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Abstract-The generatlon, occurrence and action of singlet oxygen m plant tissue 1s revlewed Particular emphasis 1s 
placed upon its formatlon from triplet sensltlzers and Its reactlvlty with molecules of blologcal importance such as 
lipids and ammo aczds The pomblhty of smglet oxygen generation in chloroplasts 1s dIscussed m relation to potential 
quenching systems such as carotenold pigments, ascorbate and a-tocopherol The problems associated with carotenold 
dunmutlon and some stress and herblclde treatment conditions are related to the posslhhty of damage by singlet 
oxygen The action of a number of secondary plant substances, mcludmg qumones, furanocoumarms, polyacetylenes 
and thlophenes, as plant defence agents 1s dlscussed m relation to the photodynamlc generation of singlet oxygen 

INTRODUCTION 

The immobility of plants, m diverse and changing physical 
environments, along with the posslblhty of predation by 
animals and attack by pathogens, has necessitated the 
development of numerous chemical and bmchemlcal 
adaptations for protection and offence [l] In recent years 
considerable attention has been paid to the specific 
ecologcal roles of secondary products, often formerly 
regarded as waste [2] 

Singlet oxygen (‘02), a potential product of photo- 
chemical reactions of many compounds, 1s a damaging 
agent to all hvmg organisms The chemistry and blo- 
chemistry of ‘02 has been covered m several recent 
reviews [3-71 In this paper particular attention 1s pald to 
the formation and control of IO1 within plants, as well as 
to its possible role m plant defence 

Chemistry of singlet oxygen 

Although oxygen 1s essential for the functlonmg of most 
orgamsms it is a potential toxicant to all forms of life This 
dichotomous nature arises from certain umque aspects of 
Its chemistry The ground state of molecular oxygen has 
two unpaired electrons with parallel spm Such a triplet 
state 1s rare m ground state molecules and thus, because 
electrons occupying the same orbital must have opposed 
spin (the Paul1 exclusion pnnaple), the reaction of ground 
state oxygen with most substances 1s restncted The 
activation of oxygen mvolves overcommg this spm resttlc- 
tion to reaction Reduction leads to the potentially toxic 
superoxide anion, hydrogen peroxide and the hydroxyl 
radical Electronic exatatlon of molecular oxygen, mvolv- 
mg spin mvernon, results m excited states with no 
unopposed spins, designated as smglet states 

Abbrevlatlons ‘01, smglet oxygen, ‘Chl, smglet exated 
chlorophyll, “Chl, tnplet chlorophyll, PS I, photosystem I, PS II, 
photosystem II, DABCO, 1,4dwabrcyclo[2,2,2]octane 

Two exated singlet states of oxygen occur The first 
singlet (‘Ag) and second singlet (‘Zg) states are of 0 98 and 
1 63 eV excitation energy respectively The second singlet 
state 1s extremely short lived, being rapidly deactivated by 
colhslonal quenching to the first smglet state, which has a 
lifetime long enough to allow chemical reaction It 1s the 
first excited smglet state of molecular oxygen that is 
involved m certain photooxldatlve, photodynamlc and 
blologlcal processes 

Although lo2 can be produced from various sources, 
mcludmg enzymes, the maJor mechanism of formation m 
blolog& systems IS by energy transfer from photoexclted 
compounds The absorption of a photon by such sen- 
sltlzers results m an excited singlet state, with a very short 
lifetime (1O-6-1O-s set) (reaction l), which by mter- 
system crossmg, mvolvmg spin mverslon, may be relaxed 
to a longer lived triplet state (ca 10e3 set) (reaction 2) 
Molecular oxygen, in a non spin restricted reaction, can 
quench such a triplet state by energy transfer resulting m 
‘02 and the regeneration of the ground state sensitizer 
(reaction 3) 

S+‘S (1) 

‘S-+% (2) 

%+Joz +S+‘O* (3, 

The relatively low excltabon energy of its first excited smglet 
state allows oxygen to quench the triplet states of a vanety 
of compounds Photosensltlzmg compounds, capable of 
the effiaent population of triplet states, are of diverse 
ongm and structure and are active m regions of the 
electromagnetic spectrum rangmg from the near UV, 
through visible to the near mfra-red [8,9] Singlet oxygen 
1s responsible for type II photodynanuc reactions of 
exogenous and endogenous sensltlzers m blologlcal sys- 
tems, although direct reactlon of the excited sensltlzer 
with a substrate (a type I reaction) can occur [3, 91 

