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Production of hydroxyl radicals in photodynamic action of
methionine riboflavin mixture: a consequence of
iron catalyzed Haber-Weiss reaction
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Abstract. Production of « OH radical in photodynamic effect of methionine riboflavin mixture (MR)

and its possible correlation to the associated biocidal activity were studied. By the method developed
by Baker and Gebicki, we found that 10 mM sodium benzoate were needed to obtain a maximum pro-
duction of fluorescent hydroxybenzoates for reflecting « OH formation in the test system. In MR, a
much greater rate of «+ OH production was detected at pHs 4.0-5.0 than that at pHs 6.0-8.0. The low pH
dependence not only indicated the importance of Haber-Weiss reaction, it also suggested the possible
involvement of iron contaminant in MR in which iron was not supplied. Supplementation of exogenous
iron enhanced - OH formation of MR at pHs higher than 6.0. On the contrary, supplementation of
desferal and phenanthroline greatly reduced the radical forming activity and further emphasized the
involvement of iron contaminants. Besides iron chelators, amendment of thiourea was found to have
great scavenging effect on the « OH production. The « OH scavenging efficacy of sodium formate was
rather poor. At pH 4.0, it was also noted that addition of ascorbic acid or hydrogen peroxide at certain
concentrations greatly stimulated the generation of the test radical. The rapid increament of + OH
formation via the iron catalyzed Haber-Weiss reaction was apparently a major factor which directly
contributed to the strong biocidal activity of MR.
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Introduction

Application of suitable farm chemicals was one of
the main contributing factors which assured the high
quality and high productivity of today’s agriculture.
The intensive use of various pesticides, however, have
led to quite a few deleterious effects on our living envi-
ronment. Among them, most frequently encountered
were the development of chemical resistance of various
plant pests; the need of new chemicals to substitute the
old ones which have lost their effectivity; and the
increasingly endangered environmental safety due to

the undesired residual effect of the applied chemicals.
To solve these problems, the development of effective
and environmently safe alternative pesticides was er-
gently in need.

Biological damages due to a dye sensitized
photodynamic effect was known for many years (Ito,
1983; Spikes et al., 1969). The term “photodynamic pes-
ticide” however, has never earned its publicity until the
recent success of using d-amino levulinic acid as a
photodynamic herbicide by researchers in Urbana, Il-
linois (Chen, 1986). Among the light activated pesticides
known to date, most of the attention seemed to be
centered on the control of insects and weeds (Chen,
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1986; Pimprikar ef al., 1979). The use of photodynamic
agents for the control of plant diseases has never been
attempted, although photodynamic damages to micro-
organisms were quite occasionally encountered
(Chelala et al., 1983; Nakamura ef al., 1983; Ramsey et
al., 1957; Slotnick et al., 1965).

The unusual photodynamic biocidal activity of
methionine riboflavin mixture (MR) was discovered in
our previous investigation on the photodynamic gener-
ation of ethylene by various phytopathogenic fungi
(Tzeng and DeVay, 1985). Since then, a series of experi-
ments have been conducted to elucidate the possible
mode of action and to explore its potential use on
controlling plant diseases (DeVay, ef al., 1987; Tzeng,
1988 and 1989; Tzeng, et al, 1985). In regard to the
mode of action of the photodynamic biocidal activity,
we have shown in our previous study that production of
various activated oxygen species such as superoxide
anion (05! « ), singlet oxygen (*0,), hydrogen peroxide
(H,0,), and hydroxyl radical ( - OH), were the principle
toxigenic factors involved (Tzeng and DeVay, 1988;
Tzeng, et al., 1985). Using nitroblue tetrazolium chlo-
ride (NBT) as a radical trapping agent, production of
significant amounts of O;' - were detected (Tzeng,
1989). The direct involvement of this radical in the con-
cerned biocidal activity was downplayed, however, by
the evidence that its generation was high pH depen-
dent. The inhibitory effect of thiourea on the biocidal
activity of MR, on the other hand, implicated the great
importance of hydroxyl radical (Tzeng, 1989). In order
to understand how this highly reactive oxygen radical
was involved in the biocidal activity, its generation dur-
ing the course of reaction was further explored. The
possible mechanism of « OH formation and its likely
participation in the photodynamic biocidal activity of
MR are herein discussed.

