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ABSTRACT

Three naturally occurring thiophenes (a monothiophene, a
bithiophene, and a-terthienyl) and four polyécetylenes
- (phenylheptatriyne, phenylheptadiynene® phenylheptadiynene
acetate, and matricaria lacténe) were examiﬁed for phototox-
icity and light-independent toxicity to twe polyphégous lep-

idopterans, the darksided cutworm, Euxoa messoria and the

European corn borer, Ostrinia nubilalis. Phenylheptatriyne

and o~terthienyl were also tested against an oligophagous

lepidopteran, the tobacco ho:nwofm, Manduca sexta. All of

thé compounds except the monothiophene and matricaria lac-

. : s . ' .
 tone inhibited the growth of Euxoa messoria larvae without

exposure o near-Uv irﬁadiation. Light-independent toxicity
involved feeding deterrence agains® neonate and, to a lesser
extent, older Tarvae, and long-term metabolic toxicity
reflected in impaired nutrient utilization. Phenylhepta-
triyne, phenyl- phenylheptadivnene, and Q-terthienyl (at 100
ng/g) were phototoxic with 2 *w/m* near-UV, and o~terthienyl
was lethal in copjunction with 4 w/m?* near-UV irradiation.
411 of the compounds recduced the growth of QOstri-

nia nubilalis larvae without near-UV exposure the thio-

phenes were more toxic than the polyacetylenes ané toxicity

increased with the increasing number of thiophene rinags.
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Feeding deterrence was only a minor component of -this light-
independent activity. Behavioral adaptations, including’
‘spinning silk and boring into diet, allowed Ostri- ~~

nia nubilalis larvae to avoid photosensitizatien. .

o-terthienyl at 100 pg/g strongly deterred feeding by neo- .

nate Manduca sexta, resulting in complete mortality. Phe-

nylheptatriyne at 100 pg/é and a-terthienyl at 10 pg/g
~inhibited growth without near-uv gxposuré, and were also
phototoxic. Phenylhéptatriyne at 10 pg/g stimulated both
feeaing,and growth.

Thiopheng toxi%ity was expressed morelrapidly than polya-.
cetylene activity; the toxicity (in terms of growth reduc-
tion) of both classes of compounds was correlated with their
1ipophilicity but the relationship was different. for polya-
cetylenes and thiophenes. Accumulated body burden data sug-
gested that polyacetylenes are more rapidly metabolized than
thiophenes. Feeding deterrence was correlated with the host

plant range of the three test insects.

»
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. Résumé

L

Les pol?acétylénes et leurs'dérivés thiophénes sont des

metabolltes secondaires caracter:sthues des Asteraces et.-on

pense qu 1ls ont un role a Jjouer dans la protectlon bzoch1-‘

mique de ces plantes. On a etudié trois thlophenes (un
-monothlophene, un b1th10phene Jet (r-terthienyl) et quatre
polyacetylenes {phenylheptatriyne, phenylheptadzynene, phe—
‘ nylheptadzynene acetate et matrlcarza lactone) en fonctzon

L4

de leur phototoxzczte et de leur toxicité sans lumiere

envers deux lepidopteres polyphages, le ver gris moissonneur

Euxoca messoria, et la pyrale du mais, Ostrinia nubilalis.

On a aussi évalué le phénylheptatriyne et 1'a-terthienyl
. envers un lépidoptere oligophage, le ver du tabac Mandu-
ca sexta. Tous les composés ‘sauf le ménothiophéne et la
matricaria lactone ont inhibé la croissance des larves d'

Euxoa messoria sans exposition a“l'irradiation UV proche.

La toxicite independante de la lumiére implique l'anti-
appétepce eﬁ§ers les larves néonates, et a un degré moindre,
les larves plus agées et la toxicité métabolique p;olongée
suggere une utilisation incompléte des substances nutri-
tives. Le phenylheptatriyne, le phenylheptadiynene, et
l'o~terthienyl (a 100 pg/g) étaient phototoxiques sous une
irradiation de i w/m* UV-proche et 1l'G-terthienyl gtait
mortel a une irradiation ae 4 w/m?* UV-proche. les com-

- posés ont ralenti la croissance des larves d' Ostri-

nia nubilalis en 1l'absence 4'UV. Les thiophénes éetaient
S

o
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plus édxiques que les polyacetylénes et la toxicité auépen—
tait en fonction du nombre &'anneaux thiophéness Des adap-
tations du comportement tel que lé tissage de'soie et l'en- .

fovissement dans la diete ont permis a Ostrinia nubilalis o

d'éviter la photoSensibilisa;ion l'éventail de plantes dont
'se nourrit cet herbivore inclut un nombre d'Astéracés conte-
nant des polyacétglénes. L'Obterfhienyi a 100 Pg/g a neo~

nates de Manduca sexta, conduisant ainsi a la mort des

larves. Leiphenylheptatriyne a 100 Fg/g et }'abterthienyl a
10 mg/g ont inhibé la croissance en l'absence d'UV-proche et
_é;aient également phototoxiqqes. Le phénylheptatriyne a lo
pg/g a stimulé la. croissance et l'alimentation. ‘

La toxicité au thioph%nes s'est manifestée plus rapid-
ment que l'activitg du éolyacetyléné; la toxicité (en térmes’
de réduction de eroissance) des deux classes de composés
montrait une corrélation avec leur lipophilie mais la rela-
tion était differente péur“;es polyacétylenes et les thio-
phénes. L'accumulation des prdduits toxigues suggére que
les polyacétylénes sont métabolisés plus rapidement que les
thiophenes. L';nterférence dans le processus d'alimentation

est discuté en relation avec l'éventail des plantes hotes ///

e

- - - ” )
pour les trois insectes étudles.
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Chapter I

INTRODUCTION

Plants use a variety of defensive strategies to counteract
tﬂe éctivity of herbivores. Morphoioéical features includ-
ing spines, trichomes, héirs, and tough leaves have long
been recegnized as an evolutionary respénse to the strong
selective pressure to escape herbivory (egqg. Darwin, 1853).
That plants may also utilize cheémistry to dgter the activity
of herbivores was first suggested by Stahl (1888) but did
not gain widespread acceptance until Fraenkel'g landmark
paper of 1959. The chemicals involved are the "secondary
metabolites™ of plants, a.highly diverse assemblage of over
10,000 known compounds belonging to about three major and
sixteen minor. structural classes based on biosynthetic ori-
gin (Swain, Y977} (Table 1).

The term "secondary metabolite"™ was applied when a role
in primary metabolism could not be found for these com-
pounas; Ehey were originally considered to be storage prod-
ucts or metabolic wastes (Swain, 1577). More useful terms,
‘which describe the more recently discovered ecological func-
tions of these chemicals, are available. Allelopathic com-
pounds are released as leaf or root exudates, as volatiles,

and from decaying vegetation and inhibit the germination and
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'growth of neighbouring plants (Rice, 1974, 1982: Whittak-
er, 1970). Phytoalexins are low molecular weight compounds
that are synthesized in response to Eungal infection (Ing-
ham, 1973).

Several terms apply to secondary metabolites that func-
tion in plant-herbivore interactions. Attractants and repel-
lents are volatile'plant products thit result in oriented
locomotion towards or away from the stimulus and aid in the
location of 5uitable, and avoidance of unsuitable host'

_ piants (Dethier et al., 1960?. Feeding deterrents affect
the palatability of potential food plants and inhibit insect

feeding activity (Schoonhoven, 1982). Antifeedants are a

special case in which the inhibition is absolute at low con-

centrations and is not overcome by starvation. Phagostimu-
lants, on the other haﬁd;”evoke a feeding response and are
important "sign stimuli™ for specialist'insects (Fraenkel,
1959,1969; Dethier, 1970; Schoonhoven, 1982). Toxic allelo-
chemicals, when ingested,‘intégicate the insect or reduce
‘the nutritive value of ingested food (Reese, 1979). A sec-
ondafy metabolite which behaves as an allelochemical towards
one species may be nontoxic, or even an essential nutrient
to another species adapted to a host ‘plant containing that
compound (Brattsten, 1979). Feeding deterrents and toxic
allelochemicals are discussed in more detail in sections 1-2

and 1-3,

]




It is not unusual for a secondary metabolite to be

> active against moré than one group of target organisms. For
example, some isoflavonoid phytoalexins are also insect
!eeding.deterrents (Sutherland et gl., 1980). Many feeding
deterrents, [as well, behave as toxins when ingested. Table 1
lists only the best established target organisms for the
secondary metabolite classes listed, whereas in fact members
of each class may prove toxic to a variety of .taxa.

As a general rule the biological activity pf only a few
of the known compounds from each class have b:gn examined.
‘This is the case with the polyacetylenes and their biosyn-
.éhetic derivatives, the thiophgnes. This class of.secondary

metabolites 1is the subject of the present study.

N |
1.1 Polyvacetylenes and Thiophenes

/

1.1.1 Nature and Qccurrence

Polyacetylenes are highly unsaturated compounds derived {in
’?vascular plants) from oleic acid via a series of dehydrogen-
ations to form triple bonds; and B-oxidations leading to
chain shortening (Bohlmann et al., 1973). These compounds
occur in about twenty vascular plant families but are found

regularly only in the Aralidceae, Campanulaceae, Santala-

ceae, Apiaceae, and particularly in the Asteraceae (Composi-



tae), fro; which the majority of the'more‘;han 750 known
polyacetylenes have been identified. The compounds are Cy ,
Cw, Cy', and C,y structures ard may be aliphatic or, in the
case of the Asteraceae, ring-stabilized and contain phenyl,
furan, and spiroketalencl ether gréups. Thiophenes are
cyclized polyacetylenes which incorporate sulphur to-form
one to three thiophene riggs. ~A number of terminal groups

—-are possible including al&ehyde, ester, acetate, glcohol,
and methyl structures; as well, a few polyacetylenes are
halogenated. Examples of thiophenes and pheéyl acetylenes
which were. %ed in this study are giveﬁ in Figure 4.

Fungi, g:;ticularly.the Basidiomycet&g,'produce Cio
polyacet}lenes that tend te be all trans and highly polar
(Bohimann gg'gl., 1973). _P;ant constituents which contain a
m&hoacétyleﬁe groﬁp are widely distributed. Among the aigae
the Chrysophvceae, Bacillariophyceae, and Xanthoﬁhyceae con-
tain acetyleric carotencids {(Bohlmann et al., 1973). The
monoace£ylenic conétituen;s of higher plants have been
reviewed (Ross, 1972); such compounds ére generall§ derived
from different biosynthetic pathways fhan the polyacetyl-
enes.:. | o~ |

Alﬁhoqgh all parts of a plant may contain polyacetylenes,
particular compounds are” usually confined to certain tis-
sues, so that flowers, leaves, stem and roots may each have

a unigue polyacetylene\prefile (ex. Wrang and Lam, 1975).

ol L
The acetylenes are usuglly most diverse and concentrated in
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the roots (Bohlmann et al., 1973) but flowers may also be
rich in these compounds. Leaves typically contain fewer

acetylenes but'thesq may be present in high ¢oncentrations.

Bidens piiosa leaves contain up to 700 pS/9 fresh weight
phenylhepta-1,3,5-triyne (PHT) and traces of
phenylhepta-1,3-diyne-5-ene (PﬁD) whereas roots contain .
mostly PHD (Wat et al., 1979 Bohlmann et al., 1973).
Polyacetylenes arg stored in the cuticle and resin canals
but the site of their synthesis has not beep identified
(Towers and Wat, 1978). One enzyme involved in the bioi-
ynthesis of acetylenic compounds has been identified, an
acetate esterase that converts unstable _ |
5-(4-acetoxy-1-butin§i)-2,2'-bithiophene to-the stable
5?(4—hydroxy4l—butinyl)-2,2'-bithio

ene (Sutfield and Tow-
0 '
‘ers, 1982).

