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ABSTRACT

Many secondaryplant compoundsare capable of photoactivation resulting in the production
of toxic species of oxygen. One mechanism of defense for insects feeding on phototoxic

plants may be the presence of antioxidant enzymes such as superoxide dismutase (SOD),
| catalase (CAT), glutathione peroxidase (GPOX), and glutathione reductase (GR). The
activities of these enzymeswere examined in larvae of three lepidoptera: Oztrinia nubilalis,
Manduca sexta, and Anaitis plagiata. Highest levels of antioxidant enzyme activity were
found in A. plagiata, a specialist feeder on Hypericum perforatum, which contains high
levels of the phototoxin hypericin. Larvae of A. plagiata fed leaf discs treated with
hypericin exhibited a short-term, concentration-dependent decline in enzyme activity.
Longer term studies with A. plagiata fed either the phototoxic H. perforatum, or the
closely related but non phototoxic H. calycinum, resulted in increased CAT and GR
activity in larvae fed the phototoxic plant whereas superoxide dismutase activity was not
significantly different. These results suggest that CAT and GR may be inducible defenses
against phototoxins.

Other insect defensesagainst phototoxinsinclude specific biochemical defenses such
as antioxidants. These antioxidant defenses eliminate or quench the deleterious singlet
oxygen and free radicals formed by these phototoxins. We examined the role of dictary
antioxidants in protecting the phototoxin-sensitive insect herbivore M. sexia. Elevated

dietary levels of the lipid-soluble antioxidants beta-carotene and vitamin E resulted in a
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concentration-dependentreduction in the mortality associated with treatment of larvae with
the phototoxic thiophene o-T. Elevated levels of dietary ascorbic acid had no effect
whereas reduced levels greatly increased the toxicity of -T. Tissue levels of antioxidants
were shown to increase substantially in larvae fed antioxidant-supplemented diets.The
results suggest that the ability to absorb and utilize plant-derived mﬁoxidaﬂm could be an
important defense against photo-activated plant secondaryco mpoundsand may haveallowed
some insects to exploit phototoxic plants.

The effects of oxidative stress induced by o-T at the biochemical level and the
protective effect of antioxidants and antioxidant enzymes were also examined. The
phototoxin a-T strongly induced lipid peroxidaticn (LPO) in midgut tissues of the
phototoxin-sensitive M. sexta ina UV-dependentmanner, however this LPO was prevented
when the compound was administered to larvae raised on high vitamin E diets. In t!le
absenceof UV, o-T caused a significant increasein GPOX, GR, and non-GSH-dependent
PER activity over 72 h. However in the presence of UV, o-T strongly inhibited GPOX
and GR and prevented the increase in PER. o-T also affected cellular thiol status with
approximately a 50% increase in total and GSH content in midgut tissue, although this was
not UV-dependent. The effectiveness of antioxidant enzymes and the antioxidant GSH in
providing protection against phototoxins were also examined. Neither the SOD inhibitor
DEDC nor the CAT inhibitor 3AT affected the acute toxicity of topically applied o-T to
M. sexta larvae. The GSH-depleting agent BSO also had no effect on acute toxicity. In
contrast, GSH depletion strongly enhanced the chronic (72 h) toxicity of «-T when the

phototoxin was incorporatedinto diets. GSH depletion also enhanced LPO in midgut tissue
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of o-T-treated larvae.

Implications of the results are discussed in terms of the role antioxidants and
antioxidant enzymes may have played in the successful adaptation of some insect species
to phototoxin-containing plants. The interrelationships of biochemical, physiological,

physical, and behaviourai mechanisms of defense are considered.
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RESUME

Plusieurs composés secondaires des plantes peuvent étre photo-actives et produire
ainsi des formes toxiques d'oxygene. Un des mécanismes de défense pour les insectes qui
se nourrissent sur les plantes phototoxiques pourrait étre la présence d'enzymes anti-
oxydantes tels que la superoxyde dismutase (SOD), la catalase (CAT), la glutathione
peroxydase (GPOX) et la glutathione réductase (GR). L'activité de ces enzymes a été
examinée pour les Jarves de trois insectes lépidopteres: Ostrinia nubilalis, Manduca sexta
et Anaitis plagiata. Les niveaux les plus &levés d'activité enzymatiqueont été trouves pour
A. plagiata qui est un insecte spécialiste se nourrissant sur Hypericum perforatum, une
plante ayant une teneur élevée en hypéricine, une phototoxine. Les larves de A. plagiata,
nourries sur des rondelles de feuilles traitées avec de 1'hypéricine, ont présent€ une
diminution 2 court terme de 1'activité enzymatiqueen fonction de Ja concentration utilisée.
Les études 2 long terme sur A. plagiata nourri soit sur la plante phototoxique H.
perforatum ou sur la plante apparentée de prés mais non phototoxique H. calycinum, ont
démbntré une augmentation de 1'activité de CAT et GR pour les larves nourries sur la
plante phototoxique, alors que 1'activité de SOD n'a pas été signiﬁcativement différente.
Ces résultats suggerentque les enzymes CAT et GR pourraient étre un moyen de protection
contre les phototoxines.

Parmi d'autres défenses des insectes contr- €S phototoxines, il y a des mécanismes
comportemen-tauxtel que la protection contre le rayonnement solaire, ainsi que des défenses
biochimiques tels que les antioxydants. Ces défenses antioxydantes éliminent ou réduisent

les effets déléteres de 1'oxygene singulet et des radicaux libres formés par ces phototoxines.



RS L T R G TR P IR AT R SR B T R

Nous avons examiné le rdle d'antioxydants alimentaires dans la protection de l'insecte
herbivore M. sexta, insecte sensible aux phototoxines. Lorsque des teneurs élevées des
antioxydants liposolubles beta-carotene et vitamine E ont éié ajoutées au regime, une
diminution de la mortalité a été observée en fonction des concentrations utilisées pour les
larves de M. sexta en présence du thiophene phototoxique c-terthienyl. Des  teneurs
élevées d'acide ascorbiquedansle regime n'ont eu aucun effet, alors que des teneurs faibles
ont résulté en une forte augmentation de la toxicité d'a-terthienyl. Les niveaux tissulaires
d'antioxydants ont augmenté substantiellement pour les larves nourries sur une ditte
contenantun supplémentd'antioxydants. Les résultats suggerentque la capacité d'absorber
et d'utiliser des antioxydants dérivés de plantes, pourrait étre un moyen de protection
important contre les composés secondaires photosensibles des plantes et pourrait permeltre
3 certains insectes d'exploiter les plantes phototoxiques.

Les effets stressants de 1'oxydation induite par 1'a-T au niveau biochimique et
1'effet de pretection des antioxydants et des enzymes antioxydants ont aussi €€ cxaminés,
La phototoxine «-T a fortement induit Ia peroxydation des lipides (LPO) pour M. sexia,
un insecte sensible & 1a phototoxine, et ce, en fonction des rayons ultra-violets (UV), alors
que la LPO était évitée lorsque le produit a été administré aux larves €levées avee un
regime ayant une teneur élevée en vitamine E. En absence d'UV, 1'a-T a causé une
augmentation significative de 1'activité de GPOX, de GR et de peroxydase (PER) a 72
heures. Cependant, en présenced'UV, 1'a-T a fortement inhibé 1'activité de GPOX ¢t GR
et a empéché]'augmentation de PER. L'alpha-T a aussi affecté 1'état des thiols celluiaires

avec une augmentation approximative de 50% du contenu en GSH dans les tissus de
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I'estomac moyen, mais sans relation avec les UV. L'efficacité des enzymes antioxydants
et de I'antioxydant GSH 4 fournir une protection contre les phototoxines a aussi été
examinée. Ni I'inhibiteur du superoxyde dismutase DEDC, ni I'inhibiteur du catalase
3AT, n'ont affecté la toxicité aigiie d'o-T appliqué localement pour les larves de M. sexta.
Le buthionine sulfoxymine (BSO), un inhibiteur de Ia synthése de GSH, n'a eu aucun effet
non plus sur la toxicité aigiie. A 1'opposé, I'épuisement €n GSH a fortement augmenté la
toxicité chronique (72 heures) de I'a-T lorsque ja phototoxine a été incorporée a la diete.
L'épuisement en GSH a aussi augmenté la LPO dans les tissus de 1'estomac moyen des
larves traitées a 1'o~T.

Les résultats et leurs implications sont discutés en fonction du rdle que les
antioxydants et les enzymes antioxydants peuvent avoir joué dans le succes d'adaptation de
quelques especes d'insectes sur les plantes contenant des phototoxines. Les inter-relations
entre les mécanismes de défenses biochimiques, physiologiques, physiques et

comportementales sont considérées.
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Chapter 1: Literature Review: Insect Defenses against Photo-activated Plant
Secondary Compounds

1.0 Allelochemicals

Plants have evolved a variety of defense mechanisms which deter insects and
other herbivores. These include physical defenses such as spines, hairs, trichomes,
and tough leaves. As well, plants produce a diverse array of phytochemicals known
as allelochemicals (Whittaker and Feeny, 1971). These are non-nutritional chemicals
whose function is usually to repel, poison, or interfere with the assimilation of food
by herbivores (Reese, 1979; Rhoades, 1986). They may normally be present in
various plant tissues or may be induced in response to attack by herbivores or plant
pathogens (Rhoades, 1979). The approximately 20,000 allelochemicals identified to
date exhibit an enormous diversity with respect to both their physical and chemical
properties as well as in the ways in which they exert their often toxic effects on
biological systems (McKey, 1979; Brattsten and Ahmad, 1986).

Many allelochemicals act as toxins and directly interfere with essential
metabolic processes. For example, some non-protein amino acids (e.g canavanine)
can be incorporated into proteins where they may disrupt both stracture and function
(Rosenthal, 1977). Cyanogenic glycosides are enzymatically altered to release
hydrogen cyanide, a potent inhibitor of cytochrome oxidase and hence respiration
(Conn, 1979). Other allelochemicals may act in a more indirect fashion by acting as

digestibility reducers. These compounds may reduce the nutritional value of ingested



plant materials, often by complexing with important digestive enzymes and restricting
the insects ability to assimilate nutrients. For example, protease and amylase
inhibitors may reduce an insects ability to use polypeptides or starch (Ryan, 1979)

and hence slow or prevent normal growth and development.

2.0 Phototoxins

Phototoxins are a novel class of allelochemicals that have been isolated from
over thirty flowering plant families (Downum, 1986; Berenbaum, 1987), with
members of the Asteraceae and Rutaceae synthesizing the widest range of phototoxic
compounds (see Appendix 1), They are produced by numerous biosynthetic puthways
and include polyine compounds (e.g. alpha-terthienyl (a-T)), alkaloids (e.z.
berberine), quinones (e.g.hypericin) and furanocoumarins (e.g. psoralens) (see Figure
1). Within the plant these phototoxins may or may not be localized to specific tissues.
In many members of the genus Hypericum for example, the phototoxic extended
quinone hypericin is located in prominent, marginal leaf giands where it is ideally

located to provide a defense against herbivory (see Appendix 2).

2.1 Mode of Action of Phototoxins

Phototoxins are unique in that they exhibit greatly enhanced toxicity in the

8presence of specific wavelengths of light (often in the near UV range, 300-400 nm).



Figure 1: Chemical structures of some common photo-activated plant secondary
compounds.
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They have been shown to have broad spectrum biocidal properties against a wide
variety of organisms including herbivorous and non-herbivorous insects {Wat et al,
1981; Arnason ef al, 1981a) and may be classified according to their mode of action,
although some overlap may occur. There are two major groups of phototoxins, the

photo-oxidants and the photogenotoxins.

2.1.1 Photo-oxidants

The majority of phototoxins examined to date are active only in the presence
of oxygen and hence have been traditionally described as "photodynamic” compounds
but are more accurately described as photo-oxidants, These include the polyines,
their thiophene derivatives, and the quinones. Light activation of these compounds
results in a short-lived, electronically excited state. These "sensitizer’ molecules may
then react with oxygen and other substrates to produce highly reactive and highly
toxic species of oxygen including singlet oxygen ('0,) and free radicals such as
superoxide anions (O,-) and hydroxyl radicals (OH)(see Figure 2). All of these
activated species of oxygen are capable of causing serious cytological and genetic
2damage (Mead, 1979; Halliwell and Gutteridge, 1985).

The most common reaction of the photo-oxidants is an energy transfer (type
I} mechanism (Foote, 1986) in which the photosensitizer molecule in its ground

electron state (S,) is activated by a photon to its first singlet excited state (§,) and



Figure 2: Light activation of a sensitizer molecule (S) to an excited state (S™) and the
transfer of energy or electrons to produce free radicals or singlet oxygen.
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then undergoes intersystem crossing (ISC) to a relatively long-lived, triplet state (T,).
This triplet state sensitizer can then undergo energy transfer with ground state oxygen
(0,) to produce 'O, and regenerate the ground state sensitizer S;. Under continuous
irradiation, this production of 'O, is catalytic, allowing a few sensitizer molecules to
produce millions of molecules of 'O,. Singlet oxygen thus produced may further react
with other molecules such as membrane components where it may lead to lipid
peroxidation (LPO) and protein modifications (Valenzeno, 1987).

An alternative mechamism involves electron transfer processes (type I) leading
to the formation of free radicals. These fype I and type 1l mechanisms are normally
in competition with each other with the products formed dependent on factors such
as O, concentration and the reactivity of the sensitizer and substrates available
(Foote, 1987). The phototoxin a-T for example, has been shown to react primarily
by a type Il mechanism (singlet oxygen generation) with less than 1% of the activated

O, produced by electron transfer (Scaiano et al, 1989).
2.1.2. Photogenotoxins

Some phototoxins (known as photogenotoxins) have been found to bind and
cause damage at the level of DNA without a requirement for oxygen. These include
the furanocoumarins and furanoquinoline alkaloids which appear to act primarily by
intercalating with pyrimidine bases in DNA and RNA in a dark reaction. Subsequent

absorption of photons leads to formation of photoadducts which can be monoadducts



or give rise to interstrand crosslinking of the DNA (Ashwood-Smith et al, 1980).
These mutagenic products are frequently lethal to target organisms (Song and Tapley,
1979) resulting in gross chromosomal aberrations (Towers and Abramowski, 1983;
Averbeck, 1989).

Although photogenotoxins such as the furanocoumarins act primarily through
non-photodynamic, genotoxic mechanisms, and the photo-oxidants such as a-T act
through oxidative processes, some overlap can occur. The furanocoumarins for
example are capable of producing 10, and O,- (Joshi and Pathak, 1983). Both the
isoquinoline alkaloids (e.g.berberine) and harmane alkaloids generate 10, and O,-
yet are also mildly photomutagenic perhaps because they intercalate DNA and
generate 'O, at this site (Towers and Abramowski, 1983; Philogéne et al, 1984;

Hudson et al, 1986).

2.2 Toxicology of Photo-activated Compounds and Their Physiological Effects on
Insects

Much of the original research on the mode of action of phototoxins was
carried out using photo-oxidative dye sensitizers such as methylene blue and rose
bengal on mostly non-herbivorous insects (reviewed in Robinson, 1983; Weaver,
1987). These agents were found to be highly toxic and, like the plant-derived
photosensitizers, are known to generate activated oxygen species. Phototoxins have
been known for some time to be capable of killing or inactivating a wide range of

organisms including viruses, bacteria, fungi, and nematodes (reviewed in Towers,



1984) however it is only during the last decade or so that the susceptibility of
h2erbivorous insects to these compounds has been explored. The polyines, quinones,
alkaloids, and furanocoumarins are the major classes of phototoxins which have been

shown to be lethal or to interfere with insect growth and development.

2.2.1 Polyines

A number of polyines and thiophene derivatives have been shown to be
phototoxic to a wide variety of organisms including insects (Wat et al, 1981; Arnason
et al, 1981a) The thiophene o-T, for example, has exceptional phototoxic activity
towards mosquito and blackfly larvae, with LCsy's of 19 ppb and 28 ppb respectively
(Arnason et al, 1981a; Philogene et al, 1985). This high toxicity of a-t has led to its
evaluation as a commercial mosquito larvicide in laboratory and field trials
(Philogene et al, 1985; Arnason ef al, 1989).

In herbivorous insects a number of polyines have been tested for both feeding
deterrency and toxicity. Phenylheptatryne (PHT) has strong antifeedant effects on
Euxoa messoria (McLachlin et al, 1982) and both PHT and a-T have been shown to
strongly deter feeding of neonate larvae of Manduca sexta, and to a lesser extent
larvae of E. messoria and Ostrinia nubilalis (Champagne et al, 1986). Both compounds
had detrimental effects on growth and development and negative effects on nutrient
utilization as evidenced by changes in nutritional indices. In this same study, both

light-dependent and light-independent effects were seen. a-T and PHT also caused
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black necrotic lesions on the dorsal surfaces of larvae of M. sexta fed the compounds
in the presence of UV but not in its absence (see also Downum et al, 1984). As with
most phototoxins examined to date however, there are a number of insects which
appear to be very tolerant of phototoxins, a-T for example shows considerable
variation in its insecticidal activity. Topical studies with a-T have indicated LDgy’s of
10, 474, and 698 ug/g for M. sexta, Heliothis virescens, and O. nubilalis respectively
(Iyengar et al, 1987). The highly polyphagous O. nubilalis is also very tolerant of
ingested a-T, an attribute which may be primarily explained by its ability to rapidly
metabolize and excrete the compound (Iyengar et al, 1987, 1990).

Because most polymcs are such strong photo-oxidants, generating highly toxic
species of oxygen, their toxlcaty to insects might be expected to be a result of protein
oxidation and lipid peroxidation in sensitive tissues. In vitro evidence has shown that
a-T induces potassium ion leakage and hemolysis in erythrocytes (Wat et al, 1981)
and initiates glucose leakage and lipid peroxidation in egg lecithin liposomes (McRae
et al, 1985). In vivo, ingested a-T severely damages midgut epithelial cells in M.sexta
(Sen et al, 1990). In mosquito larvae, a-T treatment in the presence of UV light

causes a rapid increase in tissue lipid peroxidation (Hasspieler et al., 1990).

2.2.2 Extended Quinones
The extended quinone pigment hypericin is a strong photo-oxidant found in
many members of the genus Hypericum where it may make up 0.05% of the plant

weight (Giese, 1980). Unlike o-T, hypericin is primarily activated by visible light
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(450-600 nm). However, as with a-T, it generates a high yield of singlet oxygen (Knox -
and Dodge, 1985; Duran and Song, 1986).

The insecticidal properties of ingested hypericin have been investigated in
M.sexta where an 1D, of purified hypericin to third instar larvae was found to be 16
ug/g larval weight under constant light conditions (Samuels and Knox, 1989). At sub-
lethal doses, hypericin caused a reduction in growth and development. The
phototoxic effects of hypericin diminished rapidly when treated larvae were
subsequently maintained in darkness for periods prior to irradiation. For example,
mortality was reduced to only 6% if irradiation was delayed for 8 h after treatment
(compared to about 80% if irradiation immediately followed treatment). In a
separate study, Sandberg and Berenbaum (1989) have shown that hypericin is
phototoxic to the generalists H. zea and Platynota flavedana forced to feed on
Hypericum perforatum under daylight conditions; survivorship was reduced and

development times increased significantly.

