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It has been reported that hydroxyphenylethylamines, such as
tyramine and octopamine, are toxic to tobacco (Nicotiana tabacum
L.) callus cultures grown in the presence of auxins, whereas calli
grown in the presence of cytokinins and crown gall cultures are
resistant to these amines (P. Christou and K.A. Barton [1989] Plant
Physiol 89: 564-568). In an attempt to understand the underlying
mechanism of this resistance, we compared the fates of tyramine
in tyramine-sensitive and tyramine-resistant tobacco tissue cultures
(cv Xanthi nc). The very rapid formation of black-colored oxidation
products from tyramine in sensitive tissues suggested that the
toxicity might be caused by the oxidation of tyramine by phenol
oxidases present in the tissues or released into the medium after
subculture. This was confirmed through many indirect procedures
(effect of exogenously added tyrosinase, induction of polyphenol
oxidase [PPO] activity by auxin, etc.). The study of tyramine struc-
ture-activity relationships further suggested that the toxicity of
tyramine might be due to the formation of indolequinones after
oxidation by PPO. Subculture of calli grown on 2,4-dichlorophen-
oxyacetic acid in a medium containing benzyladenine triggered a
slow decrease in PPO activity and dramatic increases in peroxidase
and tyramine hydroxycinnamoyl transferase (THT) activities. THT
was undetectable in calli grown on 2,4-dichlorophenoxyacetic acid
but very active in tyramine-resistant crown gall cultures. Moreover,
when [PH]tyramine was fed in vivo to tyramine-resistant tissues, it
was rapidly integrated into cell walls in the wound periderm
formed at the periphery of the calli. Both the conjugation of
tyramine and its integration into cell walls could compete with the
formation of toxic quinones and therefore play a part in the
resistance. Thus, it seems likely that the control of the toxicity of
hydroxyphenylethylamines by cytokinins results primarily from
changes in the metabolism and the compartmentation of these
amines.

It has been reported that tyramine, the decarboxylation
product of Tyr, together with octopamine (8-hydroxytyra-
mine) is toxic to tobacco (Nicotiana tabacum L.) callus cultures
grown in the presence of auxins, whereas the toxicity of these
compounds can be overcome by prior cultivation of the calli
in the presence of high concentrations of exogenous cytoki-
nins (Christou and Barton, 1989). Tobacco crown gall cultures
grown on hormone-free medium are also highly resistant to
octopamine, and it has been suggested that this resistance
may result from the synthesis of cytokinins in the trans-
formed cells. Attenuated crown gall cultures generated by
transformation of tobacco with modified Agrobacterium
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strains are not resistant to octopamine when they lack the
isopentenyl transferase gene involved in the synthesis of
cytokinins. Therefore, it has been suggested that cytokinins
may activate a resistance mechanism to the toxicity of phen-
ylethylamines in tobacco callus cultures (Christou and Barton,
1989).

The purpose of the present work was to identify this
mechanism in order to evaluate whether the control of tyra-
mine toxicity resulted from a change in the metabolism of
phenethylamines following the application of the hormone.
We report here that tyramine itself is not toxic, but it can
generate toxic products in the presence of enzymes that are
present in wounded tissues after subculture. Preliminary
results suggest that these enzymes may be PPOs; hence,
exposure of the calli to exogenous cytokinins may prevent
the appearance of toxicity by decreasing the extent of oxi-
dation of hydroxyphenethylamines by phenol oxidases.
Exposure to cytokinins also induces a rapid metabolism of
tyramine in resistant tissues, resulting in the integration of
tyramine into cell walls at the periphery of the wound peri-
derm formed after subculture. The rapid cytokinin-induced
metabolism of tyramine could play a part in the resistance
by leading to a reduction in the production of toxic quinones.

MATERIALS AND METHODS
Plant Material and Tissue Culture

Tobacco callus cultures were initiated from Nicotiana ta-
bacum cv Xanthi nc pith tissue grown on MS medium (Mu-
rashige and Skoog, 1962), supplemented with 0.5 mg/L of
2,4-D and 0.05 mg/L of BA at 25°C with 16 h of light. After
1 month, the callus regions were subcultured on MS medium
containing 0.5 mg/L of 2,4-D. At this concentration, signifi-
cant callus growth occurred in the absence of exogenous
cytokinin (Witham, 1968). To study the effect of cytokinins,
the calli were transferred to MS medium supplemented with
0.05 mg/L of BA. Calli were taken at different time intervals
after the transfer, frozen in liquid nitrogen, and stored at
—80°C before analysis. Suspension cultures were grown from
the callus cultures maintained on 2,4-D in MS medium
containing 2 mg/L of 2,4-D. In the study of the toxicity of
hydroxyphenethylamines, tyramine and tyramine analogs

Abbreviations: homotyramine, [4-(3-aminopropyl)phenol]; ME,
mercaptoethanol; MS, Murashige and Skoog; PPO, polyphenol oxi-
dase; THT, tyramine hydroxycinnamoyl transferase.
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were added to the sterile culture medium after filtration
through Millex filters (Millipore).