Singlet oxygen IS a metastable entity Its hfetlme 1s 
phase and solvent dependent, bemg much reduced by 
collisional quenching m condensed phases The lifetime of 
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‘02 varies from 2 to 4 psec m HZ0 to 25-100 psec m non- 
polar solvents [lo, 1 l] Evidence has been presented 
mdlcatmg the increased lifetime of ‘02 m the hydro- 
phobic mtenor of membranes relative to the aqueous 
environment of the cell [12] The hfetlme of ‘02 appears 
to be long enough to allow diffusion between aqueous and 
non-polar phases [ 131 

Although ‘02 has no spm restriction to reaction, it 1s 
not mdlscrlmmantly reactive Its electrophlhc nature 
results m chermcal reaction with compounds with heavily 
substituted double bonds or an electron-rich functionality 
[3] In addition ‘02 may be physically quenched to its 
ground state by a variety of substances As a consequence 
of this selectivity there are certain blomolecules that are 
cellular targets for the action of ‘02 Specific ammo acids, 
most notably hlstldme, methlonme and tryptophan, are 
susceptible to oxldatlon by ‘02 with the possible con- 
sequence of enzyme mactlvatlon Membrane disruption, a 
common feature of photodynamlc action, 1s due to hpld 
peroxldatlon mltlated by the formation of hydroper- 
oxides from the reaction of ‘0, with unsaturated fatty 
acids Of the nucleic acids, guanme 1s particularly sensitive 
to attack by ‘02 Other classes ofcompounds may quench 
as well as react with 102, examples being the phenol a- 
tocopherol and certain ammes The most efficient nat- 
urally occurnng physical quenchers of ‘0, are the 
carotenolds which are discussed m more detail below 

SINGLET OXYGEN GENERATION AND QUENCHING IN 

CHLOROPLASTS 

The potentralfor ‘02 productzon and zts damagrng action 

The condltlons which favour ‘02 production, 1 e triplet 
excited molecules and ubiquitous oxygen, are likely to be 
found within the active chloroplast The close proximity 
of excited chlorophyll and an oxygen evolving system is 
thus potentially hazardous as 1s also an active electron 
transport system with the potential for electron donation 
to oxygen to yield the superoxide anion Superoxide 1s 
probably dlsmutated via a linked series of enzymes 
mvolvmg superoxide dlsmutase, ascorbate peroxldase and 
glutathlone reductase [ 143 

The orgamsatlon of the pigments into the hpo-protein 
membranes of the chloroplast 1s now generally resolved 
mto a series of pigment-protein complexes which 
cooperate together to promote electron flow [ 151 When a 
chlorophyll molecule absorbs a quantum of light energy It 
enters an excited singlet state Much of the excitation 
energy 1s passed via resonance transfer to the energy traps 
P680 and P700, thus promoting electron flow [ 161 Some 
energy may be passed from PS II to PS I as spillover, and 
some lost as fluorescence In the presence of photo- 
synthetic electron transport mhlbltor herbmdes, such as 
dmron, fluorescence emlsslon increases [17] If the exci- 
tation energy from ‘Chl 1s not dissipated by any of these 
mechanisms mtersystem crossing may occur to form the 
longer lived (10-3sec) triplet state [16] Singlet chloro- 
phyll has a lifetime of approximately 10-s set The triplet 
state 1s not only potentially damaging itself m type I 
reactions [3], but also by virtue of tnplet-triplet mterac- 
tlon with ground state oxygen it may generate ‘02 [3,9] 

The potential damaging action of ‘02 has already been 
discussed The chloroplast thylakold membranes are 
particularly susceptible to ‘02 induced hpld peroxldatlon 
as approximately 90 y0 of the fatty acid component of the 

thylakoid glycohplds, phosphohplds and sulphohplds 1s 
the 18 3 unsaturated fatty acid a-lmolenate [18] 
Isolated chloroplast thylakold membranes when mcu- 
bated m the absence of electron acceptors and thus likely 
to favour ‘02 generation, have been shown to undergo 
pigment and hpld breakdown [19-211 These reactions 
were enhanced by condltlons which promoted ‘02 gener- 
ation and lifetime, such as high light, oxygen, ‘H20, and 
limited by ‘02 quenchers such as DABCO and caro- 
tenolds [20-221 Chloroplast membranes were also dls- 
rupted by the action of exogenous generators of ‘02 such 
as rose bengal [20, 21, 231 