Materials and Methods

Reagents and Chewmicals

Riboflavin, L-methionine, ethylenediamine
tetraacetic acid (EDTA, disodium salt), thiourea,
phenanthroline, sodium formate, and ascorbic acid
(sodium salt) were obtained from Sigma Chemical Co.
(St, Louis, Mo). Desferal (desferrioxamin B methane
sulfonate) was kindly provided by Dr. DeVay of U. C.
Davis which was originally obtained from Ciba Geigy.
The rtest of chemicals used were purchased from
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Merck Chemical Co. (Darmstadt, Germany). All the
chemicals used were reagent grade or equivalent in
purity. Freshly made glass double distilled water with
electric-conductivity less than 1.5 g mho/cm were used
for the preparation or dilution of test reagents. All the
glasswares and plastic wares used were thoroughly
cleaned and rinsed twice with the glass double distilled
water. In all tests, MR denoted for a 26.6 M riboflavin
and 1 mM L-methionine containing solution. Unless
specified, pHs of MR used for the experiment were
adjusted to 4.0 with 0.1 N HCL

Determination of « OH Production

The method recently developed by Baker and
Gebicki which used sodium benzoate as the « OH radi-
cal trapping agent was adapted (Baker and Gebicki,
1984 & 1986). In tested MR solution, amount of sodium
benzoate suitable for the radical detection was deter-
mined in the first experiment. About 10 mM of this rad-
ical trapping agent appeared to be most suitable for the
reaction and were thus applied in the proceeded experi-
ments. For the determination of «OH production, 1.5 ml
10 mM sodium benzoate containing MR solution in dis-
posable pyrex tubes (13 X 100 mm) were placed under a
continuously illuminated condition as previously de-
scribed (Tzeng and DeVay, 1985). During the course of
reaction, fluorescence of resulted hydroxylated ben-
zoates were measured by Aminco SPF-125 spectro-
fluorometer at 300 nm excitation and 410 nm emission.
A 0.2 gg/ml quinine sulfate (dissolved in 0.1 M H,SO,)
was used to calibrate and standardize the instrument
(Baker and Gebicki, 1984). All the experiments were
performed at room temperature (approximately 28°C).

Results

Effect of Sodium Benzoate Concentration on Detection
of « OH

The basis of the analytical method developed by
Baker and Gebicki for detection of « OH resides prin-
ciply on the potency of sodium benzoate to react with
the radical molecule and by which the fluorescent
hydroxylated benzoates were generated. In order to
know what amount of sodium benzoate is appropriate
for running the test in MR, 0.1, 1, 5, 10, 50, and 100 mM
of sodium benzoate were applied respectively to the
reaction system. As shown in Fig. 1, the formation of
fluorescent hydroxylated benzoate generally increased
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with the increases of sodium benzoate addition. For
tested MR, the maximum production of fluorescent
hydroxylated benzoates was detected by the addition
of 10 mM sodium benzoate. The further increament of
this radical trapping agent then appeared to have no
more additive effect on the hydroxylation reaction. In
the rest of this study, 10 mM of sodium benzoate were
thus applied for the detection of « OH generation.

Effect of pH on «+ OH Formation

PHs of the tested MR were adjusted to 4.0, 5.0, 6.0,
7.0 and 8.0 respectively by 0.1 N HCI and 0.1 N NaOH.
The followed time course study after light exposure
indicated that + OH production in MR was greatly
favored at pHs lower than 5.0 (Fig. 2). At pH 4.0 to 5.0,
rapid increases of « OH production were detected about
15 minutes after light exposure. Whereas at pHs higher
than 6.0, production of - OH was not significant until 1
hour after light treatment; and the « OH production
rate were all much less than that at pH 4.0 and 5.0. The
rate of - OH production throughout the 6 hours experi-
mental period appeared to be highest at pH 4.0 and
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Fig. 1. Effect of Na-benzoate concentration on detection of
hydroxyl radical from methionine riboflavin mixture by
spectrofluorometry. Numbers in the figure indicate con-
centration (mM) of Na-benzoate amended to tested
methionine riboflavin mixture right before light treat-
ment. Bars indicate standard deviation.
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then followed the order at pH 5.0, 7.0, 6.0, and 8.0.

