
Oxidative Stress in Cucumber (Cucumis sativus L.) 
Seedlings Treated with Acifluorfen
Illora Gupta and Baishnab Charan Tripathy*
School of Life Sciences, Jawaharlal Nehru University, New Delhi 110067, India.
Fax: 9 1 -1 1 -6 1 6 5 8 8 6 . E-mail: bct@jnuniv.ernet.in

* Author for correspondence and reprint requests

Z. Naturforsch. 54c, 7 7 1 -7 8 1  (1999); received November 2, 1998/April 5, 1999

Chlorophyll a Fluorescence, Diphenyl ether Herbicide, Electron Transport,
Photodynamic Reaction, Photosynthesis

Illumination of acifluorfen-sprayed and 14 h-dark-incubated cucumber seedlings with cool- 
white fluorescent light caused overaccumulation of protoporphyrin IX  and severe oxidative 
stress which resulted in seedling death within 72 h. The ratio of variable fluorescence (F v)/ 
maximum fluorescence (F m), a measure of the functional status of PSII, declined by 30% , 
58%  and 85%  after 24 h, 48 h and 72 h respectively. When 24 h-light-treated plants were 
transferred to dark for 24 h the Fv/F m ratio was restored to near control levels suggesting a 
dark recovery from photodynamic damage. The intracellular distribution of protoporphyrin 
IX  that accumulated in the cotyledons of acifluorfen-treated and 1 h-light-exposed plants 
was 22%  within and 78%  outside chloroplasts suggesting migration of protoporphyrin IX  
within one hour of exposure of plants to light. When thylakoid membranes, treated with 
exogenous protoporphyrin IX, were illuminated there was a reduction in photosystem II 
activity. Addition of L-histidine, scavenger of singlet oxygen, to illuminated thylakoid+ proto­
porphyrin IX  mixture resulted in substantial protection of photosystem II activity suggesting 
the involvement of singlet oxygen in protoporphyrin IX-mediated photodynamic damage. In 
illuminated thylakoid+protoporphyrin IX  mixture no indication was found for production of 
superoxide radicals via type I reaction. In cucumber seedlings acifluorfen-induced synthesis 
of protoporphyrin IX  caused severe photodynamic damage mediated by singlet oxygen gen­
erated due to type II photosensitization reaction.

Introduction

Substances that require direct interaction with 
light and molecular oxygen to produce active oxy­
gen species are known as photodynamic com­
pounds. There are two main types of porphyrin- 
generating compounds. One consists of 5-amino- 
levulinic acid (ALA) (Rebeiz et al., 1984, 1988; 
Tripathy and Chakraborty, 1991; Chakraborty and 
Tripathy, 1992; Tripathy, 1994) and the other con­
sists of diphenyl ethers (DPEs) and allied sub­
stances which inhibit protoporhyrinogen oxidase 
(Protox) (Matringe and Scalla, 1988; Witkowski 
and Hailing, 1988).

Abbreviations: AF-Na, acifluorfen-sodium; A L A , 5- 
aminolevulinic acid; DCIP, 2,6-dichlorophenol indophe- 
nol; D PE, diphenyl ether; MV, methyl viologen; PD, p- 
phenylenediamine; Protox, protoporphyrinogen oxidase; 
proto IX, protoporphyrin IX ; protogen IX, protoporphy­
rinogen IX ; SOD, superoxide dismutase; TIRON, 1,2- 
dihydroxybenzene-3, 5-disulfonic acid.

DPEs and allied substances have multiple 
modes of action at different concentrations 
(Böger, 1984). Usually they induce the accumula­
tion of protoporphyrin IX  (Proto IX) in plants. 
DPEs inhibit protoporphyrinogen oxidase (Pro­
tox) which is the last enzyme of the common 
branch of the heme- and chlorophyll-synthetic 
pathways in plants (Matringe and Scalla, 1988; 
Duke et al., 1990). The light dependent lethal ef­
fect of DPEs are a result of lipid peroxidation, 
which leads to destruction of polyunsaturated fatty 
acids in membranes (Duke and Rebeiz, 1994). Ini­
tiation of peroxidation of membrane lipids due to 
herbicide and light treatment depends on genera­
tion of toxic active oxygen species. Differential tol­
erance of various species to DPE herbicides may 
be due to differences in rates of herbicide absorp­
tion, Proto IX  accumulation and antioxidants pre­
sent in the plant cell (Matsumoto et al., 1994).

In the present study the technical grade material 
acifluorfen-sodium (AF-Na) (Rohm and Haas) 
was used to investigate the mechanism of action of
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Proto IX-mediated photodynamic damage to the 
photosynthetic electron transport chain and to 
identify the toxic active oxygen species involved in 
photodynamic reactions.

Materials and Methods

Cucumber (Cucumis sativus L. cv Poinsette) 
seedlings were grown on moist germination paper 
in Petri plates (14.5 cm diameter), under con­
tinuous cool white fluorescent light. Temperature 
was maintained at 25 °C. Five-day-old seedlings 
were used in all experiments.