‘02 quenching systems 

As ‘02 1s potentially damaging to chloroplast mem- 
brane lipids, as well as to proteins and nucleic acids (see 
Introduction), it 1s to be expected that there are protective 
systems to quench this species The primary means of 
defence within the chloroplast are the carotenold pig- 
ments of which there IS approximately one molecule to 
five of chlorophyll [IS] Quantitatively lutem and j?- 
carotene are the most important and to a lesser extent 
vloloxanthm and a-carotene The carotene pigments 
appear to be associated with PS I and PS II reaction 
centres, where m addition to a photoprotectlve role they 
are associated with light harvesting and prevent the 
transfer of excitation energy from the centres [24] The 
xanthophyll pigments are located in the light harvesting 
pigment-protein complexes [25] In dark grown plants 
a small amount of carotenold pigment 1s present m 
the total absence of chlorophyll [26,27], thus upon 
lllummatlon the early formed chlorophyll pigment 
and membrane systems are protected from destruction 
The ratio of carotenold to chlorophyll 1s favourable for 
protection m the early stages of greening prior to the 
inception of full photosynthetic activity [Glllham, D, 
personal communication] 

The carotenold pigments appear to have a dual protec- 
tive role quenching both 3Chl and ‘02 [28] The de- 
excitation of ‘02 to ‘02 by /?-carotene has been estimated 
to proceed at a diffusion controlled rate of 2-3 
x 10” M-’ set-’ [6], and the triplet carotenold so 

produced 1s deactivated by heat transfer All carotenold 
pigments with rune or more ConJugated double bonds are 
almost equally effective, but below rune, quenching be- 
comes mcreasmgly ineffective [29] 

The ‘02 quencher a-tocopherol (vitamin E) IS located 
within the thylakold membranes m a ratio of aroundone 
molecule to 24 chlorophylls [18, 301 Although this may 
have a structural role within the chloroplast [31], it 
quenches ‘02 at a rate constant of around 1 
x lo* M- ’ set- ’ [32] Bishop and Wong [33] dem- 

onstrated that an a-tocopherol deficient mutant of 
Scenedesmus obltquus, was particularly susceptible to 
photodynamic mJury 

Thus far quenching of ‘02 wlthm the chloroplast has 
been discussed m relation to membrane bound com- 
ponents Within the chloroplast stroma ascorbate 1s 
generally present at a concentration of 2-3 mM [34] 
Although ascorbate acts as an effective quencher of 
superoxide [35], and the hydroxyl radical [36], it has also 
been shown to scavenge ‘02 [37] It 1s of interest that 
molybdenum deficient plants show a considerably re- 
duced level of ascorbate and also display maJor ultra- 
structural damage [38, 391 
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Problems of carotenozd lzmztatzon 

It 1s not possible at present to establish the quantltatlve 
role of IO2 quenchers m chloroplasts under relatively 
normal condltlons However some mdlcatlons of their 
importance 1s gamed by studies wrth carotenoldless 
mutants and carotenoid inhibited plants Although a 
suggestlon that carotenolds protect chlorophyll was made 
as early as 1902 [40], It was not until nearly sixty years 
later that conclusive evidence for this role was ac- 
cumulated from higher plant [41], algal [42] and bacterial 
systems [43, 441 In the experiments of Anderson and 
Robertson [41] with an albino mutant of mane, chloro- 
phyl\ was formed normally but further metabohsm of 
phytoene to cychzed carotenolds was prevented After a 
period of chlorophyll formation in low lzght, the exposure 
to high light and air resulted m a rapid chlorophyll 
breakdown This was not the case when air was replaced 
by nitrogen 

More recently a number of herblades have been 
developed which appear to have a spec& action by 
blocking carotenold blosynthesls [45] The& w m 
evidence for an effect on the desaturase rea&&b&wcen 
phytoene and lycopene for the he&c&a m 
(SAN 6706) [4&49], norflurazon (slrrr 97g99) [@, 511, 
flurldone [So], dkhlormate [92’), py~[#$&&bnon 
[53] and fluorreturon 154.1 Ihe tilrtriaidtrmmo 
trlazole has baa w C h&U ti @zatlon 
reactions betwasa 
instances thae 

rl * Qndllcl [U] In all 
m d&uo& wtuch was 

enhanced by w @bt my, as shown for 
metflurazon m what M IS63 and flundone m 
Potamogeton rrdarn [S7J. Kwrt and Boger [53] dem- 
onstrated t&t c&rop&~yll breakdown m Scenedesmus 
acutlls cukcn ws ddayed by nitrogen gassing after 
treatment WI& nor!!urazon A number of mvestlgators 
have &own that bleaching was paralled by a major 
dlsrupbon of membrane integrity and cell structure 
[SO, 54, 56, 58, 591 