Effect of Iron on « OH Formation of MR at Different
pHs

For this experiment, one set of MR were sup-
plemented with 0.1 mM FeCl, and 10 ppm EDTA and
then had the pHs adjusted to 4.0 to 8.0 as above stated.
Detection of the radical generation by the same method
indicated that presence of ferrous iron greatly enhan-
ced « OH production of MR at pHs higher than 6.0 (Fig.
3). The rate of « OH generation in the presence of fer-
rous iron throughout the 6 hours experimental period
appeared to be highest at pH 4.0 and 5.0, then followed
by that at pH 7.0 and 8.0, and lowest at pH 6.0. At a low
pH range (4.0-5.0), no stimulatory effect of - OH
production by iron supplementation was observed.

Effect of Desfeval on « OH Formation

The production of « OH in MR supplemented with
0.1, 1, 5, and 10 mM of desferal respectively were test-
ed. Presence of desferal appeared to reduce the radical
generating activity greatly (Fig. 4). In an 8 hours reac-
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Fig. 2. Effect of pH (4.0~8.0) on production of hydroxyl radi-
cal in methionine riboflavin mixture. Bars indicate stan-

dard deviation.
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Fig. 3. Effect of pH (4.0~8.0) on production of hydroxyl radi-
cal in a Fet™-EDTA amended methionine riboflavin
mixture. Bars indicate standard deviation.
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Fig. 5. Effect of hydroxyl radical scavengers on production of

hydroxyl radicals in methionine riboflavin mixture.
Thiourea (Tu) and Na-formate (Na-Fo) both at 1 and
10 mM respectively were added to the test solution right
before light treatment. Phenanthroline (Phen) at 1 mM
in concentration were included in this experiment to fur-
ther indicate the involvement of iron in the detected
reaction. Bars indicate standard deviation.
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Fig. 4. Effect of desferal on production of hydroxyl radical in

methionine riboflavin mixture. Numbers in the figure
indicate the amount (mM) of desferal added. Bars indi-
cate standard deviation.

tion period, presence of 0.1 mM desferal reduced « OH
production of the reaction mixture to much less
than half of that in a control treatment. The production
of «+ OH appeared to be totally inhibited with the addi-
tion of 5 to 10 mM desferal.

Effect of Radical Scavengers on « OH Formation

Two known - OH radical scavengers--thiourea
and sodium formate, each at 1 and 10 mM concentra-
tions were tested. Thiourea appeared to be a much bet-
ter « OH scavenger than sodium formate in MR solu-
tion (Fig. 5). The tested sodium benzoate hydroxylation
was nearly completely anihilated with the addition of
just 1 mM of thiourea. In contrast to this, the addition
of 1 mM sodium formate showed no preventive effect
at all on the tested hydroxylated benzoate formation.
To achieve half of the effectivity of that by 1 mM
thiourea, more than 10 mM sodium formate seemed to
be required. In this experiment, phenanthroline—an
efficient iron chelator was included as an additional
control to further illustrate the importance of iron
contaminant in the studied reaction. The effectivity of
this iron chelating agent in preventing - OH generation
in MR appeared to be similary to that of desferal (Figs.
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Fig. 6. Effect of hydrogen peroxide on production of hydroxyl
radical in methionine riboflavin mixture. Numbers in
the figure indicate the amount (ppm, W/V) of hydrogen
peroxide used. Bars indicate standard deviation.

4 & 5).