1.1.2 Biological Activity of Polyacetylenes and Thiophenes

The neurotoxic effects of some polyacetylenes have long been
-~ B

known: compounds with this activity include the fish poisons

~ ichthyotherial and its acetate from leaves of Clibadium spp.

and Ichthyothere spp. and roots of Dahlia coccinea (Bohlmann

t al., 1973) and the long-chain acetylenié.alcohols cicuti-

toxin from Cicuta virosa and oenanthotoxin from Qenanthe

crocata (Robinson, 1980). The latter two compounds have

been responsible for poisonings of livestock and humans

®
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(RKingsbury, 1964). 71t has been suggested that these toxins
uncouple oxidative phosphorﬁlatipﬁ (Clark, 1964; Puritch,
1975).- Other polyacetylenes and thiophenes were found to be
toxic to nématodeé, including G-terthienyl and

5-(3-buten-1-ynyl)-2,2-bithienyl from Tagetes erecta (Uhlen-

broek and Bijloo, 1959,1960),
l-tridecanene-3,5,7,9,11l-pentayne from Helenium (Gommers,
1972), and 3-c¢cis and 3-trans, ll-trans, ’

trideca-1,3,11-triene-5,7,9-triyne from Carthamus tinictori-

us (Munakata, 1983). Carthamus has also yielded the phytoa-

lexins safynol; and dehydrosafynol (Allen and Thomas, 1871}.

Other—phytoatexins—include wyerone from the broad bean
Vicia faba (Hargraves et al., 1976) and falcarinol, falcar-

indiol, and cis-tetradeca-6-ene-1,3-diyne-5,8-diol from

tomato {Lycopersiceon esculentum) leaves {DeWit and Koddle,
1981). Kawazu et al. (1977) identified cis-
dehydromatricaria ester as an allelopathic compound from

Solidago altissima. This activity was extended to other C

acetylenes’ by Kobayashi et al. (1980).

The biological activities so far discussed occurred in
the absence of light. That the toxic activity of thiophenes
and poclyacetylenes is enhanced in the presence of near-
ultraviolet (near-UV or UV-A) light (300-400 nm) was discov-
ered independently by Gommers (1972; Gommers and Geerligs,
1973) and by Chan et al. (1975). The physical-chemical

basis of this photoactivation will be discussed in section

el a0 A ik e o
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1.3.2. Light enhances fhe toxicity of these natufél prod-
ucts to nemaéodeﬁ (Gommers, 1972; Gommers and Geerligs,
1973; Bakker et al., 1979 Wat et al., 1981), fungi (Wat
et al., 1979 Towers, 1980; Bourque, 1984) and vascular
plants (bampbéll et al., 1982), indicating that earlier
studles should be repeated with allowance for the role of
llght in the activity of these compounds. Phototoxicity to
a variety of bacteria, yeasts, and fungi (Chan et al., 1975
Towers and Wat, 1978; Wat et al., 1979 Towers, 1985), tre-
matodés (Graham et al., 1980), and marine and fresh-water
algae {(Arnason et al., 1981b) has been demonstrated. Alpha-
terthienyl 1nh1b1ts phétosynthe51s at a site near photosys-
tem II (Sinclair and Arnason, 1982). Human.skin (Towers
et al., 1979) and fibroblast cells (Wat et al., 1979) can
also be‘photosensiiized.

The haemolysis of erythrocytes (Wat et al., 1980b Yama-
moto et Qi.é 1979) and the photdinactivation of membrane-
boGnd but not membraneless viruses (Warren et al., 1980
Hudson et al., 1982) indicates that polyacetylenes act pri-
marily on membranes. The site of ‘action is not DNA (as is
the case with the furanocoumarins) as thése compounds do not
photobind to DNA in vitro (Wat et al., 1979), do not induce
cytogenetic damage (MacRae et al., 1580), and are equally

toxic to wild-type and DNA~repair deficient Escherichia coli

(Downum et al., 1982).
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Figure 1. Structures of some biologically active
polyacetylenes discussed in the text. Neurotexins'
include cicutitoxin (a), oenanthotoxin (b),\gnd

.ichthyotherial (h). Phytoalexins include wyérone
(¢), dehydrosafynol (d), and safvnol (e). Pentavnene

(f) and dehydromatricaria ester (g) are oviecidal.
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Polyacetylenes also have a variety of effects on-

insects. Of a total of twenty-seven acetylenes and thio-

‘phenes examined by Arnason et al. (1981) and Wat et al.

(1981c), eight were highly phototoxic to larvae of the mos-

quito Aedes aegypti. Dehydromatricaria ester from Solida-

go altissima and pentaynene from Xanthium canadense had ovi-

cidal activity against the housefly (Musca domestica) and

fruitfly (Drosophila melanogaster) without phoqﬁéensitiza-

tion (Kawazu et al., 1977 Nakajima et al., 1877). Subseqg-
uently a number of polyacetylenes and thiophenes, and syn-
thetic diphenylbutadienes, have been found t¢ be phototoxic
to insect eggs (Kagan et al., 1983 Kagan and Chan, 1983).

Matricaria ester, a widespread aliphatic polyacetylene

‘(Bohlmann et al., 1973). was toxic, without photosensitiza-

tion, to three species of herbivorous lepidopterans (Binder .

et al., 1979). This compound and phenylheptatriyne (McLa-
chlan et al., 1982) have signifitant feeding deterrent
activity, as does a polyacetylene of insect origin,

Z,Z-dihydromatricaria acid (Eisner et al., 1981).

1.2 Test Insects

The activity of a possible allelochemical should be tested
against a variety of phytophagous insects as tolerance for

an allelochemical may vary from one species to the next. In

.-

.
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‘general, polyphagous insects posses more labilé MFO systems
than éo oligo- or monophagous species (Kreiger et al., 19?1
Brattsten et al., 1977). 1 chose to work with twé highly

polyphagous insects, Euxoa messoria (whose diet includes no

phototoxic Asteraceae) and Ostrinia nubilalis (which feeds

on several phototoxic Asteraceae). One oligophagous spec-—

ies, Manduca sexta, which does not include any Asteraceae in

its host plant range, was also used.

1.2.1 Euxoa messoria (Harris) {(Lepidoptera:Noctuidae)

The darksided cutworm, Buxoa messoria, occurs in North Amer-

ica, from the southern North West Territories to southern
California and from the‘eastern to the western coast (Hard-
wick, 1970; Bierne, '1971; Cheng, 1973). The species is uni-
voltine (one generafion per year) throughout its range.
Oviposition occurs in the ground, particularly in sandy
soil, in lqte summer and early fall (Harris and Svec, 1868;
Cheng, 19?3)- Larvae overwinter in the egg (Hinks and
Byers, 1976) and hatch in latg_January to early April. New-
ly emerged larvae feed on almost any available plant (Crumb,
1929; Harris ané Svec, 1968); feeding larvae (first to sev-
" enth instars) occur in the field, in Ontario, from early
April to early Aﬁgust (Cheng, 1973). BARestivating prepupae
are found in July and August, adults emerge in mid-August to

mid-October and egg laying commences.

1
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Euxoa messoria is highly polyphagous: a list of known

host plants includes representatives of at least twelve vas-
cular plant families {(Appendix lA)}. The only Asteraceae

noted is Lactuca sativa, a species almost devoid of polyace-

tylenes (Bohlmann et al., 1973). The darksided cutworm is
an economically important pest on tobacco (Chéng, 1873).

Its diet exposes it to a variety of known allelochemicals,
including alkaloids and phenoliecs; in addiﬁion it has been

resistant to cyclodiene insecticides since 1961 (Bierne,

1571).

1.2.2 Ostrinia nubilalis (Hbn.) (Lepidoptera: Pfralidae)

The European corn borer, Ostrinia nubilalis was introduced

into North America around 1908 and spread rapidly, now
‘occuring in all corn producing areas of the continént
{Davidson and Lyon, 1979). The insect has two or three gen-
erations a year. Overwintering occurs as mature larvae,
pupation takes place in the spring, and adult moths appear
in May or June. Eggs are laid in masses of 15 to 35 on the
underside of leavés; a female mag_produce over 500 eggs in
all. First instar larvae feed on leaves of the host plants,
but in the second instar the larvae bore into the stgmxgr
stalk, or in a few cases the ffu%t (see Appendix 1B).

Eurbpean corn borers are the“most‘significant pest of

corn, but also damage pepper, beet, bean, potato, cat, soy-

OO S S S e di = i ot o e ——— —
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bean, and wheat crops (Davidsoniénd‘Lyon, 19738). An exten-
sive list of 190 host plants of this very.highly'polyéhagous
insect was compiled by Caffrey and Worthley, (1827) (Appen-
dix 1B). Thé list includes a number of Asteracéae, among

them phototoxic species such as Bidens cernua, Dahlia spp.,

and Artemisia spp. Plants known to contain polyacetylenes

and thiophenes are indicated in Appendix 1B.
‘-_d'.

1.2.3 Manduca sexta (L.) (Lepidoptera: Sphingidae)

The tobacco hprnworm, Manduca sexta, occurs in South and

Central America, Mexico, the West Ihdies, the Uniﬁeﬁ States,
and southern Ontario and Qgebec (Madden and Chamberlain,

1945). There are one to four-generations per year, depend-
N :

ing on the latitude (Davidson and Lyon, 1879). Manduca sex-
ta ove}winters in the s¢il as a phpa: adults emerge inrthe
“spring and begin ovipositing on tﬁe underside of leaves, one
egg per leaf (Davidson and Lyon, 1979).  Eggs hatch in three
to six days and the larvae devefop fapidly through £ive ins-
tars. Larval development requires about 30 days, during
which time larvae will consume about 35 g artificial diet,
most of it in the fourth and fifth instars (Bell and i:fL
chim, 1976)f Mature larvae weigh Between 5 and 10 q. ,The
aestivatory prepupal period is short: larvae construct a
pupation chamber and pupate within 12 to 24 hr (Nijhout and

Williams, 1974). 1In non-diapausing insects the life cycle
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requires about 60 days, whereas diapausing larvae require
about 130 days to complete development (Bell et al., 1975).

Manduca sexta is an oligophagous specialist on solana-

ceous plants, particularly tobacco (Nicotiana tabacum), but

also including jimson weed (Datura spp.}, ground cherry,

tomato (Lycopersicon esculentum), Jerusalem cherry, potato

(Solanum tuberosum), and pepper (Brinkley et al., 1975).

Tobacco hornworms tolerate high concentrations of some alka-
loids: growth is not affected by up to 1.5% nicotine in tHe
diet (Parr and Thurston, 1972). Assimilated nicotine is
ﬁrevented from reaching sensitive tissues by a blood-brain
barrier (Self et al., 1864a,b). The host plants are not
known to contain polyacetylenes or thiophenes, with one

3

exception. Lycopersicon esculentum (as noted in Section

1.1.2) produces three polyacetylenes in response to fungal

attack, but this plant is only rarely utilized.

1.3 Plan of Study

The effect of polyacetylenes and thiophenes, as a class, on
insect herbivores, is s;ill unclear. In particular, the
importance of photosensitization in protecting plants con-
taining-these natural products has not been defined. The
purpose of the present study is to answer some basic ques-
tions regarding the possible role of polyacetylenes and

thiophenes as a part of the biochemical defence of plants?
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Do these compounds affect the ‘growth or'survivorship of phy-
tophagous insects? If so, is photosensitization an impor-
tant part of this toxicity? What other mechanisms of toxic;
ity are apparent?

These questions were initially approached by examining
the effect of a-terthiqnyl (-T), at two concentrations and

" two light levels, on the growth, development, and survivor-

ship of the polyphagous noctuid Euxoa messoria. The study

was subsequently expanded to include the effect of four rep-
resentative polyacetylenes: phenylhepta-1,3,5-triyne (PHT,
compound VI), phenylhepta-1,3-diyne-5-ene (PHD, compound
- 1IV), phenylhepta- 1,3-diyne-5—ene-7-acetate (PHD-acetate,
compound V), and

-(hex-4'~en-2'-ynylidenyl)- -but-2-enyrolactone (matricaria
lactone, compound-VEI), and three-thiophenesz
2-(1,3—pentadiynyl)-5— (methyl-3-chloro-1-butynoate) thio-
phene {monothiophene, compound 1)},
5-(3-buten-1-ynyl)-bithiophene (bithiophene, compound II),
and a-terthienyl (@-T, compound III), at 100 pg/g, on Bux-

%a messoria and Ostrinia nubilalis, another polyphagous lep-

idopteran. A specialist insect, Manduca sexta, was reared

on diet containing @-T and PHT. Rearing experiments were
followed by an examination of the effect of the test com-
pounds on feeding behavior of the three insect species, and

on nutrient utilization in Euxoca messoria. The relationship

between the toxicity of the compounds and their lipophilici-



ty, and the extent to which they accumulated in Eux-

oa messoria larvae, was determined. '

1.4 Literature Review

1.4.1 Feeding Deterrents.

Most insect herbivores utilize only a small fraction of the
plant species available to}them. Suitable host plants are
selected on the basis of a spectrum of physical and chemical
characteristics; the latter appears to be the more signifi-
cant and chemical perception is the major sensory modality
.involved in host plant selection (Jermy, 1971; Chapman,
1974; Schoonhoven and~Jérmy, 1977; Schoonhoven,. 1972,1982;
Dethier, 1980,1982).