2.2.3 Alkaloids

Little information is available on the effects of phototoxic alkaloids on insects
although many have been identified as capable of causing mortality including
dictamni-te, khellin, berberine, and beta-carbolines such as harmane (reviewed in
Arnason et al, 1991). The isoquinoline alkaloid berberine is very phototoxic to

mosquito larvae with an acute 24 h LC,, of 8 ppm compared to 250 ppm in the dark
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(Philogéne et al, 1984). Chronic effects of berberine included a reduction in larval,
pupal, and adult survival. In herbivorous insects, Larson ef al (1988) have tested a
number of beta-carboline alkaloids in artificial diets fed to the cabbage looper
Trichoplusia ni, however only harmane had significant negative effects on relative
growth rate and consumption. Harmine reduces relative growth rates and
consumption without affecting the conversion of ingested food to biomass (Lee and
Berenbaum, 1989).

The phototoxic alkaloid sanguinarine has also been tested against T. ni where
mortality increased with increasing concentration of the compound in the diet.
However, no significant effects of light on mortality were observed (Tuveson et al,
1989). Arnason et al.,(1991) have shown that sanguinarine is clearly phototoxic to
mosquito larvae with an LCy, of ¢.096 mg/ml in the presence of UV and 23 mg/ml

in the absence of UV,

2.2.4. Furanocoumarins

Much of the research on the effects of photogenotoxins on insects has been
carried out with xanthotoxin (8-methoxypsoralen), primarily because of its
commercial availability. Berenbaum (1978) was the first to demonstrate the
phototoxic effects of xanthotoxin on herbivorous insects. She reported that when
larvae of the southern armyworm Spodoptera eridania are fed on diets containing

xanthotoxin (but not its biosynthetic precursor umbelliferone) under simulated
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daylight conditions, all of the larvae failed to develop past the second instar.
However when the activating wavelengths (UVA) were excluded, nearly 40% of the
larvae survived through to pupation, even though the time to pupation was
significantly increased. In contrast, the black swallowtail Papilio polyxenes (an
umbellifer feeding specialist) is not intoxicated by linear furanocoumarins such as
xanthotoxin but is adversely affected by angelicin, an angular furanocoumarin found
in only a few advanced tribes of the Umbelliferae. Larvae fed leaf discs treated with
angelicin exhibited reduced growth rates and greater than three-fold poorer fecundity
than controls (Berenbaum and Feeny, 1981). Although derived from the common
precursor umbelliferone, linear and angular furanocoumarins differ in their
toxicological properties to insects. Linear furanocoumarins such as xanthotoxin are
capable of forming both DNA monadducts and DNA-DNA crosslinking whereas
angular furanocoumarins normally produce only DNA monadducts (Ashwood-Smith
et al, 1984).

The differential toxicity of xanthotoxin to S. eridania and P. polyxenes has been
ascribed to the ability of the latter insect to more rapidly and efficiently detoxify the
compounds (Ivie et al, 1983). P. polyxenes excretes 50% of administered [**C]-
xanthotoxin within 1.5 h after dosing, whereas S. frugiperda only eliminates about 1%
(Bull et al, 1984). Metabolic detoxification also appears to be the reason for
furanocoumarin tolerance in the leafminer Phytomyza spondylii (Diptera:
Agromyzidae) feeding on Heracleum lanatum (Ashwood-Smith et al, 1984) and the

relative insensitivity of the parsnip webworm Depressaria pastinacella (Lepidoptera:
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Occophoridae), a specialist on furanocoumarin-rich plants (Nitao, 1989; Lee and
Berenbaum, 1990). In the phototoxin sensitive T. ni, Ahmad et al{(1987) have
established an LCs, for xanthotoxin of 0.0004% under UV light and 0.C013% in the
absence of UV. In a separate report, Lee and Berenbaum (1989) have shown that
xanthotoxin has a negative effect on relative consumption rates and relative growth
rates of T, ni. However, xanthotoxin has no effect on the food utilization indices in
the furanocoumarin-tolerant D. pastinacella (Lee and Berenbaum, 1990) except in the
presence of the cytochrome P-450 inhibitor, piperonyl butoxide which results in
significantly lower growth and consumption rates and reduced efficiencies of
conversion of ingested food. These results are consistent with both the antifeedant
effects of furanocoumarins as well as indicative of their post-digestive toxicity. They
also point to the central role of P-450 based detoxification mechanisms in

determining sensitivity and tolerance to furanocoumarins (see Section 3.0).
3.0 Insect Defenses and Adaptations to Allelochemicals
3.1 General Defenses

Many insect herbivores have evolved mechanisms which have allowed
them to overcome the defenses of their host plants. These include behavioural,
biochemical, and physiological adaptations. Much of the research conducted to date

on the behavioural adaptations of insects relates to host plant selection and
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specificity, with perhaps less attention paid to specific behavioural mechanisms with
which insects overcome plant defenses. Insects have an array of sensory structures
with which to detect plant chemicals including contact chemoreceptors usually
located on the maxillae, labium, and tarsi (Schoonhoven, 1968) and olifactory
chemoreceptors usually located on the antennae. These olfactory receptors detect
voiatile chemicals which may act as repellents or attractants and hence may aid in
the location of suitable (or avoidance of unsuitable) host plants (Schoonhoven, 1982).
One example of a specific behavioural adaptation to overcoming plant defensive
chemistry is found in beetles of the genus Epilachna which specialize on plants of the
family Curcubitaceae. Carroll and Hoffman (1980) have shown that, prior to feeding,
larvae and adults cut a circular trench through the upper layers of leaf tissue. This
apparently isolates a section of tissue from curcubitacins which are bitter-tasting,
triterpenoid allelochemicals mobilized in response to insect feeding.

Another way insects may deal with allelochemicals is to actively sequester
them and store them in "less sensitive" tissues (Duffey, 1980). This is the case with
the oleander aphid Aphis nerii for example, which sequesters highly toxic cardiac
glycosides from oleander and the more familiar example of sequestration of
cardenolides from milkweed by monarch butterflies (Harborne, 1978; 1989). In this
latter example, the sequestered toxins may act as a defense against insect predation.

The major line of defense insects have against plant allelochemicals (and
synthetic pesticides) is that they have developed numerous enzyme systems whose

function is to detoxify xenobiotics. These enzymes metabolically degrade foreign
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substances to products which are more water soluble th.1 the parent compound and
hence are more readily excreted. The primary products of this metabolic degradation
may be polar enough to be excreted directly but often must first be converted by
secondary enzymes to easily excretable, conjugated materials (Bratisten, 1979). The
microsomal, cytochrome P-450 dependent polysubstrate monooxygenases (PSMOs)
are by far the most important enzymes involved in the primary metabolism of
lipophilic foreign compounds in insects (Brattsten, 1979; Ahmad et al., 1986). These
enzymes catalyze diverse oxidative reactions including hydroxylations, epoxidations,
and oxidative dealkylations and are often induced in insects in response to ingestion
of host allelochemicals (Yu, 1983). High activities of these enzymes have been found
in the midguts of insects, particularly polyphagous species which would be expected
to encounter many types of allelochemicals (Krieger et al., 1971). Other enzymes
known to be important detoxification enzymes include the epoxide hydrolases (Mullin
and Wilkinson, 1980), carboxylesterases (Kapin and Ahmad, 1980), and the

glutathione transferases (Yu, 1982).

3.2 Adaptations to Phototoxins

1t has become apparent that many insects must face the double
challenge of dealing with allelochemicals as potentially lethal poisons as well as the
added possibility that some of these chemicals are also phototoxic and capable of

causing severe oxidative stress. Even though most insects are very sensitive to
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phototoxins, there appears to be a guild of insect herbivores which are tolerant of or
even specialize on phototoxic plants. These insects have likely developed mechanisms

to deal with this light-dependent aspect of toxicity which have allowed them to

exploit these plants as food sources.

3.2.1 Physical and Behavioural Adaptations to Phototoxins

In dealing with a phototoxin the first line of defense used by some
insects might be avoidance of light in general or specific sensitizing wavelengths,
Many insects may be pre-adapted to feeding on phototoxin-containing plants by
means of physical factors such as opaque cuticles or highly reflective body surfaces.
This may be the case with adult leaf beetles of the genus Chrysolina which are
characteristically metallic blue-black and feed with impunity on phototoxic plants of
the genus Hypericum (Fields et al.,1991).

Numerous tortricid and oecophorid caterpillars, which feed on a range of
phototoxin-containing plants, are known to feed in a concealed manner (e.g. in leaf
rolls, leaf mines, or webbed flowerheads) and this may serve as a behavioural
resistance mechanism (Berenbaum, 1983,1987; Sandberg and Berenbaum, 1988).
Fields et al.,(1989) have shown that late instar larvae of C. quadragemina, a specialist
feeder on Hypericum sp., avoid potential phototoxicity by feeding very early or late
in the day when light intensity is low. In contrast, larvae of the geometrid Anaitis

plagiata, another specialist on Hypericum, feed throughout the day. If larvae of C.
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quadragemina are forced to feed in the light they suffer an intensity-dependent
mortality whereas larvae of A. plagiata do not. This suggests that A. plagiata may

have other defensive mechanisms to deal with phototoxins.

3.2.2 Biochemical Adaptations to Phototoxins

3.2.2.1 Metabolic Detoxification

One of the most effective biochemical adaptations insects may
have against the ingestion of phototoxins is metabolic detoxification. As with any
xenobiotic, high elimination/ metabolism rates may reduce the possibility of adverse
effects and, in the case of phototoxins, rapid elimination of the compounds or
degradation to non-phototoxic metabolites, would likely be an effective defense. In
mosquito larvae, the toxicity, localization, and elimination rates of ["H}-oT have
been examined (Hasspieler et al., 1988) and the toxicity of the compound was directly
correlated to rates of elimination.

In only a few cases has the metabolism of phototoxic compounds been
examined in herbivorous insects. Both the metabolism of [FHla-T and [“C]-
xanthotoxin have been examined in lepidopteran larvae, particularly with respect to
the toxicokinetics of these compounds (Ivie et al., 1983; Iyengar et al., 1987) and their
comparative metabolism in phototoxin-tolerant and phototoxin-sensitive species (Bull

et al., 1984; Iyengar et al., 1990). Iyengar et a! (1987) have shown that elimination of
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3H after topical application to the phototoxin-tolerant O. nubilalis is much more rapid
(t,,=8.5h) as éompared to H. virescens (t, ,=22h) or the phototoxin sensitive M. sexta
(t,/,=48h). This suggests that rapid clearance of the toxin is one method by which
tolerant insects can deal with this type of allelochemical. Further studies with midgut
microsomal preparations (Iyengar et al., 1990) have confirmed that PSMOs are
involved in its elimination and that the compound is degraded to at least four non-
phototoxic metabolites. Similarly, elimination of {*C]-xanthotoxin after oral treatment
is much more rapid in P. polyxenes (a specialist feeder on psoralen containing plants)
than in S. frugiperda, a psoralen-sensitive species. Within 1.5 h, 50% of the
administered C is recovered in the frass of P. polyxenes, whereas only about 1% is
eliminated by S. frugiperda (Ivie et al., 1983). As well, it appears that metabolism
involves extensive modifications of the parent nucleus (cleavage of the furan ring)
producing metabolites that are non-phototoxic.

The parsnip webworm D. pastinacella also appears to be enzymatically
adapted to feeding on xanthotoxin-containing plants. Larvae metabolize about 95%
of ingested labelled phototoxin (Nitao, 1989) primarily through midgut PSMO activity
which has a high specificity for and can be induced by xanthotoxii (Berenbaum and
Lee, 1989). In contrast, PSMO activity towards xanthotoxin is very low in the cabbage
looper T. ni, a generalist feeder whose host range includes a number of
furanocoumarin-containing plants (Lee and Berenbaum, 1989). Induction of
PSMO metabolism has also been observed in the black swallowtail P. polyxenes

(Cohen et al, 1989). When xanthotoxin was added to diets, a dose-dependent
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induction (up to 4.7 fold) of P-450 activity in midgut microsomes was recorded. Total
P-450 content did not change significantly however, suggesting that multiple forms
of P-450 may exist in the black swallowtail. In contrast, P. zelcaon feeding on parsley
(which contains low levels of furanocoumarins) had no detectable xanthotoxin-

metabolizing activity (Ashwood-Smith et al, 1984).

3.2.2.2 Antioxidant Enzymes

A number of enzymatic defense mechanisms are known to exist which may offer
some degree of protection to insects feeding on plants containing phototoxins;
particularly those phototoxins which result in the production of toxic oxygen species
(see Figure 3).

Superoxide dismutase (SOD) (E.C.1.15.1.1) (McCord and Fridovich, 1969)
catalyzes the dismatation reaction of superoxide anions (1):

02" + 02" + 2H+ — HzOz + 02 (1)

This reaction results in the removal of superoxide radicals but also results in
the formation of hydrogen peroxide. Hydrogen peroxide can penetrate cell
membranes even more readily than superoxide anions and once inside the cell may
react with iron or copper ions to form hydroxyl radicals (Halliwell and Gutteridge,
1986). This may be the origin of many toxic effects of these radicals.

Catalases (CAT) (E.C.1.11.1.6) catalyze the following reaction (2):
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Figure 3: Enzymatic defenses against activated oxygen species.
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2H,0, ---> 2H,0 + O, (2)
and hence, to some degree, control the accumulation of hydrogen peroxide and
hydroxyl radicals.

SOD and CAT have been studied in insects (e.g.Allen et al., 1983; Bird et al,,
1986; Ahmad et al., 1987, 1988a, 1988b; Pritsos ef al., 1988a, 1988b) although it is not
yet clear whether they have a protective role solely in terms of the normal metabolic
processes which result in free radical formation, or whether they confer any special
advantage or defense to adapted insects feeding on phototoxins. Allen et al.(1983)
have examined SOD and CAT activities in the housefly and found, with the use of
SOD and CAT inhibitors, that longevity is not affected by altering the levels of these
enzymes. Neto et al., (1986) have shown that SOD and CAT activities are 5 to 15
fold higher in luminescent as opposed to non-luminescent elaterid larvae. This, they
suggested, may be related to protection against deleterious oxygen species arising
from the storage of oxygen which is necessary for bioluminescent reactions. Pardini
et al.(1988) have examined antioxidant enzymes in a group of insects composed of
three Lepidoptera which normally encounter phototoxins in low, moderate, and high
levels as follows: Trichoplusia ni < < Spodoptera eridania < < Papilio polyxenes. All
three species in this model system have been found to contain high levels of
antioxidant enzymes, though no correlation appears to exist between enzyme levels
and level of exposure to pro-oxidant phototoxins. Pritsos e al. (1988a) have however,
found that in response to the allelochemical quercetin, SOD activity in whole body

homogenates of P. polyxenes nearly doubles.
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In mammals, 2 Se-dependent glutathione peroxidase (E.C.1.11.1.9) (GPOX) has
been well characterized (Flohe, 1982) and catalyzes the removal of H,0, and a wide

range of lipid and organic hydroperoxides (ROOH) according to the following

processes:
H,0, + 2GSH -> GSSG + H,0 and 3)
2GSH + ROOH —> GSSG + H,0 + ROH. @)

In insects, Se-dependent GPOX activity has not been observed (Pardini ef al.,
1988) and attempts to demonstrate GPOX activity towards H202 have not been
successful (see Pardini et al, 1988). Peroxidase activity has ,however recently been
shown to exist in the cabbage looper T. ni against thé organic hydroperoxide cumene
hydroperoxide (Ahmad and Pardini, 1988).This activity was ascribed not to a
Se-dependent GPOX but to a non Se-dependent glutathione transferase. In the |
absence of GPOX, the peroxidase activity of glutathione transferase may be
important as an antioxidant defense.

In insects, GSSG is recycled to GSH in the presence of NADPH by a
glutathione reductase (G.R.) (E.C.1.6.4.2). In this way a high GSH:GSSG ratio can
be maintained which is important since GSH is itself a scavenger of singlet oxygen
and free radicals (Halliwell and Gutteridge, 1986). Significant levels of GR have
been measufed in a number of herbivorous insects (e.g. Pritsos et al, 1988a).
3.2.2.3 Antioxidants

A toxic oxygen species such as singlet oxygen can interact with other molecules
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in two ways: it can either combine chemically with them, or else it can transfer its
excitation energy to them and return to its ground state. This latter process is known
as chemical quenching. Larson (1986) has suggested that many insects produce or
actively sequester chemicals which can act to quench excited state molecules (see
Table 1). The presence of these chemical quenchers may be particularly important
as an antioxidant defense against singlet oxygen since no enzymatic mechanisms to
remove this toxic species are yet known to exist. As well, it appears that most
phototoxins examined to date produce singlet oxygen. Some of the more common
antioxidants which may be important in insects include ascorbic acid (vitamin C), uric
acid, reduced glutathione (GSH), a-tocopherol (vitamin E), and beta-carotene (see
Figure 4).

Ascorbic acid is a hydrophilic antioxidant which may be a particularly
important extracellular defense against free radicals and singlet oxygen since the
antioxidant enzymes are almost exclusively intracellular (Levine and Kidd, 1986). It
reacts rapidly with O, and HO, and even more rapidly with OH" to give relatively
innocuous
semidehydroascorbate. It also scavenges singlet oxygen and is a necessary substrate
in the removal of lipid peroxides by ascorbate peroxidases (Halliwell and Gutteridge,
1986). Ascorbic acid is also capable of reacting with and thereby reducing the
tocopherol quinone radical (see Figure 5), and hence regenerates reduced tocopherol
as 2 membrane interceptor of activated oxygen species. In insects, no protective role

has been ascribed to ascorbic acid although it appears to be ubiquitous in insect
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Table 1; Potential defensive antioxidants in insects”.

1. Quenchers of Excited-State Molecules
Beta-carotene
Amines
Furans
Some anions (I', N)

2. Quenchers of Reactive Oxygen Species
Amines
Carotenoids
Furans
Some O and S Derivatives
Some Plant Alkaloids i.e. Nicotine
Vitamin E
Vitamin C
Uric Acid
Glutathione

*References: Larson, 1986; Levine and Kidd, 1986; Larson
and Berenbaum, 1989,
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Figure 4: Chemical structures of some common antjoxidants which may be important
cellular defenses against oxidative stress in insects.
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Figure 5: Upper: Quenching of free radicals by ascorbate forming ascorbate free radicals
and dehydroascorbateand the regeneration of ascorbate by semidehydroascorbateand

dehydroascorbatereductases.
Lower: Quenching of free radicals by alpha-tocopherol (vitamin E) to form alpha-

tocopherol radicals and alpha-tocopherol quinone and the GSH-dependent regeneration of
vitamin E.
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tissues and fluids (Kramer et al., 1981).

Uric acid is another water soluble antioxidant which may be an important
defense since it is a powerful scavenger of singlet oxygen and inhibits lipid
peroxidation (Ames et al., 1981; Hochstein et al., 1984). Because the extracellular
fluids contain low levels of SOD and CAT activity and yet have high uric acid levels,
it may, like ascorbate, provide an antioxidant defense. In insects, uric acid is often
found in high concentrations in body fluids and tissues, particularly fat body where
it may be used as a form of storage excretion (Wigglesworth, 1974).