Effect of Hydrogen Peroxide and Ascorbic Acid on + OH
Formation

Hydrogen peroxide were added to MR at the con-
centration of 29.4, 294 and 2940 ¢ M (i.e. 1, 10, and
100 ppm, W/V) respectively. Significant enhancement
of « OH production was observed with the supplementa-
tion of 294 and 2940 M H,0,; whereas the treatment
at 29.4 M in concentration was not effective (Fig. 6).
The effectiveness of ascorbic acid appeared to resem-
ble that of H,O, in that supplementation at 0.1 and 1
mM in concentration greatly enhanced « OH formation
of the reaction system (Fig. 7). However, addition of
ascorbic acid at 10 mM in concentration on the con-
trary, greatly inhibited the radical formation as that by
1 mM thiourea supplementation (Figs. 5 & 7).

Discussion

The production of various activated oxygens like
051« ,10,, H,0., and - OH, was generally believed to be

the main factors which contributed to biological dam-
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Fig. 7. Effect of ascorbic acid on production of hydroxyl radi-

cal in methionine riboflavin mixture. Numbers in the
figure indicate the amount (mM) of ascorbic acid used.
Bars indicate standard deviation.

ages caused by photodynamic action. (Foote, 1976 &
1981; Hoffmann et al., 1978; Ito, 1983; Spikes et al,
1969). In biological system, oxygen toxicity was so
common and devastating that the related mechanismal
study have been a very actively researched area for
long time in biological as well as medical science
(Fridovich, 1977 & 1986; Halliwell et al., 1986; Krinsky,
1979; Marx, 1987). Among the mentioned toxigenic oxy-
gen species, « OH was considered by great majority of
workers to be most toxic (Halliwell and Gutteridge,
1984 & 1986). The production of this oxygen radical in
biological system was known to be primarily by the
iron dependent Haber-Weiss reaction as shown below
(Baker and Gebicki, 1986):

05t + 4+ H¥ ————- >HO, [1]
HO, + O;'+ + H* —— >H,0, + O, (2]
X-Fet+t 4 O;le === >X-Fe** + O, [3]
X-Fe** + H,0, --——- >X-Fe***+ « OH+OH~
[4]

The method herein applied for detection of « OH was
adapted from that of Baker and Gebicki (1984 & 1986).
As indicated by these authors, in a low pH condition
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like that of MR at 4.0, the method detected mainly the
generation of 2-hydroxylated benzoate. Since the
detection of 3- or 4-hydroxylated benzoates— the two
other likely products resulted from the radical scaveng-
ing reaction, was not possible at the given pH condi-
tion, calculation of the absolute concentration of « OH
was not attempted. However, in a 53.4 Gy/min Co®
gamma ray irradiated 16 mM phosphate buffer solu-
tion, it was noted by Baker and Gebicki that presence
of sodium benzoate at 2 mM in concentration were in
well excess to scavenge all the » OH formed. The need
of 10 mM sodium benzoate to obtain a maximum
scavenging effect on » OH formation in MR suggested
that production of this radical in MR was much higher
than that in the Co®® system of previous authors.

As above indicated (reactions [1] to [4] ), provision
of sources of O;* « and availability of appropriate iron
containing compounds were the two critical factors
which might assure the continuation of Haber-Weiss
reaction. In the presence of available iron, autodis-
mutation of O; '+ (i.e. reaction [1] & [2] ) appeared to
be the rate limiting step for the overall process. In the
Co® gamma ray irradiated system in which iron was
exogenously provided, Baker and Gebicki found that
maximum production of - OH was achieved by lowering
down pH of reaction mixture to 4.8—the pKa of reac-
tion [2] (Baker and Gebicki, 1984). The detection of
higher yields of » OH at pH 4.0 and 5.0 than that at pH
6.0, 7.0 and 8.0, 6 hours after light exposure (Fig. 2)
seemed to agree with the conclusion of these workers.
In MR, iron was not supplemented. Detection of - OH
generation suggested the presence of iron
contaminants. It was known from medical research
that lowering down pH to 5.6 or lower would lead to
the increasing releases of iron from their binding
ligands and thus was dangerous to living cells. In MR,
should there be iron contaminants, enhanced release of
this metal ion with the decrease of solution pH was
foreseeable. This might serve to explain why at the
early stages of reaction, higher rate of - OH production
was observed at pH 4.0 in stead of pH 5.0; although the
later pH was closer to the optimum condition for dis-
mutation of G;! « . In the case of iron supplementation,
a higher rate of « OH production than that without iron
supplementation was expected. However, this appear-
ed to be true only when pHs of test solution were
greater than 6.0 (Fig. 3). At pH 4.0 to 5.0, no stimulatory
effect of « OH formation by iron addition were obser-
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ved. The stimulatory effect of iron addition to biocidal
activity of MR at the low pH range as seen in our previ-
ous work (Tzeng, et al. 1985) was thus not due to enhan-
cement of » OH production. In regards to » OH toxicity,
it was emphasized by Halliwell and Gutteridge (1986)
that chemistry of - OH formation is not chemistry of
bulk solution, but chemistry at the specific sites where
metal catalysts are located. With the provision of
exogenous iron, it can be envisioned that certain por-
tion of added iron would bind to negatively charged
biomolecules like proteins, phospholipids and nucleic
acids; and thus led to the formation of « OH right on
these critical biomolecules. This seemed to also explain
why addition of iron at pH 4.0 enhanced biocidal activ-
ity of MR although rate of - OH formation at this pH
was not changed.