Plant chemicals are deteﬁted with contact or gustatory
chemoreceptors located on the maxillae, labium, and tarsi
{(Schoonhoven 1968; Chapman and Blaney, 19798). Lepidoptera
may in addition have receptors in the epipharynx and hypo-
pharynx (DeBoer et al., 1977). Olfactory cheﬁoreceptors,
generally located on the antennae,:detect volatile compounds
which aqt as attractants or repellants. These chemicals aid
in the location of suitable (or avoidance of unsuitable)
host plants but are usually not involved in the initiation

or maintainance of feeding (Schoonhoven, 1982; Dethier,

1980).
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Veérschaffelt (1910) first demonstrated that monophagous
or oligophagous insécté could be induced to feed on non-host
plants if an extract, or a chemical characteristic of the
host plant, was applied to the profferred leaves: This and
subsegquent work led to the belief that secondary metabolités
behaved as feeding stimuli {phagostimulants): feeding would
commence if ‘an insect detected the app:opriatelchemical sig-.

nal (Fraenkel, 1959,1969). Other wbrkers (Dethier, 1953;
| Thorsteinson, 1960)'suggested that monophagous insects
respond positively to phagostimulants while polyphagous her-
bivores respond negatively to the presence of feeding de;er-
reﬁts in non-host plants.

Electrophysiological studies have supported the latter
view, as chemoreceptors which respond specifically to puta-
.tive phagostimulants have been identified only in monopha-

gous and a few oligophagous species. For example, Chrysoli-

na brunsvicensis, a monophagous beetle which feeds on

Hypericum hirsutum, has a receptor cell that responds only

-to hypericin, an extended gquinone characteristic of Hyperi-
cum spp. (Rees, 1969). This beetle is unusual in that it

lacks a sucrose receptor, present in all ¢ther insects yet
examined. Several oligophagous species occurring on cruci-

ferous plants, including Pleris brassicae, have a glucosino-

late receptor (Nielsen et al,, 1979 Schoonhoven, 1967). On

the other hand, Colorado potato beetles (Leptinotarsa decem-

lineata) restrict their feeding to potato leaves, apparently
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despite the_absencé of any specific phagostimulant (Ritter,
1967; Hsiao, 1976). |

Feeding deterrents are more significant determinants of
behavior in polyphagous and oligophagous insects (Schoonho-
ven, 1982). Chapman et al,, 1878) concluded thaf polypha-
. gous acridoidea selected host plants primarily on the
absence of feeding deterrents.. Deterrency causes an insect
to cease feeding (Ma, 1972; Blom, 1978) and often initiates
locomotion or a search for a more appropriate food source
(Jermy, 1971).. ‘

No "generalized deterrent receptor” capable of respond-
ing equally to all possible deterrents has been found
(Dethier, 1980); rather each receptor is sensitive to a dif-
ferent range of secondaty metaboiites (Schoonhoven and Jer-
my, 1977; Schoonhoven, 1982; Dethier, 1980,1982). Pieris
brasgicae and other céucifer-feééing insects have one or
more deterrent receptors (Ma; 1969; Schoonhoven, 1973,
198la,b) that respond to low concentrations of é diverse
array of allelochemicals including alkaloids, flavonoids,

and terpenes (Ma, 1969; Schoonhoven, 1973, 198la,b).. The

"bitter receptor” of Bombyx mori is equally catholic in sen-

sitivity (Ishikawa, 1966). Manduca sexta's receptors

respond to some alkaloids but not others, nor do they

respond to flavonoids or the terpenoid azadirachtin (Schoon-

" hoven 1682}.:
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Many secéndafy metabolites with feeding deterrent activ-

iﬁy operate by‘b;oqking the sugar and salt receptors, impof-
tant in detecting phagostimulatory nutrients; included in
this éroupfare some tannins, terpenes, and a number of alka-
10i§§;(Dethier, 1982). Warburganal (Fig. 2), a powerful
antifeedant (Kubo gg_gi., 1976) reversibly inhibits tﬂe sug-

ar receptor of the armyworm Spodoptera exempta and may bind

to thiol groups, aff?cting energy transduction in the chemo-
receptor {Ma, 1977). _Brattsten (1983) suggested that mono-
and'diterpenesrmay interfere with a cytochrome P-450 like
enzyﬁe éomplex in the receptor cells. In such cases an
insect may simply fail to perceive the plant as a pétential
food source.

It must be remembered that insects.generally do not
choose host plants as an all-or-none response to a single
feeding deterrent (Schoonhoven, 1982; Dethier, 1982). A
plant will usually stimulate a number of different receptors
simultaneougly, providing the insect .with a wéaith of c?emo-
Asensory data. F?Ség—fibre patterning and central nervous
system intézﬁqgggghére involved in the choice process
{Dethier, 1 82). In general the ratio of phagostimulants
(sugars, ‘%ino acids. etc.) to feeding deterrents determines
the oufg:ze of the choice. Moss and Dethier (1982) found
that the ratio of sucrose to guinine hydrochloride deter-
mined the acceptance threshold of the mixture to Phormia

regina and larvae of Danaus plexippus. The physiological

- ————



22
state of the insect, especially deprivated versus satiated,
is also of importance: deprivated animals will accept a mar-
éinally deterfent plant that would be rejecteq by a satia&gd
insect (Dethier, 1982). |

Table 2 summarizes selected insect antifeedants (struc-
tures for some are shown in Figure 2). Some of these com-
pounds, particularly the triterpene, azadirachtiﬁ {Schmut-
terer gﬁ al., 1981) and the sesquiterpene, warburganal (Kubo
et al., .1976) are effective at low concentrations to several
insect species, and have attracted interest as antifeedants
éf_potential agricultural significance (Jermy, 1983). The
list iﬁclﬁdes a number of other terpenes, includiné the §ery
large group of sesquiterpene lactones f;om the Asteraceae
which are efféctive-againét insects (Burnett et al., 1974)
but which may be more deterrent to mammalian herinores
(Picman et al., 1982 Mabry and Gill, 1979). ' The flavonoid.
antifeedan;s-described by Sutherland et al. (1980) are note-
worthy as all are also phytoalexins.

Few réports exist of polyacetylenes as feeding deter-
rents. The only quantitative study 1s that of McLachlan

t al. (1982) who found that phenylheptatriyne (PHT) from

Bidens pilosa inhibited feeding and weight gain of the cut-

worm, Euxoa messoria, at concentrations below those occur-

'ring in the plant. A polyacetylene fraction from the rab-

bitbush, Chrysothamnus nauseoéus, inhibited feeding by

Colorado potato beetle (Leptinotarsa decemlineata) larvae

~
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and adults at a.concentration of 35 pg/cm5 {Jermy et al.,

1981) the polyaéetylene fraction consisted of four com-

. pounds {Rose et al., 1980). Binder et al. (1979) noted

anecdotally that matricaria ester, a widely distributed ace-

tylene in the Asteraceae, strongly reduced feeding by three

.polyphaécus lepidopterans, Heliothis zea, Helioth-

ig'virescens, and Pectinophora gossypiella. Finally, a

polyacetylene from Chanliognathus pennsylvanicus, an

Astera&eae—feeding beetle, was found to be highly deterrent
to predatory jumping spiders (Meinwald g;lgl., 1968 Eisner
et al., 1981). The marked activity of the isolated acetyl- -
ene, Z,Z;dihyrgmatricaria acid (Fig. 1) led Eisner and his
coworkers (19815 ﬁo suggest that'acétylenes in plants might

similarly deter herbivores.



Figure 2. Structures of some representative antifeedant

and toxic dllelochemicals. Compounds- include the
sesquiterpene lactones glaucolide A (a) and
alantolactone (b), the isoflavanoid (+)-pisatin (e},
the terpenoids warburgiﬁol (d) and limonin (e), and
the alkaleoid nicotene (é). Polyacetyienes fnclﬁde
Z,Z-dihydromatricari? acid (g) and four compounds

from Chrvsothamnus nauseosus: methvl 2(Z),8(Z)-10-

acetoxymatricariate (h), methyl 2(2),8(Z)-10-hydroxy-
matricariate (1), methyl_2(3)—lO—acetoxy-S,9-epoxydecen-
4,6-divnoate (j), and methvl 2(z)-10-hvdroxy-8,9-

epoxydecen-4,6-diynoate (k).
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c)

e)

9) CH3CH=CHC=C —C=C—CH2CH> COOH
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1.4.2 Allelochemicals: Toxicity and Phototoxicity .

The chemical warning provided by feeding deterrents and
repeilents is not without substance: plants produce a ingr-
sity of cbmpounds that are toxic to insects. Typically such
allelochemicals reduce the survivorship, growth, or fecundi-
ty of herbivores (Rhoades and Cates, 1976; Swain, 1977}.
Often the same compound may function both as a feeding

deterrent and as a toxin.

v

i.4.2.1 ; "Ground-State" Allelochemicals

Mos£ known allelochgmicals are active in the ground state
(ie. without interaction with light). Reactions with biolo-
gical substrates involve such processes as hydfogen or ‘
hydrophillic bonding, the formation of coordination complex-
es with cytochromes or hemes, or alkylation of target mol-
ecules. Two broad (and somewhat overlapping) groups of
ground-state allelochemicals have been described, "digest-
ability reducers™ and "metabolic toxins".

Digestability reducers limit the nutritional value of
ingested plant tissue by complexing with plant constituents
or digestive enzymes, restricting the insect's ability to
digest or assimilate nutrients. For example, saponins com-
plex with steroids including cﬁolesterol, (Applebaum and
Birk, 1979); as insects cannot synthesize the steroidal

nucleus these are essential nutrients (Bloch et al., 1956
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Clark and Bloch, 1959). Protease and amylése inhibitors
restrict an insect's abilit& to utilize polypeptides of
starch (Ryan, 1979)}. Tannins-(Feeny, 1970; Swain, 1979) and
more recentlg phenolic resins (Rhoades and Cates, 1976) have
- been considered protein precipitators; however at the pH
occurfing in insect guts such compounds may operate by bind-
ing higréphobically to polypeptides and cell wall constitu-
ents and sterically hindering digestive enzymes (Zucker,
1983). Such digestability-reducing compounds have a gener- .
alized mechanism of action, which led Feeny (1976) and
. Rhoades and Cates (1976) to suggest that they could not be
countered by adapted insect herbivores. However, Bernays
{1978) found that both condensed and hydrolysable tannins
did not affect the efficiency with'which several polyphagous
acridid grasshoépers could digest diet. Gypsy moth (Lyman-
tra dispar) larvae feed on leaves of séveral species rich in
tannins (Matheson, 1984) and appear to be well adapted to
the presence of these compounds.

Other secondary metabolites attack specific metabolic
processes or target sites and so interfere with insect
metabolism (Table 3). Non-protein amino acids are {ncorpo-
rated into proteins, where they disrupt structure and func-
tion (Rosenthal, 1982). Glucosinolates (Van Etten and Too-
key, 1979; Ericson and Feeny, 1974) and cyanogenic
"glycosides (Conn, 1975) are enzymatically degraded to

release hydrogen cyanide or thiocyanates which disrupt res-

PR ¥ * VI,
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piration by coﬁbiding with the terminal cytochrome oxidase.
Sesqguiterpene lactones bind to thiol groups of proteins

(Picman et al., 1981). Phytoecdysones and juvenile hormone

M

analogues mimic endogenous insect hormones, altering moult-

ing behaviour and development (Slama, 1979; Bowers, 1983).
Many anti-acetylcholinesterases are known, iﬁcluding pyreth-
rins aﬁd isobutylamides (Jacobson and Crosby, 1971). Alka-
loids are well known for ‘their. pharmacological.effecés on
humans (Robinson, 1981) but few sgﬁdies have addressed the
role of these compounds in plant-insect interactions. Some
alkaloids feduce insect growth and survivorship (Devitt

et al., 1980), and toxic effects on insect neuroendocrinolo-

1]

vy have been demonstrated (Morris, 1984). & very different
mechanism of action has been described for the alkaloid
berberine, a photooxidative photogenotoxin (Philogene

et al., 1984a) (Section 1.3.2).