Carotenoid pigments are the most effective quenchers of singlet oxygen known
and can eliminate other oxygen-centered radicals as well (Foote and Denny, 1968).
In insects, carotenoids have been examined from a wide variety of tissues (see, for
example, Feltwell, 1978; Goodwin, 1980). They are lipophilic pigments, as
demonstrated by their preferred accumulation in oil droplets of fat body and eggs
(Kayser, 1982). Some evidence has accumulated which suggests that carotenoids may
have a photoprotective role in insects. Poff (1976) for example, observed that cryptic
Leptinotarsa species had lower concentrations of carotenoids and a relatively low
carotene to xanthophyll ratio than in their host plants and conversely that aposematic
species had higher concentrations of carotenoids and a higher ratio of carotenoids
to xanthophylls. Poff (1976) suggested this high level of carotenoids might have a
protective role against incoming radiation.

Reduced glutathione (GSH) is an antioxidant tripeptide composed of glutamate,

cysteine, and glycine. As well as being an essential co-substrate for the GSH-
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peroxidase reaction, it is also a strong nucleophile and thus can react with O,-
radicals, hydroxy radicals, and '0, to neutralize these species (Levine and Kidd,
1986). GSH is also a versatile conjugating agent and can protect -SH containing
enzymes from inactivation. GSH is present in high concentrations in the mammalian
liver where it can conjugate with a variety of metabolites to increase water solubility
and hence subsequent excretion. In insects, a similar function is accorded to GSH
transferase, an important detoxification enzyme. Thus GSH is important in both the
detoxification of xenobiotics and preventing oxidative stress.

The tocopherols, like the the carotenoids, are lipid scluble compounds and are
excellent quenchers of singlet oxygen and free radicals (Foote ef al., 1978). They are
believed to be the major lipid soluble antioxidants in blood plasma where they
provide antioxidant protection for circulating lipids and the hydrophobic segments of
blood proteins (Levine and Kidd, 1986). Thus, they can dramatically inhibit lipid
peroxidation, primarily by interrupting free radical-initiated chain reactions. It has
been hypothesized (Yang and Desai, 1978) that Vitamin E acts from within
membranes to prevent lipid peroxidation by directly neutralizing free radicals at their
site of formation. GSH peroxidases act intracellularly to decompose lipid peroxides

from within.

4.0 Coevolution
Janzen (1980) has defined coevolution as reciprocal evolutionary changes

between interacting populations. In the original hypotheses of Ehrlich and Raven
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(1964) the chemical defenses of plants against insects (including phototoxins) evolved
as a series of chance mutations and recombinations which produced more complex
allelochemicals derived from simpler phytochemicals. The success of insects in
overcoming some of these plant defenses would then leave these plants open to
attack by herbivores; natural selection would then favor the elaboration of new
allelochemicals which would in turn select for more resistant insects and more
complex defense strategies. The result of these interactions has bc.en described as
coevolutionary "arms race" (Gilbert and Raven, 1975, Berenbaum, 1978).

Very good evidence for such an "arms race" has apparently occurred between
insects and various furanocoumarin-containing plants. The phototoxic linear
furanocoumarins are found in only eight plant families, mainly in the Rutaceae and
Apiaceae, and these are more toxic to generalist insects than their precursor
umbelliferone which occurs in over thirty families (Berenbaum, 1978). Linear
furanocoumarins can be tolerated by a limited insect fauna which includes the
specialist P. polyxenes (Ivie et al, 1983)(see Section 2.2.4). However P. polyxenes
cannot tolerate angular furanocoumarins such as angelicin which occur in only a few
families (Berenbaum and Feeny, 1983).7Thus the evolutionary sequence from
umbelliferone to linear furanocoumarins to angular furanocoumarins may represent
successive escalations in the coevolution of these plants and the herbivorous insects
they interact with. This is supported by furthur work (Berenbaum, 1981) in which the
increasing specialization of the insect fauna on these plants is observed to be closely

correlated with plant chemistry. The strong selective pressures of phototoxic plants
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appears to have resulted in some complex defensive strategies in insects.

5.0 Rationale
5.1 Hypothesis

Many insect herbivores have specific biochemical and physiological
mechanisms (e.g. inducible PSMOs) which allow them to exploit plants containing
potentially toxic chemicals. Many of these chemicals are known to be photo-activated
and their toxicity due to the generation of free radicals and/or singlet oxygen. In
addition to general detoxification enzymes, I propose that some insects make use of
both endogenous antioxidants (e.g. ascorbate) and antioxidant enzymes (e.g. SOD,
CAT) to protect against phototoxicity. These antioxidants and antioxidant enzymes
are known to be present in insects and, as in mammals likely have an important role
in controlling the levels of potentially toxic free radicals and peroxides which are
produced during normal metabolism and respiration. In insects adapted to feeding
on phototoxins, the antioxidant defenses may be particularly important in reducing
the toxicity of these chemicals and may in some cases account for their ability to use
certain plants as a food source. Species of insects which are tolerant of phototoxins

may have well developed antioxidant defenses.

5.2 Objectives

1) To determine the role of constitutive and inducible antioxidant

35



enzymes as biochemical defenses against phototoxin ingestion in phototoxin-tolerant

and phototoxin-sensitive insects.

2) To determine if a) the sensitivity to phototoxins in some insects can
be explained by differences in tissue antioxidant levels and if b) levels of dietary

antioxidants can alter this sensitivity to phototoxins.

3) To investigate furthur the mode of action of the phototoxin -T. This
aspect will provide insight into the effectiveness of antioxidants and antioxidant

enzymes in protecting against oxidative stress and lipid peroxidation at the

biochemical level.

4) To examine the effect of manipulation of antioxidant enzyme activity

inhibitors and a GSH deple...¢ agent on the short and long-term toxicity of a-T.

36



CHAPTER 2: ANTIOXIDANT ENZYMES AS BIOCHEMICAL DEFENSES
AGAINST PHOTOTOXIN-INDUCED OXIDATIVE STRESS IN THREE
SPECIES OF HERBIVOROUS LEPIDOPTERA

2.1 INTRODUCTION

The recent literature in chemical ecology provides many examples of defensiveplant
substanceswith unusual modes of action against phytophagousinsects. Among these are the
so-called phototoxins, phytochemicals that are activated by the absorption of light. They
can mediate a variety of toxic processes that are initiated photochemically in susceptible
species but are nonethelesstolerated by a guild of insects successfully éxploiting phototoxic
plants.

Our recent work has concentrated on one group of phototoxins, the plant-derived
photo-oxidants which include biosynthetic classes such as the thiophenes, extended
quinones, and isoquinoline alkaloids. After excitation, these photo-oxidants can generate
activated species of oxygen such as singlet oxygen (102) by energy transfer or superoxide
(0,-) or hydroxyl (OH ) radicals by electron transfer (Spikes, 1977). All of these activated
species are highly reactive and highly toxic (Mead,1976; Halliwell and Gutteridge, 1985).
After ingestion, photo-oxidants can produce symptoms such as black lesions of the cuticle
leading to high rates of mortality. or at subacute doses cause a reduction in growth and

efficiency of conversion of ingested food (Downum, 1986; Downum .ef al, 1986; Iyengar

37



et al., 1987).

Insect species that are relatively tolerant of phototoxins in their diet or which
exploit plants containing phototoxic compoundshave also been studied. Numeroustortricid
and oecophorid caterpillars, which feed on a range of phototoxin-containing plants, are
known to feed in a concealed manner (e.g. in leaf rolls) and hence may be able to avoid
potential phototoxicity (Sandberg and Berenbaum, 1989). Leaf beetles of the genus
Chrysolina (Coleoptera: Chrysomelidae) successfully exploit Hypericum perforatum (St.
John's Wort) which contains high levels of the extended quinone hypericin which is highly
phototoxic (Giese, 1980). Chrysolina spp. larvae have been shown to be highly susceptible
to photo-oxidative damage and suffer an intensity-dependent mortality when exposed to
light while feeding on this plant (Fields ef al., 1990). To avoid the phototoxicity of
hypericin larvae feed just before dawn and then retreat to hide in soil during the day. Adult
Chrysolina, in contrast, are able to feed in full sunlight, possibly as a result of their
irridescent elytra which transmit almost no light (Fields et al., 1991). The European corn-
borer Ostrinia nubilalis (Lepidoptera: Pyialidae), whose host range includes many
phototoxin-bearing plants of the Asteraceae, has been shown to tolerate a 40-fold higher
concentration of the phototoxfc thiophene alpha-terthienyl in meridic diets than the
susceptible tobacco hornworm Manduca sexta (Lepidoptera: Sphingidae} (Iyengar er al.,
1990). Tracer studies with labelled «-T suggest that tolerance to the phototoxin is due to
a much higher rate of clearance of the phototoxin in O. nubilalis. Excretion is associated

with metabolism of the compound to several non-phototoxic metabolites by the
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polysubstrate monooxygenases of the gut. 0. nubilalis is also very tolerant of dietary
hypericin (Aucoin, unpublished observations) whereas M. sexta is very sensitive (Samuels
and Knox, 1989). Thus behavioral, physical, and metabolic factors may account for the
successful adaptation of some species of insects to phototoxic plants. Recently, biochemical
adaptations of insects to photo-oxidantshave also been examined. The antioxidant enzymes
SOD (E.C.1.15.1.1), CAT (E.C.11.1.6), GR (E.C.1.6.4.2), and GPOX (E.C.1.11.1.9)
are well known, in mammalian systems, to provide an important line of defense against
deleterious species of oxygen (Halliwell and Gutteridge, 1985). Fridovich (1983) has
proposed that these enzymes together provide an essential cellular defense against free
radicals. SOD is known to catalyze the dismutation of superoxide anions (McCord and
Fridovich, 1969). However one of the byproducts of this reaction is the potentially toxic
H,0, molecule. This in turn is acted upon by either CAT or GPOX; GPOX may also act
on a wide variety of lipid and organic hydroperoxides formed through interactions of
membranes with hydroxyl radicais (Flohe, 1982). The enzyme GR is an NADPH-
dependent enzyme which catalyzes the reduction of GSSG and hence maintains high levels
of GSH for the GSH-dependent GPOX. These same enzymes have recently been examined
in a number of herbivorous insects (Ahmad er al., 1988a; 1988b; Lee and Berenbaum,
1989) and may provide some degree of protection to insects feeding on plants containing
phototoxins, particularly those phototoxins which generate toxic oxyradicals.

The present investigation was initiated to determine whether there was any evidence

of biochemica! antioxidant adaptation in herbivorous insects 'exp_osed to phototoxic plants.
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In particular, we examined Anaitis plagiara (Lepidoptera: Geometridae) which as larvae
are specialist feeders on phototoxic H. perforatum. Larvae of this species feed in full
sunligh’t and yet have cuticles which transmit a significant amount of light (Fields et
al.,1991). Levels of the antioxidant enzymes SOD, CAT, GR, and GPOX in this insect
were compared to the generalist O. nubilalis, and to M. sexta which is highly sensitive to
phototoxins (Samuels and Knox, 1989; Champagneer al., 1986). We also examined the
short and long term effects of hypericin ingestion on antioxidant enzyme activity in A.
plagiata in order to determine whether antioxidant enzymes may be inducible defenses in

specialists on phototoxic plants,
2.2 METHODS AND MATERIALS

2.2.1 Insects

Laboratory colonies of Q. nubilalis and M. sexta were raised on artificial diets as
described by Guthrie (1971) and Bell and Joachim (1976). A colony of the geometrid A.
plagiata, originally from British Columbia, was maintained at a 20°C with a 168, L:D
photoperiod. The lighting system consisted of a bank of 10 X 60 W vitalites (Durotest,
Toronto, Ontario, Canada) suspended 60 cm above the cages. Cages used (60 X 40 X 40
cm) were constructed of wood covered with a cloth mesh to provide good ventilation.
Larvae were fed potted or fresh cut H. perforarum. Last instar larvae were allowed to

pupate in trays of vermiculite and then newly emerging adults transferred to oviposition
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cages containing potted H. perforatum and cotton-plugged vials containing a 15% sucrose
solution. Under these conditions, A. plagiata was observed to have five larval instars

spanning about 21 days. The fifth instar lasted 7-8 days.

2.2.2 Chemicals

All purified enzymes, substrates, and co-factors used in the enzyme assays were from
Sigma Chemical Co., St. Louis, Missouri. Hypericin (95% pure) was obtained from ICN

Pharmaceuticals, Plainsview, N.Y.

2.2.3 Sample Preparation and Enzyme Assays

For A. plagiata and O. nubilalis, 8 last instar larvae or 30 to 40 third instar larvae
were homogenizedin 4 ml of 50 mM phosphate buffer (pH 7.8) containing 1 mM EDTA.
For M. sexta, S last instar larvae were homogenized for 30 s in 200 ml of cold buffer
using a motor-driven homogenizer. An aliquot of 4 ml was taken for centrifugation. After
centrifugation in the cold for 20 min at 14000g, 3-ml aliquots of the supernatants were
desalted on Sephadex G-25 columns (Pharmacia, 20 X 1.5cm i.d.) to remove low
molecular weight and potentially interfering compounds such as glutathione. The finl
eluant (6 ml) was kept on ice and examined for antioxidant enzyme activity within 5 h.

Initially, we examined whole body homogenates of insects in which the gut contents had
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been left intact. Preiiminary experiments (results not shown) indicated that the presence
of gut contents only contributed about 5-6 % of total sample protein thus ruling out the
possibility of gut contents significantly diluting enzyme activity, which was expressed on
a per mg protein basis. As well, the presenceof gut contents had no effect on total sample
enzyme activity with the exception of CAT activity in A. plagiata. CAT activity in this
species was found to be inhibited 10-15% by the presence of plant material (H.
perforatum). No correction factor was applied, however, since the variation between
samples was also in this range. Protein determinations were carried out according to the
method of Bramhall er al.(1969) using bovine serum albumin as standard.

SOD assays were carried out according to the procedure of Flohe and Otting (1984)
which uses a ferricytochrome ¢ reduction assay. Briefly, the reduction rate of cytochrome
¢ by superoxide radicals is monitored at 550 nm using a xanthine-xanthine oxidase system
as the source of superoxide anions. The inhibition of the rate of reduction of cytochrome
¢ by superoxide anions can thus be measured by using either pure SOD or insect samples.
In this assay, 1 unit of SOD activity m deﬁned as that amount which inhibits by 50% the
rate of reduction of cytochromec at 250C (pH 7.8) and is expressed in units/mg protein.
A typical reaction mixture in a 1- ml cuvette contained 950 ul potasSium phosphate buffer
(50 mM, pH 7.8) with 2 uM cytochromec, 5 uM xanthine, and 0.1 mM EDTA; 20 uL
xanthine oxidase (0.2 U/ml) in 0.1 mM EDTA, and 20 ul of buffer, insect sample, or pure

S0D.

CAT assays were carried out according to the method of Aebi (1984) which monitors
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the breakdown of H,0, at 240 nm. One unit of CAT activity is defined as that which
decomposes 1 umol HyO,/ mg protein/ min at pH 7.0 and 259C. A typical reaction
mixture contained 1 ml of H,O, solution (50 mM) and 1 to 5 ul of insect sample.

GR activity was determined according to the method of Racker (1955) which is based
on the reduction of GSSG by GR to GSH with concomitant oxidation of NADPH to
NADP. One unit of GR activity is expressed as the change in absorbance due to the
disappearance of NADPH at 340 nm of 0.001A/ mg protein/ min at 259C. A typical
reaction mixture contained 600 ul of potassium phosphate buffer (0.1 M, pH 7.6), 100 ul
NADPH (1 mM), 100ul BSA (1% (w/v) solution in buffer), 100 ul GSSG (2% solution),
and 100 ul of sample. Endogenousoxidation of NADPH was measured in the absence of
GSSG and used as a correction factor.

GPOX was measured using the method of Strauss ef al (1980). The reaction mixture
contained 900 ul potassium phosphate buffer (50 mM, pH 7.8) containing 1 mM EDTA,
5 ul of a 1 M solution of NaNj, 30 ul of 150 mM GSH, 30 ul of 8 mM NADPH, and 2
ul of GR. After addition of 30 ul 2 mM H,0,, the reaction rate was monitored at 340 nm
until a linear rate was established (10 min.). The insect sampls (50 ul) was then added and
the difference between the initial and final rates recorded. This correspondedto the GPOX
activity which is defined as the oxidation of 1 nmol NADPH/ min/ 100 ug protein.

All enzyme assays were carried out at 259C using either a Varian DMS 300 or a

Varian CARY 2200 spectrophotometer.
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2.2.4 Induction of Antivxidant Enzymes

To examine the short-term effects of hypericin ingestion on the antioxidant enzymes
in A. plagiate, mid-last instar larvae were starved for 16 h and then fed hypericin treated
leaf discs of H. calycinum leaves for 1 h. Starvation insured that leaf discs were fully
consumed within 1 h. Groups of 10 larvae were placed individually in plastic cups
containing a single leaf disc (6 mm dia., 4.5 +0.4 mg fresh weight) treated with either 2
ul of 90% acetone (controls) or 0.01, 0.1, or 1.0 ug of hypericin in 2 ul 90% acetone.
Only leaf discs of H. calycinum, rather than H. parforatum, were used becausethis species
does not contain hypericin (Mathis and Ourisson, 1963). Since hypericin is strongly
bicactivated under visible light (550-600 nm) (Giese, 1980), larvae were then placed in
an incubator for 1 h (25°C) equipped with 4 x 60 W vitalite fluorescent lights. Larvae
which had not consumed the entire leaf disc (usually 2-3 per group) were discarded and the
remaining larvae used in the enzyme assays.

To examine the longer-term influence of hypericin ingestion on antioxidant enzyme
activity, a separate experiment was designed. This was felt to be necessary because treated
leaf discs typically dried out after 1-2 h and were then not eaten by larvae. Groups of 20
last instar larvae were starved for 16 h as before, and then placed in cages containing either
the phototoxic H. perforatum or non-phototoxic H. calycinum, and allowed to feed ad

libitum for up to 72 h. Larvae were provided with fresh plant material daily and cages
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were placed in an incubator (25°C, 16:8 L:D photoperiod). After 24, 48, or 72 h, groups
of 10 larvae were removed and assayed for antioxidant enzyme activity after removal of

digestive tract contents by dissection and aspiration using a pasteur pipette.

2.3 RESULTS

2.3.1 Antioxidant Enzyme Activity

The SOD activity of the three species is compared in Table 2. A. plagiata was
found to have the highest specific activity, particularly during the mid-third and mid-fifth
instars. Mid-third instars had nearly four-fold higher activity than the mid-fifth instars.
In late last instar larvae, all species had relatively low levels of SOD activity. In the case
of A. plagiata, this low level represented nearly a 20-fold decrease from the levels
observed in mid-third instars (23.9 units versus 1.3 units).

When CAT activity (Table 3) is compared, A. plagiataalso had the highest activity
of the three speciesexamined. During the third instar it had three-fold greater activity than
M. sexra and more than twenty-fold greater activity than O. nubilalis on a per milligram
protein basis. In both 4. piagiata and M. sexta, CAT declined from third to fifth instar
however, unlike SOD act.iQity, did not decline furthur during the latter part of the fifth
instar. O. nubilalis exhibited the lowest overall CAT activity.

There were only slight differences in GR activity (Table 4) betwgen the three

species with relatively low overall activity. O. nubilalis again was observed to have the
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Table 2; SOD activity of Third and Fifth Instar Larvae of
A. plagiata, O. nubilalis, and M. sexta*.

