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ABSTRACT

Keppler, L. D., Baker, C. J., and Atkinson, M. M. 1989. Active oxygen production during a bacteria-induced hypersensitive reaction in tobacco
suspension cells. Phytopathology 79:974-978.

In tobacco cell suspensions, onset of the hypersensitive reaction induced syringae (wild-type, a pathogen of wheat) was used to induce a hyper-
by phytopathogenic bacteria can be monitored as increased extracellular sensitive reaction in tobacco cell suspensions. P. s. syringae B7, a Tn5
pH. Previous reports suggested that active oxygen-initiated lipid insertion mutant that does not induce a hypersensitive reaction, and
peroxidation preceded this increased extracellular pH. Here, we investi- P. s. tabaci, a pathogen of tobacco, were used as controls. All bacterial
gated the timing of active oxygen production and increased extracellular treatments induced transient increases in both active oxygen and extra-
pH during the onset of the hypersensitive reaction. Active oxygen levels cellular pH between 0 and 1 hr. Concomitant increases of extracellular
were monitored by measuring light production (chemiluminescence), in pH and active oxygen levels were observed between 2 and 4 hr only
the presence of luminol. Increase in active oxygen levels over time in tobacco cell suspensions undergoing the hypersensitive reaction
correlated with increased extracellular pH. Pseudomonas syringae pv. (inoculated with wild-type bacteria).

Active oxygen may be involved in the initiation of the radicals, such as hydrogen peroxide (H202), singlet oxygen ('02)
hypersensitive reaction induced by phytopathogenic bacteria, and the hydroxyl radical (OH.). H202 can be formed by a
Keppler and Novacky (27,28) reported that lipid peroxidation, dismutation reaction between 02 radicals (19,20).
initiated by the active oxygen species, 027, was involved in the
development of a bacteria-induced hypersensitive reaction. They 02- + 02- + 2H+- H 20 2 + 02
reported that lipid peroxidation preceded altered membrane
permeability (measured as electrolyte leakage) in cucumber This reaction can proceed nonenzymatically or can be catalyzed
cotyledons undergoing a bacteria-induced hypersensitive reaction. by superoxide dismutase (18-20). The OH. radical can be formed
In addition the levels of unsaturated fatty acids (targets of lipid by reaction of 02 with H20 2 (the metal mediated Haber-Weiss
peroxidation) decreased in an enriched plasma membrane fraction reaction) (15).
from cucumber cotyledons undergoing the bacteria-induced
hypersensitive reaction. Addition of the 02- scavenger, superoxide 024- +1202 OH- H± O - ±- 02
dismutase, inhibited development of the altered membrane
permeability (28). Recently, Keppler and Baker (26) reported Singlet oxygen ('02) can also be formed by the Haber-Weiss
concurrent transient increases in 02 production and lipid reaction (24).
peroxidation during the onset of a bacteria-induced hypersensitive
reaction in tobacco cell suspensions, and that 02- scavengers 02- + H202 - OHH + OH- + '02
inhibited the transient increase in lipid peroxidation and the
development of hypersensitive reaction symptoms. These "active oxygen" species have been described in plants and

Involvement of 07- in other plant/ pathogen interactions has play important roles in such diverse processes as electron transport
been reported. Doke (12) and Doke and Chai (13) have reported in photosynthesis (3,4), polymerization of lignin (21), and
that 02- radicals are produced by membrane fractions from potato senescence (9,17), and can initiate lipid peroxidation (31,33).
tuber tissue undergoing a hypersensitive reaction induced during The objective of this study was to characterize "active oxygen"
an incompatible reaction with Phytophthora infestans. More (07- and 11202) production during the onset of a bacteria-induced
recently, Chai and Doke (11) have reported that 07- radicals hypersensitive reaction. This was facilitated by using tobacco cell
are also produced in potato leaf tissue in response to Phytophthora suspensions in which development of the bacteria-induced
infestans. 07- generation also has been reported to be an early hypersensitive reaction is characterized by increased extracellular
phenomenon in a cascade of reactions during an induced defense pH (5,6). Using these cell suspensions, we monitored active oxygen
mechanism of rice leaf to factor(s) from the blast fungus, levels by measuring chemiluminescence produced by the reaction
Pyricularia oryzae Cay (32). of active oxygen with luminol (1,22).