Stress condztzons and the formatzon of ‘02 

A number of other treatment condltlons also promote 
photodestructlon m plants and these could involve the 
generation and action of IO2 This has been shown for 
example during chlorophyll formation under high light 
condltlons [60], during the mcubatlon of leaves m the 
absence of carbon dioxide [61], under chdlmg conditions 
[62-64] and m the presence of photosynthetic electron 
transport mhlbltor herbicides [65-69] Chlorophyll 
breakdown m chilled leaves proceeded more slowly than 
carotenold breakdown and was dummshed by mcubatlon 
under nitrogen [62] In the case of electron transport 
inhibitor herbicides, damage to leaves was dlmuushed if 
incubated under argon [68], and reduced to a hmlted 
extent by mcubatlon with the ‘02 quencher, DABCO 
[70] Approximately half of all currently utlhzed herbl- 
cldes operate by mhlbltmg photosynthetic electron flow 
and these include the phenylureas, tnazmes and uraclls 
[71] There appears to be one primary site of action, the 
so-called Qe protein, located between PS II and plasto- 
qumone [72,73] Non-covalent bmdmg at this site by 
these herbicides renders electron flow thermodynamically 
unfavourable Pallett and Dodge [68] have proposed that 
the mhlbltlon of electron flow promotes the generation of 
‘Chl and hence ‘02 Experiments with flax cotyledons 

and a number of herbicides including monuron and 
loxyrul showed that carotenold pigments were destroyed 
pnor to the destruction of chlorophyll Damage to 
chloroplast and cellular membranes could be promoted 
by both type I and type II reactions and lead to massive 
cellular dlsorgamzatlon, clearly observed by electron 
microscopy [58,74] 

If cellular destruction 1s promoted zn uzvo by condltlons 
which hmlt ‘02 quenching or de-excttatlon of ‘Chl, It 
should be possible to destroy plants with exogenous ‘02 
generators T~u was &rat B by Zweig and 
NachupU [75] who url tlte hydrocarbon compound 
fluoranthene whidl m m by UV radlatlon The 
xantheae dye and ‘0, )larcrtor row bengal has been 
shown to have m pwrvl as an msectlclde [76], 
bactermmde [77] rd SLS to p&unote damage to plants 
[78-801 The &tad dye amn, atso known to photo- 
generate ‘02 mhikrad photosynthan m pea leaves by 
macuvating certain @otoaynthehc suples as well as 
promotmg the dlsorganrf8tmm of CMaophrt thylakolds 
[gl] The primary site of damage appeared to be as- 
roarted with PS II [82] 

SINGLET OXYGEN AND SECONDARY PLANT SUBSTANCES 

It IS now generally accepted that certain secondary 
plant substances have a defensive role, offering protection 
against predators, pathogens and competitors [2,83,84] 
It 1s increasingly recogmsed that certain of these defensive 
chemicals are capable of photosenntlzmg reactions that 
involve the transfer of light energy to oxygen [85] It 1s 
thus apparent that plants may utilize these activated forms 
of oxygen, such as ‘02, m their own defense Other 
secondary plant products may have a physlologlcal role m 
that they protect the plant agamst damagmg photo- 
dynamic reactions by quenching the excited singlet state 
of oxygen 

A role for the activation of oxygen in the interaction 
between species 1s suggested by the fact that secondary 
plant metabohtes, capable of the photodynamic gener- 
ation of ‘02, are proposed m the diverse blolog& roles 
of msect deterrents, phytoalexms, fungal toxins and 
allelopathlc agents Although toxicity may also occur 
independently of any photodynamic reactions, the en- 
hanced toxicity due to the transfer of light energy to 
oxygen may be sufficient to confer an evolutionary 
advantage 

Although photosensltlzers could be class&d m re- 
lation to their putative blologlcal roles, we will discuss 
such compounds according to their chermstry 