These seco&dary metabolites may be characterized as meta-
bolic pbisons {(Feeny, 1976; Rhoades and Cates, 1976) and are
usuallé active at concentrations well below those at which
digestibility reducers are toxic. Generally, toxins are
active at concentrations below 1% whereas digestability
reducers must be present at several percent to be effective.

Recently it has been found ;hat some secondary plant .
. metabolites can absorb light and be photoactivated to an
excited state. Under appropriate conditions these secondary
metabolites are capable of photosensitizing insect herbi-

vores and other organisms.

.,
-~

.



T B ATt e s

-

p=

suojoae[ auadiajzrnbsas

.y-ujanaue1lal

cg61 ‘sonbiipoy 7 uewsl o By/yw 671 eaz SIY3IOVIIH
m mw gg61 ‘sanbjapod 3 ueuwsi o Bu/Hu 8T vaz m_;uoﬂumr auojoey auadisjinbsas uy3jaajued
: £86T ‘sanbyipoy 3 uURws] umx\ze L't eaz siyjoyfeH auojpey suadioitabsas uyytdouciod
0geT ‘‘T¢ 33 331430 ,10°0> evllo850w eoxnd projexye AUTIILIBA
: 0661 ' T® 73 1311820 qef’'0 e(10ss59wW eoxny ptoyeyie JUTIODIH .
i pgeT ‘1€ 33 131sad qet’0 e1J10558W EOXNY proresfe auylagiag
) zg61 ‘'A@3)n0 7 uews] ¢ DA/HY 0670 Baz siylofiaH- proteyre autljewoL-o
- (g1 ‘1€ 22 28bIT14 p0¥°0 eaz SIYIOITAH proijexte Jutjewol-o
gesl ‘ganbyapoy 73 uvWS] e DX/HY ¥°2 enblxe ezajdopods plouoaer] poleAylau gWg ut3abejadiand
tgey ’'senbraped 9 vews | e bx/Hu 8° ¢ vaz SIYI0iTaU pioucau(] paieiiyiau gqua uiiabezasaand
z86T ‘AayInag 3 uews] n«mx\xa g8'v goz SIYIOIT2H piouocaer} uriny
1ee1 ‘°7¢ 38 12b1113 e B¢ vaz s{YI0L N plouocaer] urany
zag1 ‘fa3Ing 9 ueusl g Bd/HY 0°9 vaz S1YI01T1aH piouoael} pioe oruaboiofud
1861 ‘°*Te 38 1abtytd q5§°2 eaz siYyjol1af prouocaey] ptoe >tuaboaoyud
6967 "Jyejainl 2 1aaeYS ' el'0 eyre1dissob eio(dout1yoad p1oucAel] Jiayrorand
: 6961 ‘Iyejayng 7 J3ARYS el'0 5U20593TA SI1YIOTT2H prouoaey] utijroaand
w 6961 ‘JyeJayn 3 A3ABYS e2'0 gz STYIo113H proucau(] urajtoaand
: ’ Li61 ‘ueuwryea aqHe §°2> B1X98 RONPUEH pioe oupwe uypajoad-uou auiueaeue)d-i
: LLET ‘°Te 38 uazuepr 2q00° T snje(noew SNYINIQOSOTTED pioe ouywe upajeld-uou auyurARUED-T
i £g61 ‘1€ 19 vucpuebay el/¥® 0°1 wnutweab syydeziyas ploe otwexoipiy YOSHIA
m _. (961 ‘*Te 13 uniH ' gZE070> gyreflgnu eIU}A3IS0 piov ojwexocaphy vouH1a
. pL6T tfuaal 9 uosy1id mAQ.c sauaxkiod orr11ded ajeroutsoon(h urabruts
aﬁmﬁm.quHMQm 5 Jaaeys eSE’0 erratdéssob eaoydou13dad asuadaiajyinbsas 10d&ss5090
m oL61 ‘3ijoiied 3 aaaeys eGE°0 guaasalps SI1YIOPIPH auadasjyinbsas 1od&sson
m 0L61 ‘3301384 9 13ABUS eS2'0 eoz m_ﬁuowauz suadaajnbsas tod&sson
” i aouaiajad 0Sq3 1095U] 3183l sse[dy 2jiayjudso1lq punodwo)d
M L3y1e330w %05 (2 pue nmnsn.ou awyy juawndoyaaap jo buirtqnop (4 f1oajuod
JO 10§ ©31 uo13IaNpaa yjno1b (e i93j0U0p sydraosaadng  *paied1pul

astmlaylo ssafun Iybian ysaij 3IaLp jo % ut
-sajtjoqeiaw £1UpUCDIIS DIX0] PIIDATIS

aJe SUOT]LIIUADUOD 0%ag

‘¢ a1qeL



u

31

1.4.2.2 Photosensitizing Secondary Me;abolites

b .

A "photosensitizer” is a compound which interacts with .
another component of a system (ie. biological substrate) and
" causes it to react to the presence of light (T:rro and Lamo-
la, 1977). Photoactivation allows a secondary plant metabo-
lite access to "excited state chemistry", which leads to
more energetic and §otentially damaging reactions, than
occur in the thermally-driven reactions of ground state mol-
ecules (Arnason et al., 1983b McLachlan, 1984). Such pho-
toreactions may involve covalent bond breaking and forma-
tion, an8 the generation of free radicals, superoxide
radicals, and singlet oxygen (Spikes, 1977; Ito, 1983}.
Insects may be photosensitized by a variety of natural and
synthetic compounds with very different mechanisms and sites
of action (Arnason et al., 1983b). Photosensitizers may be
classed by their mechanism of action although some overlap
between mechanisms does ozcur. |

Photosensitizers which reguire oxygen for toxicity are
termed phdtodynamic and account for the majority of the 400
known phototoxins (Spikes, 1977). Photodynamic action is
establisged by the absence of toxicity under anaerobic con-
ditions éTurro and Lamola, 1977). Two general photooxida-
tive mechanisms occur, termedé Type I and Type II photodynam-
ic action (Spikes, 1977). Type I is a relativel§ rare
process involving an electron transfer from the excited sen-

sitizer to molecular oxygen to yield superoxide radical, O;.
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Thé 0; reacts with and ful;y'oxidizes susceptible substrates
(biologiéal molecules). Among natural products this process
is reséricted to the flavines. The more common Type II pho-
tosensitization involves an energy transfer from the sensi-
tizerlto molecular oxygen to yield singlet oxygen, *0,, the
most feaétive species of oxygen. ‘The ground electronic
state of oxygen is unusual in that it is a triplet and
facilitates the production of 0, by an interaction of tri-
plet O, and the triplet sensitizer. Only 96 Kj/mole are |
required to reach the long-lived { 2 us in‘HQO) first sin-
glet state, &g. The second excited state Zg requires 155
Kj/mole but is unstable as elecéron spins are not paired;
internal conversion rapidly leads to a return to the Ag
state. Such transition energies are readily available from
most excited state sensitizerslas even red light has an
energy of over 166 Kj/einstein.

Type II photooxidations are characteristic of the acri-
dine, thiazine, and xanthene dyes (ex. acridine orange,
methylene blue, and rose bengal respectively), the first
photosensitizers to be described (Raab, 1900}. Naturally
occurring type II photoo;idants include the condensed
anthrones hypericin and pseudohypericin from Hypericum spp.
(Arnason et al., 1983b} and the isoguinoline alkaloid berbe-
rine (Philogene et a2l., 1984a). The thiophene Cx~terthienyl
is strictly photodynamic (Bakker et al., 1979lArnason

t al., 198la Downum et al., 1982 Gommers et al., 1982
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McLachlan et al., 1984 McLachlan 1984) and is a particular-
ly potent generator of '0, (Arnason et al., 198la McLachian
et al., 1984 McLachlan, 1984). This mechanism of action has
recently been éxtended t0'othe; Ehiophene coméounds includ-
ing bithiophene (McLaéhlan, i984;.McLachIan et g&.,.1984
Gommers.g;.gl;, 1982). Partially ring-stabilized polyace-
tylenes, such a as PHT and‘its derivatives, also generate
*0, but have a more complex mechanism of action; discussed
below. ‘ ;

Some secondary’plant metabolites,_Hggixphéioexcitation,
form free radicals which react directly with susceptible
substrates. Such a mode of action is }ess common (as{far as
is known) thanlgyﬁe II photooxidations. * Bakker et al.
{1983) recently ascribed a free radical mode of action to
several phytcalexin Eéo@igvonoids. Rapid photopolymeriza-
tion of aliphatic polyaceiylenes, and the absence of protec-
tion under anaerobic conditions, led McLachlan et al. (1984)
to suggest a free radical or other non-oxidative mechanféﬁ?i
of action for these phototoxins. Partially ring—stabilized.
polyacetylenes, intermediate in structure between the thio-
phenes and the aliphatic polyacetyleneé, apparently have
access to both non-oxidative and photooxidative modes ofr
.action. Free radicél additions can propagate polymerization
reactions amoﬁg suiltably arranged unsaturated molecules;

such a mechanism has been described in the case of synthetic

diacetylenesl(Lopez et al., 1%882).
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Figure 3. Structures of some phototox plant secondary

netabolites (é4f] and synthetic dyves (g-17. Compdunds
include angelicin (a}, xanthogoxin (S-metﬁoxypsoraliﬁ)
(b), berberine (c¢), harmaline (d], dictamnine (e),’
visnagin (f), methylene blue (g), rose bengal (h), and
eosin Y (i). )
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A major cbmpoqent'of th; photgtokicity of any compound
is the nature of susceptible or target substrates. Thio-
phénes‘and polyacetylenes both disrupt membranes, as indi-
cated by the haemolysis of erythrocytes (Wat et al., 1980b)
These lipophillic compounds intercalate into the hydrophob:c
region of membranes and attack membrane components by photo-
oxidation, free radical addition, and possibly free radical
polymerization of lipids (McLachlan, 1984). These reactions
possibiy produce locally rigid areas in an otherwise fluid
membrane; shear stresses at ﬁhe interface tear the membraﬁe
and result in loss o% cell contents and the.disruptién of
across—membrane gradients.

“Other phétotoxic secondary plant metabolites intercalate
inte and photosensitiée DNA and may be termed photogenotox-
ic. Most photogenétoﬁins undergo cycloaddition to pyrimi-
dine bases of DNA; the best known of these are the furano-

_coumarins. Lipear furanocoumarins, such as
8-methoxypsoralin (xanthotoxin, Fig.3 ) form difunctional
crosslinks between thymidine bases, disrupting transcription
and -DNA synthesis (Musajo et al., 1974}). Unadapted insects,

such as the armyworm Spodoptera erldana are hlghly suscepti-

Able to photosensitization by thesg compounds (Berenbaum,
1978). Sterically hindered furanécoumariné and the angular
furanocoumarins (ex. aqgelicin, Fig. 3) form monofunctional
‘adducts to DNA iCoppey et al., 1979). These do not cros-

slink DNA but still interfere with transcription and DNa

36
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replication. They are moré_easily repaired than are cros-
slinks but induce a higher ﬁreqhencf of mutation. Recently
described photo . otéxiné which also form monofunctional
adducts iﬁclude_harmaline, a 8-carboline alkaloid (McKenna
and Towers, 1981),‘the furanoquincline alkaloid dictamﬁipe
and the furochrome visnagen (Towers et al., 1981 Pfyffer

et al., 1982 Pfyffer and Towers, 1982)}. |
Berberine represents a different mode of photogenotoxic-

itylin that it intercalates into DNA and oxidizes su;cepti-

ble regions,-rather than pﬁ;tobinding to bases (Philogene

t al., 1984a)..

1.4.3 Insect Response: Detoxification and Coevolution

Adapted insects possess a variety of enzyme systems
which metabolize and facilitate the excretion of‘plant alle-‘
rlochémicals. The most active system is the microsomal
mixed-function oxidase (MFQ) system associated with the
smooth endoplasmic reticulum in the midgut, fat body, Mal-
phigian tubules, and other tissues {(Brattsten, 1979k. This
system is Eﬁleﬂro accept 2 wide variety of lipophillic subs-—
trates; compounds are oxidized via cyclodiene epoxidation, |
aromatic and aliphatic epoxidation,‘oxidative desulfuration,
thio ether oxidation, or tertiary aminelN-oxidatioq (Nakat-
sugawa and Morelli, 1976): The basis of this remarkably
versatile system is a family of cytochrome P-450's with

overlapping substrate affinities (Wilkinson, 1983).
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The MFO system can be rapidly induced by exposure to a

number of allelochemicals (Brattsten et al., 1977). - Limits
to the response are imposed by the feeding habits of ﬁﬁe .
species. Polyphagous insects, exposed to a-diversity of
natural products, elaborate hlgh titres of alverse MFQO's,
whereas mono- or oligophagous insects are more %1m1ted in

the range of compounds to which they can respond (Kreiger

n

¢ al., 1971 Brattsten et al., 1977). Other enzymes also
function in the metabolism of allelochemicals, including
reductases, hydrolases, and a variety of group transferases

(Brattsten, 1979).