The generation of the active oxygen species, 07-, can proceed
via transfer of an electron to groundstate molecular oxygen by MATERIALS AND METHODS
enzymes such as oxidases or peroxidases (10). Other even more
reactive "active oxygen" species can be generated from the 07- Plant cells. Tobacco suspension cells from cultures in log-phase

___________________________________________ growth were collected onto Miracloth (Calbiochem, LaJolla, CA)

This article is in the public domain and not copyrightable. It may be freely adwse ihasymdu htcnand15m antl
reprinted with customary crediting of the source. The American 0.5 mM CaC12, 0.5 mM K 2S0 4 in MES (2-[N-morpholino]
Phytopathological Society, 1989. ethanesulfonic acid) buffer. The MES buffer was 0.5 mM adjusted
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to pH 6.00 for experiments requiring pH measurements; MES Chemiluminescence due to total H 20 2 was then measured as
concentration was increased to 5.0 mM and adjusted to 5.60 for chemiluminescence in the presence of luminol (10 jM).
chemiluminescence experiments (to maintain pH between 5.5 and Chemiluminescence in parallel aliquots (with and without added
6 throughout the experiment including subsequent additions of superoxide dismutase) was compared. Preliminary experiments
luminol or enzymes). The collected cells were suspended at a with heat-killed superoxide dismutase showed insignificant effects
concentration of 0.1 g fresh weight ml-' of assay medium. Large on chemiluminescence.
cell aggregates were removed by filtering the cell suspension H20 2 scavenging in cell suspensions by endogenous catalase
through one layer of cheesecloth. For pH assays 15-ml aliquots (bacterial or plant cell) was assayed. We tested the ability of
and for chemiluminescence assays 50-ml aliquots were transferred the catalase inhibitor, aminotriazole (16) (3-amino-1,2,4-triazole"
to 50- and 100-ml beakers, respectively, and allowed to equilibrate from Sigma), to increase chemiluminescence in the presence of
for 1.5 hr on a rotary shaker at 27 C and 180 rpm. luminol. One-milliliter aliquots of cell suspension were transferred

Bacteria. A nalidixic acid resistant strain (P. s. syringae NaiR) to pairs of scintillation vials, and 10 pl of aminotriazole was
is incompatible in tobacco and induces a hypersensitive reaction. added (final concentration of 100 jM) to one of the aliquots.
A transposon mutant, B7 (7), derived from P. s. syringae NalR The cells were incubated for 2 min on a rotary shaker (180 rpm).
(produces no symptoms in tobacco) and P. s. tabaci (compatible, Total H202 level was then determined by measuring chemi-
pathogen of tobacco) were used as controls. Bacterial inocula luminescence in the presence of luminol (10 jM). Chemi-
were prepared from 20-22-hr cultures incubated at 30 C on King's luminescence in parallel samples, with and without added
B nutrient agar plates. Bacteria were suspended in 0.5 mM MES aminotriazole, was compared.
adjusted to 6.0 with NaOH for pH assays and 5.0 mM MES
adjusted to pH 5.60 for chemiluminescence assays. The bacteria RESULTS
were washed by centrifugation and bacterial density determined
turbidimetrically. One milliliter of bacterial inoculum or buffer Extracellular pH was equivalent (mean range 5.82-5.83) in
was added to 15 ml of tobacco suspension cells. The final bacterial tobacco cell suspensions equilibrated for 1.5 hr and then exposed
concentration was 108 colony-forming units per milliliter, as to either bacteria in buffer or buffer alone (Fig. 1). Extracellular
checked periodically by dilution plating. pH declined through 4 hr in cell suspensions exposed to buffer

Extracellular pH and chemiluminescence. Extracellular pH was alone. Tobacco cell suspensions inoculated with each of the three
measured every 0.5 hr through 4 hr of incubation with a pH bacterial inocula induced an early, transient increase in pH
electrode and assay buffer containing 0.5mM MES. between 0 and 1 hr of incubation (Fig. 1). Wild-type and P. s.