The technical grade material AF-Na was a gift 
from Rohm and Haas Bayport Inc. USA. Techni­
cal grade material AF-Na was diluted with 
water+0.5% Tween-20 and each Petri plate having 
a population of 25 seedlings was sprayed with 10 
ml of 80 (.im of AF-Na. A glass sprayer (atomizer) 
attached to a rubber bulb was used for spraying 
AF-Na. Control seedlings were sprayed with dis­
tilled water having 0.5% Tween-20. After spraying 
plants were covered with aluminum foil and kept 
for 14 h in darkness at 25 °C, prior to light expo­
sure. Plants were exposed to different intensities 
of cool white fluorescent light at 25 °C. Light in­
tensity was measured using LI-COR Quantum 
meter Model LI-185B with a LI-190SB quantum 
sensor (LI-COR Inc., Lincoln, USA).

Chloroplasts were isolated from cucumber coty­
ledons at 4 °C, under safe green light, by hand- 
homogenizing the tissue in an isolation medium 
consisting of 0.4 m  sucrose, 10 m M  NaCl and 25 m M  

Hepes-NaOH (N-[2-hydroxyethyl]piperazine-N'- 
[2-ethanesulfonic acid]) (pH 7.6). After filtration 
of the homogenized tissue through 2 layers of 
Mira cloth, it was centrifuged at 3,000xg for 5 min 
to sediment the chloroplasts. Chloroplasts were 
suspended in isolation buffer and intact chloro­
plasts were obtained using a 50% (v/v) percoll gra­
dient (Chakraborty and Tripathy, 1992). The final 
intact chloroplast pellet was suspended in a mini­
mal volume of the isolation buffer. Thylakoid 
membranes were prepared from chloroplasts by 
giving an osmotic shock. This was done by diluting 
chloroplasts 10-fold with 20 mM Hepes-NaOH 
buffer (pH 7.6). Thylakoid membranes were sedi- 
mented by centrifugation at 3,000xg for 5 min and 
the pellet was suspended in isolation medium. 
Chlorophyll (Chi) (Porra et al., 1989) and carot-

enoid (Wellburn and Lichtenthaler, 1984) contents 
were estimated in 80% acetone.

Thylakoid membrane suspensions (1 mg Chi 
ml-1) in the absence (control) or presence 
(treated) of exogenously added Proto IX, were il­
luminated in a glass tube surrounded by a water 
jacket connected to a circulating water bath (Ju- 
labo F 10, Julabo Labortechnik GmBH, Ger­
many). Thylakoid membranes were illuminated 
with white light from a tungsten light source at a 
photon flux rate of 250 (.imol m-2 s_1, which was 
obtained by passing the light through neutral den­
sity filters.

Assays of electron transport activity of pho­
tosystems (PS)II and PSI were carried out using 
a glass cuvette fitted within a Clark-type oxygen 
electrode (YSI, Yellow Springs, USA). The reac­
tion mixture was maintained at 25 °C by using a 
temperature controlled water bath and was illumi­
nated for 20 seconds with white light from a tung­
sten light source at a photon flux rate of 1500 (imol 
m-2 s-1. The reaction mixture (3 ml) for p-pheny- 
lenediamine (PD)-supported and PSII-mediated
0 2 evolution consisted of 50 m M  Hepes/NaOH 
(pH 7.6), 3 m M  MgCl2, 10 m M  NaCl, 1 m M  

K3Fe(CN)6 and 0.3 m M  freshly prepared PD (Tri­
pathy and Chakraborty, 1991). Thylakoids were 
added at concentration of 10 jig Chi ml“1 to the 
assay medium. The partial electron transport chain 
through PSI was measured as oxygen consumption 
(Tripathy and Mohanty, 1980). Electron flow from 
PSII was blocked by 3-(3,4-dichlorophenyl)-l,l-di- 
methylurea (DCMU). Ascorbate/ DCIP couple 
was used as electron donor to PSI and MV was 
used as electron acceptor. Assay medium (3 ml) 
contained thylakoids (10 |ig Chi m l"1), 50 m M  

Hepes (pH 7.6), 3 m M  MgCl2, 10 m M  NaCl, 1 m M  

NH4C1, 1 m M  NaN3, 0.5 m M  MV, 20 \im DCMU, 
1 mM sodium ascorbate and 100 [m DCIP.

Fluorescence transients of intact leaves or thyla­
koids were monitored by pulse amplitude modu­
lated (PAM) Chi fluorometer (PAM 101, Heinz 
Walz, Germany) (Schreiber, 1986). For measure­
ment of F0, modulated light of 1.6 KHz with light 
intensity setting at 6 (0.075 (.imol m-2 s_1), gain at 
12 and damping at 11 were used. For measurement 
of Fm, modulated light of 100 KHz along with ac­
tinic light (900 [.imol m~2 s " 1) was used for 15 se­
conds, while keeping the other settings same as 
that for F0 measurement. Light is communicated
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from the source to the sample through a Walz fiber 
optic cable (type 101F). Leaves and thylakoid 
membranes were dark adapted for 15 min before 
fluorescence transients were recorded. For meas­
uring transients of thylakoid samples, isolated thy­
lakoids at a concentration of 15 |ig Chi m L 1 were 
suspended in a buffer containing 50 mM sucrose 
and 10 m M  Hepes (pH 7.6). To measure the effect 
of exogenous electron donors on fluorescence 
transients, the thylakoids (15 |ig Chi ml-1) were 
suspended in a buffer containing 50 mM sucrose, 
10 m M  Hepes (pH 7.6) and 3.6 m M  MgCl2. Exoge­
nous electron donors, freshly prepared diphenylc- 
arbazide (DPC), NH2OH (neutralized to pH 6.8) 
or MnCl2 at final concentrations of 0.5 m M , 10 m M  

and 0.3 m M , respectively were added to the thyla­
koid suspension.