Larval Instar**

Species M3 M5 |

A. plagiata 23.9 £ 0.3a 5.5+ 0.3a 1.3 £ 0.3a
O. nubilalis 1.5 + 0.3¢ 1.4 + 0.1b 1.9 4 0.2a
M. sexta 12.4 £ 1.4b 1.5 £ 0.2b 1.6 + 0.2a

* Values represent the means + 5.D. of at least three samples and
are expressed as units per mg protein. Values in each vertical
column followed by the same letier are not statistically

different (Tukeys 1est).

»¢ M, mid instar; L, late instar.
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Table 3: CAT activity of Third and Fifth Instar Larvae of
A. plagiata, O. nubilalis, and M. sexta’.
Larval Instar _
Species M3 M5 LS
A. plagiata 592.0 £+ 121.0a 171.1 £+ 14.0a 189.9 4+ 13.9a
O. nubilalis 23.1 £2.3¢ 33.6 & 3.7b 43.7 + 2.8¢c
182.0 + 8.4b 153.9 + 16.7a - 163.0 = 11.5b

M. sexta

* Values represent the means + 8.D of at least threc samples and

are expressed as units/ mg proiein. Values in each vertical column
followed by the same leiier are not statistically different (Tukeys test).

oo M, mid instar; L, late instar.
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Table 4: GR activity of Third and Fifth Instar Larvae of

A. plagiata, O. nubilalis, and M. sexta’.
Larval Instar™
Species M3 M5 LS
A. plagiata 3.0+ 0.2a 43+ 1.7a 2.2+ 03a
0. nubilalis 1.6 + 0.4 2.1 4 0.5 0.9 + 0.2b
| M. sexta 28+ 0.9a 1.6 + 0.3a 2.5 + 2.5a

* Values represent the means & 5.D of at least three samples and
are expressed as units/ mg protein. Values in each vertical column
Jollowed by the same letter are noi statistically different (Tukeys fest}.

** M, mid instar; L, late instar,
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1owest overall GR activity, particularly during the third instar.
GPOX activity using H,O, as substrate was observedat extremely low levels which
were not substantially above the jevel of expected instrument €rror. As well, this activity

could not be reduced or eliminated using heat-treated (boiled for 1 h) samples.

2.3.2 Effect of Hypericin on Antioxidant Enzyme Activity

To examine the short-term effects of hypericin ingestion on the antioxidant enzyme
defenses of the Hypericum specialist 4. plagiata, larvae were fed leaf discs treated with
hypericin and then assayed for antioxidant enzyme activity 1 h after ingestion. Starved
controls were found to have antioxidant enzyme levels that were considerably depressed
relative to H. perforatum-fed larvae (Table 5). GR activity, for example, was nearly 9-
fold higher in fed larvae as compared to starved larvae. Larvae fed leaf discs containing
0.01 ug hypericin had SOD and CAT activity that was significantly higher than fed
controls. At a higher dose of hypericin, 0.1 ug/disc, SOD, CAT, and GR all declined
significantly. Further inhibition of enzyme activity was observed at the highest dose of
hypericin used, 1.0 ug/disc.

To examine the longer-term effects of hypericin ingestion on the antioxidantenzyme
activity of A. plagiata, larvae were fed either phototoxic H. perforatum or non-phototoxic

H. calycinum (Figure 6). Larvae appeared to feed equally well on both plants. Howgver
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TABLE 5: The Short-term Effect of Hypericin Ingestion on
Antioxidant Enzyme Levels in A, plagiata.

Hypericin Consumption® Enzymes®
Treatment® ug/disc % fr.wt. SOD CAT GR
Starved 0 0 4.7+ 0.8¢c 107.7 &+ 12.6c | 2.1 + 0.4d
Fed G 0 7.9 4+ 0.2a,b | 450.6 + 33.7a | 18.0 + l.%a
Fed 0.01 0.002 8.9 + 0.3a | 483.6 + 40.8a | 18.2 + 0.4a
Fed 0.1 0.02 7.0 + 0.3b | 345.0 +32.4b | 12.0+ 1.2b
Fed 1.0 0.2 6.6 + 0.6 | 344.8 + 2690 ; 7.8+ llc

* Srarved larvae consisted of larvae starved for 17 h. Fed larvae were starved for 16 h

Jfollowed by 1 h of feeding.
* Consumption is expressed as ug
fresh leaf fissue weight,

* Values represent means + S.

hypericin applied per leaf disc as well as a percent of

D. of three caperiments each with three determinations and

are units per mg protein. Values in each vertical column fullowed by the same leuer are
ot statisticatly different (Tukeys test).
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Figure 6: Effect of feeding fifth instar larvae of A. plagiata either non-phototoxic H.
calycinum (open circles) or phototoxic H. perforatum (filled circles) on the antioxidant
enzymes SOD (upper), CAT (middle), and GR (lower). Values represent means =+ S.D. of
three experiments (n=3). All enzyme activities are expressed as units per milligram
protein.
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larvae fed on H. calycinum for 72 h typically had a weight gain of 10-15% less than those
fed on H. perforatum (results not shown). Although we Believe the only major difference
between the two species to be the presence of hypericin, and that this accounts for the
effects observed, we cannot rule out the possibility that other differences (due to different
compounds) exist as well (e.g. other pro-oxidant allelochemicals may be present). During
the first 24 h, larvae fed on H. calycinum had significantly higher (t-test, P< .05) levels
of both CAT and GR than groups fed on H. perforatum. After 48 h this trend was
reversed, with larvae fed on H. perforatum showing much higher enzyme activity. During
the 24- to 48- h period, larvae fed H. perforatum showed significant increasesin both CAT
and GR activity while larvae fed H. calycinum exhibited a decline in the activity of both
of these enzymes. Both CAT and GR remained at a relatively high level for the 48- to 72-
h period in groups fed A. perforatum, whereas groups fed H. calycinwn maintained a much
lower level of activity. SOD activity, although increasing over .the length of the

experiment, was not significantly different between the two groups.
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2.4 DISCUSSION

2.4.1 Constitutive Antioxidant Enzymes

We have examined the possibility that antioxidant enzymes such as SOD,
CAT, and GR are necessary and logical defenses for insect herbivores feeding on
phototoxin-containing plants. Strict specialist feeders such as A. plagiata might
require a high basal level of these enzymes as a defense against the potentially lethal
effects of hypericin ingestion. The SOD activities reported in Table 1 for A. plagiata
are substantially higher than that of either M. sexta or O. nubilalis, and are greater
than the SOD activity reported for a number of other lepidoptera including
Trichoplusia ni, Spodoptera eridania, and P. polyxenes (Pritsos et al., 1988; Pardini et
al., 1989). In the specialist feeder P. polyxenes, SOD activity was observed to be
generally higher (particularly during the third instar) when compared to the two
generalist feeders, T. ni and S. eridania. These results are consistent with the
hypothesis that specialist feeders on phototoxic plants may require higher levels of
protective antioxidant enzymes than other insects.

It is interesting to note that in the present study, third instar larvae of A.
plagiata had nearly four-fold greater levels of SOD compared to fifth-instar larvac

(Table 1). Fields et al.(1990) have observed that third instar larvae of this species
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tend to remain on their food plants (H. perforatum) at all times, feeding both day and
night. Last instar larvae however, tend to be more cryptic, with a distinct preference
for feeding later in the day and at night. The high levels of SOD in third instar larvae
might allow them greater protection from oxidative stress caused by hypericin and
hence the ability to be fréely exposed to sunlight without detrimental effects. The
lower levels of SOD in late fifth instars may be related to the cessation of daylight
feeding at this stage.

The CAT activity of the three species examined in this study followed the
same trends as SOD activity. A. plagiata exhibited the highest activity, particularly in
the third instar. This high CAT activity might be expected given the high SOD
activity which would produce high levels of hydrogen peroxide. The low levels of
CAT found in O. nubilalis are similar to levels observed in S. eridania and Musca
domestica (Allen et al., 1983; Pritsos et al., 1988).

We examined GR levels in the three species and found that GR levels in 4.
plagiata were only slightly higher than in the other two species. Levels of GR tended
to decline from third to late fifth instar, much in the same way as SOD levels
declined. Similar levels of GR have been observed in P. polyxenes (Pritsos et al.,
1988). It has been proposed that GR provides the necessary recycling of GSSG in
order, among other functions, to supply a Se-dependent, GSH-dependent GPOX
which is an essential defense against the accumulation of lipid peroxides (Flohe,

1982). Even though we observed GR activity in all three species examined, we did

55



T R I

S THETI AV TR ST

s

ETF RN

not measure significant levels of GPOX using H,0, as substrate. This result is
consistent with the original findings of other researchers (Ahmad et al., 1987; 1988a;
Pardini et al., 1989) who also observed only negligible GPOX activity against this
substrate. It has been demonstrated, however, that there exists high levels of GSH-
dependent peroxidase activity in the cabbage looper T. ni when assayed using the
substrate cumene hydroperoxide (cumOOH) instead of H,0, (Ahmad and Pardini,
1988; 1989). This peroxidase activity was ascribed to a non Se-dependent, GSH-
transferase (E.C.2.5.1.18) which accepts a wide variety of lipid hydroperoxides as
substrates but not H,O, (Flohe, 1982; Ahmad and Pardini, 1988; 1989). In the
absence of an effective GPOX against H,O, in insects, it has been suggested that
high CAT levels could limit the need for this enzyme (Pardini et al., 1989). An
additional possibility might be the presence of active, non GSH-dependent
peroxidases as has been examined in Drosophila melaiiogaster (Allen et al., 1983;
1984, Ahmad and Pardini, 1988) and in the granary weevil Sitophilus granarius
(Boulter and Chefurka, 1990). More recently, GPOX activity in insects has been
reassessed and extremely low levels of GPOX-like activity using H,0, observed in
T. ni, S. eridania, and P. polyxenes (Ahmad ef al., 1989). However, over 95% of this
activity was retained in enzyme preparations which had been heat-treated. This was
not the case with samples of M. domestica however (also examined in in this report)
where heat treatment destroyed all enzyme activity. In mammalian erythrocytes, the

selenium-dependent GPOX is rapidly and completely destroyed by heat treatment
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(Paglia and Valentine, 1967). This GPOX-like activity against H,O, in insects (2-12
units; (Ahmad et al., 1989)) is relatively low compared to mammalian tissues where
levels may reach 300 units per mg protein (Levine and Kidd, 1986). It appears that
cellular defenses in insects against lipid peroxides, which are a major consequence
of photo-oxidative damage to membranes, may take the form of both GSH-
dependent (e.g. GSH-transferase) and non GSH-dependent peroxidases with perhaps
only a minor (if any) role for the Se-dependent GPOX. It has been suggested that
the low Se content of plants, and the fact that plants do not have a Se requirement,
may have led phytophagous insects not to rely on a Se-dependent GPOX (Ahmad
et al.1989). As well, the high CAT activity in insects and its broad subcellular
distribution could protect against the accumulation of H,0, (Ahmad et al.,1988a). We
are investigating further the nature of the peroxidases in lepidopterous larvae and
their ability to provide protection against lipid peroxidation.

The differences in antioxidant enzyme activities we observed could be related,
in part, to differences in diets. For example, A. plagiata is reared on fresh plant
material whereas M. sexta and O. nubilalis are reared on artificial diets. However to
determine if pre-conditioning has a major effect on these species we have comparcd
(results not shown) SOD and CAT activity in M. sexta larvae raised on either
artificial diets or fresh tobacco and found that in the latter case larvae had only 10
to 20% higher levels. This pre-conditioning might affect induced enzyme activity

aowever.
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Our tesults support the view that specialist feeders (e.g. A. plagiata, P.
polyxenes) which regularly encounter high levels of phototoxins may require high
constitutive levels of antioxidant enzymes. Generalist feeders (e.g. T. ni, O. nubilalis)
which intermittently ingest phototoxins may have lower levels of these enzymes and

this, in part, may make them potentially more susceptible to photo-oxidative damage.

2.4.2 Response of Antioxidant Enzymes to Hypericin

If some insects use antioxidant enzymes as a defense against photo-activated
seconidary plant compounds, it might be expected that antioxidant enzyme activity in
ihese species is inducible, much in the same way as other xenobiotic detoxification
enzymes in insects are inducible. As well, it could be argued that for antioxidant
enzymes to be an effective defense against free radicals and singlet oxygen, either
high constitutive levels of these enzymes must be maintained and/or that enzyme
activity should be rapidly inducible. This might be necessary given the rapidity with
which many phototoxins can generate toxic oxyradicals.

Only a few studies have examined the short-term effects of plant photo-
oxidants on antioxidant enzyme activity in inse.ts. We initially examined the short-
term effects (within one hour) of ingestion of hypericin by A. plagiata. At the lowest
level of hypericin given, 0.01 ug/disc, only a slight increase in enzyme activity

occurred. At higher doses however, a strong inhibition of SOD, CAT, and GR
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activity was observed. This inhibition was significant at the 0.1 ug/disc level (0.02%
fresh weight), a level of hypericin which is normally found in A. plagiata’s host plant,
H. perforatum. In this species, hypericin may reach 0.04% of fresh weight (Pace and
McKinney, 1941). In P. polyxenes, SO levels have been shown to increase
significantly when this species was fed for 1 to 12 h on diets containing quercetin, a
flavonoid known to produce activated oxygen species (Pritsos ef al.,1988; Joshi and
Pathak, 1983). However both CAT and GR activity were both strongly inhibited by
this compound. Very similar short-term results have also been obtained with the
furanocoumarin xanthotoxin when used in diets fed T, ni (Ahmad et al., 1988b). Both
quercetin and xanthotoxin have been shown to exhibit a time and concentration-
dependent inhibition of the GPOX activity observed in the southern armyworm S.
eridania (Ahmad et al.,1987) although this could reflect an inhibition of GSH
transferase.

The nature of the short term inhibition of antioxidant enzymes by these
phototoxins is unknown but it is most likely caused by the generation of free radicals
or singlet oxygen leading to photo-oxidation, although direct inhibition cannot be
ruled out. Most phototoxins examined to date display a dark toxicity and we cannot
rule out the possibility that the inhibition seen is not strictly light-dependent. The fact
that phototoxins can strongly inhibit antioxidant enzymes such as CAT and GR
suggests that many phytophagous insects, particularly those specializing on p?}qtotoxic

plants, may need high constitutive levels of these enzymes if they are to act as an
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effective antioxidant defense. At present, we are unable to properly assess and
quantify the amount of oxidative stress caused by plant phototoxins. Xanthotoxin,
even though known to produce toxic oxygen radicals (Joshi and Pathak, 1983), also
acts through a genotoxic mechanism (Ashwood-Smith et al., 1980) whereas hypericin
is believed to operate primarily through the generation of singlet oxygen (Knox and
Dodge, 1985). The fact that both hypericin and quercetin can inhibit CAT and GR
whereas xanthotoxin has relatively little effect suggests that they may be more likely
to cause oxidative damage.

Very little work has been carried out on the longer term {e.g. greater than 12
h) consequences of photo-oxidant ingestion on antioxidant enzyme activity. It has
recently been shown that larvae of T. ni , when fed for 36 h on diets containing
xanthotoxin have elevated levels of SOD, CAT, and GPOX activity (Lee and
Berenbaum, 1989). In S. granarius, use of the fumigant phosphine, which produces
toxic oxygen species, has shown that treated insects have elevated levels of SOD yet
have greatly depressed levels or peroxidase activity (Allen et al., 1983; Boveris et al.,
1972). In our study, larvae fed either the hypericin-containing H. perforatum, or the
hypericin-free H. calycinum maintained relatively similar SOD levels, however CAT
and GR were, after 48 h, maintained at a significantly higher level of activity in the
groups ingesting hypericin. The fact that no furthur changes in enzyme activity were
seen after 48 h may be related in part to the fact that some larvac may be

approaching late instar when levels of activity have been shown to decline (Tables
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2-4). This response of A. plagiata to hypericin ingestion suggests that the antioxidant
enzymes CAT and GR may be important inducible defenses against the accumulation
of free radicals and singlet oxygen. High constitutive levels of SOD may preclude the
need for induction of this enzyme and may be sufficient to rapidly remove superoxide
anions. CAT, together with the presence of peroxidases, would likely minimize the
risk of peroxidative damage. GR could maintain high levels of GSH for use as both
a general antioxidant and for GSH-dependent peroxidase activity.

As yet, we do not know the relative contribution of cytochrome P450-based
detoxification or other mechanisms such as sequestration to deal with hypericin in
A. plagiata. It is iikely that they play an important role in reducing the amount of
unmetabolized phototoxin capable of generating toxic oxyradicals, and this area
requires investigation. However it is likely that the detoxification enzyme system and
the antioxidant enzyme system work in concert to prevent oxidative damage. Our
results suggest that high constitutive levels may be an important defense mechanism
and that photo-oxidants are capable of inhibiting these enzymes. Phytophagous
insects which have highly developed antioxidant enzyme systems may be preadapted

to exploit phototoxic plants.

61



CHAPTER 3: ANTIOXIDANTS AS A DEFENSE AGAINST PHOTOTOXIN
INGESTION

3.1 INTRODUCTION

Many plant secondary compounds are capable of acting as.photosensitizers
and causing biological damage to insects (Towers, 1984; Knox et al., 1987). Upon
absorption of light the photo-oxidants, which are the sensitizers of interest in this
study, generate, either directly or indirectly, highly toxic species of oxygen inciuding
singlet oxygen and free radicals such as superoxide and hydroxy anions. Biological
damage is caused primarily through the oxidation of proteins, lipids, and nucleic acids
(Spikes, 1977).

A large degree of variation in the sensitivity of insect herbivores to these plant
phototoxins has been demonstrated (Champagne ef al., 1986; lyengar et al., 1987,
Berenbaum and Lee, 1991) and it has been postulated that some insects may have
specific behavioural and biochemical defense mechanisms to deal with either the
accidental or necessary ingestion of phototsxic plant chemicals (Larson, 1986; Larson
and Berenbaum, 1988; Pardini et al, 1988, Sandberg and Berenbaum, 1989).
Behavioural mechanisms of defense include the leaf-tying behaviour of tortricid
caterpillars feeding on phototoxic Hypericum perforatum (Sandberg and Berenbaum,
1989) and the light-avoidance behaviour of Chrysolina sp. larvae (Fields et al., 1990).

Recently, much work has focussed on the presence of antioxidant enzymes such as
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superoxide dismutase, catalase, glutathione reductase, and peroxidases in
lepidopteran larvae (e.gPritsos et al, 1988; Lee and Berenbaum, 1989). In
mammalian systems these >nzymes are well known to be a primary line of defense
against free radical damage (Halliwell and Gutteridge, 1985). In some insects, the
levels of these antioxidant enzymes have been shown to increase in response to the
ingestion of phototoxins such as the flavonoid quercitin (Pritsos ef al., 1988) and the
furanocoumarin $-methoxypsoralen (8-MOP) (Lee and Berenbaum, 1989). These
enzymes could provide an important defense mechanism which is complementary to
the P450-based detoxification enzyme system of insects.