Chemiluminescence in the presence of luminol (5-amino-2,3- tabaci induced larger pH transient increases than did mutant B7.
dihydro-l,4-phthalazinedione, from Sigma, St. Louis, MO) was After these transient increases, extracellular pH declined, through
measured with a scintillation counter in the "out-of-coincidence" 4 hr, in cell suspensions exposed to B7 and P. s. tabaci. In cell
mode. One-milliliter aliquots of tobacco cell suspension in 5 mM suspensions exposed to wild-type bacteria, extracellular pH
assay buffer were transferred to glass scintillation vials. Vials were declined between 0.5 and 2 hr but then increased markedly between
placed in the vial holder of the scintillation counter and 10 41 2- and 4-hr incubation.
of luminol stock solution added (final concentration of 10 pM) Tobacco cell suspensions exposed to each of the bacterial
immediately before counting. Luminol stock solution contained inocula resulted in transient increases of chemiluminescence (in
5.0 mM MES buffer, pH 5.60, and enough NH 4OH (0.58%) to the presence of luminol) between 0 and 1 hr of incubation (Fig.
bring the luminol into solution. The final pH of the cell suspension 2). Chemiluminescence increased dramatically by 0.5 hr of
was about 5.75. Chemiluminescence in samples was measured incubation and declined dramatically between 0.5 and 1 hr in
for 1.0 min. Under these conditions, the pH of the assay medium all three bacterial treatments. Chemiluminescence continued to
remained between pH 5.5 and 6.0 throughout the 4-hr incubation decline in cell suspensions exposed to P. s. tabaci and B7 bacteria
period (WT 5.77 + 0.02; P. s. tabaci 5.58 + 0.02; B7 5.57 ± through 4 hr. In cell suspensions exposed to wild-type bacteria,
0.03; buffer 5.55 + 0.04; four experiments with two replicates chemiluminescence continued to decline between 1 and 3.5 hr,
per treatment). Preliminary tests showed that pH differences but the decline was slower than in P. s. tabaci and B7 treatments
within this range had little effect on the chemiluminescence (Fig. 2). Chemiluminescence increased in the wild-type treatment
resulting from addition of luminol. Also tests without luminol
showed negligible differences in chemiluminescence between treat-
ments and controls at any time over the 4-hr incubation period.

It has been reported that chemiluminescence measured in the 6.2 M-U P. syr. WT
presence of luminol is produced from the reaction of H202 and A -A& P. tab.

0-0l P. syr. 87luminol (8). We tested this possibility in the tobacco cell /if o--ouersuspensions by assaying the ability of added catalase (Sigma C-40, UI,//'•••/
bovine liver purified powder, thymol-free, BC 1.11.1.6) to inhibit •.--m
chemiluminescence in the presence of luminol. One-milliliter c_5.8 ,, []=
aliquots of cell suspension were transferred to two scintillation -. D• •
vials, and 10 jil of catalase (in 5.0 mM MES buffer, pH 5.60, o••• •
containing about 1,000 units activity) was added (final o • •
concentration 100 jig of catalase preparation per milliliter) to o •
one of the aliquots. The cells were incubated for 2 mmn on a o o
rotary shaker (180 rpm) before transfer to the scintillation counter, 5.4 ..
where luminol was added (10 jiM final concentration). 0 1 2 3 4
Chemiluminescence in parallel samples with and without added Incubation (hr)
catalase, were compared. Preliminary experiments with heat-killed
catalase showed insignificant effects on chemiluminescence. Fig. 1. Extracellular pH in tobacco cell suspensions. Tobacco cell

We followed O2- radical production by measuring suspensions ('-0.1 g fresh weight ml-') were equilibrated in assay medium
chemiluminescence in the presence of luminol. 02- radicals in (see Materials and Methods) for 1.5 hr and then exposed to bacteria
the cell suspensions were converted to 11202 by incubating with (final concentration of 108 cfu ml-') in 0.5 mM MES buffer, pH 6.00.

Bacteria used were: wild-type (Pseudomonas syringae pv. syringae, strainsuperoxide dismutase. One-milliliter aliquots of cell suspension 61; induces a hypersensitive reaction); B7 (TnS insertion mutant of wild-
were transferred to pairs of scintillation vials and superoxide type; does not induce a hypersensitive reaction); or P. s. tabaui(compatible
dismutase (Sigma S-4636, EC 1.15.1.1) was added (10 jil) to give pathogen on tobacco). Values are means of extracellular pH from a
a final concentration of 100 jig ml-' (1 unit of activity jig-). minimum of six experiments each with two replicates; standard errors
The cells were incubated for 2 min on a rotary shaker (180 rpm). <±+0.025 pH units.
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between 3.5 and 4 hr. No increase in the level of chemiluminescence exposed to P. s. tabaci or B7 bacteria, 02- levels continued to
was observed in cell suspensions exposed to buffer alone and decline through 4 hr. The levels of 02 increased between 2 and
the level was much lower than in cell suspensions exposed to 4 hr of incubation in cell suspensions exposed to wild-type
bacteria throughout the 4-hr incubation (Fig. 2). bacteria. Between 2.5 and 4 hr, 02 levels were greater in cell