For the estimation of tetrapyrroles, tissues were 
hand-homogenized in 90% cold ammoniacal ace­
tone (acetone : 0.1 n  NH4OH = 9:1 v/v) under safe 
green light. Fully esterified tetrapyrroles were ex­
tracted with equal volume of hexane. While the 
mono- and di-carboxylic tetrapyrroles remained in 
the hexane-extracted acetone residue (H EA R) 
solvent mixture fraction, the fully esterified tetra­
pyrroles were transferred to hexane phase. Quan­
titative estimation of Proto IX and Pchlide from 
their mixture in H EA R was carried out spectroflu- 
orometrically (Hukmani and Tripathy, 1992; Tew- 
ari and Tripathy, 1998). Fluorescence spectra of 
H EA R fractions were recorded in the ratio mode 
using a computer-driven SLM AMINCO 8000C 
spectrofluorometer and corrected for photomulti­
plier tube sensitivity. Rhodamine B was used in 
the reference channel as a quantum counter. A 
tetraphenylbutadiene block was used to adjust the 
voltage in both the sample as well as reference 
channels, to 20,000 counts/sec. The block was ex­
cited at 348 nm and emission was monitored at 
422 nm. Spectra were recorded at excitation and 
emission bandwidths of 4 nm. Emission spectra 
were recorded from 580 to 700 nm.

A spectrophotometric assay was used to deter­
mine the superoxide content (Asada, 1984). Thyla­
koid membranes were prepared and to remove 
stromal superoxide dismutase, the thylakoids were 
incubated for 1 h at 4 °C in 50 mM potassium phos­
phate (pH 7.6) having 1 m M  ethylenediaminetet- 
raacetic acid (EDTA). This washing procedure was 
repeated once more, and centrifuged (3000 x g  for

5 min) to pellet the thylakoid membranes. The pel­
let was suspended in 50 mM potassium phosphate 
(pH 7.8). Superoxide production was determined 
by monitoring cytochrome C reduction at 550 nm 
using an extinction coefficient of 19 m M “ 1 c m '1, 
and its amount calculated using absorbance coeffi­
cient of 19 m M -1  cm-1. The assay mixture (3 ml) 
contained 50 m M  potassium phosphate (pH 7.6), 
10 mM NaCl, 150 jam ferricytochrome C, and 
washed thylakoid membranes (50 jig Chi). Absor­
bance of this reaction mixture was taken as the 
initial absorbance. Subsequently, the reaction mix­
ture was illuminated at 1500 [.imol m-2 s_1 for 20 
seconds and the increase in absorbance due to re­
duction of cytochrome C over the initial absor­
bance was used for calculating 0 2 content.

Results

E ffect o f  different light intensities on pigm ent 
contents

Light was mandatory for AF-Na-induced photo­
dynamic damage of tissue and there was no dam­
age in AF-Na-sprayed plants kept in dark for 72
h. AF-Na-treated plants incubated in dark for 14 
h and subsequently transferred to different inten­
sities of coolwhite fluorescent light (50, 250 and 
500 jimol m~2 s“ 1) developed necrotic spots within 
24 h and were severely damaged by 72 h, as a con­
sequence of photodynamic damage. As the light 
intensity increased from 50 to 500 [imol m-2 s-1 
and the light exposure period increased from 2 4 -  
72 h, Chi a (Fig. 1A), Chi b (Fig. 1 B), total Chi 
(Fig. 1C) and carotenoid (Fig. ID ) contents de­
creased progressively. The pigment contents of 
cotyledons were corrected for the loss of moisture 
content. These demonstrated that the AF-Na-in- 
duced photodynamic damage was dependent on 
light intensity.

Im pairm ent o f  photosynthetic electron transport 
due to photodynam ic dam age and its recovery 
in dark

PSII, is very sensitive to slight perturbation of 
thylakoid membrane structure under stress condi­
tions. Therefore, any damage to thylakoid mem­
brane is likely to affect the activity of PSII. The 
Chi a fluorescence induction kinetics of leaves is 
an excellent endogenous (non-invasive) probe of
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Light exposure (h)

Fig. 1. Loss of Chi a (A ), Chi b (B ), total Chi (C) and 
carotenoid (D ) contents in cotyledons of AF-N a-treated  
cucumber plants exposed to cool-white fluorescent light 
of different intensities (50, 250 and 500 [imol m -2 s_1) 
for 2 4 -7 2  h. Pigment contents were corrected for 
decrease in moisture content. Each observation is the 
mean of 5 replicates and error bars represent SD. Miss­
ing error bars indicate that they are smaller than the 
the symbol.