Crown gall cultures were obtained from stem sections of
N. tabacum cv Xanthi nc as described by Barton et al. (1983),
using the Agrobacterium tumefaciens strains T37, A6, B6s3,
and ACH5. After 1 week of incubation, callus regions that
had developed at the upper surface of the stem segments
were transferred to hormone-free MS medium containing
carbenicillin (200 ug/mL). After three transfers at 1-month
intervals on this medium, followed by one transfer on MS
medium containing cefotaxime (Claforan, Roussel Uclaf In-
dustries, Romainville, France) (50 pg/mL), the calli, free of
bacteria, were cultivated on hormone-free MS medium. Ty-
ramine-resistant crown gall cultures were obtained after sub-
culture on a medium containing 10 mm tyramine (Christou
and Barton, 1989). The sectors of the primary galls that did
not become necrotic were subcultured on the same medium
for more than 2 years.

Chemicals

Tyrosinase (extracted from mushroom) was purchased
from Sigma. p-Hydroxybenzylamine was synthesized from
4-methoxybenzylamine (Aldrich) (Negrel and Jeandet, 1989).
Homotyramine was a gift of Roussel Uclaf Industries. p-
Coumaroyl- and feruloyl-tyramine were synthesized as de-
scribed by Villegas and Brodelius (1990). [ring-*H]Tyramine
(1.5 TBq/mmol) was purchased from New England Nuclear,
and [7-"*C]tyramine (1.96 GBq/mmol) was obtained from
Amersham.

Extraction Procedures, Enzyme Assays, and Protein Assay

Parallel experiments were run to monitor peroxidase and
PPO activities and THT activities. To assay peroxidase and
PPO activities, the calli were ground in 0.1 M phosphate
buffer (pH 6) (2 mL/g fresh weight) in the presence of
activated charcoal (50 mg/g fresh weight). After centrifuga-
tion, the supernatant solutions were dialyzed against 0.01 M
sodium phosphate buffer (pH 6) overnight and used directly
as a source of enzymes. Peroxidase activity was assayed in
0.02 M guaiacol, 0.1 M sodium phosphate buffer (pH 6), and
0.03 M H;O,. The increase in absorbance was monitored at
420 nm in a Beckman DU70 spectrophotometer. PPO activity
was assayed in 0.1 M sodium phosphate buffer (pH 6) using
chlorogenic acid as substrate (0.02 mg/mL). The decrease in
absorbance was monitored at 330 nm. Enzyme activity is
expressed as units per mg protein, where one unit is defined
as the amount of enzyme causing a decrease in absorbance
of 0.01 per s for PPO and 1 per s for peroxidase.

To assay THT activity, the calli were ground in 0.2 M Tris-
HCl buffer (pH 7.5) containing 1 mm EDTA, 10 mm ME, and
2% ascorbic acid. After centrifugation, proteins were precip-
itated with solid ammonium sulfate (65% saturation) and
centrifuged and the pellet was dissolved in extraction medium
(1 mL/g fresh weight) and dialyzed against 0.01 m Tris-HCl
buffer (pH 7.5) containing 10 mM ME. THT activity was then
measured spectrophotometrically at 356 nm using feruloyl-
CoA and tyramine as substrates in 0.1 M Tris-HCl (pH 7.5)
buffer (Negrel and Martin, 1984). Protein content was deter-
mined using the Bradford reagent (Bradford, 1976).
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Feeding Experiments

[7-"*C]Tyramine was fed in vivo to each tissue type (ap-
proximately 1 g fresh weight) 15 d after subculture. Calli
were transferred into Petri dishes and droplets of the radio-
active solution (74 kBq, 200 pL) were applied at the periphery
of each callus. After 4 h, the callus was ground in methanol.
After centrifugation, the pellet was reextracted twice in meth-
anol and combusted in a Packard oxidizer to produce *CO,
for measurements of radioactivity. The methanol extracts
were pooled, evaporated in vacuo, and partitioned between
water and ethyl acetate. The ethyl acetate phase was con-
centrated and analyzed by TLC on Kieselgel 60 in
CHCls:methanol (24:1, v/v). Feruloyl- and p-coumaroyl-
tyramine were detected by autoradiography and tentatively
identified by co-chromatography with synthetic standards
before and after irradiation of the sample with UV light
(Negrel and Jeandet, 1987).