The bacteria-induced increase in tobacco cell suspension suspensions treated with wild-type bacteria than in the other
chemiluminescence, in the presence of luminol, was produced treatments. No increase in the level of 02 was observed in cell
primarily by reaction between H 20 2 and luminol. When tobacco suspensions exposed to buffer alone, and the level was much
cell suspensions inoculated with each of the bacterial inocula were lower than in cell suspensions exposed to bacteria, throughout
incubated for 2 min with catalase (100 yg ml-F), chemi- the 4 hr of incubation (Fig. 3).
luminescence (in the presence of luminol) was inhibited The dramatic decrease of chemiluminescence (in the presence
dramatically. After 0.5 hr of incubation (when chemiluminescence of luminol) observed in all bacteria treatments (Figs. 2 and 4)
without added catalase was maximal) chemiluminescence was indicates that H20 2 is rapidly scavenged in the tobacco cell
inhibited >-98% in all bacteria treatments. Throughout the 4-hr suspensions. Therefore, we looked for scavenging of H2 0 2 by
incubation, chemiluminescence (in the presence of luminol and endogenous catalase. Catalase activity was detected in cell
catalase) in all bacteria treatments was within 20,000 CPM of suspensions exposed to each of the bacteria (Fig. 4). Incubation
the values observed in buffer treated controls in Figure 2. with the catalase inhibitor, aminotriazole, increased chemi-

Superoxide, 02-, levels were estimated by conversion to H20 2  luminescence (in the presence of luminol) in cell suspensions
by incubating with superoxide dismutase and measuring the exposed to bacteria but not in cell suspensions exposed to buffer
increase in chemiluminescence. A transient burst of 02-, increased alone. Between 1 and 4 hr of incubation, scavenging of H202
chemiluminescence due to superoxide dismutase, was observed by catalase was highest in wild-type treated cell suspensions.
between 0 and 1 hr of incubation in tobacco cell suspensions
exposed to each of the bacteria (Fig. 3). 02 levels were maximal
in all bacteria treatments between 0 and 1 hr, and 02 production
was highest in cell suspensions exposed to wild-type bacteria. ._-%15,000
07 levels declined dramatically between 0.5 and 2 hr in cell A /M P. syr. V
suspensions exposed to each of the bacteria. In cell suspensions A A P. tab.x I I El- EP. syr. B7

0 10,000 9-0 Buffer

15,000 MAM P. syr. WTJ21 -A& P. tb.UT
A 5A000 I

UEl-E P. syr. B7 C 5[

Q 10,000 I - Buffer_ E

L/) Y
0 1 2._ 5,000 I 01E 5 

Incubation (hr)E

_c .. 3000o0 2 0

Incubation (hr) T B
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x 5000 -0

I I

)o 400 - TN-0 1000 r•[
o E

U 300 - --
CD ___ -A...

0200 a T•- -

A 10• ••• 2 3 ( )4
•2 100. Incubation (hr)

o 3 4 Fig. 3. Superoxide dismutase increased chemiluminescence (in the presence
Incubation (hr) of luminol) in tobacco cell suspensions. Tobacco cell suspensions (--0.1 g

fresh weight ml-') were equilibrated in assay medium (see Materials and
Methods) for 1.5 hr and then exposed to bacteria (final concentration