'Success in overcoming a plant's defences leaves that

plant open to attack; selection then favors the elaboration -

of new allelochemicals, which in turn select further for
resistant insects. The result is‘a coeveolutionary "arms
race” (Metcalf, 1979; Berenbaum, 1978; Gilbert and ﬁaven,
1975). Suéh an "arms race" has apparently occurred between
various Apiaceae and insects. Phototoxic linear furancouma-
rins are found in eight plant families, particularly the
Apiaceae and Rutaceae; they are much more toxic to insects
than is their biosynthetic précurser, umbelliferéne, which
occurs 1in ove;_thirty families (Berenbaum, 1978). A limited
fauna can metabolize the finear furanocoumarins (Ivie

et al., 1983) aﬁd exploit plants containing them. However,

these insects cannot utilize plants containing angular

furancoumarins, found only in two advanced tribes of the
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Apiaceae {Berenbaum and Feeny, 1981). Thus tﬁe evolutionary
seqﬁenée from umbelliferone to linear- furanocoumarins to
angular furanocoumarins appears to feprésent successive
escélations in the coevolution betwée? these planfs'and

their insect herbivores: This is supported by the observa-

+ tion that the insect fauna on umbelliferous plants is

strongly correlated with the chemistry of those planfs (Ber--

enbaum, 1981,1983).
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Chapter II
METHODS

2.1 Test Compounds

Structures for all thiophenes (compounds I-III) and polyace-
tylenes (compounds IV-VII} used in these experﬁments are
given in Fig: 4, and Table 4 lists their molecular weights,
k#mx'eknm; , and log water/octaneol partition coefficients
{from McLachlan, 1984).

1-Phenylhepta-1,3,5-triyne (PHT)} (compound V1) was

extracted from the aerial parts of Bidens pilosa collected

by Dr. J. Romeo at Miami, Florida. Plants were stored in

- 95% ethanol (EtOH), and subsequently érbund in 95% EtOH in a
‘Warjfg blender. The homogenate was filtered to remove par-
ticulate matter, combined with an eqgual volume of water, and
extracted three times with an equal volume ﬁf petroleum eth;
er (P.E.). The P.E. phase was dried with sodium sulfite and
reduced to a small volume on a rotary evaporator (30°C).

The cog{entrated extract was chromatographed on 100-200 ‘mesh
silica gel cbluﬁns_using P.E. as the elutant. Collected
fractions were monitored for PHT with a Pye-Unicam SP8-100

spectrophotometer; PHT eluted just behind the solvent front

_40._
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and ahead of the first carotenoidrband. ‘Fractions contain-
ing PHT were reduced in vplume‘ch a rotarg evaporator,

Final purification involved two recrystalizations, the first
from P.E. and'subsequenély from 95% EtOH. Pure PHT was
stored in 95% EtOH, in the dark, at about -5°¢.

A similar procedure was followed to-obtain artefthienyl

(¢-T) (compound III) from Tagetes'erecta roots. The roots

_(from plants.gréwn at the Central Experimental Farm) were
not ground as they had been stored in 95% EtOH for over a
year. The ethanolic filtrate, rich in thiophenes, was
extracted with P.E., and the concentrated P.E. extract was
chromatographéd on unactivatea alumina with 1% acetone in
P.E. as the elutant (Chan et al., 1977). Thiophene bands,
which'éould be vigualizéd by their strong blue-violet
flourescence under short-wave UV, were collected and further
purified by three recrystalizations, the:-final two from 95%
ETOH.

Subsequently synthetic «-T was obtained from G. Camp-
bell. This material was prepared érom 2,2'-bithiophene and
2-bromothiophene by a modification of the ﬁllmann synthesis
of Yamazaki et al, (1976) (Campbell, 1983 synthesis "a”" in -
Philogene et al, 1984b)(6% yield). O-T was also obtained
| from Drs. L.C. Leach and P. Morand (Dept. of Chemistry, Uni-
versity of Ottawa), who developed a large-scale version of a
Gringard synthesis (synthesis "b" in Philogene et al, 1984b)

which produces &-T in good yield (85%).



Figure 4. Structures of thiophenes (I-III) and polyacetylenes
(IV-V II) used in this study.
I. .2-(1,3-pentadiynyl)-5-(methyl-3-chloro-l-butynoate)
IT. 5-(3-buten-l-ynyl)-bithkiophene
ITI. @-terthienyl
v . 'phenylhepggzljS-diyne-S-gge_
V. phenylhepta-1,5-diyne-5-ene-7-acetate,
VI. phenyvlhepta-1,3,5-triyne

VII: Y-(hex-4'-en-2'-ynylidenyl)-7Y-but-2-enyrolactene

s

i
¥
[l
H
H

B e P



"

. \ ) . Pr—
)1 N C'H3 —CH=CH—C=C—C \—/_Lo/-o

—e=cp, AN cec—q
I ‘CH3 (C=C)p N D-c=c CH—CH, |
Cl'  O0-C—CHy
\ o °
IT /S\ /S\ C=C—C=CHj
| [/ \S (/ \5 [/ \S
I S s S
¥ @CEC—CEC—CH=CH—CH3
Y @czc—cs‘c-CH=CH—?H2 ‘
' | 0—%—0H3
o _ A
T @csc—csc—cz.c'—crig,

43



44

-

Table 4. Molecular weights, Amax, and€imax for polyacetylénes and
thiophenes used in this sthdy.

Compound Molecular}Wt. © max max
I ' 290.90 320 30,900
R . °216.33 343 21,600
111 248.4 350 22,500
LY 166.23 299 22,650
v 208.27 299 32,400
VI | 164.21 - 330 17,320

VII 160.17 347 21,200 .
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All other compounds were obtained from Dr. J. Lam (Dept.
. of Chemistry University of Aarhus, Aauhus, Denmark). Com-

"pouqﬁ Il was extracted from Bchinops sphaerocephalus and

Echinops bannaticus, and compound v from Dahlia pinnata.
Sources of other compounds are given in McLachlan (1984).
Compound purity was assayed by HPLC and by conformity of
uv épectra with published values.l Concentrations were
determined spectroscopically on a Pye-Unicam SP8 spectropho-

tometer .

2.2 Insect Cultures

2.2.1 Euxoa messoria

Euxoa messoria eggs were obtained from Dr. H.H. Cheng, Agri-
culture Canada, Delhi, Ontario except for one group obtained
from Mr. J.P. Whistlecraft, Agr@culture éanada, London,
Ontario. Neonatejlarvae were removed from the sand and rye
leaves in which they had been shipped and transferred to
Qials containing artificial diet. 1Initially stock larvae
were maintaineé individually in polystyrene vials capped
with perforated, opague lids and lined with filter paper; .
subsequently stock insects were reared in glass dishes
sealed with polyethylene film (Stretch n' Seal ), with 25-40

larvae per dish. _All larvae were transferred to individual

’/_.
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vials after the third instar. Hinks and Byers (1876)
reported that some species of Euxoa were cannibalistic, but

this did not occur with first to third instar Euxoa messoria

larvae unless insufficient diet was provided.‘ Larvae were
maintained in a ConQiron growth chamber at 27°C, 18 pour
photoperiod énd a relative humidity (R.H.) of 75-80%. Stock
la;vae were exposed to the same UV light levels as were uti-
lized in the experiments. Larvae were judged to have
rgached the prepupal stage when they ceased feeding, lost
weight on three consecutive weighings, and developed a
translucent cuticle (especially ventrally) through which

white fat body lobes could be observed (Devitt, 1978).. Pre-

pupae were transferred to clean vials filled with moist peat

moss. Pupae turned dark shortly before adult emergence;
stch- pupae were placed on moist peat moss in a 60 x 60 x 49
¢m wire mesh cage for édult emergence. The arti%}cial diet
‘used was that developed by Devitt (1578; Devitt et al.,

1980). The diet composition is given in Appendix 2A.

2.2.2 Ostrinia nubilalis -

Ostrinia nubilalis eggs and larvae were obtained from a

stock culture maintained in this laboratory. Larvae vere
reared in mass culture according to the method of Guthrie
(1971) in a Conviron growth cabinet, under an 18 hour photo-

period and a R.H. of 80%. The temperature was 27°% in the

-
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day and 16°¢ at.night. The artificial diet used was thaE/of

Guthrie (1871) without corn cob grits {(Appendix 2B). . ~

2.2.3 Manduca sexta

e
.

Manduca sexta eggs and larvae were alsc obtained from a

stock culture maintained in this labotatory. The larvae
.were reared as in Stewart (1981), that is; individually in ¥
10 x 3.5 cm polystyrene vials capped with avfoaﬁ plug. An
18 hour photoperiod and temperaﬁure of 26?C were ﬁsea. The

chamber used for the Manduca sexta stock culture had no pro—_'

vision for humidity control; however, humidity was high (ca
70%) and diets were changed frequently (initially eéery sec-—
ond day, -every day in later instars) to prevent dehydration.
The diet used was that éf Stewart (1881) prpendix 2C).

Prepupal Manduca sexta ceased to feed, coated the inside of

the vial with a mixture of diet, frass, and fluid to form a
pupation chamber, and exhibited an obvious dorsal blood ves-
sel through a transparent cuticle. ‘Such larvae were placed

in glass bottles filled with vermiculite and allowed to

-*

pupate in the dark. Pupae were placed in 60 x 60 x 48 cm
cages for adult emergence; a tobaccé pléﬁ; was provided as
an oviposition site.

Adults of all three species were fed a solution of 10%

sucrose 1in water,
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2.3 Test Diets

Appropriate amounts of the test compounds in 95% EtCH were
placed in 50 or 100 ml beakers, to which was added warm lig-
uid diet. The temperature of the diet was not more than 35°
C at this time, in ordert¢ prevent degradation of the ace-
tylenes. The diet and acetylenes in EtOH (or. EtOH alone ?n
the case of controls) were mixed vigorously by hand for
" about two minutes; the diet was then poured into 1 xl x 0.6
cm molds to cool. The amount of 95% EtOH carrier in the
diets did not exceed 2.5% (0.5 ml 95% EtOH in 25g diet).
Diets treated with Q-T were examined to ensure even dis-
tribution of the compounds and té ensure against degradation

of the phototoxin during diet préparation or during exposure

under expriemental conditions. Diet cubes (Euxoca messoria
diet) were placed on two Saboraud dextrose broth/agar plates

that had been streaked with Sacchromyces cerevisiae, angd
N

were exposeé to 4 hours hear-UV or darkness (McLachlan,
1884). A prominent clearing zone around the diet cubes
treated with ®-T and near-UV was not present around control
diets or those treated with &-T and not irradiated. This
indicated the presence of the phototoxin in the diet in
unaltered form. The clearing zone decllned with tlme, pre-
sumably due to such processes as photodegradat1on or micro-
bial action, and disappeared after 5 days. Conseguently
diets were changed frequently'(every 2-3 days}. Fresh diet
for all insect species was prepared weekly and refrigerated

at about 5°C until usea,
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2.4 Light sources and:near-Uv filters

Combinations of twd light éou;ces were used, Solar-
simulating 48 inch Vita-light flourescent lamps (Duro-Test
No. 48T12) were used in all tests to provide visible light
and some nea:LUV irradiation. The light output of these
lamps simuiate solar radjation in spectral distribution but
not intensity. In several experiments these lights were
augmented with 24 inch, 20 watt Westinghouse blacklight-blue
fluorescent lamps (FTZQTlé/BLB). Blacklighf—blue lamps eﬁit
in the 300-400 nm range with the peak emission at 350 nm.
Treatment groups not exposed to near-UV were shielded by
Kodak Wratten 2B filters (400 nm cut off) placed over the
vials, or vertically between the vials and the near-UV light
source. Radiant heating of vials under the filters was not
detectable (< 0.25 C). h
All materials used in the rearing of experimental
insects, including the polystyrene vials, glass scintilla-
tion vial;, petri dishes, and polyethylene film (St:gtch-n'--