There are also a number of small molecular weight molecules which are
capable of preventing the deleterious effects of free radical and singlet oxygen
{ormation. Beta-carotene, ascorbic acid (vitamin C), and aipha-tocopherol (ﬂtaﬁin
E) are all known to be either effective quenchers of toxic oxygen species or to be
capable of preventing lipid peroxidation (Halliwell and Gutteridge, 1985). Larson
(1986) has reviewed the occurrence of potential inhibitors and quenchers of free
radicals and singlet oxygen in insects. These include carotenoids, vitamin E, ascorbic
acid, and some amines and sulphur compounds. Uric acid has been postulated to be
an important antioxidant in mammals (Ames et al., 1981) and it could have an
antioxidant role in insects as well. Little experimental work has been carried out
however, to determine whether these molecules are an effective defense against plant

phototoxins. In housefly larvae, Robinson and Beatson (1985) have shown that
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dietary beta-carotene exerts a protective effect in larvae treated with the
photosensitizing dye erythrosine B, Ascorbate, tocopherol, and commercial
antioxidants such as butylated hydroxytoluene (BHT) actually enhanced the toxic
effect of the dye. In herbivorous insects it is unknown whether dietary antioxidants
play a role in protecting them against photo-oxidative damage.

We have been examining the phototoxin alpha-terthienyl (a-T), which is a
thiophene found in many species of the family Asteraceae and which shows a wide
degree of variation in its toxicity to insect herbivores. Larvae of the tobacco
hornworm, Manduca sexta, are particularly sensitive to this compound whereas the
polyphagous O. nubilalis and the specialist feeder A. plagiata are not sensitive (o
phototoxins (Downurri et al., 1984; Downum, 1986; Iyengar et al., 1987; see also
Appendix III). We have investigated firstly, whether the differences in sensitivities of
these larvae can be explained in part by differences in tissue antioxidant levels and
secondly, whether any degree of protection can be afforded to the phototoxin-

sensitive M. sexta by the addition of dietary antioxidants such as ascorbate, beta-

carotene, and vitamin E.

3.2 METHODS AND MATERIALS
3.2.1 Insects and Antioxidants
Insects were raised as previously described (Chapter 2). For M. sexta, newly

hatched larvae were transferred to trays of diet cubes which contained varying
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amounts of antioxidants. For groups of larvae raised on diets supplemented with
beta-carotene or vitamin E (0.001, 0.01, 1.0% of diet), the antioxidant was first mixed
with 2 mls of linseed oil and then added to 100 g of diet. Control diets also received
2 mis of linseed oil. For diets in which the level of ascorbic acid was altered (0.0024,
0.024, 0.24, 1.2% of diet) the antioxidant was added as 2 dry ingredient to cooled

diet.

1.2.2 Mortality Assessments

Four to seven groups of ten, third-instar M. sexta larvae (50-80 mg mean
weight) which had been raised on diets containing antioxidants were placed into glass
petri dishes and then treated with a-T using a Potters spray tower. After treatment
the larvae, together with diets, were placed under a bank of near-UV lamps (300-400
nm, Westinghouse BLB, 5 W/ m?) for eight hours and then returned to the incubator.
Mortality assessments were made at 24 and 48 hours after spraying the insects. Five
mls of a 1.5 mg/ml! solution of a-T in acetone containing 1% propylene glycol was
found to result in approximately a 50% mortality in control groups and so this level
of treatment was used in all trials. Three round glass coverslips (22 mm dia.) were
also included in each petri dish in order to measure actual application rates. The a-T
on the coverslips was dissolved in 1 mi of methanol and its concentration measured
using a spectrophotometer (Varian 2200). The application raic was 1.31+0.37

ug/em’,
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3.2.3 Tissue Analysis
3.2.3.1 Vitamin E

Vitamin E content was examined in midgut, fat hody, and carcass (tissue
remaining after removal of digestive tract) tissues using a modification of the
procedures of Zaspel and Csallany (1983) and Miller and Yang (1985). Fifty to one
hundred mg of tissue was dissected into cold 0.15 M NaCl containing 5% ascorbic
acid (BDH Chemicals) and then homogenized on ice in 1 ml of 1:1 methanol: 5%
ascorbic acid in water. Samples were then transferred to 1.5 ml Eppenderf plastic
tubes and 0.5 mls hexane added. After vortexing for 10 seconds the tubes were
centrifuged in the cold for two minutes in a Beckman microfuge (13000g), the hexane
layer removed to a glass vial and the extraction procedure repeated twica, The
combined hexane extracts were dried under nitrogen in dim light, reconstituted in
300 ul methanol, and then 20 ul injections used in the HPLC. Unused portions of
samples were frozen (-70°C) for subsequent beta-carotene analysis.

Vitamin E was analyzed by HPLC with a Perkin-Elmer LC-250 binary pump
and an LS-40 fluorescence detector. Vitamin E was detected using an excitation
wavelength of 295 nm and emission wavelength of 340 nm. The column used was a
Beckman Ultrasphere C18 (4.6 mm x 25 cm) with a solvent system consisting of
methanol:water (98:2) delivered at 2.0 ml/min. The elution time of vitamin E was

79 min. Extraction efficiencies using vitamin E-dosed samples averaged 87%.
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Standards were prepared from fresh stock solutions of alpha-tocopherol (Sigma) in

methanol,

3.2.2.2 Beta-carotene

Beta-carotene was analyzed using a Waters Model 441 Absorption detector
containing a mercury lamp and 436 nm filter. The column was eluted isocratically
with methanol:acetonitrile:chloroform (25:60:15) at a flow rate of 1.5 mi/min (Miller
and Yang, 1985). Standards were prepared using a stock solution (2mgs/mi) of beta-
carotene (Sigma) in chloroform. Extraction efficiencies averaged 84% with dosed

samples while the retention time of beta-carotene was 15.1 min.

3.2.2.3 Vitamin C

For vitamin C determinations, 50 to 100 mg tissue was dissected in to cold
0.15 M NaCl. After weighing, the tissue was homogenized on ice in a glass
homogenizer in 3 mls 6% metaphosphoric acid, and then samples centrifuged in the
cold for 10 min at 6000 rom and the supernatants filtered (0.45 um, Millipore).

The HPLC system used to detect vitamin C in tissue samples consisted of a
Beckman Modei 110 pump with Model 420 Controller and Model 165 variable
wavelength detector set at 242 nm. The buffer used was 70 mM sodium acetate (pH
4.2) containing 0.15% metaphosphoric acid delivered at 1.0 mi/min. The column used

was a Beckman Ultrasphere C-18 (4.6 mm x 25 cm). Ascorbic acid was identified by
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comparison with the retention time (2.8 min) and UV spectra of pure ascorbic acid.

Extraction efficiencies averaged 92%.

3.2.2.4 Bound and Free Sulfhydryls

Total (TSH), protein bound (PBSH), and non-protein bound (NPSH)
sulfhydryls were determined by the method of Sedlak and Lindsay (1968) and
Habeeb (1972). Tissues (50-100 mg) were homogenized on ice in 4.0 mis of 0.02 M
EDTA (pH 4.7). For TSH, 250 ul of tissue homogenate was combined with 750 ul
TRIS buffer (0.2 M, pH 8.2), 4.0 mls methanol, and 50 ul dithiobisnitrobenzoic acid
(DTNB) (4.0 mg/ml in methanol). Standards were prepared using 950 ul TRIS, 4.0
mls methanol, 50 ul DTNB, and 50 ul of a stock solution of @steine in H,0. A
reagent blank (no sample) and TSH sample blanks for each tissue sample (no
DTNB) were also prepared. After color development (30 min), solutions were
vortexed for S s, centrifuged for 4 min at 6000 rpm, and the absorbance read on a
Cary 2200 spectrophotometer. The extinction coefficient of 13,600 Mtem™ was used
for calculations. For NPSH, 2.5 mls of homogenate was combined with 2.0 mis
distilled water and 0.5 ml 50% trichloroacetic acid. After vortexing for 1 min, the
solutions were centrifuged for 4 min as above. After filtering 10.45 um, Millipore) 1.0
ml was added to 2.0 ml TRIS buffer and 50 ul DTNB and the samples read after 15

min. PBSH was calculated by subtracting NPSH from TSH.
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3.3 RESULTS
3.3.1 Tissue Analysis for Antioxidants and Sulfhydryls

The tissue levels of antioxidants found in the three species are presented in
Table 6. Vitamin E levels are clearly highest in A. plagiata, the specialist feeder on
phototoxic plants, although O. nubilalis also had high fat body levels. In contrast,
vitamin C levels were found to be highest in all tissues of M. sexta. Beta-carotene
levels were also found to be highest in A. plagiata and not detectable in any tissue
of O. nubilalis nor in the fat body of M. sexta.

Bound and free sulfhydryls were also examined (Table 7) in these three
species since thiol status (e.g. cysteine, reduced glutathione) may potentially be an
indicator of sensitivity to phototoxins. NPSH levels were found to be quite high in
the fat body of M. sexta and A. plagiata. PBSH levels were highest in all tissues of 4.
plagiata, with M. sexta exhibiting the lowest overall levels. This resulted in overall

highest TSH in A. plagiata, particularly midgut tissues.

3.32 The Protective Effect of Dietary Antioxidants

The 24 hour mortality of a-T treated (1.37 ug/cm®) groups of larvae fed
control diets ranged from 32 to 56% whereas the 48 hour mortalities of these groups
ranged from 54 to 84% (Figure 7-9). Because of the high level of ascorbic acid in
control diets (Figure 7), we primarily examined the effect of reducing the

concentration of this vitamin in the diet on the sensitivity of M. sexta to a-T. As the
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Table 6: Antioxidant leve]s.in tissues of third instar M. sexta, and fifth instar
A. plagiata and O.nubilalis.

a) Vitamin E

Species Midgut Fatbody Carcass

O. nubilalis 2.39 + 0.14° 9.01 + 1.61° 2.56 + 0.30°
A. plagiata 577 £ 0.17° 6.74 + 1.28" 240 + 0.72°
M. sexta 3.34 + 0.39° 6.98 + 1.35" 1.97 + 0.21°
b) Vitamin C

Species Midgut Fatbody Carcass

O. nubilalis 574.4 + 76.2° 367.1 + 7.7° 475.1 + 110.6°
A. plagiata 3422 + 44.2° 2322 + 23.7° 288.9 + 35.0°
M. sexta 1009.1 + 37.0° 709.1 + 79.7° 1048.2 + 55.0°
c) Beta-carotene

Species Midgut Fatbody Carcass
O.nubilalis N.D. N.D, N.D.

A. plagiata 1.1+02 N.D. 04 + 0.1
M. sexta 0.2 + 0.1 N.D. 0.3 + 0.1

*Values are pg/g tissue and are means + S.D. of four samples. Using a simplc one-way ANOVA, means in cach vertical column
were compared using a Tukeys test. Values in each vertical column of each section followed by the same leller arc not

significantly different.
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‘fable 7: Bound and Free _Sulfhydryls in tissues of third instar M. sexta and fifth instar
A.plagiata and O.nubilalis.

a) Non-Protein Bound

Species Midgut Fatbody Carcass
O. nubilalis 0.60 + 0.15° 0.84 + 041° 0.52 + 0.13°
A. plagiata 0.64 + 0.05° 2.01 + 041° 0.32 + 0.02°
M. sexta 0.53 + 0.12° 259 + 0.52° 0.63 + 0.03°
b) Protein Bound

Species Midgut Fatbody Carcass
O. nubilalis 5.07 + 1.30° 1.88 + 0.80° 408 + 0.15°
A. plagiata 6.20 + 0.32° 4.05 + 037° 4,15 + 0.27°
M. sexta 346 + 0.14° 1.61 + 0.69° 213 + 042°
¢} Total

Species Midgut Fatbody Carcass
O.nubilalis 5.67 + 145° 2.72 + 0.66° 4,60 + 0.23°
A. plagiata 6.85 + 0.38° 6.05 £ 0.57° 447 + 022°
M. sexta 4.01 + 0.10° 420 + 035° 277 + 041°

*Values are umoles S/ g tissue and are means + S.D. of four samples. Using simp!
column were compared using a Tukeys test. Values in each vertical column of each
significantly different. Non-protein bound = total - protein-bound.
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Figure 7: Toxicity of o-T to third instar larvae of Manduca sexta raised on diets
containing various levels of ascorbic acid. Open circles: 24 h mortality; closed circles: 48 h
mortality. Asterisks indicate levels of antioxidant in control diets.
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level of the vitamin was reduced (from 0.24% to 0.024%), greater mortality was
observed. In contrast, a five-fold increase in the vitamin, from 0.24 to 1.2%, afforded
no degree of protection against the phototoxin.

The lipid soluble antioxidants, beta-carotene and vitamin E, were both found
to provide excellent protection against the toxicity of a-T. Beta-carotene, at a
concentration of 0.1%, reduced the 24 hour mortality of M. sexta to only 3% (Figure
8). Substantial reduction in mortality (to 249%) was also seen at a ten-fold lower level
of this antioxidant (0.01%) whereas ten-fold greater levels (1.0%) provided no further
protection. The 48 hour mortality values closely reflected the 24 hour trends with
only slightly greater mortality at each level of antioxidant.

The results with vitamin E (Figure 9) resembled those of beta-carotene. A
significant level of protection (mortality dropped to 25%) was observed at the 0.01%
level while near maximal protection (mortality only 5%) was obtained using 0.1%
vitamin E. The 48 hour mortalities again only showed slight increases at each level

of antioxidant.

3.3.3 Tissue Antioxidants in Larvae Fed Control and Antioxidant-Supplemented

Diets

In order to confirm that the lipid soluble antioxidants which had provided

protection against a-T were actually increasing in M. sexta tissues, we examined levels
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Figure 8: Toxicity of -T to third instar larvae of Manduca sexta raised on diets
containing various levels of beta-carotene. Open circles: 24 h mortality; closed circles: 48
h mortality. Asterisks indicate levels of antioxidant in control diets.
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Figure 9: Toxicity of T to third instar larvae of Manduca sexta raised on diets
containing various levels of vitamin E. Open circles: 24 h mortality; closed circles: 48 h
mortality. Asterisks indicate levels of antioxidant in control diets.
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in midgut, fat body, and carcass of larvae fed on control diets and on diets
supplemented with 0.1% antioxidant (Table 8). In the case of both beta-carotene and
vitamin E, the increased dietary antioxidant level resulted in a corresponding increase
in tissue levels. In the standard M. sexta diet the level of beta-carotene and vitamin
E is extremely low (<0.0001%) and this is close to the levels observed in the tissues
of control groups. For vitamin E, increasing the dietary concentration by 1000-fold
resulted in 445 to 2644-fold increases in tissue levels while increases in dietary beta-

carotene resulted in tissue beta-carotene levels which were only 48-57 fold higher.

3.4 DISCUSSION

We observed the highest level of vitamin E in tissues of A. plagiata. This is
perhaps not surprising, however, since this species was raised on fresh plant material
whereas the other two species were raised on artificial diets. Similarly, beta-carotene
levels might be expected to be higher in tissues of larvae fed fresh material. A.
plagiata had relatively high levels of beta-carotene in midgut tissues as compared to
the other two species. In contrast to the lipid soluble antioxidants, vitamin C levels
were found to be highest in M. sexta. This likely reflects the high level of vitamin C
in this species diet and suggests that vitamin C is not very effective as a protective
antioxidant, at least with this species - photosensitizer combination.

An examination of the thiol status in tissues of these larvae showed only slight

differences in sulfhydryl levels with A. plagiata exhibiting an overall higher level of
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Table 8: Tissue levels of Antioxidants in M. sexta larvae fed control or antioxidant-supplemented diets.
Vitamin E? Beta-carotene®
r__—ﬂ_—r—'ﬂ—___r___—
Midgut Fatbody Carcass Midgut Fatbody Carcass
Control® 33404 | 70414 | 20402 || 02+ N.D. 0.3 + 0.1
0.1
0.1% 4980 + 1259 | 3103 + 97 | 5209 + 60 5.7+ 1.0+ 03| 189432
antioxidant 1.4
in diet
Fold Increase 1491 445 2644 48 - 57

a; uglg fresh weight tissue (means + 5.D.) of 3 samples.
b: fresh diet was analyzed and found to contain approximately 1 ug/g vitamin E and 0.1 -0.5ug/ g

beta-carotene.
N.D.: not detected.
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both PSH and TSH. This suggests that the basai level of sulfhydryls could contribute
to the variation in sensitivity to phototoxins although this status could be affected
differentially in the three species (see also Chapter 4). Many sulfhydryls and
sulfhydryl-containing proteins (e.g. enzymes) are susceptible to oxidation such as
might be expected by photosensitization with a-T.

The lipid soluble antioxidants beta-carotene and vitamin E, when administered
in artificial diets, substantially reduced the mortality associated with treatment of M.
sexta larvae with the phototoxin a-T. Ascorbic acid provided no additional protection
when dietary levels were increased whereas a reduction in the control levels resulted
in much higher mortality. This latter result may however be due in part to a
decreased fitness of the larvae. Ascorbic acid is an essential nutrient for most
herbivorous insects (Dadd,1985) and in M. sexta, suboptimal dietary ascorbic acid has
been shown to cause abnormal growth and development (Kramer et al., 1978).
Ascorbic acid is capable of scavenging activéted oxygen species such as superoxide
anions although its efficiency is orders of magnitude lower than superoxide dismutase
(Levine and Kidd, 1986). Ascorbic acid can also react with and reduce the tocopherol
quinone radical resulting from the oxidation of tocopherol and in this way regenerate
reduced tocopherol which is an interceptor of free radicals and singlet oxygen
(Witting, 1976). Tue fact that increased dietary ascorbic acid provided no additional
protection against a-T might be related to its hydrophilic character (in contrast to the

lipophilicity of a-T (log P=5.7)). In the housefly, Musca domestica, ascorbate
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actually enhanced slightly the phototoxic effect of erythrosine B treatment of larvae
(Robinson and Beatson, 1985).

Unlike ascorbic acid, vitamin E appears to be an essential dietary requirement
in far fewer species (Dadd, 1985). Vitamin E has been shown to be required for
normal adult reproductive function in Spodoptera exempta (David and Ellaby, 1975)
and in crickets (McFarlane, 1972). An important role for vitamin E in insects is likely
as a general antioxidant since it is an excellent scavenger of activated oxygen species
(Foote et al, 1978). It may also have a role in the conservation of tissue
polyunsaturated fatty acids as has been suggested for Pieris brassicae (Turunen, 1976).
In our study, vitamin E was found to be an extremely effective antioxidant capable
of protecting M. sexta larvae against lethal oxidative damage from a-T. The toxicity
of a-T to insects is believed to be primarily due to its strong production of singlet
oxygen and subsequent damage to essential membranes (Bakker et al., 1979; Arnason
et al., 1981a,b; Scaiano et al., 1989). McRae ct al.(1985) have shown that antioxidants
can markedly reduce a-T induced lipid peroxidation in egg lecithin liposomes. In the
case of M. sexta, treatment of larvae with sublethal levels of a-T has been shown to
cause black lesions of the cuticle (Downum, 1986; Champagne ef al., 1986) and to
cause rapid destruction of midgut epithelial cells (Sen et al., 1990). The lipid-soluble
nature of vitamin E and the ability of M. sexta tissues to rapidly accumulate large
amounts of this antioxidant from their diet (Table 8) may account for its protective

effect.
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Carotenoid pigments can also function as effective quenchers of singlet oxygen
and other oxygen-centered radicals (Foote and Denny, 1968; Krinsky and Deneke,
1982). Beta-carotene has the highest quenching raie known for any quencher of
singlet oxygen (2-3 x 10'*M'sec”)(Foote, 1976). Carotenoids may react directly with
peroxy and alkoxy radicals and hence prevent lipid peroxidation (Halliwell and
Gutteridge, 1985). Beta-carotene has been shown to protect against phototoxicity
induced by 8-MOP in mammals (Giles et al., 1984). In insects, carotenoids have been
examined from a variety of tissues (see, for example, Feltwell, 1978; Goodwin, 1980)
and the dominant carotenoids found are lutein and beta-carotene (Feltwell and
Rothschild, 1974). Large variations exist in the ability of some insects to absorb these
carotenoids (Kayser, 1985); variations which are also found in insects reared on

identical host plants (Feltwell and Rothschild, 1974). In terms of their function in
| insects, it is known that deprivation ¢f either vitamin A or suitable carotene
precursors, results in an impairment of the visual and light responses in several
species (Veerman, 1980). In addition to their role in insect warning coloration
(Rothschild, 1975), it has been suggested that they may also have a photoprotective
role (Feltwell and Rothschild, 1974). In a short report, Poff (1976) observed that
cryptic Leptinotarsa species had low concentrations of carotenoids and a lower
carotenoid to xanthophyll ratio than in their host plants and conversely that
aposematic species had higher concentrations of carotenoids and a higher ratio of

carotenoids to xanthophylls. Poff (1976) suggested this high level of carotenoids might
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have a protective role against incoming radiation.