Fig. 2. Chemiluminescence (in the presence of luminol) in tobacco cell of 108 cfu ml-') in 5.0 mM MES buffer, pH 5.60. Bacteria used were:
suspensions. Tobacco cell suspensions (--0.1 g fresh weight ml-') were wild-type (Pseudomonas syringae pv. syringae, strain 61; induces a
equilibrated in assay medium (see Materials and Methods) for 1.5 hr hypersensitive reaction); B7 (Tn5 insertion mutant of wild-type; does not
and then exposed to bacteria (final concentration of 108 cfu ml-1 ) in induce a hypersensitive reaction); or P. s. tabaci (compatible pathogen
5.0 mM MES buffer, pH 5.60. Bacteria used were: wild-type (Pseudomonas on tobacco). Parallel 1 .0-ml aliquots were transferred to scintillation vials.
syringae pv. syringae, strain 61; induces a hypersensitive reaction); B7 Superoxide dismutase (final concentration of 100 #.g ml-1 ) was added
(Tn5 insertion mutant of wild-type; does not induce a hypersensitive to one vial and incubated for 2 min. The scintillation vials were placed
reaction); or P. s. tabaci (compatible pathogen on tobacco). Aliquots in the scintillation counter, luminol added (final concentration of 10 tiM)
were transferred to scintillation vials and placed in a scintillation counter, and chemiluminescence measured (for 1.0 min) in the "out-of-coincidence"
Luminol was added (final concentration of 10 MM), and chemi- mode. Values are means ± standard errors of increased chemiluminescence
luminescence measured (for 1.0 min) in the "out-of-coincidence" mode. affected by addition of superoxide dismutase between parallel aliquots
Values are means ±t standard error from a minimum of four experiments and are the result of a minimum of four experiments each with two
each with two replicates. replicates.
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DISCUSSION bacteria, H20 2 levels did not increase until after 3.5 hr, but the
levels of H 2 0 2 between 2 and 4 hr were higher than in cell

Doke et al (14) have proposed that 02 levels increase in two suspensions exposed to the other bacteria. The elevated active
steps during interactions between plants and phytopathogenic oxygen levels between 2 and 4 hr in the incompatible combination
fungi. An increase of 02 (step 1) occurs early in both the are actually even greater because the levels of catalase-mediated
compatible (normal disease development) and incompatible scavenging of H 20 2 was highest in wild-type treated cell
combinations (hypersensitive reaction produced). Later 02 suspensions (Fig. 4).
production increases only in the incompatible combination (step Atkinson et al (5,6) previously reported that extracellular pH
2). We observed a similar situation in a plant-bacteria interaction, increased within 1.5-2 hr after tobacco cell suspensions were

An early (step 1), transient increase in active oxygen levels inoculated with P. s. pisi (which is capable of inducing a
(both 02 and H20 2) occurs in both the compatible and hypersensitive reaction in tobacco leaves). We have previously
incompatible combinations (Figs. 2 and 3). After this initial reported (7,25,26) that the model system used in this investigation
increase, levels of active oxygen compounds, both H20 2 and O2, produces a similar increase in extracellular pH after 2 hr and
continued to decline in the compatible combination (cell continues through 8 hr; this investigation followed only the first
suspensions plus P. s. tabaci). Active oxygen levels also continued 4 hr (Fig. 1). Here we report for the first time an early transient
to decline in cell suspensions exposed to B7, a mutant of wild- pH increase that occurs within the first hour of exposure of
type P. s. syringae (does not induce a hypersensitive reaction). tobacco cell suspensions to wild-type and B7, P. s. syringae and
In tobacco cell suspensions exposed to wild-type P. s. syringae P. s. tabaci bacteria (Fig. 1).
(induces a hypersensitive reaction), 02 levels increased between Increases in extracellular pH and levels of active oxygen were
2 and 4 hr (step 2). In cell suspensions treated with wild-type positively correlated during the 4 hr of incubation for all treat-

ments. Coincident, transient increases in extracellular pH and
3000 levels of H20 2 and 02 occurred in cell suspensions within 1 hr

after inoculation with bacteria. Concurrent increases in
,_ P. syr. WT extracellular pH and levels of 02- and H20 2 levels also occurred

x AA - A P. tab. between 2 and 4 hr in cell suspensions exposed to wild-type
3-- 13 P. syr. B7 bacteria. The correlation between increased extracellular pH and

2000 0- 0 Buffer active oxygen levels could indicate that an increase in one affects
a, J an increase in the other. Increased chemiluminescence affected

by increased extracellular pH can be ruled out because in all
U / chemiluminescence measurements, cell suspensions were

® 1000 adequately buffered to prevent any increase in extracellular pH
4 •-=that could affect chemiluminescence. Therefore, it is possible that

E I * increased extracellular pH could be the result of active oxygen
: E production.

D We are currently investigating possible involvement of oxidase
U 0 1 and/or peroxidase mediated active oxygen production in the
< 02development of the hypersensitive reaction. At least two

Incubation (hr) mechanisms are possible. Reduction of extracellular 02 to 07
by a plasma membrane bound NAD(P)H oxidase to 02 and

r' 500- subsequent dismutation of 02- (02- + 02 + 2H+ -- H20 2 + 02)
to H20 2 would increase extracellular pH. Also, removal of H+'s

Sx400 from solution have been reported during the oxidation of
NAD(P)H by peroxidase (2,23,29,30). 02 radicals are involved
in this reaction because superoxide dismutase has been reported300 
to inhibit the reaction (21).

