Photodynamic Damage to Isolated Chloroplasts:
A Possible Model for in vivo Effects of
Photosynthetic Inhibitor Herbicides

Michael P. Percival * and Alan D. Dodge
School of Biological Sciences, University of Bath, Bath, BA2 7AY, U.K.

Z. Naturforsch. 39 ¢, 482—-485 (1984); received December 5, 1983
Chloroplast Membranes, Lipid Peroxidation, Singlet Oxygen, Herbicide Damage,

Chloroplast Pigments

The breakdown of chlorophylls, carotenoids, and linolenic acid together with the formation of
malondialdehyde and ethane was followed in isolated pea chloroplast membranes. Breakdown
was enhanced by light, oxygen, D,O and rose bengal, but retarded by crocetin. The results are

discussed in relationship to the role of singlet oxygen in promoting damage in vivo.

Introduction

The observed toxic effects of photosynthetic
electron transport inhibitor herbicides such as
phenylureas and triazines are magnified by treat-
ment of plants under increased light intensity [1—5],
or diminished if oxygen is removed [4]. It has been
suggested that excitation energy absorbed by the
chloroplast pigments is not utilized and hence
singlet chlorophyll ('Chl.) undergoes intersystem
crossing to generate the longer lived triplet state
(°Chl.) [4]. *Chl may induce directly damage to
cellular components such as unsaturated fatty acids
of membranes in type [ reactions, or by interaction
with oxygen (°0,) generate singlet oxygen ('O,).
This may lead via type Il reactions to damage in
lipids, proteins and nucleic acids [6]. The over-
loading of chloroplast pigment systems in the
presence of herbicides is analogous to a system in
which leaves are incubated in the absence of carbon
dioxide [7] or low temperature [8] where similar
phytotoxic symptoms are observed. Several workers
[9, 10] have examined the longer term effects of
incubating isolated chloroplasts in the presence or
absence of photosynthetic electron transport in-
hibitor herbicides, and have proposed mechanisms
of damage. Others have incubated chloroplasts in
high light conditions and followed the inactivation
of photosynthetic electron transport [11-16] or the
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induction of lipid peroxidation [17, 18]. In this
investigation we have studied the destruction of
isolated chloroplast thylakoid membranes with a
range of treatment conditions and additions in an
attempt to describe the type of reactions which
might occur in inhibited chloroplasts in vivo.

Materials and Methods

Chloroplast membrane preparations were made
from subapical leaves of 14—21 day old pea (Pisum
sativum, var. Meteor) seedlings [19]. Membranes
were incubated in 50 mM phosphate buffer pH 7.6,
with an initial level of around 50 pg chlorophyll
ml~" in a total volume of 25 ml. Flasks were con-
stantly shaken at 25°C with illumination of
400 tE m~>s~". Anaerobic conditions were obtained
by gassing sealed flasks with argon. Some incuba-
tions were undertaken with D,O or with the addi-
tion of crocetin (final concentration 1 mMm) prepared
from Saffron by the method of Friend and Mayer
[20]. Rose bengal DEAE-sephadex complexes were
prepared and used as previously described [19]. The
final concentration of rose bengal was around
0.1 mM. The preparation of lipid extracts and the
assessment of malondialdehyde and linolenic acid
was as described by Percival and Dodge [19, 21].
Ethane was measured by sampling the gas phase
of sealed flasks and by use of a Pye Unicam GCD
gas chromatograph, and quantified by reference to
a standard curve. Chlorophylls were measured by
the method of Amon [22], and carotenoids that of
Kirk and Allen [23].
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Results and Discussion

Isolated chloroplast thylakoid membranes treated
in the absence of an exogenous electron acceptor for
6 h showed a conspicuous light enhanced break-
down of pigments (Fig. 1) and linolenic acid, the
major fatty acid of the membranes (Fig. 2, C and
D). Fig. 1 shows that carotenoid pigment break-
down preceeded that of chlorophylls over the first
few hours of incubation. Experiments with electron
transport inhibitor herbicides and whole leaves, also
showed a preferential breakdown of these pigments
[10]. Carotenoids in vivo act both as a 'O, and 3Chl
quenching system [24], and thus appear to be over-
taxed and preferentially destroyed. Figs. 1 and 2
show that the addition of the water soluble carot-
enoid pigment crocetin, known to be a quencher of
'O, [25], retarded the breakdown of both pigments
and lipids. In addition the presence of D,O buffer
which enhances the lifetime of 'O, [26] also
promoted breakdown.

Incubation of chloroplast thylakoids in light but
under anaerobic conditions, showed that the ab-
sence of oxygen retarded, but did not totally prevent
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pigment and membrane breakdown. It is possible
that the major mechanism of damage is via type Il
reactions in which 'O, directly reacts with mem-
brane components such as linolenic acid with the
formation of lipid peroxides, [27], and further
breakdown products such as malondialdehyde
(Fig. 2), and ethane (Fig. 3). However in the ab-
sence of oxygen, typel reactions could play a
more important part in breakdown. In electron
transport inhibited chloroplasts within a leaf cell,
oxygen would be ubiquitously present which would
favour type Il reactions, however some incipient
damage via type I reactions would be promoted by
the continued presence of oxygen, as this would be
required for the further propagation of lipid per-
oxidation reactions. Furthermore 'O, may be
generated from lipid peroxides [28] as may also the
toxic hydroxyl radical from 3Chl [29].