Seal ) were checked for UV adsorption and were.found to be

transparent to wavelights above 300 nm.
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2.5 Growth Studies '

- - -
Ld

o

All grobth studies included four g;eatment groups: .1) those

exposed to the test diet and UV light, 2) those fed test

diet but not irradiéted, 3) those fed control diet and

2

exposéd to UV light, and finally 4) those exposed to neither o
‘the pbototoxin'nof UV light. Insects were reared under the 3
same conditions as described for the stock cultures eicept
_for variations in the amount of near-UV irradigtion to which . y

-

they were exposed. Treatments were compared according to

Dunc#n's multiple range test unless otherwise indicated. | i

I r: ) ]
2.5.1 «&-T Toxicity to Euxoa messoria: "High” UV ° )
In the first. experiment, Euxoa messoria larvae were exposed

ug/g @-T. Fifteen larvae were used in each treatment group.

m
~~ Reonate larvae, 24 to 72 hours old, were individually trans-

£9 éoﬁbinations of & w/m‘ neaijV'ahd diet éohtaining 100 j
: _ . ;|
H
:
ferred to clear pblystyrene 2.5 x 4 ¢cm viq}s containing a
piece of diet cube. A strip of filter paper 1 cm tall . %
encircléd the insidE'bottom of the vial, which was capped
with OV-transparent polyethylene film (Berenbaum, 1978).
The cap was perforated with a né. .001 insect pin. ‘fﬁis,f
and the filter paper, helped prevent coqdensatidh»in which’
neonate larvae tended to drown. The perforations also |

helped reduce radiant heating inside the vials. Diet.was

changed, and larvae weighed, every two days until all of the -
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larvaé‘ekposed to both @-T and 4 w/m® near-UV died. The

presence of shed exuvia was noted when diets were changed.

2.5.2 ©-T Toxicity to Euxoa messoria: "Low" UV

kl

Groups of thirty larvae‘were.treated with combinations of
0.5 w/m® hear-UV.and diet ‘containing 10 or 100 ug/g «-T.
Larvae were reared individually in_polystyrene vials as

described prev:ously. Fresh diet ‘was provlded larvae—

-we1ghed and exuvia checked for every two days until all of//\¥j7

the individuals in each treatment group had entered the pre- °

2.5.3 Toxifity of Compounds I-VII 'to Euxoa messoria
. F} . .

cages for adult emergence. -

vae were.exposed was measured at 0.5 w/m?.

pupal stage. Prepupae were transferred to vials containing

.moist peat moss and checked every two to three days until

pupdtion occurred, at which time pupae were weighed. Dark-

s
a“—

ened pupae were transferred to 62 x 60 x 30 cm oviposition Jk\\

Light was provided by a bank .of twelve Vita-lights 50 cm

above the insects. The near-UV intensity to which the lar-
. —\"‘—-—_._ .

s

-

Rearing larvae individually is practical only whéh relative~-

ly large amounts of the test compounds are availabl

substantial amounts of unconsumed diet must be disca

every two to three days. It was noted that Eﬁxoa_mesgbria
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tars. - As communal rearlng makes for more: efflcxent use of

'diet: growth stu@zes for compounds I~VII were done using the

following teohnique, adapted from Berenbadm (1978). Growth-
of control larvae under these condltlons was very 51m11ar to. :
that of 1ndlvldually reared. larvae.
Diet cubes (two to four, depending on the aae and size
of the‘insects),'containipg 100 ug/g test compound, were cut
in two and placed in a petri dish; the perimeter of the dish .

was lined with Watman ¢ 1 glass fibre filter paper. Twenty-

s

five Buxoa messdria larvae were placed in-each dish, whzch

was sealed. w1th/§//§ethylene fllm. One dish was prepared
for each comb1nat1on of test compound and llghb-tneatment
(2 w/m* near-uv},. due to-limitigtions in the amount of test

compounds. The experiment was subsequently repeated but

‘followed for two, instead of three weeks. Diets were

changed, and dead larvae .counted and removed. every second.

day, and larvae were weighed every fourth day. The larvae

- weTe reared individ?ally from day 18 to day 21, at which

time’ the experiment was terminated (see Section 2.7).

The light system used for these experiments included a
bank of eight Vita-lights aogmented by four BLB lamps 54 cm
above the insects. The near-UV contributed by the Vita-
lights was negligible as these lamps were located above a

UV-cpaque plexiglass partition. The near-UV was contributed

-by the BLB lamps and was measured at 2.0 w/m*.

-
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2.5.4 &-T and PHT Toxicity to Manduca sexta 4

Manduca sexta larvae were.also communally reared in petri
, o . .

disheé until the third instaf. Larvae were presented wi}h
diet containing 10 and 100 ug/g PHT and &®-T ' The experi-
ments were begun with newly hatched neonaﬁés rather than
. with 24-72 hr old larvae. |
j; 'Thirty or-f&rty mature eggs were'pihcedhin each petri

ish with an appropriate diet cube; the dishes were eXamined
24 hours later and unhatched eggs, and larvae in excess of.
25 were removed. Irradiation vas begun on day 5 of the
‘ test, to allow larvae to accumulate the test.compdﬁnds and .~
to facilitate distinction of light-independent effects frr:>rnlv
phototoxicityt Larvae were weighed 6n éays_ﬁ; 7,-10, 14,
and lS,}gt which time the experiment was terminated. Diets
were changed every 2—3‘days. The experiments were repeated
twice, .and each experiment included two réplicates‘of the
@-T and PHT treatments and three of the control.

- The same 'light system as was—described in Section 2.5.3

was used in these experiments (2 w/m’ near-uv).

2.5.5 Toxicity of Compounds I - VI to Ostrinia nubilalis

Ostrinia nubilalis neonates were sufficiently small to

escape the petri dishes, and displayed a penchant for eating
polyethylene film. To screen compounds I to VI (at 100

Mg/g) against Ostrinia nubilalis, egg masses at the black-




] 54
head (hatching) étage; containing 10 to 30 éggs each,'weré
pinned to diet cubes in glass scintillation vials and stop-
pered with a cqﬁppn plug. Hatching neonates moved ohto the
diet cubes and began feeding. -fhe following mo%ning (15
hours later) larvae were distributed to six yials for each
¥treatment‘group, five larvae to‘a vial. Thus all of the
thirty larvae iﬁ each treatment graup werg-of‘tﬁe same age,
within 15 hours. Vials were laid on their side and exposed
to thgiappropriate light treatment (2 w/m® near-UV). The

diet used for§05trinia nubilalis was relatively rich in

*antibiotics and remained free of bacterial contamination for
pxtenéed periods. Diets were changed and larvae wéighed

every four to five days over a twenty day period.

2.6 Feeding Deterrency Tests

e
-

To test the effect of thiophenes and polyacetylenes on neo-
nate feeding behaviour, test compounds were applied in ace-
tone to both surfaces of a leaf disc. Control discs were

treated with acetone alone. Lettuce (Lactuca sativa) leaves

were used for Euxoa messoria, corn leaves (Zea mays cultivar

Silver Queen) for Ostrinia nubilalis, and tobacco (Nicotiana

tabacum cultivar Delhi 77) leaves for Manduca sexta. Leaf

discs were weighed and placed in glass scintillation vials; -~

five BEuxoa messoria and Ostrinia nubilalig,or two Mandu-

ca sexta neonates less than 24 hours old were placedl on each




55
leaf disc and the vialé wére capped. Experiments were con-
ducied in a Conviron ET growth cabinet at 26°Cl\80% R.H. and
.18 hour photoperiod. After 48 hours the surviving larvae in
each vial were counted, and the leaf discs were dried for 24
to 48 Pours at 80°C in a drying oven ;nd weighed. Consump-
~tion was calculated as the difference in leaf dry weight;
initial dry weights were calculatéd from regression equa-
tions based on not less than ten dry weight/fresh weight

determinations for each plant species. The egquations were:

d.w. = .0035541(f.w.) + .0036 . r=0.975 (lettuce),"
d.w. = .258(f.w.) - .481 r=0.95 - (corn)
d.w., = .035(f.w.) + 6.88 r=0. {tobacco)

All compounds Were tested at 100 pg/g'(and in some cases 10
ug/g) concentrations. At le%st five replicates of each
treatment Qere obtained. fﬁg design of these experiments
_was "no-choice".

More mature Euxoa-'messoria and Manduca sexta larvae were

tested in no-choice and choice exﬁeriments. For no-choice
tests preweighed 4th or 5th instar unstarved larvae were
presented with an appropriately treated weighed cube of”
artificial diet. Consumption and frass production was meas-
ured after 24 and 48 hours, and larvae were reweighed. Diet
weight loss due t to evapeoration was corrected for on the
basis of diet cubes not exposed t to insect feeding; evapo;.
ration accounted-for a daily weight aedline of about 16%.

At least ten replicates of each concentration were obtained.
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For Euxoa messoria fed 100 mg/g O-T trials with and without

near-Uv (4 w/m?*) weré conducted. For choice tests'gight

diet cubes were pinned around the perimeter of a 14 cm diam-
eter desiccator; Each experiment included three control and
five dosed dﬁgt cubes; the dosed Lubes inchSZd two at each-

L . .
of two concentrations plus one at a third concentration.

Diet cubes were arranged so that adjacent cubes were of dif-

fering treatments. Four BEuxoa messoria larvae were released

in the center of the desiccator. Experiments were conducted
with both starved (18 hour) and unstarved larvae, but no
difference in the behaviour of the two groups was apparent.
Both @-T and PHT were tested at 0.1, 1.0, 10.0, and 100
Mg/g. Bach concentration was tested at least seven times.
Feeding larvae were exposed to an 18 hour photoperiod of

visible light without UV.

2.7 Nutritional Indices

Buxca messoria larvae, from the test in which three thio-

'ﬁhenes and four polyacetylenes were examinéd (Section 2.5.3)
were weighed on.d;y 18 of that test, then transferred to
individual 3.5 x 6.0 cm cléaf polystyrene vials with a
fresh, weighed diet cube dosed with the same compound (100
1g/g) to which the insects had been exposed. Larval
weights, frass, and unconsumed diet were determined daily

for the next three days. The same procedure'was followed

P P Py 2

il o mrd s
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with fourth instar larvae from thﬁ stock éultdre: such lar-
vae were "naive" in that they had not previously been
exposed to the test compounds. Remﬁfggng diet was dried at

80 C in a drying oven. Frass was dried for 48 hours under

vacuum in a dessicator. The initial dry weight of the ‘diet

was calculated from the dry weight/fresh we1ght ratio
(=0.2624), as were both the initial and final dry we1ghts of
the larvae (for unstarved larvae, dry meight = 0.1415 fresh
weight}. Nutrip}onai indices determiﬁld included the con-
sumption index (C.I.), the approximate dlgestlblllty (AD),
the efficiency of converszon index (ECI), and the efficiency
of conversion of digested food (ECD). lndzces are deflned

in Results secticn 3.5 and follow Rees¢ (1979) and Waldbauer

(1968) .

2.8- Body Burden and Excretion

After 21 days of exposure to diets cbntaining compounds I to

VII, Buxoa messoria larvae were analysed for polyacetylene

or thiophene content.: Larvae ﬁere starved for 36 hrs to
clear the gut éf diet containing unassimilated test com-—
pounds. The larvae were then reweighed, frozen in liguid
nitrogen, and homogenized in 5 ml HPLC grade methanol (Fish-
er) with a teflon pestle. After extracting overnight in
methanol, the homogenates were Extracted 3X with 5 ml HPLC‘

grade hexane (Fisher). Extracts were pooled and evaporated
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to dryness under vacuﬁm, in the dark and at room teerra—
ture. Extracts were taken up in 0.5 ml HPLC grade acetoni~
trile (Fisher), and 25 ul aliguots were analyzed for polya-
.cetylgne-or thiophene content by reverse-phase HPLC. The
HPLC system included Beckman 110A pumps, a 420 Beckman con-

troller, and a Beckman 165 ifriaple Wavelength Detecfor.