The participation of iron contaminant in MR was
clearly shown in this study by the evidence that addi-
tion of both desferal (Fig. 4) and phenanthroline (Fig.
5) —the specific iron chelating agent, greatly reduced

+ OH production. In clinical research, desferal was
generally applied to patients with iron-overloading
resulted illness (Halliwell and Gutteridge, 1986). It was
also noted in our previous works that presence of des-
feral effectively reduced biocidal activity of MR to
Agrobacterium tumefaciens (Tzeng, 1989). The great
reduction of rate of «OH formation by supplementation
of desferal (Fig. 4) further indicated that the protective
effect observed was due primarily to the interference
of Haber-Weiss process.

Both thiourea and sodium formate were known
« OH scavengers. However, in our previous works, we
found that addition of thiourea greatly reduced toxicity
of MR; whereas addition of sodium formate, on the
contrary, tended to increase the toxicity of MR signifi-
cantly (Tzeng, 1989). We have suggested the formation
of biotoxic sodium formate radicals as the likely rea-
son for this observed contradictory results. The much
less efficacy of sodium formate to scavenge + OH than
that by thiourea shown in Fig. 5 further implicated a
synergistic effect of + OH and formate radical in the
concerned enhancement of biocidal activity.

In the process of Haber-Weiss reaction, the major
roles of O;' « were to provide a continuous source of
H,0, (reaction [1] & [2]) and to keep iron in its ferrous
state (reaction [3] ). To the later function, ascorbic acid
was also known to be effective either by itself or by the
ascorbic acid sensitized photodynamic superoxide gen-
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eration (Girotti et al., 1985; Korycka-dahl et al., 1978).
The enhancement of + OH production by ascorbic acid
(Fig. 6) at 0.1 and 1 mM in concentration appeared to
due at least in part to these functions. The reason of
the contradictory effect of ascorbic acid at 10 mM in
concentration, however, remained to be investigated. In
regard to H,0, supplementation, by itself, H,O, at 2940
uM (100 ppm) was toxic to microbial cells. Mello Filho
et al. (1984) and Starke et al. (1985) have reported that
toxicity of H,O, to living cells was mainly due to its
participation in Haber-Weiss reaction. In our previous
work, we have noted that addition of sublethal amount
of H,0, significantly increased photodynamic toxicity
of MR (Tzeng, 1989). Similary to that shown by the
above authors, the enhanced rate of « OH formation by
H,O, supplementation (Fig. 7) also indicated the parti-
cipation of the Haber-Weiss reaction.

Experimental results obtained in this investigation
seemed to have provided a firm base to support our
previous inference on the direct involvement of « OH in
photodynamic biocidal activity of MR. Like that in bio-
logical systems (Halliwell and Gutteridge, 1984 & 1986),
the formation of this radical in MR was obviously via a
0O;! « and ferrous iron catalyzed Haber-Weiss process.
In addition to - OH, our previous work also suggested
the possibility of direct contribution of 'O, formation
to the toxicity of MR (Tzeng, 1989). We have learned
from Krinsky’s work (1979) that 'O, was also a com-
mon product generated in Haber-Weiss reaction. The
confirmation of +OH formation via Haber-Weiss
reaction thus also supported our previous view on the
direct contribution of 'O, to the studied toxicity of MR.