Quznones 

The extended qumones provide important examples of 
photodynamic secondary substances and were some of 
the first to be isolated, a procedure aided by their intense 
colouratlon The hypencms, occurnng m the genus 
Hyperzcum (St Johns Worts) are responsrl$e for the 
photosensmzatlon when these plants are ingested by 
grazing animals [86, 871 The condltlon of intense skin 
irritation 1s known as hypenclsm [88] Hyperlcm (1) IS the 
most highly condensed qumone known and often occurs 
with a range of related pigments [87] Hypencm 1s 
contained in specmhzed glands, presumably as a protec- 
tion against autotoxtclty, located on flowers, stems and 
leaves [88,89] Evidence has recently been presented that 
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1 Hyperml 2 Cercosporln 

qJzlo &IQ0 ,~ ’ 

3 R=li, Psoralen 5 Angelmn 

4 R=OCH3, Xanthotoxm 

QJ-J__g 0 ’ \ C~C-C~C-CrC-cH3 
3 

s s S - 

6 alpha-Terlhlenyl 7 Phenylhepatnyne 

hypencm, isolated from the glandular trlchomes of the 
calyx of Hyperrcum hasutum, IS capable of the generation 
of ‘02 and hence lipid peroxldatlon [89] The photo- 
dynanuc reactions of hypencm are promoted by visible 
light, predommantly m the repon 500-600 nm [88, 891 
Hypencm has been shown to be phototoxlc to the larvae 
of Aedes atropalpus (mosqmto) [90] and Manduca sexta 
(tobacco hornworm) [Knox, J P , unpublished result] As 
hypencm-contammg plants are generally free of insect 
predators, hypencm has been proposed as a deterrent to 
phytophagous insects [88] However, at least one insect 
species, Chrysollna brunsvxensu, has the ability to de- 
toxify or tolerate hypencm, and indeed uses it as a 
chemical signal to locate its host plant, H htrsutum [91] 
The adaptation of this beetle thus allows it to feed on a 
host that 1s free from other insect predators, a striking 
instance of the dynamic nature of evolution Interestmgly, 
hypencm has been found to be the chromophore m the 
photoreceptor of a bluegreen clhate (Stentor coeruleus) 
[92], a factor which predisposes this organism to photo- 
dynamic mJury [93] 

A hyperlcm derivative, fagopynn, occurs m the flowers 
of buckwheat (Fagopyrum esculentum), and gives rise to a 
photogemc condltlon m ammal herbivores that 1s com- 
parable with hyperlclsm [87] This compound has re- 
ceived no attention as regards its function within the 
plant, its mechanism of photodynamlc action and as yet 
has not been precisely characterized [87, 881 

A range of photodynamlc condensed qumones are of 
fungal ongm [87] The most thoroughly studled of these 
1s cercosporm (2) This fungal toxin 1s produced by 
members of the genus Cercosporu [94,95], which includes 
fungi that are responsible for leaf spot diseases of a wide 
range of plants of economic Importance [95] A series of 
mvestlgatlons of the effect of cercosporm on plant cells 
have provided evidence that cercosponn may be mvolved 
m producing some of the symptoms of the leaf spot 
disease [9&99] The photodynanuc actlon of this toxin 
results m lipid peroxldatlon and membrane damage that 
resembles that of the pathogen [97,99-1021 The pigment 
IS photomduced m many species [103,104] and the 

establishment of the disease has been observed to be 
promoted by light [105] Evidence has accumulated 
mdlcatmg that cercosponn 1s capable of the photo- 
chemical generation of ‘02 [106,107-J The recent detec- 
tion of ‘02 lummescence m the presence of u-radiated 
cercosporm provides the lirst direct and unequivocal 
evidence for the production of ‘0, by a secondary wt 
metabohte [IO83 All organisms tested have proven 
susceptible to the photodynamlc action of cercm 
with the exception of the producing species and other 
fun@ [109] The mechanism of fungal tolerance of thm 
action IS unknown 

Other related photodynrmr fungal toxins mch& the 
elsmochromes prodrd by ulinoe species [87], &a- 
chrome produced by Cldsrrporurrn phler which ir TD 
sponslble for a Mapot drclw of tnnothy grass (Phkuw 
pratense) (1 lo] aad cM&romes associated wtb 
c1ad0spalum - [I 1 I] The latter are r-k- 
able UI @at t&y am only observed when etlolated 
~ucumb#r --ylu. ace mfected by this fungus and not m 
a$#& ~UiWlal graan seedlings or in culture [ 11 l] 

pu#osljaune propertIes of these compounds have 
notbcmatdod. 