the functional status of the photosynthetic elec­
tron transport chain and especially that of PSII. 
The ratio of variable fluorescence (Fv)/maximum 
fluorescence (Fm) is a measure of the functional 
status of PSII. AF-Na-treated and 14 h dark-incu­
bated plants were transferred to cool white fluo­
rescent light (75 [.imol m~2 s_1) for 2 4 -7 2  h and 
the Chi a fluorescence transient of leaves was 
monitored. After 24 h , 48 h and 72 h light expo­
sure, the Fv/Fm ratio of leaves declined by 30%, 
58% and 85% respectively (Table I). In order to 
study the reversibility of photodynamic damage 
AF-Na-treated plants were exposed to light 
(75 [imol ir r 2 s~') for 24 to 72 h and then transfer­
red to dark for 24 h and the Chi a fluorescence 
transient of leaves was monitored. The Fv/Fm ratio

in 24h-light exposed AF-Na-treated plants de­
clined by 0.25 (0.83-0.58). When 24 h-light- 
treated plants were transferred to dark for 24 h 
the PSII activity partially recovered and conse­
quently the Fv/Fm ratio increased from 0.58 to 0.77
i.e., its inhibition from control was 0.83-0.77=0.06 
. Therefore the recovery in the Fv/Fm ratio was 
76% (0.25-0.06/0.25x100) (Table I). When AF- 
Na-treated plants were exposed to continuous 
light for 48 and 72 h, there was severe damage to 
plants but when these plants were transferred to 
dark for 24 h, further damage was prevented. 
However, there was only marginal recovery from 
photodynamic damage as indicated by only slight 
restoration of the inhibition in Fv/Fm ratio. Expo­
sure of AF-Na-treated cucumber plants to higher 
light intensity (500 |imol m~2 s_1) resulted in loss 
of Fv/Fm ratio by 70% within 24 h and there was 
no recovery after these plants were returned to 
dark for 24 h.

Proto IX  accumulation due to AF-Na treatment

Untreated cucumber seedlings exposed to cool 
white fluorescent light (50 [imol i r r 2 s-1) does not 
accumulate Proto IX. However, AF-Na-treated 
seedlings after being exposed to light accumulated 
substantial amounts of Proto IX  (Fig. 2). The 
amount of accumulated Proto IX  declined after 72 
h of light exposure. Proto IX does not accumulate 
in AF-Na-treated plants in dark (Nandihalli et al.,
1991). The exact mechanism of light-induced accu­
mulation of Proto IX  in AF-Na-treated plants is 
not understood.

Plastidic and extraplastidic distribution o f Proto IX  
formed in response to AF-Na treatment

It is proposed that in response to AF-Na and 
light treatment Protogen IX  migrates to cytoplasm 
and attaches to plasma membrane where it is oxi­
dized to Proto IX  by AF-Na-insensitive protox- 
like enzymatic activity in plasma membrane (Ja­
cobs et al., 1991). In order to verify this hypothesis 
and to quantify the amounts of Proto IX present 
inside and outside the chloroplast, intraplastidic 
and extraplastidic Proto IX  pool was estimated in 
1 h-light-exposed (75 ^mol m-2 s_1) AF-Na- 
treated plants. Low light intensity and one h illu­
mination period were chosen as the cellular integ­
rity of herbicide-treated plants remained intact un-
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Table I. Impairment of photosynthetic electron transport due to photodynamic damage and its recovery in dark. 
Control and AF-Na-sprayed cucumber seedlings were incubated in dark for 14 h prior to light treatment (75 [imol 
m~2 s_1) for 2 4 -7 2  h and were subsequently transferred to dark for 24 h. Chi a fluorescence transients of leaves 
were measured by a pulse amplitude modulated Chi fluorometer (PAM 101, Heinz Walz, Germany) . The values 
are the average of 5 replicates and ± represents SD.

Sample
Light

treatment
Post-light

dark
treatment

Initial
fluorescence

(Fo)

Maximum
fluorescence

(F m)

Variable
fluorescence

(F v)

F v/F m Inhibition

h %

Control 24 0 10.35 60.00 49.65 0.83 ± 0.019

Treated 24 0 12.51 30.00 17.49 0.58 ± 0.01 30

Control 24 24 8.80 59.00 50.20 0.85 ± 0.016

Treated 24 24 9.25 39.50 30.25 0.77 ± 0.024 10

Control 48 0 9.00 62.00 53.00 0.85 ± 0.014

Treated 48 0 10.50 16.33 5.83 0.36 ± 0.004 58

Control 48 24 11.00 62.75 51.75 0.82 ± 0.019

Treated 48 24 11.22 19.75 8.53 0.43 ± 0.004 48

Control 72 0 12.25 65.00 52.75 0.81 ± 0.003

Treated 72 0 13.20 15.00 1.80 0.12 ± 0.011 85

Control 72 24 9.75 62.00 52.25 0.84 ± 0.017

Treated 72 24 9.20 12.30 3.10 0.25 ± 0.008 70

der these conditions (Nandihalli et al., 1991). 
When AF-Na-treated and 14 h-dark-incubated 
plants were exposed to light for 1 h cotyledons 
of these plants accumulated 2.6 nmol Proto IX  (g 
Fwt)-1. The plastidic and extraplastidic distribu­
tion of this 2.6 nmol Proto IX accumulated in 1 g 
of leaf material was determined as follows.