In our study, beta-carotene effectively protected M. sexta at a dietary
concentration of 0.1%, a concentration of beta-carotene frequently found in plants
in nature (Bureau and Bushway, 1986). It is not known whether M. sexta might be
able to attain this level of beta-carotene and/or protection by feeding on its typical
host plant, tobacco. Nevertheless, we have demonstrated that dietary antioxidants
such as beta-carotene can dramatically alter the sensitivity of this insect herbivore to
a plant phototoXin.

Our results with beta-carotene and vitamin E are consistent with the view that
the lethal damage caused by a-T is primarily due to 1¢, formation as both
antioxidants are excellent quenchers of this species of O,. However, Type I (electron
transfer) and Type II (energy transfer) processes are always in competition (Foote,
1987) hence we cannot rule out that the phototoxicity of a-T is due in part to a free-
radical mechanism. Vitamin E is also a good radical scavenger. a-T is capable of O,-
production (Kagan ef al., 1989) altﬁough laser flash photolysis studies (Scaiano et al.,
1989) indicate that electron transfer accounts for only 1% of the activated O,.
Perhaps specific scavengers and quenchers of different activated species of O, could
be used fo resolve this question.

We have also been investigating antioxidant defenses in phototoxin-tolerant
insects. Larvae of the chrysomelid beetle Chrysolina hyperici, for example, are

specialist feeders on F. perforatum which contains hypericin, a strong generator of
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singlet oxygen (Knox and Dodge, 1985). These larvae, though primarily using light-
avoidance as a defense mechanism against phototoxicity (see Fields ef al., 1990), have
been observed to have brightly colored (orange-red) fat body. HPLC analysis of last-
instar larvae (results not shown) indicated levels of beta-carotene of 336.2 + 45.7
ug/g(x + S.EM, n=3); levels which are two to five fold higher than have been
observed in many coleopteran and lepidopteran larvae (Feltwell and Rothschild,
1974). The protection provided by beta-carotene to M. sexta suggests that high levels
of beta-carotene in C. hyperici may also protect these insects from host-plant
phototoxins.

A number of factors may be involved in explaining the extreme sensitivity of
M. sexta larvae to phototoxins, not the least of which might be the low level of lipid-
soluble antioxidants in its artificial diet. M. sexta has also been recently shown to
have a relatively low complement of the antioxidant enzymes superoxide dismutase,
catalase, and glutathione reductase (Aucoin et a/.,1991) and this may contribute to
its sensitivity. Physical factors such as the amount of light penetration through the
cuticle may also play an important role. Berenbaum (1987) has observed that a black
mutant strain of this species is less sensitive to phototoxins than normally pigmented
larvae. As weli, M. sexta is an oligophagous herbivore and may not have had
sufficient exposure to phototoxins in its natural diet breadth to develop an adaptive
response in the form of specific defenses.

The fact that M. sexta can be protected from the toxicity of a-T suggests that
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the sensitivity of other insect herbivores to phototoxins may be dependent in part on
the nature and level of plant chemicals in their diet which can act as antioxidants.
This would also depend on the ability of insects to absorb and utilize these chemicals,
Antioxidants may have played an important role in the ability of some insects to

develop successfully on phototoxic plants.
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CHAPTER 4: Biochemical Effects of Photo-oxidative Stress Induced by a-T and the
Protective Effect of Antioxidants and Antioxidant Enzymes.

4.1 Introduction

Relatively little definitive evidence regarding the mode of action of the photo-
oxidant a-T in herbivorous insects is available and much of what is known has been
elucidated using photo-oxidative dye sensitizers on non-herbivorous insects (e.g.
Pimprikar, 1986). Biochemical sites of action of photo-oxidants include membrane
lipids, proteins, and nucleic acids. In mosquitoes, one critical target of a-T appears
to be the anal gill membranes, where the toxin has been shown to accumulate and
cause structural damage (Arnason et al, 1987) as well as increase lipid peroxidation
(LFO) (Hasspieler et al, 1990). Other targets in the mosquito are the midgut
epithelium and malpighian tubules where the toxin also localizes (Hasspieler et al.,
1988). In the tobacco hornworm M. sexta, topically applied a-T has been shown to
rapidly induce cuticular lesions (Downum, 1984; Champagne et al., 1984,1986), while
at subacute doses, ingested phototoxin can damage midgut epithelial cells (Senet al.,
1990), and severely impair larval growth and the efficiency of conversion of ingested
food (Samuels and Knox, 1989). One of the likely consequences of oxidative stress
caused by photo-oxidant chemicals such as a-T in insect midgut tissue is an increase
in LPO which in turn could be responsible for impaired digestion. Cell membrane

phospholipids are susceptible to peroxidation which may lead to altered membrane
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permeability and cell lysis (Mead, 1976). In vitro, photosensitization by a-T has been
shown to induce potassium ion leakage and hemolysis in erythrocytes (Wat et al.,
1981), and to initiate both glucose leakage and LPO in egg lecithin liposomes
(MacRae et al., 1985). In vivo, it initiates leakage of halide from mosquito larvae
(Arnason et al., 1987). These results strongly suggest that LPO may be an important
factor in the toxicity of this compound to insect herbivores.

A second possible biochemical target of photo-oxidation is proteins. a-T is
known to photo-oxidize glucose-6-phosphatase in vitro (Bakker et al., 1979) and
acetylcholine esterase in human erythrocytes (Yamamoto et al., 1979) and in
mosquito larvae (Kagan et al.,1982). |

Nucleic acids are also a possible target of photo-oxidants and ample evidence
of mutagenesis is available in the case of DNA intercalating substances such as
berberine or psoralens. With a-T, there is little evidence of mutagenesis in several
studies including Ames test, sister chromatid exchange, etc.(e.g. MacRae et al., 1980)
and little evidence of DNA intercalation.

In this report we examine the potential for @-T to cause LPO in the
phototoxin-sensitive herbivore, M. sexta and the potential for vitamin E to prevent
damage. As well, we examine the effect of photo-oxidative stress on several
antioxidant enzymes which may play an important role as cellular defenses. GPOX
and GR are well known, in mammalian systems, to be an important line of defense

against deleterious oxygen species (Mead, 1976). GPOX removes a variety of
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potentially harmful peroxides while GR catalyzes the reduction of oxidized
glutathione (GSSG) and hence maintains high levels of GSH for GPOX. GSH itself
has long beer considered an antioxidant and an important component of insect |
detoxification systems, such as the GST (E.C.2.5.1.18) -mediated conjugation of
xenobiotics. GST itself catalyzes, via peroxidase activity, the removal of a wide variety
of lipid peroxides but not H,0, (Mannervik, 1985). Other, non-glutathione dependent
peroxidases (e.g. PER, E.C.1.1 1.1.7) may aiso exist to prevent the build-up of harmful
peroxides (Mannervik, 1985). Because of the dependence of some of these
antioxidant enzymes on GSH, its potential role as an endogenous antioxidant, and
its role in detoxification, we also investigated whether a-T could affect cellular thiol

status.

4.2 Methods and Materials

4.2.1 Chemicals

All purified enzymes, substrates, and co-factors used in the enzyme assays
were from Sigma, St.Louis, Missouri. 5-sulfosalicylic acid, 2-vinylpyridine, and
triethanolamine were from Aldrich Chemicals, Milwaukee, Wis. Hydrogen peroxide

(30%) was from BDH Chemicals, Toronto, Ont.

4.2.2 Lipid Peroxidation

To examine the effect of a-T on lipid peroxidation in midgut tissue of M.
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sexta, the method of Dillard and Tappel (1984) was used. This assay is based on the
fluorescent Schiff-base produets formed from the reaction of endogenous amines with
the decomposition products of lipid peroxides (e.g.malondialdehyde). These bases
have characteristic excitation maxima of 315 to 400 nm and emission maxima of 420
to 470 nm and therefore the extent of LPO can be quantified (on a relative but not
absolute basis) by flucrescence spectrophotometry.

Early third instar M. sexta larvae were raised according to the methods of Bell
and Joachim (1976) until early fifth instar on either control diets (<1 ug/g vitamin
E) or diets supplemented with vitamin E (1 mg/g). Controls (-a-T, +UV), dark
treated (+a-T, -UV), and light treated groups (+a-T, +UV) were then fed control
diets containing 0 or 50 ug/g &-T for 24 h. Light treated groups received 4 h UV
from a bank of blacklight-blue lamps (Westinghouse 4 X 40 W). Groups not
receiving UV were shielded using a Kodak CP2B UV filter.

Two hundred mg of midgut tissue was dissected from larvae, rinsed 3 times
in cold 0.1 M NaCl, and then homogenized for 1 min in 3 mls cold 2:1 chioroforn:
methanol. After addition of 3 mls water the samples were vortexed for 10 s,
centrifuged for 2 min at 1500g and the top layer removed to a glass vial. Methanol
was then added (0.1 ml/ml sample) and the samples irradiated under UV for 30 s
to remove retinol, a potentially interfering flourescent compound. Samples were then
transferred to quartz cuvettes and the fluorescence spectra recorded using a Perkin-

Elmer L.S-50 spectrophotofluorimeter. Excitation and emission slit widths were set
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at 2.5 nm.

4.2,3 Antioxidant Enzymes

To investigate the effect of -T on antioxidant enzyme activity, fifth instar
larvae were raised in UV-transparent petri dishes for up to 72 h on control diets or
diets containing 50 ug/g a-T. Groups receiving light treatment were placed under
UV lights as above for 8 h per day. After dissection, 150 mg of rinsed midgut tissue
was homogenized for 1 min in 1.5 mls cold sodium phosphate buffer (50 mM, pH
7.0). After centrifugation for 5 min at 14000g, the supernatants were transferred to
glass vials and used as the enzyme source.

GPOX was measured according to the method of Strauss et al. (1980) as
previously described (Aucoin et al., 1991). Activity is expressed as nmol NADPH
oxidized per min per mg protein.

GR was determined using the method of Racker (Racker, 1955) as previously
described (Aucoin et al, 1991). One unit of activity is defined as the change in
ahsorbance due to the disappearance of NADPH at 340 nm of 0.001A per min per
mg protein.

Non-GSH-dependent peroxidase activity (PER) was determined according to
the method of Armstrong et al (1978). Phenylenediamine is used as a hydrogen donor

cosubstrate that is oxidized to purpurogallin which absorbs at 412 nm. A typical
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reaction mixture in a 1 ml cuvette contained 20 mM H,0, in phosphate buffer (0.15
M, pH 7.5), 18 mM phenylenediamine, and an aliquot of insect sample. Absorbaince
was followed for 3 min and enzyme activity defined as units per mg protein where
1 unit is the change in absorbance per minute.

All assays were conducted at 25°C using a programmable Varian DMS 300
spectrophotometer. Protein determinations were carried out using the Lowry method

(Lowry et al., 1951).

42.4 Cellular Thiol Status

Total, oxidized, and reduced glutathione levels were determined according to
the procedure of Griffith (1980). Larvae were treated as with the enzyme studies for
a total of 72 h. One hundred mg of tissue was then dissected, rinsed in cold NaCl,
and homogenized for 1 min in 1.0 ml cold phosphate buffer (125 mM, pH 7.4, with
6.3 mM EDTA) containing 5% S-sulfosalicylic acid. Samples were then centrifuged
in the cold for 5 min at 13500g in a Beckman microfuge. A 0.1 ml aliquot of the
supernatant was then diluted 50-fold with distilled water and kept on ice for analysis
for total glutathione content. Another 0.5 ml aliquot of supernatant was combined
with 10 ul 2-vinylpyridine and 30 ul 50% aqueous triethanolamine. After vortexing
for 30 s, the preparation was allowed to stand at room temperature for at least 30

min prior to analysis for GSSG.
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Quantification of oxidized and total glutathione was accomplished using an
enzymatic cycling assay using pure GR. A working buffer solution consisted of
phosphate buffer as above containing 0.3 mM NADPH. To assay for total
glutathione, 0.1 ml of diluted supernatant was combined with 0.75 mi working buffer
and 0.1 ml 6 mM 5,5-dithiobis(2-nitrobenzoic acid) in working buffer. After
equilibration for 1 min at 25°C, 50 ul GR (20 units/mi) was added and the
absorbance at 412 nm followed for 4 min. To assay for GSSG, the 2-vinylpyridine
treated supernatant was assayed in a similar manner except that 50 ul sample and 50
ul water was used. Standards containing known amounts of GSH or GSSG and an
appropriate amount of S-sulfosalycylic acid were assayed concurrently with
supernatant samples to establish standard curves. The glutathione concentration was

calculated using the rate of change in absorbance and by comparing samples with

the standard curve.

4.3 Results

4.3.1 Lipid Peroxidation

The fluorescence spectra (Figure 10) illustrate that all tissue extracts from
insects on low vitamin E diets, including controls, exhibit some fluorescent damage

products of LPO. Characteristic broad emission peaks of Schiff bases were observed
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Figure 10: Fluoresence spectra of midgut tissue extracts from larvae of Manduca sexta
receiving either control (UV), &T, or a-T + UV treatments. Left, excitation spectra;

right, emission spectra.

G3




a-T + UV

a-T + UV

230

1
O
@

200

(S}lun 9oUBVSAION|Y anib[e4) ALISNIANI

420 460 500

WAVELENGTH (nm)

=t
(=)




at 410-460 nm as a result of excitation in the range 330-370 nm. In preliminary
experiments (data not shown) there was no Adifference between fluorescence in + UV
or -UV controls. a-T did not enhance fluorescence very much compared to UV
controls however a large, UV-potentiated increase in fluorescence was observed in
tissues treated with a-T +UV. Qualitatively similar peaks have been observed in
mosquito tissue extracts (Hasspieler et al., 1990) where rigorous controls have
demonstrated that the increase in fluorescence due to o-T treatment is not due to
the inherent fluorescent properties of a-T itself. As well, we have observed (results
not shown) similar increases in fluorescence caused by hypericin, a chemically very
different phototoxin.

On low vitamin E diets (Table 9), o-T significantly increased the formation
of fluorescent damage products, particularly in the presence of UV where levels
increased nearly two-fold. In the high vitamin E diets however, the increase in
flourescence was not observed, which is evidence that the protective effects of this

molecule operate in herbivorous insects in a similar manner to other systems.
4,32 Effect of @-T on Antioxidant Enzymes

Figures 11-13 illustrate the effect of the phototoxin a-T on midgut antioxidant
enzyme activity. GPOX activity was observed to increase after 24 to 48 h of ingestion

of a-T in the absence of UV. In contrast, the GPOX activity of a-T +UV groups
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Table 9: Effect of a-T and vitamin E on the fo;mation of fluorescent products of lipid
peroxidation in midgut tissue of Manduca sexta.”
a) Low vitamin E diet (< 1 ug/g)
-Uv +UV
Controls 417.8 + 102.3° 462.5 + 84.3°
a-T 5613 + 70.6° 881.8 + 155.6°
b) High vitamin E diet (1 mg/g)
-UvV +UV
Controls 326.5 + 46.0™ 317.2 + 16.7°
a-T | 2664 431 118.5 + 35.9°

“units are relative fluorescence units per 100 mg tissue and represent means -+ S.D.
of 3-5 samples. Using a simple one-way ANOVA, means in each vertical column
were compared using a Tukeys test. Values followed by the same lettci are not
significantly different. A standard solution of quinine sulfate (1 ug/ml) in 0.1 N
H,S0, gave a fluorescence intensity reading of 94.0.
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Figure 11: Time dependent effects of the phototoxin o-T on GPOX activity in midgut
tissue of Manduca sexta. Values are means + S.D. for 4-5 samples.
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gradually declined and by 72 h was less than half that of controls (7.2 vs. 16.3
units)(Figure 11).

GR activity over the 72 h ingestion period showed a similar pattern (Figure
12). a-T + UV groups had the lowest activity which tended to decline with time while
the -T -UV groups were not significantly different from controls.

PER activity was observed to increase greater than 3-fold (0.46 to 1.57 units)
over the 24 to 72 h period in the a-T -UV groups (Figure 13). However both controls
and the a-T +UV groups had comparable levels of enzyme activity (0.29 to 0.41

units) throughout this peried.

4.3.3 Effect of a-T on Thiol Status

Control groups (+UV) were found to have levels of total glutathione of 53.2
+ 9.4 ug equivalents GSH per 100 mg midgut tissue (Table 10). GSSG in these
groups represented about 1.6% of the total. In groups fed a-T (+UV), both total and
GSH levels were observed to nearly double while GSSG levels declined. This
increase in total glutathione produced by increased GSH levels resulted in strong

increases in the GSH:GSSG ratio.
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Figure 13: Time dependent effects of the phototoxin T on PER actiovity in midgut
tissue of Manduca sexta. Values are means + S.D. of 4-6 samples.
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Table 10: E_ffect of the phototoxin a-T on levels of reduced and oxidized
glutathione’ in midgut tissues of M. sexta.’

Treatment Total GSH GSSG GSSG | GSH:GS
as % SG
Total

uv 532 + 9.4° 524 + 9.6° 0.84 + 0.26 1.6 62:1

a-T 113.9 + 19.3° | 1133 + 19.2° | 0.57 + 0.28° 0.5 198:1

aT + UV_| 1006 + 24.9° | 1002 + 22.9° | 044 + 0.17* 0.4 228:1

"units are ug equivalents GSH per 100 mg tissue and values represent the means +
S.D. of 8 samples. Using a simple one-way ANOVA, means in each vertical coluran
were compared using a Tukeys test. Values followed by the same letter are not
significantly different.
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4.4 Discussion

We have demonstrated that ingestion of -T results in a strong, UV-enhanced
increase in fluorescent damage products of LPO in midgut tissue of M. sexta. This
large increase in LPO (nearly 50% in a-T +UV gfoups on low vitamin E diets) is
likely an important factor in the toxicity of this compound to this species. Sen et al
(1990) observed that a-T caused a swelling and eventual rupture of midgut
epithelium cells in this species. Cell lysis might be caused by an LPO-induced
disruption of membrane infegrity, resulting in altered ion permeability. This is
consistent with the observed in vitro effect of potassium leakage from a-T-treated
erythrocytes (Wat et al., 1981) and the in vivo observation of halide leakage from
mosquito larvae (Arnason et al., 1987).