Light Microscopy and Autoradiography

After feeding [ring-*H]tyramine (20 pCi in 200 L) to calli
for 4 h as described above, portions of the treated calli were
cut in the vicinity of the wound periderm. These portions
were fixed for 2 h at room temperature in phosphate-buffered
glutaraldehyde (2.5%, pH 6.8, 0.1 M), dehydrated in ethanol,
and embedded in glycol methacrylate. Sections (approxi-
mately 4 pm) were cut with glass knives and examined
directly or after autoradiography under a Leitz fluorescence
microscope. The sections were covered with Amersham L.M1
emulsion using the dipping technique. After exposure for 1
week in the dark at 4°C, the autoradiographs were develcped
in Kodak Microdol X.

Oxidation of Homotyramine by Tyrosinase

Homotyramine hydrochloride (5 mg) was dissolved in 1
mL of 0.1 M sodium phosphate (pH 6), and 0.5 mg (1000
units) of tyrosinase was added. The tube was filled with O,,
stoppered, and incubated at 30°C overnight. The reaction
medium was then analyzed by preparative TLC on Kieselgel
60 Fas, plates developed in CHCls:methanol (1:1). The main
product of the reaction appeared as a purple band of Ry (.47.
The product did not react with ninhydrin or with FeCl,. After
elution in methanol, it was further purified by HPLC on a
Cis column (4.6 X 250 mm; 5 gm) using a methanol:water
gradient (20-100% methanol in 30 min) with a flow rale of
1 mL/min (retention time = 4.96 min). It was detected at 517
nm (Anax). The purified product could be readily reduced with
ascorbic acid, but reoxidation of the product occurred spon-
taneously after separation of ascorbic acid by TLC. The
product extracted from calli grown on MS medium supple-
mented with 2,4-D and 10 mM homotyramine had the same
properties (Rr in TLC, reaction with ninhydrin and FeCls,
retention time in HPLC, UV spectrum_after purification by
HPLC). The toxicity of the purified product was not tested
because of the limited amount of homotyramine available.
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RESULTS AND DISCUSSION
Cause of the Toxicity of Tyramine

To understand how cytokinins control the resistance to
tyramine, it was first necessary to determine the cause of the
toxicity of tyramine. The effect of tyramine on tobacco calli
grown on MS medium supplemented with 0.5 mg/L of 2,4-
D was consistent with the effect of octopamine described by
Christou and Barton (1989). Both the calli and the culture
medium in the vicinity of the calli turned black a few hours
after subculture. The toxic effect of tyramine was dose de-
pendent and could be detected at concentrations ranging
from 1 to 10 mM. Below 1 mm, the growth of the callus was
not altered. At 10 mm, growth stopped and the cells died 3
to 7 d after subculture. The fact that blackening of the culture
medium always appeared prior to the toxicity suggested that
phenol oxidases may play a role in the toxicity. This was
supported by the finding that tyramine was not at all toxic
to tobacco cell suspensions grown in liquid medium in the
presence of 2,4-D. Addition of 10 mmM tyramine to the me-
dium did not affect the growth of the cell-suspension cultures
over a 15-d period. However, addition of commercial tyrosin-
ase in the culture medium (20 units/mL) before subculture
triggered a rapid oxidation of tyramine and the appearance
of toxicity. Similar results were obtained with callus cultures
grown on solid medium supplemented with tyrosinase. In
this case, the toxicity of tyramine appeared more quickly than
in controls.

The involvement of phenol oxidases was further suggested
by comparing the toxicity of tyramine for tobacco calli grown
in the presence of 2,4-D to that for calli grown in IAA. Both
the extent of blackening and the level of PPO activity were
very sensitive to the presence of auxin in the medium. PPO
activity in calli maintained for 1 month on MS medium
supplemented with IAA (1 mg/L) reached 1250 units/mg of
protein, i.e. 10-fold the activity in controls maintained on
2,4-D. This result was in agreement with previous work
(Vernon and Strauss, 1972). When calli grown in IAA were
transferred onto a tyramine-containing medium, toxicity ap-
peared more quickly than in controls.

An interesting indication of the cause of the toxicity arose
indirectly from the study of tyramine structure-activity rela-
tionships. Previous work has established that the substances
whose addition results in toxicity contain both the phenolic
hydroxyl and the primary amino groups of tyramine (Chris-
tou and Barton, 1989). We found that the length of the
aliphatic side chain has a dramatic effect on the toxicity of
tyramine analogs (see Fig.1 for structures). p-Hydroxyben-
zylamine was not at all toxic when added at 10 mm, whereas
homotyramine was highly toxic even at 1 mm. The toxicity

HO CH,); NH,

Figure 1. Structures of tyramine analogs referred to in the text: p-
hydroxybenzylamine (n = 1), tyramine (n = 2), and homotyramine
(n=3).