Chi content of cucumber cotyledons of AF-Na- 
treated and 1 h-light-exposed plants was 2198 jig 
(g Fwt)-1. To determine the chloroplastic Proto 
IX  content, intact chloroplasts were isolated from 
AF-Na-treated and 1 h-light-exposed plants and 
100 (il aliquot of the intact chloroplast sample was 
used to determine the Chi content of the chloro­
plasts, which was found to be 19.62 ^g Chi. An­
other 100 [.il aliquot of the intact chloroplast sam­
ple was used to determine Proto IX  content, which 
was 0.005 nmol. Thus intact chloroplasts having 
19.62 jig Chi contained 0.005 nmol of Proto IX. 
Chls of plant tissues are exclusively localised in 
chloroplasts. Simple mathematical calculation re­

vealed that in treated tissue containing 2198 îg 
Chi (g Fwt)-1 had 0.56 nmol of chloroplastic Proto 
IX. Thus, out of 2.6 nmol of Proto IX  present in 
1 g of AF-Na-treated tissue, only 0.56 nmol were 
present inside chloroplasts, which amounted to 
22% of the total Proto IX  present in the tissue. 
Rest of the Proto IX  (78% ) was outside the chlo­
roplasts (Table II). Table II also shows the locali­
sation of protochlorophyllide (Pchlide) within the 
cell at the end of 14 h dark-incubation of AF-Na- 
sprayed plants. Tissues were homogenized in dark, 
and as far as possible isolation of intact chloro­
plasts was done under safe green light to prevent 
phototransformation of Pchlide to Chlide. Estima­
tion of intracellular location of Pchlide was done 
as described for Proto IX. In dark, 8 2 -8 3 %  of 
Pchlide was found to be present within the chloro­
plast, in both control and treated samples. This 
was expected since Pchlide is known to be present 
within chloroplasts. Apparent extraplastidic loca­
tion of Pchlide (1 7 -1 8 % ) was actually a measure
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Light exposure (h)

Fig. 2. Proto IX  accumulation in AF-N a-treated plants 
exposed to coolwhite fluorescent light (50 [.imol n r -  s-1 ). 
Proto IX  content was corrected for decrease in fresh 
weight in A F-N a-treated plants. Experimental details 
are as in Materials and Methods. Each observation is the 
mean of 5 replicates and error bars represent SD. Miss­
ing error bars indicate that they are smaller than the 
the symbol.

of disappearance of Pchlide due to its partial pho­
totransformation to Chlide during isolation of in­
tact chloroplast. The determination of intraplatidic 
location of Pchlide confirms that the methodology 
followed to study the intracellular distribution of 
tetrapyrroles was correct.

Effect o f Proto IX on photochemical reactions of 
thylakoid membranes

Proto IX is a photosensitizer that could cause 
photodynamic damage to the photosynthetic ap­
paratus of plants. In order to ascertain if Proto IX 
acting as a photosensitizer could inflict damage to 
the photosynthetic apparatus, thylakoid mem­
branes were illuminated (250 [imol m-2 s-1) in ab­
sence or presence of different concentrations of 
exogenously-added Proto IX for up to 30 min and 
the activities of PSII and PSI reactions were moni­
tored.

Incubation of thylakoid membranes with Proto 
IX  (1500 n M )  up to 60 min in dark, did not inhibit 
PSII and PSI reactions demonstrating that Proto 
IX  itself was not an inhibitor of thylakoid mem­
brane functions. When thylakoid membranes were 
illuminated in absence of Proto IX  for up to 
30 min, PSII was only marginally affected (3% ) 
(Fig. 3A). This suggests that the low light intensity 
used to illuminate thylakoid membranes did not 
affect PSII. However, when thylakoid membranes 
were illuminated in presence of Proto IX, PSII ac­
tivity was impaired. When Proto IX  concentration 
was raised from 600 to 1500 nM, inhibition of PSII 
activity increased from 19% to 56% , after 30 min 
of illumination. These data demonstrate that Proto 
IX  acted as a photosensitizer and caused photody­
namic damage to the thylakoid membranes.

Contrary to their effect on PSII, exogenous ad­
dition of 600 and 900 nM Proto IX  to thylakoid 
membranes caused 35% and 15% enhancement of 
MV-supported PSI activity respectively, after

Table II. Intracellular distribution of tetrapyrroles in the cotyledons of control and AF-Na-treated cucumber plants. 
Plants were incubated in dark for 14 h and the intracellular distribution of Pchlide was determined at the end of 
dark period. Intracellular distribution of Proto IX  was estimated after illumination of 14 h-dark-incubated plants 
with cool white fluorescent light (75 [imol m -2 s_1) for 1 h. Percent of total Proto IX  and Pchlide localized in 
extraplastidic and intraplastidic regions are shown in parentheses. Values are the average of 3 replicates and ± 
represents SD.