In
C- 200 U_ _ LITERATURE CITEDoU
D100- 1 1. Abeles, F. B. 1987. Plant chemiluminescence: An overview. Physiol.r El Plant. 71:127-130.

0:3--'2. Akazawa, T.,and Conn, E. E. 1957. The oxidation of reduced pyridine
• 0= nucleotides by peroxidase. J. Biol. Chem. 232:403-415.

E 3. Anderson, J. W. 1981. Light-energy-dependent processes other than

U)
5-_1 00 •CO 2 assimilation. Pages 473-500 in: The Biochemistry of Plants,

2 3 4 Photosynthesis. 8. M. D. Hatch and N. K. Boardman, eds. Academic

Incuotio (hr 4.Arnon, D. I., and Chain, R. K. 1977. Role of oxygen in ferredoxin-

catalyzed photophosphorylations. FEBS Lett. 82:297-302.

Fig. 4. Effect of added catalase inhibitor, aminotriazole, on chemi- 5. Atkinson, M. M., Huang, J., and Knopp, J. A. 1985. Hypersensitivity

luminescence (in the presence of luminol) in tobacco cell suspensions. of suspension-cultured tobacco cells to pathogenic bacteria.

Tobacco cell suspensions (--•0. 1 g fresh weight ml-') were equilibrated Phytopathology 75:1270-1274.

in assay medium (see Materials and Methods) for 1.5 hr and then exposed 6. Atkinson, M. M., Huang, J., and Knopp, J. A. 1985. The

to bacteria (final concentration of 108 cfu ml-') in 5.0 mM MES buffer, hypersensitive reaction of tobacco to Pseudomonas syringae pv. pisi

pH 5.60. Bacteria used were: wild-type (Pseudomonas syringae pv. activation of a plasmalemma K±/ H± exchange mechanism. Plant

syringae, strain 61; induces a hypersensitive reactioh); B7 (Tn5 insertion Physiol. 79:843-847.

mutant of wild-type; does not induce a hypersensitive reaction); or P. s. 7. Baker, C. J., Atkinson, M. M., and Collmer, A. 1987. Concurrent

tabaci (compatible pathogen on tobacco). Parallel, 1.0-ml aliquots were loss TnS mutants of Pseudomonas syringae pv. syringae of the ability

transferred to scintillation vials. Aminotriazole (final concentration of to induce the hypersensitive response and host plasma membrane

100 1iM) was added to one vial and incubated for 2 min. The scintillation K+/ H+ exchange in tobacco. Phytopathology 77:1268-1272.

vials were then placed in the scintillation counter, luminol added (final 8. Blum, L. J., Plaza, J. M., and Coulet, P. R. 1987. Chemiluminescent

concentration of 10 MzM) and chemiluminescence measured (for 1.0 min) analyte microdetection based on the luminol-H202 reaction using

in the "out-of-coincidence" mode. Values are means ±_ standard error peroxidase immobilized on new synthetic membranes. Anal. Lett.

of the change in chemiluminescence affected by addition of aminotriazole 20:317-326.

between parallel aliquots, and are the result of a minimum of four 9. Brennan, T., and Frenkel, C. 1977. Involvement of hydrogen peroxide

experiments each with two replicates, in the regulation of senescence in pear. Plant Physiol. 59:411-416.

Vol. 79, No. 9, 1989 977



10. Butt, V. S. 1980. Direct oxidases and related enzymes. Pages 81- 22. Igarashi, S., and Hinze, W. L. 1988. Luminol chemiluminescent
123 in: The Biochemistry of Plants. 2. P. K. Stumpf, ed. Academic determination of glucose or glucose oxidase activity using an inverted
Press, Inc., New York. micellar system. Anal. Chem. 60:446-450.

1I. Chai, H. B., and Doke, N. 1987. Activation of the potential of potato 23. Ishida, A., Ookubo, K., and Ono, K. 1987. Formation of hydrogen
leaf tissue to react hypersensitively to Phytophthora infestans by peroxide by NAD(P)H oxidation with isolated cell wall-associated
cytospore germination fluid and the enhancement of this potential peroxidase from cultured liverwort cells, Marchantia polymorpha L.
by calcium ions. Physiol. Mol. Plant Pathol. 30:27-37. Plant Cell Physiol. 28:723-726.