Figure 2. Differential behavior of tobacco calli subcultured on a
medium supplemented with 10 mm homotyramine. Left, Calli
grown for 1 month in the presence of 2,4-D (0.5 mg/L) before
subculture. Right, Calli grown for 1 month in the presence of BA
(0.05 mg/L). The photograph was taken 24 h after subculture.

of tyramine was intermediate. When calli grown on 2,4-D
were plated on MS medium supplemented with 10 mm
homotyramine, the calli and the medium turned purple
within minutes and no further growth was observed. The
medium turned black only after 1 to 2 months.

p-Hydroxyphenylethylamines are known to be trans-
formed by tyrosinase to o-quinones, which undergo nonen-
zymic ring closure to form purple indolequinones that poly-
merize to form black melanin-like compounds (Mazur et al.,
1956; Sugumaran, 1991). This intramolecular reaction, which
cannot occur in the case of p-hydroxybenzylamine, could
lead to a stable six-membered ring in the case of homotyra-
mine. Since quinones are known to be highly toxic (Mayer
and Harel, 1979), the ability of hydroxyphenethylamines to
form relatively stable quinones may be the basis for both the
toxicity of tyramine and the differences in toxicities of tyra-
mine analogs.

The purple product formed from homotyramine was sur-
prisingly stable and could be extracted into methanol from
calli maintained on homotyramine for 48 h. Although we did
not attempt to determine its structure using physical methods,
we found that its properties were the same as those of the
main oxidation product of homotyramine obtained after in-
cubation with commercial tyrosinase (see “Materials and
Methods”). The same product was also formed in vitro in
enzymic extracts of tobacco calli incubated in the presence of
homotyramine. Moreover, diethyldithiocarbamate, a known
inhibitor of PPO (Mayer and Harel, 1979; Mayer, 1987),
completely blocked the formation of this product in vitro
when added at 1 mm.

Thus, homotyramine proved very useful for the detection
of PPO activity in situ in the calli after subculture. In this
way, we found that calli grown on BA for 1 month and
transferred directly without wounding onto homotyramine-
containing medium did not release oxidases exhibiting PPO
activity in the medium (Fig. 2). However, when the calli were
cut during subculture, oxidation was evident in the vicinity
of the wound, but the upper part of the calli survived,
suggesting that an additional resistance mechanism might
have been induced by exposure to cytokinins.
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Figure 3. Time course of THT (A), peroxidase (B), and PPO (C)
activities in tobacco calli subcultured from a MS medium supple-
mented with 0.5 mg/L of 2,4-D to a medium containing 0.05 mg/L
of BA (H) or 0.5 mg/L of 2,4-D (I, control). All measurements were
done in triplicate (mean =% sE)
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Metabolism of Tyramine in Resistant Calli

These results prompted us to compare the metabolism of
tyramine in calli grown on 2,4-D or on BA. In tobacco,
hydroxyphenylethylamines often occur conjugated to hy-
droxycinnamic acids (Smith, 1977; Negrel and Martin, 1984).
When the amino group of tyramine is acylated, the infra-
molecular addition leading to the formation of indolequi-
nones cannot take place (Sugumaran, 1991). Therefore, it
appeared possible that the conjugation to cinnamic acids
could play a role in the detoxification of tyramine. This was
supported by the finding that feruloyl- and p-coumaroyl-
tyramine were not toxic, even in the presence of tyrosinase.
In tobacco, the conjugation of hydroxyphenethylamines is
catalyzed by the enzyme THT (Negrel and Martin, 1984).

Figure 3A shows the time course of changes in THT activity
in tobacco callus tissue grown on MS medium in the presence
of 2,4-D and subcultured on a MS medium supplemented
with BA. One week after the transfer, THT activity rose
dramatically. Soluble peroxidase activity also rose after trans-
fer to BA (Fig. 3B). By contrast, PPO activity in the calli
decreased slowly after subculture (Fig. 3C). None of these
changes occurred in control cells subcultured on a 2,4-D-
containing medium. ‘

Peroxidase and THT activities were not uniformly distrib-
uted in the callus. Most of the THT activity was concentrated
in the tissues at the periphery of the calli. Two weeks after
the transfer, the center of the calli consisted of nonaggregated
cells surrounded by a periderm about 2 mm thick that could
be separated from the callus with a scalpel. About 80% of
total THT and peroxidase activities could be extracted from
this periderm. ‘