Light
treatment

h
Intraplastidic

Control

Extraplastidic 
nmol (g Fw t)-1

Treated

Intraplastidic Extraplastidic

P roto  IX

0 0 0 0 0
1 0 0 0.56 ± 0.07 (22) 2.04 ± 0.24 (78)

PChlide

0 11.6 ± 1.5 (83) 2 ± 0.25 (17) 17.4 ± 2.0 (83) 3.6 ± 0.4 (17)
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Duration of illumination (min)

Fig. 3. (A ) PSII and (B ) PSI activities of isolated thyla- 
koid membranes illuminated in presence of exogenous 
Proto IX. Thylakoid membranes, suspended at concen­
tration of 1 mg Chi ml-1 , were incubated without (con­
trol) or with different concentrations of exogenous Proto 
IX  and were illuminated with white light from a tungsten 
light source (250 [.imol m~2 s_1) for desired length of 
time. PSII activity in control or treated thylakoids before 
light treatment was 90 ± 10 [ixnol 0 2 evolved mg 
Chi-1 h-1 and the same for PSI was 200 ± 20 [imol 0 2 
uptake mg Chi-1 h r 1. Other experimental details were 
as mentioned in Materials and Methods. Each observa­
tion is the mean of 5 replicates and error bars repre­
sent SD.

30 min of illumination (250 [imol m~2 s-1) 
(Fig. 3B). However, when Proto IX  concentration 
was increased to 1500 nivi the PSI activity was in­
hibited by 25%.

To investigate whether Proto IX-mediated pho­
todynamic damage of PSII activity was only due 
to the impairment of water-splitting-enzyme sys­
tem, or also resulted from damage of pigment-pro- 
tein complexes, the effect of exogenous PSII elec­
tron donors Mn2+, DPC and NH2OH (Izawa, 1970; 
Tripathy and Mohanty; 1980; Sharp and Yocum,
1981) on Chi a fluorescence was measured. Illumi­
nation (250 [xmol m~2 s-1) of thylakoids (1 mg Chi 
ml-1) in the presence of Proto IX  (950 nM) for 
30 min, reduced the Fv/Fm by 28% (i.e., from 0.69 
in control to 0.5 in treated) (Table III) demon­

strating the loss of PSII activity. The exogenous 
electron donors failed to restore the inhibited Fv/ 
Fm ratio in treated samples to control level. These 
data suggest that the mechanism of loss of PSII 
activity was due to the damage to the pigment- 
protein complex of PSII.

Effect o f scavengers o f active-oxygen species on 
Proto IX-induced photodynamic damage to PSII

In order to study if Proto IX-induced photody­
namic damage to thylakoid membrane was medi­
ated by active-oxygen species, the scavengers of 
' 0 2, O2' and OH - were applied to the illuminated 
thylakoid membranes in presence of Proto IX. 
Due to illumination of thylakoid membranes in 
the presence of 950 nM Proto IX  for 30 min PSII 
activity was reduced by 55% (Fig. 4). Addition of 
20 mM L-histidine (prepared from L-histidine. HC1 
in 50 mM Hepes/NaOH pH 6.8), a ‘0 2 scavenger, 
(Matheson et al., 1975) to the above illuminated 
reaction mixture protected PSII function in 
treated thylakoids by 6 5 -7 0 % . Scavengers of O2' 
, superoxide dismutase (SOD) (100 units ml-1) 
(Fridovich, 1978; Henderson and Miller, 1986) and 
l,2-dihydroxybenzene-3, 5-disulfonic acid 
(TIRON) (50 mM) (Miller and Macdowall, 1975; 
Shimazaki et al., 1980) failed to protect PSII from 
Proto IX-induced photodynamic damage. The 
OH- -scavengers formate (10 mM) (Feierabend 
and Winkelhusener, 1982) and terf-butanol (Czap- 
ski, 1984; Ewing and Kubala, 1987) were also un­
able to protect PSII. These results demonstrate 
that Proto IX-sensitized photodynamic injury to 
thylakoid membrane is mediated by 10 2.

Production o f superoxide radical

Unlike type II photosensitization reactions, in 
type I photosensitization reactions the triplet sen­
sitizer reacts directly with substrate and 0 2 to gen­
erate 0 2~. To investigate if in addition to the pro­
duction of !0 2, 0 2~ was also produced by the type 
I photosensitization reaction, 0 2~ -  mediated cy­
tochrome C reduction was investigated using thy­
lakoid membranes, in the absence and presence of 
DCMU, a photosynthetic electron transport inhib­
itor (Table IV). Thylakoid membranes were incu­
bated without (control) or with 950 nM Proto IX 
(treated) and were illuminated (1500 ^mol m~2 s~ 
') for 1 min. After illumination, the amounts of
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Table III. Effect of exogenous PSII electron donors on Chi a fluorescence transients of isolated thylakoid mem­
branes. Thylakoid membranes (1 mg Chi ml-1 ) illuminated with white light (250 [.imol m -2 s_1) for 30 min in the 
absence (control) or presence (treated) of the photosensitizer Proto IX  (950 nM). For the assay of Chi a fluorescence 
transients thylakoid membranes were suspended at a Chi concentration of 15 (.ig Chi ml-1 and dark-adapted for 
15 min. Fluorescence transients were measured in a PAM Chlorophyll fluorometer. Exogenous electron donors were 
added to the reaction mixture immediately prior to fluorescence measurements. Each value is the average of 5 
replicates and ± represents SD.