12. Doke, N. 1985. NADPH-dependent 02 generation in membrane 24. Kellogg, E. W., and Fridovich, I. 1975. Superoxide, hydrogen
fractions isolated from wounded potato tubers inoculated with peroxide, and singlet oxygen in lipid peroxidation by a xanthine
Phytophthora infestans. Physiol. Plant Pathol. 27:311-322. oxidase system. J. Biol. Chem. 250:8812-8817.

13. Doke, N., and Chai, H. B. 1985. Activation of superoxide generation 25. Keppler, L. D., Atkinson, M. M., and Baker, C. J. 1988. Plasma
and enhancement of resistance against compatible races of membrane alteration during bacteria-induced hypersensitive reaction
Phyiophthora infestans in potato plants treated with digitonin. in tobacco suspension cells as monitored by intracellular accumulation
Physiol. Plant Pathol. 27:323-334. of fluorescein. Physiol. Mol. Plant Pathol. 32:209-219.

14. Doke, N., Chai, H. B., and Kawaguchi, A. 1987. Biochemical basis 26. Keppler, L. D., and Baker, C. J. 1989. 02--initiated lipid peroxidation
of triggering and suppression of hypersensitive cell response. Pages in a bacteria-induced hypersensitive reaction in tobacco cell
235-251 in: Molecular Determinants of Plant Diseases. S. Nishimura suspensions. Phytopathology 79:555-562.
et al, eds. Japan Sci. Soc. Press, Tokyo/Springer-Verlag, Berlin. 27. Keppler, L. D., and Novacky, A. 1986. Involvement of membrane

15. Elstner, E. F. 1982. Oxygen activation and oxygen toxicity. Annu. lipid peroxidation in the development of a bacterially induced
Rev. Plant Physiol. 33:73-96. hypersensitive reaction. Phytopathology 76:104-108.

16. Ferguson, I. B., and Dunning, S. J. 1986. Effect of 3-amino-1,2,4- 28. Keppler, L. D., and Novacky, A. 1987. The initiation of membrane
triazole, a catalase inhibitor, on peroxide content of suspension- lipid peroxidation during bacteria-induced hypersensitive reaction.
cultured pear fruit cells. Plant Sci. 43:7-11. Physiol. Mol. Plant Pathol. 30:233-245.

17. Frenkel, C. 1978. Role of hydroperoxides in the onset of senescence 29. Mader, M., and Amberg-Fisher, V. 1982. Role of peroxidase in
processes in plant tissues. Pages 443-448 in: Postharvest Biology and lignification of tobacco cells. I. Plant Physiol. 70:1128-1131.
Biotechnology. H. 0. Hultin and M. Milner, eds. Food and Nutrition 30. Mader, M., and Fussl, R. 1982. Role of peroxidase in lignification
Press, Westport, CT. of tobacco cells. II. Plant Physiol. 70:1132-1134.

18. Fridovich, I. 1974. Superoxide dismutase. Pages 453-477 in: Molecular 31. Niinomi, A., Morimoto, M., and Shimizu, 5. 1987. Lipidperoxidation
Mechanisms of Oxygen Activation. 0. Hayaishi, ed. Academic Press, by the [peroxidase/ H20 2/phenolic] system. Plant Cell Physiol. 28:731-
New York. 734.

19. Fridovich, I. 1978. The biology of oxygen radicals. Science 21:875- 32. Sekizawa, Y., Haga, M., Hirabayashi, E., Takeuch, N., and Takino,
880. Y. 1987. Dynamic behavior of superoxide generation in rice leaf tissue

20. Halliwell, B. 1978. Biochemical mechanisms accounting for the toxic infected with blast fungus and its regulation by some substances.
action of oxygen on living organisms: The key role of superoxide Agric. Biol. Chem. 51:763-770.
dismutase. Cell Biol. Int. Rep. 2:113-128. 33. Svingen, B. A., O'Neil, F. 0., and Aust, S. D. 1978. The role of

21. Halliwell, B. 1978. Lignin synthesis: The generation of hydrogen superoxide and singlet oxygen in lipid peroxidation. Photochem.
peroxide and superoxide by horseradish peroxidase and its stimulation Photobiol. 28:803-809.
by manganese (II) and phenols. Planta 140:81-88.

978 PHYTOPATHOLOGY