Y 
Furanocouma?fks 

The f&ui&oumarms (psoralens), charactenstlc of the 
Rutaceae and Aplaceaebut also occurrmg m several other 
families, have received considerable pharmacological 
interest due to their photosensltumg actwlty m mam- 
mahan,skm [ 1123 This photobpsltlnng activity arises 
from their ablhty to photobmd ko pynmldme bases of , 
DNA, resulting m crosslmks, when irradiated by long 
wavelength UV light (320-400 nm), an activity that does 
not mvolve molecular oxygen [112, 1131 However it IS 
mcreasmgly apparent that furanccoumarms are also 
capable of photodynamic reactions mvolvmg the acti- 
vation of oxygen The photogeneration of ‘02 by furano- 
coumarms has now been thoroughly documented and 
indicates that they may be responsible for the direct 
disruption of membranes and enzyme inactivation 
[I141181 

Relatively little attention has been directed at the role of 
furanocoumarms within plants They are found m all 
parts of the plants and are generally located m 011 glands 
and ducts, seed coats and leaf surface wax [119, 1201 
Psoralen (3) 1s found m large quantltles m the seed of 
Psoralea subacaubs and may act as an inhibitor of seed 
germination [I211 However the ability of these com- 
pounds to be toxic towards various organisms 1s sugges- 
tive of a defensive role [85] Xanthotoxm (4) has been 
observed to increase twenty-fold m parsnip root tissue 
when inoculated with non-pathogenic fungi, supporting 
a role as a phytoalexm Cl223 Xanthotoxm along with 
bergapten 1s also found m celery tissue infected with 
Sclerotuua sclerotlonum but not m the uninfected tissue 
[ 1231 Cultured parsley cells produce a range of furano- 
coumarms m the dark m response to treatment with 
fungal elicitors, the particular furanocoumarms being 
dependent upon the nature of the ehcltor [ 1241 Although 
furanocoumanns have been demonstrated to be toxic to a 
range of fungi [ 122,124-l 261, remarkably the role of hght 
m this action does not appear to have been mvestlgated 
and thus the mvolvement of activated forms of oxygen in 
then role as phytoalexms 1s uncertain 

A defensive role for the photochemical reactions of 
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furanocoumanns m the protection of plants agamst 
phytophagous insects has been thoroughly investigated 
by Berenbaum [119,127-1311 The toxlclty of xan- 
thotoxm, when fed at levels found m plant trssue, to 
armyworm larvae (Spodopteru e&an@, a generalist her- 
blvore, was greatly enhanced m the presence of UV light 
[127] A detailed analysis of the furanocoumarms pro- 
duced by a range of plant species, in a variety of habitats, 
along with an assessment of insect predators revealed 
Increased production of furanocoumarms m habitats 
receiving more UV radlatlon and a strong correlation 
between the pattern of insect herbivores and furano- 
coumarm chermstry [131] Evidence 1s presented of a 
stnkmg progressive coevolutlon of the furanocoumarms 
m spe-cles of the Umbelhferae and their insect predators 
[ 119, 129, 1311 The proposed latest evolutionary cheml- 
cal advance are the angular furanocoumarms such as 
angehcm (S), which exhlblts toxicity to the specialist insect 
herbivore, Puprllo polyxenes, which 1s able to tolerate 
xanthotoxm [ 128,130] The mechamsm of phototoxlclty 
of furanocoumarms towards insects, whether involving 
DNA or the reactions of ‘01, IS unknown Interestmgly, 
angular furanocoumarms although capable of binding to 
DNA are unable to induce crosshnks but do appear to be 
more effiaent generators of ‘02 than linear furano- 
coumarms [ 1181 However the role of hght m the toxicity 
of angular furanocoumarms towards msects does not 
appear to have been thoroughly assessed 

Polyacetylenes and thlophenes 

The polyacetylenes and then thlophene denvatlves are 
a diverse class of compounds occumng predommantly m 
the Composltae [ 1321 Certam of these substances display 
a phototoxlc action agamst a wide range of orgamsms 
[SS] These compounds, hke furanocoumarm s, are ac- 
tivated by near UV light (320400 nm), but differ m that 
they are not capable of mteractmg with DNA [SS] 
Polyacetylenes are found in all parts of the plants 
mcludmg the cuticle but are frequently restmzted to 
spe-clfic organs such as the roots [85,133] 