Fluorescence
transients

No addition +n h 2o h
(10 mM)

+MnCl2 
(0.3 mM)

+DPC  
(2 mM)

Initial fluorescence (F 0) 3.8 ± 0.21

Control
4.0 ± 0.23 3.75 ± 0.2 4.0 ± 0.23

Maximum fluorescence (F m) 12.4 ±  0.7 11.8 ± 0.7 12.4 ± 0.77 12.5 ±  0.83
Variable fluorescence (F v) 8.8 ± 0.5 8.3 ± 0.48 8.65 ± 0.97 8.9 ± 0.85
F v/F m 0.69 ± 0.01 0.66 ± 0.01 0.69 ± 0.04 0.68 ± 0.03

Initial fluorescence (F0) 4.5 ± 0.23

Treated
4.6 ± 0.22 5.0 ± 0.25 5.2 ± 0.22

Maximum fluorescence (F m) 9.0 ± 0.58 9.3 ± 0.65 10.0 ± 0.59 10.2 ± 0.5
Variable fluorescence (F v) 5.0 ± 0.4 4.7 ± 0.83 5.0 ± 0.38 5.0 ± 0.71
Fv/Fm 0.5 ± 0.01 0.5 ± 0.05 0.5 ± 0.01 0.49 ± 0.04

c
CD
T3
C
CDQ.
CDT3

CO
CL

Duration of illumination (min)

Fig. 4. Effect of scavengers of active oxygen species on 
PSII activity of isolated thylakoid membranes illumi­
nated in presence of exogenous Proto IX . Thylakoid 
membranes (1 mg Chi ml-1 ) in absence (control) or 
presence of 950 nM Proto IX  (treated) were illuminated 
(250 [.imol m~2 s_1) along with scavengers of active oxy­
gen species. PSII activity was assayed after 0, 15 and 
30 min of illumination. The control rate of 0 2 evolution 
was 95 [.imol mg C h i '1 h " 1. Each observation is the 
mean of 5 replicates and error bars represent SD.

Table IV. Production of 0 2~ by isolated thylakoid mem­
branes. 0 2~ production was monitored as cytochrome C 
reduction in isolated thylakoid membranes (50 j.ig Chi) 
in the absence (control) or presence (treated) of 950 nM 
Proto IX. The reaction mixture was illuminated at 
1500 [imol m~2 s_1 for 20 seconds and cytochrome C re­
duction was monitored in the absence or presence of 
DCM U at 550 nm. Values are the average of 3 replicates 
and ± represents SD.

Sample Cytochrome C assay

-D C M U +D CM U

[nmol mg Chi -1 min“ 1]

Control thylakoids 77.4 ± 7.0 5.2 ±  0.5
Treated thylakoids 74.3 ± 6.0 6.0 ± 0.6

0 2~ produced in control and treated thylakoids 
were almost equal. In DCMU-poisoned thyla­
koids, the production of Oz~ was significantly re­
duced to similar amounts in both control and 
treated samples. This suggests that production of 
0 2~ in control and treated thylakoids was not 
from type I photosensitization reaction of Proto
IX, but originated from the photosynthetic elec­
tron transport reactions i.e., mostly from PSI and 
possibly from Rieske iron-sulfur centers.

Discussion

The loss of Chi and carotenoid contents of AF- 
Na-treated cucumber plants was less at lower and 
more at higher light intensity (Fig. 1) suggesting

— □—  control 

....o ....  treated

....o— - treated + histidine, 20 mM

e> treated + SOD, 100 units ml ‘1 

---ffl--- treated + TIRON, 50 mM 

treated + formate, 10 mM 

— treated + ter-butanol, 20 mM

~io 20 30
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that generation of active oxygen species involved 
in photodynamic damage was dependent on light 
intensity.

Exposure of AF-Na-treated plants to light 
caused inhibition of PSII function, which was 
monitored in intact leaves by Chi a fluorescence 
induction kinetics. Illumination of AF-Na-treated 
plants caused photodynamic injury to plants. This 
resulted in damage to thylakoid membranes and 
consequently PSII activity and Fv/Fm ratio de­
clined. After transfer of light-treated (24 h) plants 
to dark there was substantial recovery from photo­
dynamic damage which resulted in substantial re­
storation of Fv/Fm ratio. However, when photody­
namic damage was more severe after 4 8 -7 2  h light 
exposure, dark-recovery from photodynamic dam­
age was only marginal as indicated by slight re­
storation of the inhibition in Fv/Fm ratio (Table I). 
This suggests that when initial damage to treated 
plants was below some threshold (due to shorter 
duration and lower intensity of light exposure), 
the repair processes occurring in darkness were 
more effective. The dark recovery of AF-Na-in- 
duced photodynamic damage is interesting. Fur­
ther investigations are needed to understand the 
exact mechanism of dark recovery of PSII.