Although LPO is an early symptom of phototoxicity occuring in stressed but
still living cells, it may not be the primary toxic event. Oxidation of important
membrane proteins and critical -SH groups, may lead to cell damage and subsequent
loss from the cell of protective antioxidant; and transition metal ions that can
stimulate LPO (Gutteridge and Halliwell, 1990). LPO could therefore accompany
rather than initiate cell lysis. Our results with vitamin E demonstrate the
effectiveness of this lipid-soluble antioxidant in preventing LPO in insect midgut
tissue for the first time in a herbivorous insect. Vitamin E is a well known quencher
of singlet oxygen and inhibitor of LPO (Halliwell and Gutteridge, 1985) and is

believed to prevent LPO mainly by reacting with lipid peroxy radicals and

105



interrupting the chain reaction process of lipid peroxidation. We have shown recently
that dietary lipid soluble antioxidants such as vitamin E and beta-carotene can
dramatically alter the acute toxicity of a-T to M. sexta (Aucoin et al., 1990). Larvae
raised on antioxidant-supplemented diets exhibited a concentration-dependent
decline in the mortality associated with topical treatment with a-T. We hypothesized
that this protective effect was because vitamin E and beta-carotene are excellent
quenchers of singlet oxygen and/or the lipid peroxy radicals formed during
propagation of LPO. The present experiments provide biochemical evidence
consistent with this model. The sensitivity of insect herbivores to phototoxins may
therefore depend to a large degree on the levels of protective antioxidants in their
food sources.

In mammals, the primary line of defense against oxidative stress caused by
singlet oxygen and free radicals is thought to be antioxidant enzymes such as SOD,
CAT, and peroxidases such as GPOX (Hailiwell and Gutteridge, 1985). In
lepidopteran larvae, a number of these antioxidant enzymes have already been shown
to be inducible in response to pro-oxidant or photo-oxidant phytochemicals such as
xanthotoxin (Lee and Berenbaum, 1989), quercetin (Pritsos et al., 1988), and
hypericin (Aucoin et al., 1990). In a previous study (Aucoin et al., 1990) we
demonstrated that phototoxin-tolerant insect herbivores such as specialist feeders on
phototoxic plants may have higher constitutive levels of antioxidant enzymes to deal

with these compounds. LPO in the present study is likely an important manifestation
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of a-T toxicity, and so defensive antioxidant enzymes such as GPOX and GR may
be necessary to prevent its progression.

As well, our results show that a-T, in the presence of UV, causes a time-
dependent decline in GPOX activity relative to (+UV) controls and this could be a
fa&tor in explaining the sensitivity of this species to phototoxins. Also, the control
activity of GPOX in this species appears to be somewhat low as compared to a
number of more phototoxin-tolerant species such as the black swallowtail P. polyxenes
(Lee and Berenbaum, 1989). The decline in GPOX activity is most probably a result
of direct photo-oxidation of the enzyme since a-T (-UV) had no negative effect on
activity and a-T has beeni shown to photo-inactivate a number of erythrocyte enzymes
(e.g Yamamoto et al., 1979). The significant increase in GPOX activity after 24 h (a-
T-UV) could represent an induction of GPOX activity however it could also
represent induction of GST activity since GPOX in insects is thought to be associated
with this same protein (Ahmad et al., 1988). In mammals, GPOX and GST may in
fact compete for lipid hydroperoxides (Flohe, 1982).

Our results with the effect of -T on GR show a similar pattern of activity as
with GPOX although this enzyme appears to be less sensitive to photo-oxidation.
This could be due to the absence of more readily oxidized -SH groups or perhaps the
jocation of the enzyme itself. In mammals both GR and GPOX are primarily
cytosolic enzymes whereas in insects it appears that most activity is found in the non-

cytosolic fractions. In Spodoptera eridania for example, Ahmad ef al (1988a) found
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that the highest levels of GR activity (5.49 + 0.90 units/mg protein) were in the
mitochondrial fraction whereas no GR activity was detected in the cytosol. In
Trichoplusia ni, GPOX activity was found to be highest in the nuclear and
microsomal fractions while being absent in mitochondria (Ahmad et al.,1988b). The
presence of high GR activity (and absence of GPOX) in mitochondria may be
necessary to prevent GSSG accumulation since thiol status is apparently critical to
mitochondrial integrity and proper function (Ahmad et al., 1988a). The relative
insensitivity of GR to photo-oxidation may therefore be beneficial.

We also examined the effect of «-T on a general, non-GSH dependent
peroxidase (PER) which has previously been examined in the housefly (Armstrong
et al., 1978) and the granary weevil (Boulter et al., 1990). Its ability to remove a wide
range of peroxides including hydrogen peroxide may be important given that the
insect GPOX appears to have little or no activity against this substrate (Ahmad et al,
1989). As well, we have observed (results not shown) that a-T rapidly inhibits CAT
activity in M. sexta. Our results indicate that a-T -UV can induce a large (greater
than 3-fold) increase in PER activity. This increase was not observed however in the
a-T +UV groups, suggesting that the enzyme is very sensitive to photo-oxidation.

One of the manifestations of oxidative stress may be a perturbation of cellular
thiol status (Halliwell and Gutteridge, 1985). With strong photo-oxidants such as a-T,
we might expect thiol oxidation to occur resulting in increased GSSG levels and a

concomitant decrease in GSH. These changes would affect the operation of GPOX
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(and perhaps GST) and likely increase the susceptibility of tissues to peroxidative
damage. In our experiments however, we observed the opposite i.e. that a-T (+ UV)
induced an increase in both total and GSH levels while GSSG declined slightly.
Similar results have been obtained in houseflies treated with paraquat (Allen et al,
1984), a strong generator of superoxide radicals. As well, both the CAT inhibitor
3AT and the SOD inhibitor DEDC, agents which would be expected to increase the
level of oxidative stress in tissues, have been shown in houseflies to increase GSH
while having little effect on GSSG levels (Allen et al., 1983; Sohal ef al., 1984). Both
the a-T-induced and paraguat-induced increases in GSH were not accompanied by
corresponding increases in GR, ruling out an induction of GR activity as the reason
for the increased GSH. The increased GSH could also be the result of increased
GST activity and this area should be investigated further. The relative insensitivity
of GR to photo-oxidation (Figure 7) could mean that any photo-oxidation of GSH
to GSSG by a-T is quickly compensated for by high GR activity. The lack of a photo-
oxidative effect on GSH levels might also be related in part to the localization of the
very lipophilic a-T molecule in membrane compartments where GSH levels would
be expected to be lower than in the cytosol. Increased GSH is however, clearly in
response to the allelochemical alone since the photosensitizing conditions (a-T
+UV) were not significantly different from non-photosensitizing (T -UV)
conditicns.

In summary, we have demonstrated that the phototoxin o-T causes a strong
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increase in LPO in midgut tissue of M. sexta and this is likely an important factor in
its toxicity. It may also explain in part the previous observation of damaged midgut
epithelial cells. The relatively low levels of GPOX, and the failure of GPOX, GR,
and PER to adequately respond (i.e. with no observed induction and only declines
in activity under photosensitizing conditions), would contribute to increased LPO and
oxidation of other important biomolecules. These results are consistent with the
sensitivity of M. sexta to phototoxins. This work also demonstrates the ability of
photo-oxidants to destroy important enzymatic targets. a-T clearly perturbs celiular

thiol status although the mechanism by which this occurs is not fully understood.
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Chapter 5: Effect of Antioxidant Enzyme Inhibitors and Glutathione Depletion on

the Toxicity of a-Terthienyl.

5.1 Introduction

Insect herbivores must overcome a diverse array of defensive phytochemicals in
their diets. The ability of insects to deal with these often toxic compounds has been
accomplished primarily through the evolution of highly developed detoxification enzyme
systems (e.g. PSMOs, GST) which metabolically degrade foreign substances to more
hydrophilic and hence more readily excretable compounds(Brattsten, 1979). Some of these
phytochemicals are, however, also phototoxic, that is their toxicity is greatly enhancedin
the presence of light (usually in the near UV range). These phototoxins produce highly
toxic, activated species of oxygen such as singlet oxygen and free radicals such as
superoxide and hydroxy anions which are capable of serious cellular and genetic damage.
Thus many insect herbivores must face the double challenge of dealing with these
allelochemicals as potentially lethal poisons as well as the possibility that they may aiso
create severe oxidative stress.

All aerobic organisms have evolved both enzymatic and non-enzymatic defense
mechanisms to remove activated oxygen species and free radicals which arise through
normal respiratory and metabolic processes or in response to a number of environmental
agents (Fridovich, 1977; Larsonand Berenbaum, 1988). In mammals, major antioxidative
defense enzymes include SOD, CAT, GR, and GPOX which act to remove potentiaily

harmful oxygen species and /or peroxides (Halliwell and Gutteridge, 1985). In insects, a
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number of these antioxidarnt enzymes have recently been examined in terms of their ability
to provide protection to insect herbivores feeding on phototoxin-containing plants. Insect
herbivores specializing on phototoxin-containing plants appear to have higher constitutive
levels of antioxidant enzymes (Ahmad er al., 1988a; Aucoin ef al., 1991a). Phototoxin
ingestion may also induce higher activities of some of these enzymes. For example,
xanthotoxin induces higher levels of SOD, CAT, and GPOX activity when fed to the
cabbage looper 7. ni.(Lee and Berenbaum, 1989). Larvae of the phototoxin specialist 4.
plagiata have been observed to have higher levels of CAT and GR activity when fed the
hypericin-containing H. perforatum but not when fed the hypericin-free H. calycinum
(Aucoin er al., 1991a). It appears that some antioxidant enzymes may be inducible defenses
against phototoxins in insects although it remains to be shown that they are in fact
necessary defenses.

Endogenous antioxidants are another important line of defense insect herbivores
have against phototoxins (Larson, 1986; Aucoin ez al., 1990). Beta-carotene and vitamin
E, for exampleare excellent scavengersof activated oxygen species (Foote, 1986) and have
been shown to completely protect against the phototoxicity of the thiophene a-T to M.
sexta (Aucoin et al., 1990). In the case of vitamin E this may be due to its ability to
strongly protect against lipid peroxidation (Aucoin ef al., 1991b). Many other antioxidants
in insects may also be important defenses against the ingestion of phototoxins including
such compounds as uric acid and reduced glutathione (Larson, 1986; Aucoin e al., 1990)
however the role of these antioxidants has not been explored.

In this report we investigate the role of two antioxidant enzymes, SOD and CAT,
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and whether they offer some degree of protection to lepidopterous iarvae challenged with
the phototoxin o-T. As well, we examine the role of reduced glutathione (GSH). It may
be a particularly important molecule because of its antioxidant function as wel! s its role
in the GSH-dependent antioxidant enzymes GR and GPOX and the detoxification enzyme
GST. With the use of relatively specific inhibitors, we examine whether SOD, CAT, and

GSH are important defenses against exposure to a-T.

5.2 Methods and Materials

5.2.1 Chemicals

All chemicals, reagents, and co-factors were obtained from Sigma Chemical Co.,

St.Louis, Miss.

5.2.2 The Effectiveness of Antioxidant and Antioxidant Enzyme Inhibitors

To assess the effectiveness of antioxidant and antioxidant enzyme inhibitors, third
instar larvae of M. sexta were raised for up to 72 h on diets containing either the SOD
inhibitor diethyldithiocarbamate (DEDC)(0, 2, 20 ug/g), the CAT inhibitor 3-amino-
triazole (3AT)(0, 20, 200 ug/g), or the GSH synthesis inhibitor buthionine sulfoximine
(BSO)(500 ug/g). Larvae were then dissected and midgut tissue examined for SOD and

CAT activity as previously described (Aucoin et al.,1991a; section 2.2). Separate samples
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were used to examine the effectiveness of BSO in depleting GSH levels in midgut tissue.
GSH levels were assayed according to the method of Griffith (1980). In separate, 72 h
experiments, larvae were raised on similar diets and the growth and cumulative mortality

examined to ensure the compounds were not overly toxic.
5.2.3 Phototoxicity of «-T

In order to examine the toxicity of o-T to larvae with impaired antioxidant defenses,
groups of ten, third instar larvae (mean weight 60-80 mg) were raised on diets containing
the inhibitors for up tp 72 h and then sprayed with o-T using a Potters tower (see Aucoin
et al., 1990; section 3.2.2). In the case of DEDC and 3AT, the level of compound used
was that which caused approximately a 50% reduction in enzymeactivity within 48 h. The
level of o-T used was an application rate of 1.31 + 0.37 uglcmz, a level which results in
approximately 50% mortality in treated groups. After treatment, larvae were placed under
a bank of near-UV lamps (300-400nm) for 8 h and then returned to the incubator.

Mortality assessments were then made at 24 and 48 h after spraying.
5.2.4 Long-term Toxicity of o-T to Larvae with Depleted GSH

To assess the role of GSH in preventing the longer-term toxicity of o-T to M.
sexta, larvae were raised for 72 h on diets containing o-T in the presence or absence of

BSO (500 ug/g)(contro] + UV, BSO + UV, T + UV, and BSO + «-T + UV).
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Growth and development of larvae on these diets was observed as was cumulative
mortality. The effect of GSH depletion on LPO was also examined using the method of

Dillard and Tappel (1984) as previously described (section 4.2.2).

5.3 Results

5.3.1 Effectiveness of the Inhibitors DEDC, 3AT, and BSO.

Both DEDC and 3AT were found to be excellent inhibitors of SOD and CAT
activity respectively (figures 14 and 15). Within 48 h, 20 ug/g DEDC reduced the level
of SOD activity in midgut tissue by approximately 50% (from 9.6 £ 1.6t05.2 + 1.7
units)(figure 14). 3AT causeda 50% decline in CAT activity after 24 h using 200 ug/g of
the compound in the diet although there was some recovery of activity at 48 h.

BSO caused a strong reduction in GSH levels in midgut tissues (table 11) with the
treated groups (72 h) showing 98% lower GSH levels than controls. GSSG levels were also
reduced by 84%.

Inhibitor treatments with DEDC (20 ug/g), 3AT (200 ug/g), and BSO (500 ug/g)
had only slight effects on the growth and development of larvae (table 12). Weight gain
was inhibited by a maximum of only 20% in treated groups, possibly due to antifeedant
effects. As well, cumulative mortality in the treated groups was never more than 5%, a

level of mortality commonly seen in controls.
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Figure 14: Effect of the inhibitor diethyldithiocarbamate (DEDC) on superoxide
dismutase (SOD) activity in third instar larvae of M. sexta.

115



soD (units/mg protein)

14

12 |-

® CONTROL
4 b v . 2 ug/g DEDC
]

20 ug/g DEDC

10 |- \\,

=]

116

24

TIME‘ (h)



Figure 15: Effect of the inhibitor 3-amino-triazole (3AT) on catalase (CAT)
| activity in third instar larvae of M. sexta.
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Table 11: Effect of buthior}'jne sulfoximine (BSO) on glutathione levels in midgut tissue of
third instar Manduca sexta.

Total GSH GSSG GSSG as % | GSH:GSSG

(

Treatment

Total
Controls 49.6 + 1.6 | 488+ 1.9 | 0.86 + 0.38 1.7 58:1
BSO 34+ 08 3.3+ 0.8 | 0.14 £0.07 4.1 24:1
% inhibition 93 98 __84 - -

* values represent means + S.D. of 4 samples and are ug equivalents GSH per 100 mg
tissue.
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 instar Manduca sexta larvae.

Table 12: Effect of antioxidant and antioxidant enzyme inhibitors on the growth of third

— Treatnient 72 h weight gain as % of controls cumulative
(mg)" mortality (%)
Control 85.9 + 6.2 100 0
DEDC 68.2 +5.8 79 5
3AT 713 £ 3.6 83 5
BSO 69.9 + 5.2 81 5

*weight gain values represent means + S.D. of 37 to 45 larvae per treatment.
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5.3.2 Effect of Antioxidant/Antioxidant Enzyme Inhibitors on the Acute Toxicity of

o-T.

In order to assess the effects of impaired antioxidant defenses on the short-term
toxicity of -T, treated larvae were sprayed with an LDsg level of the phototoxin. Table
13 shows the results of dietary inhibitors on the 24 and 48 h mortalities of larvae treated
in the spray tower. In all cases the groups receiving the inhibitors did not show

significantly higher levels of mortality when compared to controls.

5.3.3 Effect of GSH Depletion on the Toxicity of Ingested o-T and on Lipid

Peroxidation in Midgut Tissues

The presence of dietary inhibitors did not affect the acute toxicity of topically
applied o-T, howeverit is possible that antioxidant defenses may be more important under
long-term, chronic oxidative stress. Therefore we decided to investigate the longer term
effects of one inhibitor, BSO, on the chronic toxicity of ingested o-T. In order to ensure
BSO was itself not overly toxic, it was first necessary to examine the effect of BSO on
growth and cumulative mortality. Table 14 indicates that BSO causes approximatelya 25%
reduction in weight gain however it does not increase mortality. o-T itself causes a
substantial decline in weight gain over the 72 h but only in the presence of UV was
significant mortality (25%) observed. The combination of BSO and o-T (+UV) had the

most dramatic effect on weight gain (a reduction to only 5% of controls) and cumulative
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Table 13: Effect of antioxidant and antioxidant enzyme inhibitors on the acute (24 h)
toxicity of topically applied a-T to Manduca sexta.

% Mortality
Treatment 24h ()" 48 h (n)
Control 62.2 18 65.5 8
DEDC 59.0 10 64.0 10
3AT 61.0 8 62.0 8
BSO 52.0 10 70.0 10

* (n) = number of replicate groups of ten larvae treated with o-T in the Potters spray

tower.
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Tabsle 14: Effect of buthionine sulfoximine on the chronic (72 h) toxicity of a-T fed third
instar Manduca sexta larvae.

Treatment 72 h weight gain as % controls cumulative
(mg)* mortality
-Uv 792 + 7.8 100 0
+UV 71.6 £ 8.6 o8 0
BSO (-UV) 583+ 7.3 74 0
BSO (+UV) 615+ 6.9 78 5
a-T (-UV) 55.0+ 5.8 69 0
a-T (+UV) 18.8 + 5.9 24 25
BSO+a-T (-UV) 18.4 + 5.1 23 0
BSO+a-T (+UV) 3.6 + 3.0 5 45

* values represent the combined results of 2 experiments and are means + S.D. of 21 to

40 larvae per treatment.
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mortality (45%).

GSH depletion also strongly influenced oT-induced LPO in midgut tissues of M.
sexta. Table 15 demonstrates that BSO alone does not cause increased formation of
fluorescent products associated with LPO whereas BSO plus o-T causes a clearly

significant, four-fold increase in fluorescence.

5.4 Discussion

Both the SOD inhibitor DEDC, and the CAT inhibitor 3AT were very effective at
reducing the level of activity of these enzymes. DEDC, a copper chelator which has been
shown to inhibit SOD activity in vitro and in vivo (Heikkila er al., 1976), reduced SOD
activity in whole body samples by approximately 50% in 48 h without any apparent
toxicity to M. sexta. A similar reduction in CAT activity was obtained using 200 ug/g
3AT, an indirect and irreversible inactivator of this enzyme (Williams ez al.,1985).
However neither inhibitor significantly affected the level of mortality associated with
topical treatment of larvae with a-T.