The column was a Beckman Ultrasphere Su ODS 4.6 mm x 25 cm
(RP-Cys ), and samples were eluted with 15% HPLC grade water
in acetonitrile. Samples generally gave few peaks, and
peéks attributable to the test cqmpounds, if present, were
distinct and did not overlap with other insect constituents.
Concentrations of test compounds were determined accéording
to standard curves; identity of the detected peaks witﬁ
polyacetylénes or thiophenes was confirmed-by'dgtermin?ng uv
spectra during elution, with the Beckman 165 detector, and
comparing them with those of the original compounds.

Frass samples were dried in a dessicator, weighed, then

.eitracted for two weeks in 5 ml HPLC grade acetonitrile.
Extracts were concentrated to 1 ml, and 25 wul aliguots were

analysed by HPLC as described for insect samples.



. Chapter ‘II1
' RESULTS

3.1 Effects of &~-T and Near-UV on Euxca messoria

When Euxoa messoria larvae wer;iked diet containing 100 ug/g

@-T, the degree of toxicity expressed was dependent on the
intensity of near-UV exposure; both phototoxic and non-

phototoxic effects were observed.

3.1.1 O-T Toxicity to Euxoa messoria: "High? UV Test

Larvae gﬁposed to &-T without near-UV showed markedly
decreased growth compared to the control; at 14 days the
mean weight of the X-T fed insects was only 20% of thgvcon-
trol (Fig. 5). Relative weights were higher after 21 and 28,
days as control larvae were entering plateau phase and &-T
treated larvae were still gaining weight.

Similar results,‘élthough not as marked, were found fo:
larvae exposed to near-UV (4 w/m?®) without &-T; in this case
larval weights closely approached those of the controls by

day 21.

L]
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Cutworm larvae exposed to bothtx T and near-UV (4 w/m? )
did not differ significantly from larvae treated wlth.a-
alone at days 7 and 14, although the mean wgight of the
irradiated larvae was conéistantly lower. By day 21, how-
ever, larval weights were significantly depressed. (Dun-
can's Multiple Range Test, =,05, d.£.=45). Although the
larvée were observed to be feeding, the growth rate was low-
er than in the other treatment groups. Mortality was higher
in this group as well: on day 21 only 4 of the original 15
larvae were alive, compared to 1l fo 14 survivors in the

other treatment groups. Mortality reached 100% by day 28.

3.1.2 «O-T Toxicity to Euxoa messoria: "Low" UV Tests

The sublethal.effects of @-T on Euxoa messoria were further

investigated when larvae were reared on diet containing 100
and 10 aug/g &¢-T and éxposed to a low intensity (0.5 w/m?) of
near-Uv.

Larvae fed 100 ug/g &-T showed significantly depressed
growth relative to the light and dark controls (Fig. 6) and
development ﬁime to the prepupal stage (indicated by the
leveling off of growth curves in Figures 6 and 7) was
increased from 34 to 50 days (one-tailed t-test, t=3.96,

d.f.=42, p <.01).
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Figure 5. Euxoa messoria growth as percent of control with

exposure to combinations of 100 ug/g ®-T and 4 w/m
near-Uv. S
b 4 w/.m near-UV only.
A 100 ug/g @-T only.
A 100 ug/ ¢ T plus 4. w/m near-UV.

~
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Cutworm larvae exposed to both . &-T and near-UV (4 w/m?)
&id not differ significantiy from'larvae‘treated with @-T
alone at days 7 and 14, although the mean'}eight of the
irradiated larvae was consistantly‘lower. By day 21;'how-
ever, larval weights were significantly depressed. (Dun-
can's Multiple Range Test, =.05, d.f.=45). Although the
larvae were observed ta be feeding, the growth rate was low-
er than in the othe:_;g?atment groups. Mortality was higher
in this group as well;‘on,day 21 only 4 of the originalbls
larvae"}ere alive, compared to 11 to 14 survivors in the

other treatment groups. Mortality reached 100% by day 28.

3.1.2 a-T Toxicitv to Buxoa messoria: "Low" UV‘Tests

The sublethal effects of &¢-T on Euxoa messoria were further

investigated when larvae were reared éé;dietfcontaining 100
and 10 ug/g ®-T and exposed to a low intensity (0.5 w/m*) of
near-gv. .

-Larvae fed 100 ug/g T showed significantly depressed
growth relative to the light and dark controls (Fig. 63_and
develgpment time to the prepupal stage (indicated by the
leveling off of growth curves in Figures 6 and 7) was
iﬁ&reased from 34 to 50 days (one-tailed t-test, t=3.96,

d.f.=42, p <.01).

#
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Figure 6. Euxoa messoria growth with exposure to combinations of
. 100 ug/g @-T and 0.5 w/m? near-UV.
) Error bars indicate one standard deviation. . d
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Figure 7. Sy;gg messoria gfowth with exposure to combinations of

10 ug/g @-T and 0.5 w/m*® near-UV.

Error bars indicate one standard deyiationm.
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Maximum larval weight decreased from 478 mg to 385 mg (one-
taileé:t-teét, t=3.02, d.f.=42, p<.05) (without irradiation)
or 333 mg (irradiated) (one-éailéd t-test, t=3.91, d.f.=40,
p <.0l). No increase in the number of indiviauals develop-
ing supernumary instars was noted. Pupal weights were simi-
larly feduced. The mean weight of larvae treated wifh Q@-T
ﬁnd near-UV was consistently lower tﬁan that of larvae ’
exposed to &-T alone, and a X* test indicated that the
observed weights were lower than would be expected if Q-T
and near-UV light did not interact, from day 28 on.

" Similar ‘results were found when larvae were fed diet
containing 10 pé}g'QPT (Fig. 7). The growth o these larvae
was depressed to a rate intermediate between the coﬁtrol
groups and the larvae fed 100 ng/g @-T. Tﬁese larvae

~reached the prepupal stage 4 days eariief than larvae treat-
ed with &T at 100 ng/g but significantly later than control
larvae {(one—-tailed t-teét, +U.V. t;3.67, d.f.=4%, p <.01;
“U.V.: t=3.58, d.f.=44, p <.05). Maximum larval weights

were similar to those observed for larvae treated at the

" higher o-T conceﬁtration, Pupal weights were significantly

lower than -the controls (one-tailed t-test, =U.V.: t=3.92,
d.£.=45, p<.0l; -U.V.:t=2.97, d.f.=44, p <.05). There were
no significant differences in mortality rates between any of

the treatment groups.
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\\\3:2 Toxicity of - Thiophenes and Polyacetyienég?to EBuxoa
" messoria )
Three thiophenes (compounds I-III) and four polyacetylenes

(compounds IV-VII) were ‘screened for allelochemical effects

against Euxoa messoria (Fig. 8). Of the seven compounds
tested, five (1I, III, IV, V, ﬁI,) caused long-term depres-
ﬁion of growth; compounds ‘III (‘-T), v (PHD), and VI (PHT)
were clearly phototoxic..

Compound I, a mondtﬁzgphené;;initially decregsed growth
in the absence of near-UV. Relative weights recovefed to
éontrol levels by day 12 but subseéuently dec}ined as con-
trol larvae entered the most rapid growth phase. Growth of
irradiated'lar%ae closely matched‘the‘controls uﬁtii day 18,
and was essentié&ly identical to non-irradiated larvae from
day 12 until the experiment waS'termjnéped.

The weight of Hgivae fed compound If4‘bithiophene,
declined to 55%-of the controls over the course of the
experiment. Photosensitization was not evident.

_Compound III, @-T, rapidly reduced the growth of treated
larvae. By day 9 ifradiated larvae weighed 50%; and non-
irradiated larvae 62%, of the controls. Photosensitization
was évident as non-irradiated larvae graduélly.gained weight
relative to the cong;olé, whereas irradiated larvae consis-
tently weighed about 20% less and did not recover.

Compound 1V, PHD, »Was “also markedly phototoxfpi/ﬂPHD
alone reduced larval welghts by 25%, but PHD plus near-UV'

reduced weights to 45% of the controls.

&
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Compound V, PHD-acetate, depressed growth rates as

treated larvae weighed only 55% of the contréls. However,

irradiated larvae generally weighed ébout 20% more than lar-

vae treated with compound V alone. *
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Figure 8. Euxoa messoria growth as percent of control with

exposure to 2 w/m near-UV and diet containing 100 ug/ g .

compounds I-VII. The growth of .control larvae ;- as log

:

wt (mg), is given in the .toia left figure. ¢
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Compoynd VI, phenflhéptétriyne‘(PHT), was another photo-
toxic yacety;epef Nonlirraéiated larvae shgwea siénifi-
cant r¢lative weight decline dniy at day 17 of the test,
compared to irradiated larvae which weighed 25% less than
contrpols afté four‘days.f The relative weight of irradiated.

-

larvae declined to 50% of the controls by day‘i4 of the

-~

: . . » :

£
Non-irradiated larvae fed compound VII, matricaria lac-

A
, initially showed a small growth depréssion, but their

until daxs 19 and 21, ‘when ‘their weight exceeded the con-

All the colRpounds produced, in the absence of near-Uv, a
rapid initial growtﬁ?inhibition‘ﬁhich suggested feeding

~-deterrence to neonate larvae (Section 3.6).

X

3.3 Toxzczty of Thiophenes and Polyacegzlenes to

Ostrlnla nubllalls.

t

The toxicity of three polycetylenes (Iv, v, and VI) and

three ‘thiophenes (I, II, and III) to Ostrinia nubilalis at

100 ng/g was examined (Fig. 9).

Ostrinia nubilalis control larvae grew more slowly than

did Euxoa messoria. Growth was exponential during the 20

day study period. All larvae lined the rearing vials with i
N

-
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silk which.co;lected frass and formed.anéopaque barrier, and.
many larvae also bored into thé diet cubes. Consequently
larvae could not be éxposed effectively to near-UV irradia- |
tion. We1ghts determined for irradiated and non~1rrad1ated
treatments were always similar and were comblned in Figure
S. This data represents only the "dark” tox1c1ty of -these
compounds. o

~ All of the compounds inhibited larval‘development'to
some extent. The thiopheﬁes és a group.were more toxic than
the polyacetylenes: toxicity increased with increasiﬁg num-
ber of thiophene rings. Af day 15 compound I had inhibited
" growth by 52%, compound I1 by 61%, and'compound III'(G;T) by
86%. Increased mortality was seen wzth compounds IT (67%)
"and III (90%) (compared to 20% for the control) but not with

)

Polyacétylene toxicity was less marked; over 15 days

-

compound I or any of the polyacetylenes.

_cémpound Iv inhibited growth by 30%, compound V by 28%, and
compound VI (PHT) by 40%. Larvae fed compound V showed
improved growth by day 20; in all other treatment groups °
inciuding the thiophenes relative weight declined thrbugoﬁt

the experiment.
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Figure 9. Ostrinia nubildlis growth as percent o

£ control

with exposure to diet containing 100 ugfg.doé}ounds'
I-VI. The growth of control larvae, as loh/éth(hg),

is given in the top left figure.
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3.4 Toxicity of &¥-T and PHT to Manduca sexta

&-T and PHT showed both phototoxicity and.ligﬁt-independent

tokxicity to Manuca ‘sexta larvae. . -

T

. Neonateé larvae fed loo,pg/g «-T exhlblted high mortallty

rates even without photosensat1zlng 1rrad1at10n; after five
days of expoéure_to Q-T diet only 15% of the larvae survived
(Fig. 10) and their 'weight was only 11% of the controls |
(Fig;_lll. Exposure to ﬁear-UV began on day 5; all irradi-

. <
ated larvae died within two days, and non-irradiated larvae

did not survive'to day 10. Larvae in these treatment groups

produced few fecal pellets, suggesting that death was due to

starvation and not direct toxicity. A similar mortality

rate .was observed when Manduca sexta neconates were main-
tained withoﬁt.access to diet. Differences in survivorship
between irradiated and non-irradiated treatments were not L
significant.e . -

Mortallty was slightly increased in the case of larvae
fed 10 ug/g a-T (Fig. 10} but was aot lnfluenced by exposure -
to near-UV; note in Flgure 10 that a difference in the

"irradiated" and "non-irradiated” treatment groups existed
by day 5 before the onset of 1rradlat10n. Rather the
major symptom was a marke@ly ;educed growth rate (Flg: 11).
By day 5 treeted larbee\weighed only 46% of the controls
(one-tailed t-test, t=2.85, d.f.=91, p<.05) ; this declined
to 30% in the case of non-irradiated larvae and 20% with

UV-treated larvae over the next 10 days (one-ﬁailed't~test,
)
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*U.V.: t=4.09, d.f.=38, p<.01l; -U.V.: t=3.11, d.£.=41, p’

<.05). Differendes due to‘near—UV were small but significant
(p<.05). About 20% of the larvae fed 10 ug/g @-T, and irra-
. diated with near-UV, developed blackllesions on their dorsal

suffacez concentrated in the cuticle and dermis along the -

'1, mid~dorsal vein. . These lesions were more evident in larvae

 fed 100 ng/g PHT. |

@-T was less toxic when larvae were exposed in the b
fourth and fifth instar.Q-Weight gain was depressed to 49% .
- (one-tailed t-test, t=2.93, d.f.;zs, p<fd5) of control in .
“the first 24 hrs by iDO‘pg/gra—T, but mortality was not
increased. At 10 ug/g treated larvae did not differ. from
the controls. At the higher concentration some S5th instér
larvae ceased feeding and entered the prepupal stage 1-3

days earlier than control larvae.