Acknowledgements. This work was supported by research
grant NSC 77-0409-B005-54 provided by National Science Coun-
cil of Taiwan, Republic of China.

Literature Cited

Baker, M. S. and J. M. Gebicki. 1984. The effect of pH on the
conversion of superoxide to hydroxyl free radicals. Arch.
Biochem. Biophy. 234: 258-264.

Baker, M. S. and J. M. Gebicki. 1986. The effect of pH on yields
of hydroxyl radicals produced from superoxide by potential
biological iron chelators. Arch. Biochem. Biophy. 246: 581
-588.

Chelala, C. A. and P. Margolin. 1983. Bactericidal photoproducts
in medium containing riboflavin plus aromatic compounds
and MnCl,. Can. J. Microbiol. 29: 670-675.

Chen, C. N. 1986. Photodynamic herbicide—killing weeds by
light. Pesticide World 35: 14.

DeVay, J. E, R. J. Wakeman, and D. D. Tzeng. 1987. Inhibition of
growth of algae and water molds by mixtures of methionine
and riboflavin in light. Phytopathology 77: 1748 (Abstract).

Foote, C. S. 1976. Photosensitized oxidation and singlet oxygen:
consequnces in biological systems. In W. A. Pryor (ed.), Free
Radicals in Biology. Vol. II. Academic Press, New York, pp.
85-113.

Foote, C. S. 1981. Photooxidation of biological compounds. /z M.
A. J. Rodgers and E. L. Powers (eds.), Oxygen and Oxy-radi-
cals in Chemistry and Biology. Academic Press, New York,
pp. 425-440.

Fridovich, L. 1977. Oxygen is toxic! Bioscience 27: 462-466.

Fridovich, 1. 1986. Biological effects of the superoxide radical.
Arch. Biochem. Biophy. 247: 1-11.

Girotti, A. W., J. P. Thomas, and J. E. Jordan. 1985. Lipid
photooxidation in erythrocyte ghosts: sensitization of the
membranes toward ascorbate- and superoxide-induced per-
oxidation and lysis. Arch. Biochem. Biophy. 236: 238-251.

Halliwell, B. and J. M. C. Gutteridge. 1984. Oxygen toxicity, oxy-
gen radicals, transition metals and disease. Biochem. J. 219:
1-14.

Halliwell, B. and J. M. C. Gutteridge. 1986. Oxygen free radicals
and iron in relation to biology and medicine: some problems
and concepts. Arch. Biochem. Biophy. 246: 501-514.

Hoffmann, M. E. and R. Meneghini. 1978. DNA strand breaks in
mammalian cells exposed to light in the presence of ribo-
flavin and tryptophan. Photochem. Photobiol. 29: 299-303.

Ito, T. 1983. Photodynamic agents as tools for cell biology. /zn C.
B. Kevdric (ed.), Photochemical and Photobiological
Reviews Vol. 7. Plenum Press, New York and London, pp.
141-186.

Korycka-dahl, M. and T. Richardson. 1978. Photogeneration of
superoxide anion in serum of bovine milk and in model sys-
tems containing riboflavin and amino acids. J. Dairy Sci. 61:
400-407.

Krinsky, N. 1. 1979. Biological roles of singlet oxygen. [z H. H.
Wasserman and R.W. Murray (eds.), Singlet oxygen. Vol. 40
of Organic Chemistry, A Series of Monographs. Academic
press, New York, pp. 595-597.

Marx, J. L. 1987. Oxygen free radicals linked to many diseases.
Science 235: 529-531.

Mello Filho, A. C., M. E. Hoffmann, and R. Meneghini. 1984. Cell
killing and DNA damage by hydrogen peroxide are mediat-
ed by intracellular iron. Biochem. J. 218: 273-275.

