation occurs only 10 days after inocu- 
lation with the common strain. 

In the experiments described in Fig. 4, virus titers were 
adjusted in order to induce the same number of lesions 
for the three strains. It appears that the degree of stimu- 
lation of PAL and OMT activities is the highest for the 
necrotic reaction against the common strain. This is con- 
firmed by the data of Table 1. Therefore one can con- 
clude that the larger the size of the lesions, the higher 
the total stimulated PAL and OMT activities. However, 
if one takes into account the number of stimulated cells, 
it appears that the amplitude of the stimulations is higher 
for a ccl1 surrounding a smaller local lesion. A calcula- 
tion using the sizes of the fluorescent zones shows that 
the number of cells affected by the stimulus is about 
7-g fold lower after inoculation with strains 2 and 3. 
The stimulation of PAL activity, however, is reduced by 
only 2 fold and that of OMT activity by even less. With 
peroxidase activity, the total stimulation as well as the 
average stimulation per cell is higher in the case of 
smaller local lesions, suggesting a strong oxidative meta- 
bolism. 

DISCUSSION 

In the case of the host-virus combination tobacco 
Samsun NN-TMV, there is no drastic change in the total 

Table 1. Localization of the stimulated PAL and OMT activities on Samsun NN leaves infected for 
3 or 6 days by one of 3 strains of TMV 

3 days 6 days 

Virus strain Disc Ring 1 Ring 2 Disc Ring 1 Ring 2 

PAL activity Common 20 2.8 1.0 15 4.2 1.1 
relative to control Strain 2 10 1.0 1.1 2.8 0.9 1.0 

Strain 3 12 1.2 1.0 2.0 1.1 0.9 

OMT activity Common 4.8 1.5 0.9 7.0 3.5 1.1 
relative to control Strain 2 5.1 1.1 0.9 5.3 1.1 0.9 

Strain 3 4.0 1.1 1.0 4.2 1.2 0.9 

Leaves have been inoculated with low virus titers in order to induce 5-20 local lesions per leaf. 
The samples assayed for PAL and OMT activities are exactly the same as those of Fig. 3: disc D 
with a diameter of 2.5 mm, ring RI with internal and external diameters of 2.5 and 5.0mm, ring 
R2 with internal and external diameters of 5.0 and 8.0 mm. Enzymic activities of all samples punched 
from infected leaves are relative to enzyme activities in identical samples punched from water-inoculated 
leaves. 
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amount of phenols, the concentration of total phenols 
being increased only by 5crlWb [I I]. However, not all 
the phenols are affected to the same extent. The most 
striking quantitative changes concern methoxylated com- 
pou& (conjugates of ferulic acid, scopoletin and scopo- 
hn) vrhox conc<nlrd[lonj are increased by over 100 fold. 
Such change5 end rhc quence of stimulation of enzyme 
activities described here are in every way compatible 
with an involvement of phenolics in necrosis. It is note- 
worthy that the time course curves obtained by assaying 
whole leaves do not reflect exactly the regulation of enzy- 
mic activity at the level of the individual cell. Exper- 
iments in which the zones of stimulation was visualized 
by fluorescence in UV light and in which small and con- 
centric samples were assayed allowed us to show that 
not all cells are affected synchronously by the stimulus. 
There is a radial spread of the stimulus with an almost 
constant amplitude from cell to cell. In each cell the 
stimulation of PAL and CAH activities occurs first and 
is followed by a stimulation of OMT activity. For each 
cell these stimulated enzyme activities last for a much 
shorter time than is apparent when whole leaves are 
assayed. Moreover we have shown that the stimulus 
moves in advance of high viral multiplication. Its move 
ment is much faster than necrosis just after appearance 
of the symptoms and slower than the necrotic process 
a few days later. Similar results concerning the relative 
spreads of the stimulus and of necrosis were obtained 
after inoculation of the same host by two other strains 
of TMV producing smaller local lesions. These exper- 
iments have also indicated that the level of stimulation 
of enzyme activity of a given cell affected by the stimulus 
does not depend only on the host. It depends rather 
on the virus strain responsible for the stimulus and is 
higher for cells surrounding smaller lesions. 

All these data show that there is a close parallel in 
time and amplitude between necrosis and the stimulation 
of the phenylpropanoid pathway. Moreover, the total 
stimulation of enzymes increases with the size of the nec- 
rotic area. Therefore, enzymes of this pathway appear 
to be good biochemical markers of the necrotic reaction. 
Finally, if one takes into account the number of stimu- 
lated cells, activities of these enzymes may also be con- 
sidered as markers of the resistance which will be devel- 
oped by the host against viral infection. 

EXPERIMENTAL 

Phnt mutdul. Experiments were performed using 3-month- 
old tobacco planta Nicotiana sabacwn, cv. Samsun NN, with 
6 or 7 leaves which were grown in an air conditioned green- 
house at 2.Y a 2”. We used the 2 or 3 first fully expanded 
leaves from the top of each plant. 

Inoculation of leaves with tobacco mosaic virus. The leaves 
were inoculated with an aqueous suspension of highly purified 
virus (wild strain) by rubbing in the presence of Celite. Inocu- 
lations with TMV strains 2 and 3 were performed with crude 
extracts of systemically infected leaves of cv. Samsun. Infec- 
tions were allowed to develop in a growth chamber at 
22” + 1”. At this temperature infection of Samsun NN leaves 
by any of the 3 strains of TMV leads to the production of 
local lesions that appear 34-37 hr after inoculation. 