Fifteen years after the mltlal lsolatlon of a-terthlenyl(6) 
from the roots of the common &gold (Tagetes), its 
nematocldal actlvlty was demonstrated to be greatly 
enhanced by hght [134] This thlophene has received 
considerable attention and Its phototoxlclty to mlcroor- 
gamsms [135,136], insects [90,137], human erythrocytes 
[138,140] and even plants [141] demonstrated The 
phototoxlc action of this compound agamst a range of 
plant species has led to its proposal as an allelopathlc 
agent and also to the recogmtlon of a herblcldal potential 
[ 1411 The mechanism whereby autotoxlclty 1s prevented 
1s unknown 

Phenylhepatnyne (7) found m the leaves of &dens 
prlosa, is the most studied polyacetylene, and also displays 
phototoxlc action agamst a wide range of organisms 
[85,90,140-1421 This compound also displays an 
anti-feedant activity, apparently unrelated to phototoxlc 
reactions [ 1431 

However, polyacetylenes and thlophenes do not appear 
to have a common mechanism of action Evidence has 
accumulated that thlophene denvatlves including a- 
terthlenyl are effiaent generators of IO2 [144-1471 and 
that the pnmary mechanism of action 1s the photo- 
dynamic disruption of membranes and does not involve 
DNA [148-1501, although reports of phototoxlc action 

of a-terthlenyl m the absence of oxygen have appeared 
[135, 1511 In contrast, photosensltuatlon mvolvmg 
str;ught cham and rmg stabti polyacetylenes such as 
phenylheptatnyne appears to be predommantly non- 
photodynarmc occumng under anaeroblc condltlons 
[147] The rates of ‘01 production by polyacetylenes IS 
considerably less than for throphenes [147] The mechan- 
ism of this non-photodynarmc action IS not yet under- 
stood but may involve photoaddltlon reactlons of the 
photolabde polyacetylenes [ 1473 

The blolo@cal activity of these secondary plant metab- 
ohtes agamst a wide range of organisms suggests that they 
may have a protective role unthm the plant, especially 
agamst insect predators [90] As yet, no ecologa~l survey 
of then occurrence m relation to habltat, competitors, 
pathogens or predators has been attempted 

Other compounds 

Certain other phototoxic plant products have been 
isolated Furanoqumohne alkaloids such as dlctamme, 
occumng m the Rutaceae are phototoxtc agamst rmcroor- 
ganrsms [152] and mosqmto larvae [90] They structur- 
ally resemble the furanocoumarms and have been dem- 
onstrated to photobmd to DNA [153,154] Although 
hogenetlcally &stmct from furanocoumarms both classes 
of compounds occur m Skimmw~aponlcu [ 1531 Several fl- 
carbohne alkaloids such as harmahne and lsoqumohne 
alkaloids such as bereberme are also phototoxlc [90,155] 
Other secondary plant products capable of phototoxlc 
reactions include benzofurans and chromenes, both from 
species of the genus Encelra [156] These latter com- 
pounds do not disrupt membranes and reactions with 
DNA are proposed [ 1561 These and other compounds 
with a structural resemblance to the trzychc furano- 
coumarms and amdmes are actwated by near UV light 
and are thought to react Hrlth DNA [154,157] Their 
cawty to generate ‘02 1s unknown 

A recent report has d-bed the photoactlvatlon by 
UV hght of a range of lso!Iavonold phytoalexms, resultmg 
in enzyme mactlvatlon [ 1581 The mechanism 1s unclear, 
but appears to Involve free radicals with ‘02 bemg 
responsible for only a small component of the actlvlty 
[ 1581 The production of ‘02 dunng the autooxldatlon of 
tannms has been proposed to have a protective role by Its 
fungistatic and deterrent effects [159] 

Another aspect of the relationship between ‘02 and 
secondary plant substances 1s the posslblllty that they act 
as quenchers of ‘02 Compounds such as the carotenolds 
are of pnmary importance in chloroplast metabohsm as 
already dlscussed The reactions of quercetm, a !lavonol, 
with ‘02 have been studied m relation to rts possible 
physlologlcal role as an anti-oxidant [160, 1611 The role 
of certam alkaloids, such as strychnme and brucme, 
shown to be efficient physical quenchers of ‘02, 1s less 
clear [162] 