In M. sexta, we observed (results not shown) that long-term treatments with SOD
and CAT inhibitors resulted in very high mortality making an evaluation of the long-term,
protective effects of these antioxidant enzymes against phototoxin exposure very difficult.
The inability of SOD and CAT activity reduction to increase the toxicity of «-T may be
due to a number of factors. For example it is possible that the inhibitors were localized

mainly in sites different from those occupied by o-T. Mortality due to topical «-T may
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Table 15: Effect of glutathione depletion on a-T-induced lipid peroxidation in midgut
tissues of Manduca sexta.”

Treatment -Uv +UV
Controls 682 + 5.7° 619 + 7.1°
BSO 593 + 4.1° 63.6 + 7.0°
a-T 56.6 + 5.0° 158.6 + 21.8°
BSO+a-T 515 £ 6.0° 416.1 + 38.7°

" values represent means + S.D. of 4 samples and are relative fluorescence units per
100 mg tissue. A standard solution of 1 ug/ml quinine sulfate in 0.1 N H,SO, gave
a fluorescence intensity of 94.0. Values followed by the same letter are not
significantly different.
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be closely related to the striking black cuticular lesions caused by this phototoxin
(Downum, 1984; Champagne et al., 1986) while inhibitors may be acting primarily on
midgut tissues. Perhaps more importantly, there may be a threshold level of SOD and CAT
activity which is sufficient to overcome the added oxidative stress induced by &-T. In D.
melanogaster for example, a number of catalase-deficient mutants have been isolated whose
viability is not affected until nearly 989% of CAT activity is lost (MacKay and Bewley,
1989). Insect herbivores with high constitutive levels of antioxidant enzymes (e.g. many
specialist feeders on phototoxin-containing plants) or those with inducible activities may
be suitably protected against phototoxin ingestion. Another factor is the relative amounts
(and sensitivities to) free radicals and/or singlet oxygen produced by the phototoxin. o-T
is known to be a strong producer of singlet oxygen (Scaiano e al.,1989) however a
significant amount of superoxide anions are also produced (Kagan ef al., 1989)

The relatively non-toxic GSH synthesis (glutamylcysteine synthetase) inhibitor BSO
(Griffith and Miester, 1979) was very effective at depleting tissue GSH levels in M. sexta
without demonstrating any adverse toxic effects. Dietary administration of BSO did not,
however, affect the toxicity of o-T in the short term. In the longer term (72 h) tests
however, BSO strongly affected both weight gain and mortality of larvae exposed to
dietary a-T. The fact that GSH depletion in midgut tissues strongly increased mortality
suggests that this is a major site of o-T-induced damage. These results demonstrate the
importance of GSH in the toxicity of T, although we cannot determine whether GSH
itself is acting as an antioxidant, or whether the increased toxicity is due to an impairment

of GSH-dependent enzymatic defenses such as GPOX,GR and/or GST. GST may be an
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important detoxification enzyme which could r.educe the toxicity of ingested o-T through
a GSH-conjugation mechanism. Both enzymes are also capable of removing a wide fange
of potentiaily harmful organic and lipid peroxides (Mannervik, 1985). One of the apparent
manifestations of oxidative stress is increased LPO so any impairment of these defenses
might lead to increased susceptibility to LPO and potentially lethal cellular damage. Our
results in this study confirm our previous findings that o-T induces increased LPO in
midgut tissues qf M. sexta (Aucoin er al.,1991b) and demonstrate that GSH depletion
strongly enhances this effect. Thiol status is known to be an important factor in the proper
function and integrity of the cell (Halliwell and Gutteridge, 1985) and any perturbation of
this status (such as might be caused by o-T) might be expected to affect the sensitivity of
the cells to oxidative stress. o-T does affect cellular thiol status in M. sexta midgut tissue
(Aucoin et al., 1991b) however the mechanism by which this occurs is not known.

In summary, we have demonstrated that neither inhibition of the antioxidant
enzymes SOD and CAT nor depletion of GSH affects the acute toxicity of topically applied
o-T to M. sexta. In contrast, depletion of GSH levels strongly enhances both the extent
of LPO in midgut tissues as well as the overall toxicity of a;T when larvae were fed the
toxinovera72h period. Further researchis necessaryto determine the relative importance
of GSH as an antioxidant and the GSH-dependent activities of GPOX and GST in

protecting insect herbivores against oxidative stress.
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CHAPTER 6: GENERAL DISCUSSION

6.0 Introduction

The rationale for this study was based on the knowledge that insect herbivores
have evolved a wide variety of biochemical and physiological mechanisms (e.g.
inducible PSMOs) which have enabled them to exploit plants containing potentially
toxic chemicals. Phototoxins are a unique class of these phytochemicals and we felt
it logical to hypothesize that insect herbivores feeding on plants containing these
photo-oxidants (particularly specialist feeders) should have evolved specific defensive
mechanisms. In the case of strong photo-oxidants such as «-T or bypericin, which
produce highly toxic activated species of oxygen, specific defenses would likely
ude antioxidant enzymes (e.g. SOD, CAT, GR, GPOX, PER) as well as
endogenous antioxidants (e.g. vitamin E and beta-carotene) which may or not be
derived from the insect’s diet. The mode of action of these photo-oxidants (i.e.
oxidation of lipids, proteins and nucleic acids) led us to investigate whether these
antioxidants and antioxidant enzymes might offer a significant level of protection
against this damage at the biochemical level.

The results reported in the previous chapters support and provide strong
evidence for our contention that insect herbivores make use of both antioxidants and

antioxidant enzymes to protect against phototoxicity. In those insects adapted to
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specialize on phototoxic plants, these defenses may be particularly important in
reducing the potential toxicity of these compounds and may in some cases have
accounted for their ability to develop successfully on these plants. in the following

discussion, the significance and implications of key results will be addressed.

6.1 The Role of Antioxidant Enzymes

The antioxidant enzymes examined in this study were SOD, CAT, GPOX, GR,
and PER. In the case of the GSH dependent GPOX, no activity was found using
H,0, as substrate (sect 2.4.1) whereas considerable activity was observed using
cumOOH as substrate (Chapter 4) and this is consistent with the work of others {e.g.
Pritsos ef al., 1988, Lee and Berenbaum, 1990, Simmons ef al., 1989). The GPOX
activity appears to be closely associated with a non Se-dependent GST which accepts
H,0, and a wide variety of peroxides (Ahmad and Pardini, 1989, Simmons et al.,
1989). Because a major consequence of photo-oxidative damage is LPO, both GSH-
dependent peroxidases (GPOX) and non GSH-dependent peroxidases (e.g. PER)
may be important cellular defenses.

It has been suggested (Pritsos et al., 1988, Pardini, 1989) that specialist feeders
on phototoxic plants might have higher constitutive levels of antioxidant enzyme
activity as compared to non-specialists that act as a defense against ingestion of
photo-oxidants. Pardini et al. (1988) have, for example, shown that in the specialist
feeder P. polyxenes, SOD activity is generally higher than in the generalists T. ni and

S. eridania. Our results (Chapter 2) support this hypothesis as the hypericin specialist
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A. plagiata was found to have significantly higher levels of SOD and CAT activity
when compared to the two generalists O. nubilalis and M. sexta. Although these
studies only represent a small number of species, they suggest that high constitutive
levels of antioxidant enzyme activity may be a defense mechanism. Many plant
compounds have been shown to induce enzymatic detoxification mechanis.ns (e.g.
PSMOs, GST) in insect herbivores (see for example Yu, 1983) and so it is logical
that antioxidant enzyme defenses might also be inducible.

Recently, a number of plant-derived photo-oxidants have been examined for
their abiliq; to induce antioxidant enzyme activity in lepidopterous larvae (see Table
16). In many cases it appears that the activity of a number of enzymes are increased
upon ingestion of the compounds, particularly in the longer-term studies. Our results
with hypericin (Chapter 2) indicate that this compound induces both CAT and GR
activity in A. plagiata and this may be an adaptation which may has a]lqwed this
species to specialize on hypericin-containing plants. In many cases however,
particularly in the short-term studies, it is apparent that many antioxidant enzymes
are inhibited by these compounds. We have suggested (section 2.4.2) that this
inhibition is caused by the generation of free radicals or singlet oxygen leading to
photo-oxidation or perhaps direct inhibition. Our results with a-T (Chapter 4) have
also demonstrated inhibition of the antioxidant enzymes PER, GPOX and GR;
enzymes which may be particularly important defenses against '0,-induced LPO. a-T
rapidly induces LPO in M. sexta midgut tissue (Chapter 4) while inhibiting

antioxidant enzyme activity. The fact that phototoxins can strongly inhibit these
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Table 16: Effect of Pl*ant-Derived Pro-oxidants on Antioxidant Enzyme Activity in

B ———

Lepidopterous Larvae.
Species ‘| Compound Time Period and Effect on Refercnces
Enzymes (+, -, N/C)
Short Term (1- | Long Term (12-
12h) 48h)
Papilio Quercetin SCD + Pritsos er al.,
polyxenes 1988
CAT -
GR -
Trichoplusia ni | Xanthotoxin SOD + SOD + Ahmad et al.,
1988b
CAT - CAT + Lee and
Berenbaum,
1989
GR - GPOX +
Spodoprera Quercetin, GPOX - Ahmad ef
eridania Xanthotoxin al., 1989
Anaitis plegiata | Hypericin SOD - SOD N/C Aucoin et al.,
1991a
CAT - CAT +
GR - GR +
Depressaria Xanthotoxin™* SOD + Lee and
pastinacella Berenbaum,
1990
CAT N/C
GR N/C
Bergapten, ALL N/C
Imperatorin
Manduca sexta | o~T CAT _ Aucoin et al.,
(unpublished
observations)
GR - Aucoin et
al,1991b
GPOX -
PER -

* all results represent the effect of compoundsadminutered in the dict in the presenccof UV,

** includes piperonyl butoxide
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antioxidative defenses implies that many phytophagous insects, particularly those
specialized on phototoxic plants, may need high constitutive or inducible levels of
enzyme activity if they are to act as an effective defense. Insect herbivores which are
very sensitive to phototoxins (e.g. M. sexta) may lack sufficient antioxidative defenses.
In M. sexta at least, LPO appears to be an important manifestation of a-T toxicity
and is associated with reduced antioxidant enzyme activity.

In a number of cases it has been shown that phototoxins, as with many other
allelochemicals, are capable of inducing detoxification enzyme activity (see section
3.2.2.1) and it has been suggested (Lee and Berenbaum, 1989, Aucoin ef al. 1991a)
that the antioxidant enzyme system and the P450-based detoxification system work
in concert to prevent oxidative damage. In the case of furanocoumarins, it appears
that the activity of P450-based detoxification mechanisms are crucial in determining
the sensitivity and tolerance of insect herbivores (Lee and Berenbaum, 1989). InD.
pastinacella, xanthotoxin is rapidly metabolized by the P450 system (Nitao, 1989) and
appears to have little effect on antioxidant enzymes (Lee and Berenbaum, 1990).
However if xanthotoxin is administered together with the P450 inhibitor piperonyl
butoxide, SOD activity is significantly increased. This suggests that unmetabolised
xanthotoxin may be accumulating and generating activated oxygen species which in
turn induce antioxidant enzyme activity. A similar close association between P450
activity and a-T toxicity is known to exist (section 3.2.2.1). In the case of M. sexta,
relatively low elimination and metabolism rates (Iyengar et al, 1987; 1990) may

account in part for its sensitivity to this phototoxin, as would its relatively low levels
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of antioxidant enzyme activity (Aucoin et al,, 1990). Further evidence of a close
cooperation between P450 and antioxidant enzymes is provided by the fact that
GPOX in insects appears to be closely associated with GST (Simmons et al., 1989).
Thus activation of GST detoxification mechanisms by allelochemicals may also lead

to increased protection against oxidative stress and LPO.

6.2 The Role of Antioxidants

We have pointed out that in insect herbivores (section 3.2.2.3; Table 1) there
are many plant-derived or endogenous antioxidants which are excellent scavengers
of the activated oxygen species generated by phototoxins. As well, we have shown
that supplementing diets with antioxidants can dramatically alter the toxicity of a-T
(Aucoin et al., 1990). This implies that for insects feeding on phototoxin-containing
plants, phototoxicity may depend in part on the antioxidative constituents of the
plants themselves. There are however wide variations in both the plant content of
antioxidants and the ability of insects to absorb antioxidants into various tissues
(Aucoin et al., 1990). The effectiveness of various antioxidants to act as a defense
also depends on a number of other factors including lipophilicity and the nature of
the oxygen species produced. Beta-carotene and vitamin E are both good scavengers
of 10,, however vitamin E is also particularly effective at interrupting the free radical
initiated chain reactions of LPO. The presence of reducing agents in insect diets may
also affect the nature of the oxidative stress. Hartman et al. {1988) have, for

example, shown that the presence of reducing agents (e.g. uric acid) decreases the
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production of singlet oxygen by cercosporin (a fungal pigment closely related to
hypericin) while cliciting superoxide production. Thus considerable mechanistic
complexity is involved in the effectiveness of antioxidants in preventing or reducing
the oxidative stress imposed by ingested phototoxins.

Our results with the GSH-depleting agent BSO (Chapter 5) also implicate
GSH as a potentially important antioxidant. GSH has, however, multiple functions
in the cell including its role in supplying reducing power for GPOX and GST activity
and so its depletion from the cell could have indirect cffeéts as well. The fact that
GSH depletion is associated with increased LPO and increased mortality due to a-T
treatment strongly suggests that GSH-dependent enzymatic defenses (GST and
GPOX) have an important role in the detoxification of a-T. In the case of M. sexta,
this is particularly likely given this species’ inability to respond to a-T ingestion with
increased PSMO activity. Our results also provide further evidence that the

biochemical mode of action of a-T is due to LPO.

6.3 Sensitivity to Phototoxins

We have been investigating antioxidant and antioxidant enzyme defenses in
phototoxin-tolerant and phototoxin-sensitive insect herbivores in an attempt to
understand the role of these defenses in insect herbivory. A large number of factors,
including enzymatic and non-enzymatic defenses, appear to influence phototoxicity
{see figure 16). In the case of the phototoxin specialist 4. plagiata, it is clear that this

species has developed behavioural and biochemical adaptations to overcome the
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Figure 16: Enzymatic and non-enzymatic defenses in insect herbivores against the oxidative
stress caused by phototoxins.
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potentially lethal effects of hypericin ingestion. A. plagiata has high constitutive levels
and inducible levels of antioxidant enzyme activity (Chapter 2) as well as high tissue
levels of lipid soluble antioxidants (Chapter 3) which likely allow it to counteract the
oxidative stress caused by hypericin. The ability of this species to metabolize and
eliminate hypericin remains to be investigated.

In the case of the phototoxin-sensitive M. sexta, our results indicate that not
only does this species have relatively low antioxidant enzyme activity, but it also
obtains little antioxidant protection from its artificial diet. a-T is a strong generator
of 'O, and, coupled with the inability of M. sexta to adequately detoxify this molecule,
this would lead to development of LPO and tissue damage. As well, a-T treatment

results in the inhibition of key defensive antioxidant enzymes which would likely

exacerbate this damage.

6.4 Implications

Insect herbivores which have well adapted detoxification enzyme systems as
well as antioxidant and antioxidant enzyme defenses are most likely to be capable of
utilizing and/or developing successfully on phototoxin-containing plants. These
defenses may have allowed some species (e.g. A. plagiata) to specialize on these
plants and perhaps gain a selective advantage from reduced competition.
Development of behavioural, physiological, and biochemical adaptive strategies are
likely an attempt to circumvent the phototoxic defenses of plants and as such may be

an important step in the coevolution of insects on plants.

137



6.5 Future Research
Suggested areas of future research are as follows:
1. To investigate fully the role of other antioxidants (e.g. uric acid) in providing

protection against oxidative stress due to phototoxin ingestion.

2. To examine the relative contribution of P450 metabolism and antioxidative

defenses, particularly in phototoxin-tolerant specialists such as 4. plagiata. This would

allow us to understand more fully the role of antioxidant enzymes.

3. Determine more precisely the role of GSH in preventing oxidative damage.

4. Examine the role of non GSH-dependent peroxidases and their ability to provide

protection against LPO.

5. Examine more closely the light-dependency of induction of antioxidant enzyme

activity to determine if they are responding to the phototoxin itself or to the activated

oxygen species.
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furanocoumarins

extended quinones
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furanochromones
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APPENDIX I: Phototoxins from higher plants.

Examples‘

psoralen
angelicin

hypericin

PHT
alpha-T

khellin
visnagin

dictamnine

berberine
sanguinarine

harman

pisatin

Aucoin RR, Schnieder E, Arnason JT (1991c).
In: Linsken
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Occurrence
(Families)

Rutaceae
Umbelliferae
Leguminosae
Moraceae
Solanaceae
pPittosporaceae
Thymeleaceae
Orchidaceae
Asteraceae

Hypericaceae

Asteraceae
Apiaceae
Campanulaceae
Pittosporaceae
Olacaceae
Euphorbicaceae
Valerianaceae
Annonaceae
Opiliceae
Sapindaceae
Araliaceae

Umbelliferae

Rutaceae

Annonaceae
Papaveraceae
Berberidaceae
Juglandaceae
Magnoliaceae
Menispermaceae
Ranununculaceae
Rubiaciae
Rutaceae

Ssimaroubaceae
Rutaceae
Cyperaceae
Fabaceae
Polygon~ceae
Rubiaccae
Sapindaceae
Passifloraceae
Zygophyllaceac
Solanaceae

Fabaceae

rrincipal B}
Mode of Action®

DNA monoadducts
and crosslinking

singlet oxygen,
free radicals

singlet oxygen,
free radicals

DA monoadducts

photoadducts
singlet oxygen,

free radicals,
photogenotoxicity

singlet oxygen,
photoadducts

free radicals

Evaluating the phototoxicity . and
s HF, Jackson JF (eds). Modern
ringer-Verlag, Berlin (in press)



APPENDIX II: Single le2f of Hypericum perforatum illustrating the black, marginal
glands containing the phototoxin hypericin '
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APPENDIX 11I: Comparative toxicity of alpha-terthienyl and 8-methoxypsoralento A. plagiata,
0. nubilalis and M.sexta.

Table A
24 h toxicity of topically applied a-T and 8-MOP
Species o-T ' 8-MOP
LDsg(ug/g)  Fiducial limits LDgg(ug/g)  Fiducial limits
A. plagiata 1045.0 775.9-1432.9 557.9 - 398.4-781.6
M. sexta 61.4 | 38.8-93.9 56.5 32.7-101.5
O. nubilalis > 2000 N.D. > 2000 N.D.
| Table B
48 h toxicity of topically applied o-T and 8-MOP
Species , a-T - 8-MOP
LDgy(ug/g)  Fiducial limits LDs(ug/g)  Fiducial limits
A. plagiata - 806.8 : 31.2-9865.2 508.3 356.6-717.0
M. sexta 19.9 11.3-31.8 50.6 29.3-89.5
0. nubilalis >2000 N.D. >2000 N.D.

The 24 h and 48 h LD30s of o-T and 8-MOP were determined in order to establish
whether there are differences in the sensitivities of these insects to different classesof phototoxins.
Fifth instar larvae of A. plagiata and O. nubilalis and third instar larvae of M. sexta were
topically treated with the compounds in acetone using either a Hamilton syringe alone or together
with a microapplicator to deliver the required doses in a volume not exceeding 3 ul/larva, After
treatment the larvae were placed under UV lights for 8 h and then mortality assessed after 24 and
48 h. LD50s and fiducial limits were determined using SAS probit analysis.

156