Rose bengal is well known as a photosensitizer of
'0, generation [30]. It has been previously used in
experiments in which damage is promoted in
isolated membrane lipids [19], and whole leaf tissue
[31]. In these experiments immobilised rose bengal
was added to isolated chloroplast thylakoid mem-
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carotenoid loss from chloroplast mem-
branes with similar treatments.
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Fig. 2, A and B. Malondialdehyde forma-
tion (measured as optical density [E] at
535 nm) in isolated chloroplast membranes
incubated in darkness A; anaerobically in
light o; light e; light with D,O m; light
with immobilized rose bengal o: C and D,
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o for A and B in addition light plust croce-
tin A.

60

(YN0H (0 %) ¢+8T - QIJV JIN3ITIONIT

IS

0 2 4 6 0 2
INCUBATION (H)

100
80
60

L]

40, ///////

L
c/ e

20

(A.UL)

ETHANE

5 n

[0] 2 4 6
INCUBATION (H)

Fig. 3. Ethane generation from isolated chloroplast mem-
branes incubated in darkness a; light e; light with im-
mobilized rose bengal 0. (a. u. = arbitrary units.)

branes. In all instances its presence promoted the
breakdown of pigments and lipids (Figs. 1 and 2)
and in the case of ethane generation led to a
considerably enhanced production of this gas after
an initial lag period. This could indicate that the
exogenous generator of 'O, was more effective as a

damaging agent once the thylakoid membranes had
been partially disrupted and destroyed.

Altogether these experiments indicate that excita-
tion energy, which is not utilized in the promotion
of electron flow, as could happen with herbicides in
vivo, promotes pigment loss and membrane break-
down. Endogenous quenching systems are overtaxed
and destroyed and the breakdown of lipids and
pigments follows in parallel. These results provide
good evidence for a possible role for 'O, in inducing
membrane damage as well as *Chl by typeI reac-
tions. As membrane breakdown proceeds, the
potential for the generation of these toxic species
diminishes, but in photosynthetically inhibited
leaves this is of no consequence. This could however
act as a protective device in leaves treated under
high light stress conditions [32].

Acknowledgement

This work was
GR/49018.

supported by SERC grant



M. P. Percival and A. D. Dodge -

[1] W. H. Minshall, Weeds 5, 29-33 (1957).

[2] F. M. Ashton, Weeds 13, 164168 (1965).

[3] J. L. P. Van Oorschot and P. H. Van Leeuwen, Weed
Res. 14, 8186 (1974).

[4] K. E. Pallett and A. D. Dodge, J. Exp. Bot. 31,
1051 -1066 (1980).

[5] J. R. Teasdale and R. W. Thimijan, Weed Sci. 31,
232-235(1983).

[6] C. S. Foote, in: Free radicals in Biology, Vol.2
(ed. W. A. Pryor), pp.85-133, Academic Press,
New York 1976.

[7] J. L. P. Van Oorschot, Weed Res. 14, 74—80 (1974).

[8] Ph. R. Van Hasselt and J. T. Strikwerda, Physiol.
Plant. 37,253-257 (1976).

[9] C. E Stanger and A. P. Appleby, Weed Sci. 20,
357-363 (1972).

[10] S. M. Ridley, Plant Physiol. 59, 724—732 (1977).

[11] L. W. Jones and B. Kok, Plant Physiol. 41, 1037-1043
(1966).

[12] B. Kok, E. C. Gassner, and H. J. Rurainski, Photo-
chem. Photobiol. 4, 215-227 (1965).

[13] M. Avron, Biochim. Biophys. Acta 44,41—48 (1960).

[14] G. Forti and A. T. Jagendorf, Biochim. Biophys.
Acta 44, 34—40 (1960).

[15] K. Satoh, Plant Cell Physiol. 11, 15-27 (1970).

[16] K. Satoh, Plant Cell Physiol. 11,29-38 (1970).

[17] R. L. Heath and L. Packer, Arch. Biochem. Biophys.
125, 189198 (1968).

Photodynamic Damage to Chloroplasts 485

[18] R. L. Heath and L. Packer, Arch. Biochem. Biophys.
125, 850—857 (1968).

[19] M. P. Percival and A. D. Dodge, Plant Sci. Lett. 29,
255-264 (1983).

[20] J. Friend and A. M. Mayer, Biochim. Biophys. Acta
41,422-429 (1960).

[21] M. P. Percival and A. D. Dodge, Photosynthesis,
Vol. 6 (G. Akoyunoglou, ed.), pp. 307—311, Balaban
Philadelphia 1981.

[22] D. L Amon, Plant Physiol. 24, 1—15 (1949).

[23] J. T. O. Kirk and R. L. Allen, Biochem. Biophys.
Res. Commun. 21, 523—-530 (1965).

[24] N. L. Krinsky, Pure Appl. Chem. 51, 649—660 (1979).

[25] L B. C. Matheson and M. A. J. Rodgers, Photochem.
Photobiol. 36, 1 —4 (1982).

[26] P. B. Merkel, R. Nilsson, and K. R. Kearns, J. Am.
Chem. Soc. 94, 1030—1031 (1972).

[27] M. R. Rawls and P. J. Van Santen, Tetrahedron Lett.
14, 1675-1678 (1968).

[28] E. K Lai, K-L. Fong, and P. B. McCay, Biochim.
Biophys. Acta 528, 497—506 (1978).

[29] J. R. Harbour and J. R. Bolton, Photochem. Photo-
Biol. 28,231-234 (1978).

[30] T. Ito, Photochem. Photobiol. 28,493 —508 (1978).

[31] M. P. Percival and A. D. Dodge, J. Exp. Bot. 34,
47-54 (1983).

[32] R. S. Alberte, J. P. Thornber, and E. L. Fiscus, Plant
Physiol. 59, 351-353 (1977).