Extraction of enzihes. PAL, CAH and QMT were extracted 
by grinding 30g of leaves in a Virtis homogenizer in the pres- 
ence of 300 mg activated charcoal and of 75 ml ice-cooled 
0.1 M Pi buffer pH 7.4 containing 15 mM 2-mercaptoethanol. 
For PAL and OMT of discs and rings, extraction was carried 
out with 2Oml buffer per g fr. wt and activated charcoal was 

omitted. The mixture was filtered through a double layer’of 
cheesecloth and the filtrate was eentriluged at 2OOOOg for 
30min. This supernatant was used to assay PAL and OMT. 
For the determination of CAH activity a second centrifugation 
was performed at 100000g for 90 min to yield a pellet contain- 
ing the membrane fraction. Extraction of peroxidases was car- 
ried out by grinding IOg of leaves at 4” in a mortar in the 
presence of quartz sand and 30ml of 0.1 M Pi buffer pH 6.0 
free of mercaptoethanol. After centrifugation at 200008 for 
20 min, we used the supernatant to assay peroxidase activity. 

Determination of enzyme activities. Phenylalanine ammonia- 
lyase. The reaction mixture consisted of OSml of 20000g 
supernatant, 1.5 ml 0,l M borate buffer pH 8.8 and 0.1 ml of 
the same buffer containing 0.05 &i of L-phenylalanine U-14C 
and 2mh4 Lphenylalanine. After 2 hr incubation at 37” the 
reaction was stopped with 0.1 ml 10 N H2S04. After addition 
of 8 ml H,O and 15 ml of a ether-cyclohexane (1: 1) mixture, 
each tube was shaken for 0.5 min. 10 ml of the organic phase 
were removed and mixed with IOml Bray’s [28] scintillation 
solution for counting. The background (contamination of cin- 
namic acid by traces of labelled pheuylalanine) was deter- 
mined by inactivating the enzymic soln with 0.1 ml 10 N 
H,SO, then incubating it with the same amount of radioac- 
tive substrate. The reaction mixture was treated as described 
above and the radioactivity measured taken as the back- 
ground. All assays were run in triplicate. Caffeic acid O-meth- 
yltransferase. The reaction mixture contained OSml of the 
iOOC@ g supernatanf 2.5 mM caffeic acid, 150 /M Sadenosyl- 
L-methionine and 0.1 uCi S-adenosvl-L-methionine rmethyl- 
‘H] in a final volume of 0.6 ml. A&r 1 hr of incubation -at 
37” the reaction was stopped with 0.1 ml 10N HaS04. The 
reaction mixture was then treated as described above for 
measurement of PAL. All assays were run in triplicate. Cin- 
namic acid 4-hydroxylase. The pellet of 100ooOg centrifuga- 
tion was resuspended and homogenized in a vol of 0.5 ml of 
Pi buffer. The reaction mixture-contained 1OOp of micro- 
somes. 100~1 of cinnamate-r3-14Cl (0.5mM. 5 &i/ml) and 
50 4 of a r&generation mixture (6 & ‘NADP, 10 ;nM’ gl&se- 
6_phosphate, 8 units/ml of glucose&phosphate dehydro- 
genase). This mixture was incubated for 30min at 30” with 
continuous shaking. The reaction was stopped with 0.1 ml 4 N 
HCl and 200 B of carrier p-coumaric acid and 1Oml HZ0 
were added. The mixture was then extracted with 3 portions 
Et,0 and the organic phase was then washed 2 x with Hz0 
and dried. After evaporation of EtzO, TLC was performed 
on pre-coated Si gel plates with the upper phase of C,H,- 
HOAc-H,O (6:7:3). p-Coumaric acid (R,. 0.26) was eluted 
with EtOH, recovery was determined by UV spectroscopy and 
the radioactivity measured by scintillation counting of an ali- 
quot of the ethanolic fraction. The background (contamination 
of pcoumaric acid by some tailing of the cinnamic acid peak) 
was determined by inactivating the enzymatic solution with 
0.1 ml 4 N HCl. After incubation as described just above, the 
radioactivity of p-coumaric acid was taken as the background. 
Four parallel samples were run for each assay. Peroxidases. 
The 200009 sup&atant was diluted IO-500 fold, depending 
on activity, with 0.1 M phosphate buffer aH 6.0. We used 
20mM g&iacol and O.i% (w/v) H,O, & substrates and 
measured changes in A. vs time at 420nm. The slopes at zero 
time of the A. curves were determined for several concen- 
trations of enzyme and averaged to calculate enzyme activity. 

A4easurement of virus titers. These measurements are based 
on the fact that the number of local lesions induced on leaves 
of hypersensitive tobacco depend on the concentration of the 
viral soln used for inoculation. The curve of number of lesions 
vs virus concentration shows an almost linear relation in the 
range of 30-150 local lesions per leaf. Discs and rings to be 
assayed for virus titers were ground at 4” in a mortar in the 
presence of quartz sand and 0.01 M Pi buffer pH 7.0. Superna- 
tant of the centrifugation at 2OooO g for 20 min was used for 
inoculation. To obtain the standard curve several dilutions 
of a purified TMV suspension of known concentration were 
inoculated on the 3 first fully expanded leaves of 3 plants 
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of a lot of Samsun NN plants. Several dilutions of the super- 
natants to be assayed were similarly inoculated the same day 
on leaves of the same lot of plants. After 4 days of infection 
local lesions were counted and the average number per leaf 
calculated for the 9 leaves inoculated with the same extract. 
The dilutions leading to a number of local lesions situated 
on the linear portion of the standard curve were used to calcu- 
late the virus titers. This method is very sensitive and allows 
the determination of virus concentrations as low as 0.01 &ml. 
Proteins were measured according to Lowry et al. [29]. 
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