Nakamura, K. and S. L. Lepard. 1983. Effect of near-ultraviolet
and visible light on the methionine sensitivity of
Chlamydomonas reinhardtii cultures. Environ. Exp. Bot. 23:
331-338.

Pimprikar, G. D., B. R. Norment, and J. R. Heitz. 1979. Toxicity
of rose bengal to various instars of Culex pipiens quinquefas-
ciatus and Aedes triseriatus. Environ. Entomol. 8: 856-859.

Ramsey, H. H. and T. E. Wilson. 1957. Growth inhibition of



178

Micrococcus pyogenes by manganese and riboflavin. Antonie
van Leeuwenhoek 31: 225-234.

Slotnick, L. J. and M. Dougherty. 1965. Unusual toxicity of ribo-
flavin and flavin nucleotide for Cardiobacterium hominis.
Antonie van Leeuwenhoek 23: 355-360.

Spikes, J. D. and R. Livingston. 1969. The molecular biology of
photodynamic action: sensitized photoautooxidation on bio-
logical systems. In L. G. Augenstein, R. Mason and M. Eelle
{eds.), Advances in Radiation Biology, Vol. 3. Academic
Press, New York, pp. 28-121.

Starke, P. E. and J. L. Faber. 1985. Ferric iron and superoxide
ions are required for the killing of cultured hepatocytes by
hydrogen peroxide. J. Biol. Chem. 260: 10099-10104.

Tzeng, D. D. 1988. Photodynamic action of methionine-ribo-
flavin mixture and its application in the control of plant
diseases and other plant pests. Plant Prot. Bull. 30: 87-100.

Botanical Bulletin of Academia Sinica, Vol. 30, 1989

Tzeng, D. D. 1989. Hydroxyl radical and singlet oxygen are the
key role factors involved in the photodynamic biocidal
activity of methionine riboflavin mixture. Bot. Bull
Academia Sinica 30: 39-48. |

Tzeng, D. D. and J. E. DeVay. 1985. Ethylene production and tox-
igenicity of methionine and its derivatives with riboflavin in
cultures of Verticillium, Fusarium and Colletotrichum
species exposed to light. Physiol. Plant. 62: 545-552,

Tzeng, D. D. and J. E. DeVay. 1989. Biocidal activity of mixtures
of methionine and riboflavin against plant pathogenic fungi
and bacteria and its modes of action. Mycologia (in press).

Tzeng, D. D, T. Chung, M. H. Lee, and J. E. DeVay. 1985.
Biocidal effect of riboflavin-methionine reaction in continu-
ous light on phytopathogenic fungi and bacteria: (II). Prob-
able reaction mechanisms involved. Pl. Prot. Bull. (Taiwan,
R.O.C.) 27: 454 (Abstract). ’

bR 22 R LS s OB BB v 2 ¥E 3L B A A
- B XS 2 8 2 fEH |

kY FHE

B REASEYIREER

KR BN FREREEIERESY (LU T B MR) XEUEh o R E B HE (- OH) B4 R EE MR XEKRE
SHEZ BRR o FI ] Baker 82 Gebicki IR&E 73k » B ABEFS MR Rin10mM AL HERRENE: » RIERHF - OH ARfE
RS ERERFRTEVERETERS  AAL R EEPRINNREE—SBREE » pH4.0~5 052 MR »
H - OH 4:pZcERE: pH 6.0~8.0:2 MR EEE% » AR MR HEISA- &7 (Haber-Weiss) KRR 28 » HRJE
BB RS T EEY - OH 24 RERCUEREE o Sl FrUARIIE pH6. 021 & MR iz - OH £ AR
YEF » ¥/ desferal B2 phenanthroline &8t &8 (cheleting agent) RIEAEFR  (WUE X585 MR F@8EFFECE
B o 5 RS BIMRE 1 - WEHEEIRR MR hELZ - OH » HERHRE MR 1 - OH Z BBFCRAIRERR
iR TERIE RSN FoRS/LSRE MR hZ - OH B EHENRERER - BEIFRA SR - KRa@rRlzs
B-BH R E R - OH REES » #f MR 2B IRESEREREES BB o