The tetrapyrrole Proto IX  acts as the photosen­
sitizer in AF-Na-treated plants (Matringe and 
Scalla, 1988). AF-Na-treated seedlings over-accu- 
mulate Proto IX  after they are exposed to light 
(Fig. 2). However, they do not accumulate Proto 
IX  in dark. The exact mechanism of light-induced 
accumulation of Proto IX  is not known (Nandi- 
halli et al., 1991). It is well known that Proto IX 
accumulates in plants treated with DPE herbi­
cides. Plastidic Protox is shown to be sensitive to 
DPEs whereas the plasma membrane bound Pro­
togen IX  oxidiser is insensitive to DPEs (Jacobs 
et al., 1991; Lee et al., 1993; Duke et al., 1994). 
Incubation of intact plastids with ALA and AF- 
Na in light caused extraplastidic migration of Pro­
togen IX  (Jacobs and Jacobs, 1993). The porphyrin 
fluorescence was seen both in plastids as well as 
throughout the cytoplasm in tissues treated with 
DPE herbicide, while in controls fluorescence was 
almost exclusively located in plastids (Lehnen et 
al., 1990). However, these were relative studies 
and there was no report of quantitative compari­
son of Proto IX  present within plastids and at ex­
traplastidic locations. The present study shows that

out of Proto IX  that accumulated in the cotyle­
dons of AF-Na-treated and 1 h-light-exposed 
plants, 22% was located within the chloroplasts 
and 78% was outside chloroplasts (Table II). This 
demonstrates that most of Protogen IX  that is syn­
thesized in the chloroplast migrate out of the plas- 
tid and confirms the hypothesis regarding migra­
tion of Protogen IX  to extraplastidic locations. 
Data further suggest that in cucumber cotyledons 
migration of protogen IX  from chloroplast is oper­
ating within 1 h of exposure of herbicide-treated 
plants to light.

Protogen IX  synthesis takes place within the 
chloroplast and compared to none in control 
around 22% of Proto IX  is present within the chlo­
roplasts of treated samples. Therefore, it is likely 
that chloroplast membranes are the target of pho­
todynamic reactions. As described in results incu­
bation of 1500 nM Proto IX  with thylakoid mem­
branes in dark for 1 h did not have any effect on 
PSI and PSII photochemical reactions which sug­
gested that Proto IX  itself did not have any inihibi- 
tory effect on thylakoid membrane functions. Illu­
mination of thylakoid membranes in the presence 
of exogenously added photosensitizer Proto IX 
caused photodynamic injury to PSII (Fig. 3A). 
However, increase in PSI activity due to illumina­
tion of thylakoid membranes in the presence of 
600-900 nM Proto IX  was probably due to damage 
to the PSI localised 18 kD subunit II (Psa D gene 
product) and 11 kD subunit IV (Psa E gene pro­
duct). These proteins act as a docking site for ferre- 
doxin and also shield the PSI reaction center. Re­
moval of the two proteins allows exogenous 
electron acceptors more access to the reaction cen­
ter, which could result in the higher activity of MV- 
supported PSI reaction (Chitnis etal., 1986). Inhibi­
tion of PSI reaction observed at 1500 nM Proto IX  
was probably due to damage to pigment-protein 
complex associated with the reaction center of PSI 
(Fig. 3B). These experiments demonstrated that 
Proto IX  acted as a photosensitizer and caused pho­
todynamic damage to the membranes.

Illumination of thylakoid membranes with Proto 
IX  actually resulted in photodynamic damage to 
PSII. L-histidine, a scavenger of ' 0 2, protected 
the PSII pigment-protein complex from Proto 
IX-mediated photodynamic damage (Fig. 4). 
However, formate and tert-butyl alcohol, scaven­
ger of hydroxyl radical and superoxide dismutase



780 I. Gupta and B. Ch. Tripathy • Oxidative Stress Induced by Photodynamic Herbicide

and tiron, scavengers of superoxide radical, 
failed to protect PSII activity from Proto IX- 
mediated photodynamic damage. These results 
demonstrated that Proto IX-sensitized photody­
namic damage of the thylakoid membranes could 
be protected by scavenging ' 0 2. In a previous 
study exogenous application of ALA caused 
over-accumulation of the photosensitizer Pchlide 
which produced ' 0 2 and L-histidine, by scaveng­
ing '0 2, protected the thylakoid membrane- 
linked PSII reaction (Chakraborty and Tripathy, 
1992; Tripathy, 1994).

In addition to the type II photosensitization re­
action of Proto IX , which generates l0 2, type I

photosensitization reaction could lead to the pro­
duction of 0 2_. However, abolition of 0 2~ pro­
duction by DCMU in both control and treated 
thylakoid membranes (Table IV) indicates that 
0 2~ was formed at the reducing side of PSI and 
possibly from Rieske Fe-S centers and not from 
type I photosensitization reaction of Proto IX.
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