It IS thus apparent that the potential for photosensltlz- 
ing reactlons among secondary plant products IS a 
widespread phenomenon mvolvmg UV as well as visible 
hght The role of light m influencing ecolog& interactron 
in this way does not seem to have been generally reahzed 
Secondary plant substances of diverse blogenetlc ongm 
are capable of the photogeneratlon of ‘02 suggesting the 
widespread use of this potent toxlcant as a protective and 
defensive agent An analogous sltuatlon occurs m mam- 
mahan tissues m which the enzymlc actwatton of oxygen, 
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usually to the superoxlde amon, by polymorphonuclear 
leukocytes and other phagocytes 1s an important defence 
against foreign orgamsms and material [ 163, 164-J A 
recent report of the enzymlc generation of superoxlde 
anions by plant cells in response to attack by the pathogen 
Phytophthoru tnzstans, and Its mvolvement m the hyper- 
sensltlve reaction [165,166] further Increases our aware- 
ness of the diverse ways m which the activation of oxygen 
can be utlhzed to gam an evoluttonary advantage 

MISCELLANY 

In addltlon to damage or offence posed by IO2 
generated from chloroplast membranes or secondary 
products, a number of other molecules are potential 
sensitizers of ‘02 formation The mactlvatlon of the 
enzyme citrate synthase and the oxldatlon of certain 
ammo acids has been demonstrated zn vztro with the 
sensitizer rose bengal [ 1671 The susceptlblhty of enzymes 
to ‘02 has been further demonstrated with mtrate 
reductase from spmach In this instance the mactlvatlon 
was medlated by ‘02 resultmg from the lrradlatlon of 
FMN with blue light [168] Experiments with K+ 
stimulated ATPase from the plasma membrane of 
suspension-cultured cells of Rosa damascena, showed that 
mactlvatlon was promoted by UV lrradlatlon [ 1691 This 
was mediated by tryptophan, which upon absorbing light 
of 290 nm, transferred energy to oxygen from Its excited 
triplet state 

A number of mvestlgatlons have demonstrated the 
generation of ‘02 m both fresh water [170-1731 and 
seawater [174] In these Instances the photodynamic 
generation of ‘02 appeared to be medlated by humtc 
compounds or other organic matter Barltrop and Martin 
[175] have shown that ‘02 generated in water from 
certain lakes m Flonda mhlblted the growth of the aquatic 
plant Hydrzlla uertzczllata It 1s possible that this mechan- 
ism 1s a basis for the control of this problem weed In 
further expenments the inhibition of growth of lettuce 
seeds has been promoted by light m association with lake 
sedunents Smglet oxygen, generated in aqueous con- 
ditions, has been shown to Induce changes m the fatty acid 
composltlon of, and mactlvate, pine pollen [ 1761 
Expenments have indicated that ‘0, could be generated 
on so11 surfaces by a number of photosensltlzmg com- 
pounds including certam morgamc oxides as well as 
orgamc components [177] It 1s possible that ‘02 thus 
generated could be involved m the degradation or trans- 
formation of pesticides or bloloBca1 materials The 
systemic funglcldes ethlrlmol and dlmethlrlmol have been 
shown to react with ‘02 [178] 

CONCLUSION 

Since the discovery of oxygen over 200 years ago, Its 
potential toxic action, particularly at elevated levels, has 
been known for all blologlcal systems In recent years 
some actual mechamsms of toxlclty have become ap- 
parent with particular emphasis placed upon superoxide 
and its control by dlsmutatmg enzymes This brief review 
has attempted for the first time to collate the various 
actions of ‘01 m plants The study of thechermstry of ‘02 
has advanced m recent years [lo] However the use of 
certam techniques and assay systems, although applicable 
m chemical systems, 1s conslderably more difficult in 
complex, structured blologlcal systems Thus with the 

chloroplast for example it 1s difficult to assess the 
quantltatlve importance of IO2 within the thylakold 
membrane zn uztro and much more so zn vzvo 

It 1s possible that ‘02 damage IS mvolved m many plant 
stress condltlons such as high light, hmlted water or 
carbon dioxide and after the apphcatlon of certain 
herbicides Likewise some previous work on photo- 
dynamic damage to cells, organelles or enzymes might be 
re-investigated m the hght of what IS now known about 
the action of ‘02 Much remams to be discovered about 
the presence and action of this transient yet permclous 
molecule 
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