Moreover, THT was found to be very active in all the
crown gall tissues tested (Table I). Again, activity was located
essentially in the wound periderm formed after subculture.
When ["*C]tyramine was fed in vivo to calli grown on BA or
to crown gall tissues, 4 to 7% of the supplied radioacti‘vity
was recovered in p-coumaroyl- and feruloyl-tyramine,
whereas up to 40% was recovered in the pellet after methanol
extraction. By contrast, only 3% was recovered in this pellet
in the case of calli grown on 2,4-D. Furthermore, in these
calli no incorporation of tyramine in the amides was detected.

The distribution of radioactivity in tyramine-resistant calli
fed with [ring-*H]tyramine was then studied by light auto-
radiography. Radioactivity was detected essentially in the cell
walls of the wound periderm. Figure 4 shows a light micro-
graph of the periderm formed after subculture of crown gall
tissue. Similar results were obtained in calli grown on BA;‘ for

Table I. THT activity in crown gall tissues

Activity was measured 2 weeks after subculture using tyramine
and feruloyl-CoA as substrates.

Tissue Type THT Activity
pkat/mg protein

Wwild type <1

T37 124

B6s3 100

Ab 93

ACH5 103
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Figure 4. Upper, Longitudinal section of a tyramine-resistant crown
gall culture (generated by inoculation with A. tumefaciens strain
B6S3) 3 weeks after subculture. Bar = 200 um; X43. Section stained
with toluidine blue. Lower, Autoradiograph showing the integration
of [ring-*H]tyramine in the cell walls of the wound periderm (ar-
rows). Longitudinal section bar = 100 um; X100.

2 weeks, whereas no integration of radioactivity into cell
walls was detected in control calli grown on 2,4-D. The cell
walls of the wound periderm in resistant calli were highly
autofluorescent and showed intense staining with the suberin
stains Sudan black B and Nile blue (Graham and Graham,
1991).

The fact that phenolics can generate toxic compounds in
plant tissue culture media is well established (Reinert and
White, 1956; George and Sherrington, 1984). In this regard,
the fact that hydroxyphenethylamines can turn toxic to to-
bacco cells when added to a culture medium is not surprising,
although these amines are natural plant products (Smith,
1977) that are known to occur in tobacco callus tissues
(Mitchell et al., 1984).

It is generally assumed that tissue blackening occurs as the
result of the action of phenol oxidases that are synthesized
or released when tissues are injured during subculture
(George and Sherrington, 1984). Results presented here show
clearly that tyramine is not directly toxic, but can generate
toxic products, most probably quinones, in the presence of
phenol oxidases. It is likely that cytokinins act indirectly by
decreasing the rate of formation of these products, which
could be achieved by a reduction of the release of phenol
oxidases in the culture medium and a concomitant activation
of tyramine metabolism within resistant tissues (Fig. 5). Both
events are probably associated with the histological changes
occurring in calli transferred from 2,4-D to BA.

In tobacco callus cultures, cytokinins are known to induce
cellular aggregation (Halperin and Minocha, 1973) and lig-
nification (Kuboi and Yamada, 1978). In our experimental
system, cellular aggregation took place first at the periphery
of the callus and was accompanied by the deposition of
lignin-like compounds in the wound periderm. The fact that
two enzymes that can use hydroxyphenethylamines as sub-
strates, i.e. THT and peroxidase (Negrel and Lherminier,
1987), are active in this periderm may indirectly increase its
efficiency as a diffusion barrier against the quinones formed
in the culture medium from tyramine. In this respect, it is
noteworthy that tyramine has been shown to be a constituent
of the wound periderm of potato tubers, in which it is found

TYRAMINE-SENSITIVE  TYRAMINE-RESISTANT

TISSUES TISSUES
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HO@Q/\/\* cell walls
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Figure 5. Metabolism of tyramine in tyramine-sensitive or -resistant
callus cultures of tobacco.
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together with lignin in suberified cell walls (Borg-Olivier and
Monties, 1989).

In conclusion, our results suggest that the antagonist activ-
ity of cytokinins in the growth medium to the toxicity of
hydroxyphenethylamines described by Christou and Barton
(1989) is primarily due to the effect of cytokinins on the
metabolism and the compartmentation of these amines.
However, further work is necessary to better characterize
both the toxic products formed from hydroxyphenethylam-
ines and the enzymes involved in the formation of these
products in tobacco calli, although preliminary results pre-
sented in this paper strongly suggest that these enzymes
could be PPOs.
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