‘Manduca sexta‘ﬁéonate larvae fed 10 ug/g PHT initially
grew more rapidly than control larvae (Fig. 11}. By day 15,
howeQef, treated and control larvae were of‘similar weight.
In contrast, PHT at 100 ug/g was toxic. Larval weights were
reduced to 48% of confrols before the initiation of irradia-
tion on day 5 (one-tailed t-test, t=3.41, d.f.=41, pgf;OS)
(Fig. 11). Non-irradiated larvaé.remained at about 50% of
control larvae weight for the subsequent 10 days; the rela—'
tive weight of irrqdiéted'larvé; declined to 9.5% of the
control over the same period. ‘frradiated and unirradiated

larvae differed significantly from day 10 on. (one-tailed
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‘t-test, t=3. 23 d f.—28‘ p < 05) The majorlty of larvae in
this group developed a number of necrotic lesions on the

'dorsal surface, partlcnlarly along the mid-doral blood ves- . o

sel, Control larvae, and larvae fed PHT but not exposed to

near-uv, _hever developed these le51ons.

-
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Figure 10. “Manduca sexta mortality in response to

pp'-tl.o

Ll 4

combinations;of 2 w/m. near-yV and diet containing 10
or 100 vg/ g -T. . o

irradiated control.

unirradiated control. -

'

10 ug/g a-T, + near-uv.-
ld ug/ g ®-T, - near-UV;

100 ug/ g @-T, -+ near-Uv.
100 vg/ g @-T, - near-UV.

.

i

RN



; vl T 9
0 ® 0
o “ I
|
.~.... | |
. I I
. | |
. |
4 = () | o

90 -
80+
70
20
10 -

100 .

o T M

Apopiow %,

#

15




PSR

*81

.

Figure 11. Manduca sexta growth as percent of control

with exposure to combinations of 2 w/'m near-UV and:
- A) 10 and 100 ug/g @-T, and B) 10 and 100 ug/g PHT.

The arrows indicate the initiation pf irradiation on
day.five of the tests, )
A) O 10 ug/ g @-T, + near-Uv.

W10 ug/g Cﬂ-"if, - near-yJv.,

O 100 ug/ g @®-T, + near-UV. .

A 100 ug/g @®T, — near-UVv. <
B) A 10 ug/g PHT, + near-Jv.

A 10 ug/g PHT, — near-Uv.

0100 we/ ¢ PHT, + near-uv.

@ 100 vg/ g -PHT, — near-UV.

-—
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Larvae from one repllcate of the experlment were exposed to
dzrect sunl:ght for 50 minutes, and the number and size of
the 1esions_were observed to increase substantially during
. this period. Control larvae exposed to direct sunlighﬁt and
'PHT treated larvae exposed to sunlight without the ﬁea:;UV
component failed to develop the lesions. "Small lesions

-

caused larvae no obvious distress, as they weighed as much

as similarly treated larvae without lesions. However, lar-
~vae were unable to shed the cuticle past larger lesions at
;Eoultlng. The partially moulted cuticle gonstricted the.
Iafvae, preventing the passage of gut contepts and restrict-
iné the circulation of haemolymph. Such lervae stopped
feeding.and eventually died. This resulted in a 35% mortal-
ity over 15 days, compared-to lQ% mortality with larvae not
exposed to PHT. _ |
The concentration of the lesions along the dorsal blood
vessel suggests that PHT is circulated with the haemolymph
‘and binds to appropriate_sites adjacent to the haemocoel.

The dorsal surface is exposed directly to near-UV and is

less pigmented than Euxoca messoria which did not develop

lesions when exposed to the same near-UV and PHT treatment.

Manduca sexta larvae fed 10 ug/g T and PHT also devel-

ioped small lesions in a few individuals, but such lesions

were not lethal.
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3.5 Nutritional Indicies

Both thiophenes and polyacetylenes were found to dECrease.

the efficiency with which Euxoa messoria larvae converted

ingested diet-into insect biomass.

The simplest measure of the ability of an animal to uti-
lize dietary items is the "Efficiency of Conversion Index”

-

. or ECI, which is defined as:

increase- in larval biomass / diet consumed

on a dry weight basis (Waldbauer, 1968; Reese, 1579). Com--

pounds II, III, IV, and V all reduced the ECI to 32-50% of
the control in "habituated" lérQae that had been exposed to
the compounds for 15 days (Table 7). Reduction in the ECI
was generally proportional to-the decrease in growth rate.
Thiophenes (II and III) and polyacetylenes were abouf'eﬁual—
ly efficient at reducing the ECI. . Amongst the phototoxic
compounds -(III and IV) the irradiated larvae had a lower ECI
than non-irradiated larvae. The ECI has two components,

the "Approxiﬁate-Digestibility“ (AD), defined as:
(diet consumed - frass) / diet consumed

and the "Efficiency of conversion of digested food" or ECD,

defined as:

increase in insect biomass / (diet consumed - frass)

~
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(Reese ;979). In all cases the AD was close to control val-
ues,‘demonsﬁrating that the écetqunes and. thiophenes did
not interfere with the digestibility of the diet. However
the ECD was lowered to 20-60% of control.

. The values in Table 5 were obtained from habituated lar-
vae exposed to thiaphenes and acetylenes throughout their
entire growth (15 days). A different pattern was seen when
comﬁéunds wére_presented to "naive™ 4th instar larvae {(Table
6). Within 24 hours @-T (100 ug/g) reduced the ECI to 52%
of the control value; this reauction was independent of UV
exposufe. In contrast, acpﬁylenes IV and V did not affect
the ECI during the first 24.hours of exposure. Acetylenes

appear to lower the ECI more gradually than do thiophenes.

3.6 Antifeedant activity

The rapid initial decline in relative weight of neonate Eux- ~

oa messoria, Ostrinia nubilalis, and Manduca sexta seen with

most of the acetylenes and thiophenes suggested that these g
compounds reduced the feeding activity of ‘these insects.
Experiments in which leaf discs of appropriate plants

were treated with 100 ug/g of compounds I to VII confirmed

that all except VII deterred feeding by neonate Euxoca messo-

ria (Table 7} in no-choice tests.~. Neonate Manduca sexta

vere strongly deterred by 100 ug/g &-T ané PHT; 10 ng/g @-T
was slightly deterrent whereas 10 pg/g_PHT acted as a pha-
gostimulant (Table 8).

~



87

Table 4. Mean ECI values for naive-and habituatg& Euxoa messoria

larvae after 24 hr feeding on diet centaining 100 ug/ g compounds
11T, IV , Or V. Naive larvae were not exposed to, the tes‘t '
compounds .prior to the experiment, whereas habituated larvae

had 20 days exposure to treated diets. Values in a colum,
followed by the same letter, were not significantly different
(uncan's multiple range test).

Compound NearJV  Nailve larvae Habituated larvae
Control + 50.8 a 48.2 a
N
- - ’ 43.6 a 47.4 a
B33 « . 23.6b , 16.2 b
- 23.1 b 19.1 b
. + . - 11.4 b
- 46.6 a 16.6 b
Vv + -- 18.7 b
- 42.2 a 15.1 b
<
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Table 7. Effect of polyacetylenes and thiophenes on feeding behavior

of neonate Euxoa messoria and Ostrinia nubilalis. Feeding rate

~1%-given as percent of control; all compounds were tested at 100
ug/ g and without near-Uv i’¥hdiation. Values in a column followed
by the same” letter are not significantly different'(rhncan's
multiple range tesg}.

S

Compound 7 Euxoa messoria Ostrinia nubilalis

ha

Control 100 a ‘ 100 a

I " 80.8 a 91.2 a
I1 38.0 - 72.8
111 38.0b 64.8 b
v 32.8 b 103.2 a
Y 25.1b 108.0 a
VI 16.3 b §5.6 b
VII 80.1 a 94.4 a
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Table § . " Effect of 10 and 100 ug/ g @-T and ‘PHT on feeding by neonate. -
and 4th § Sth instar Manduca sexta. All values are as pércent

of control; numbers in a colum followed by the same letter are

not significantly different (Duncan's multiple range test).

Treatment

4th § S5th instar la}vae

Neonate ‘la;rvae
" Control 100 a lpO a
10 ug/g -T 84'.3.b .’ 97.3 a
100 ug/g -T . | 0c 50.0 b .-'-‘“
10 ug/ g PHT 120.2 d e |
100 ug/ g PHT 5.0 ¢ ——- ‘
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Ostrinia nubilalis neonates were not affected by éompounds

\Egbsvu and VII, 55& ;ere only slightly'deterreé by compounds
-1 kg% inhibition), II (27%), III (35%) and VI (14%) "(Table
7). . - ' .

Polyacetylenes and thiophenes alsq reduced feeding by
mature larvae, although not to the same'exteﬂt. In a choice

tesi, -7 reduced feeding by 5th instar Euxoa messoria lar-

. vae {(Fig. 12). A regression line fitted to this data:
y==17.96(log &-T)+64.23 R=.99

where y (the consumption rate as $ of control) indicates
that feeding is reduced by 50% at 6.2 ug/g ®-T. PHT is less

efficient as an antifeedant: the r;giiifion

S——— \
y=-6.5(log PHT)+63.5 “R=.81

indicates that 50% feeding reduction occurrs at 119.4 ug/g,

still well below levels occurring in plants:

In a no-choice test @-T was less deterrént to Euxoa mes-
soria (Figq. 12): 100 ug/g reduceé feeding by\ZO% over 24
hours when photosensitizing light bas‘absent,-but éhis
activity was doubled by thg presence of near—UV. That the
antifeedant activity of & T was enhanced by ﬁgaf-UV may
indicate that toxic symptoms due Eg/aqg phofosensitization

occur rapidly enough to ai@ectzfgéding Iv'a 24 hour trial.
L '
The presence of near~ is a more realistic approximation of

N

conditions likely to occur in the field.
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Figure 12. Euxea messoria feeding rate as percent of control

in response to T dnd PHT. A)  indicates feeding
activity with 0-i00 ug/ g @®T in a choice test. 4 indicates
feeding on diet containing 100 ug/ g @-T in a no-choice
test without near-UV irradiation, and & indicates
feeding, in a no-cheoice test, to a combination,of 100
ug/ g @-T and 4 w/m near-UV. B) Feeding activity in a
choice test in response to diet containing 0-100 ug/ g
PHT. .

v In both cases the dashed line indicates the concentration

required to produce a 50% decrease in feeding.

o
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Similarly, 100 ng/g o-T reducedkfeedihg by fifth instar

Manduca sexta larvae by'50% (p<.05), whereas this concentra-
tion abolished'feeding by neonates. «-T at 10 ug/g had no

effect on the feeding behavior of fifth instar Manduca sexta

larvae, compared to a 15% decrease in feeding by neonate

larvae,

3.7 Toxicity/Partition Coefficient Relationship

The toxicity of polyacetylenes and thiophenes, meéasured as
the % growth feduction‘on day 15, was found to:be‘relafed tb
their lipophilicity, measured as ‘the log of the wétér/ ‘
octanol partition coéffzc1ent (log Pear ) - .
Only light- 1ndependent tox1c1ty could be determined for

Ostrinia nubilalis. Thiophene toxicity was highly correlat--

ed with 1ip§philicity{.the relationship may be described as:' -
t = 56.8(log Peay ) - 230.9 r = .999.

where t is the toxiéity Polyacetylene llght 1ndependent
N

toxicity was also correlated with lipophilicity, although

less strongly so:

t = 7.1(log Py )} - 0.2 r = .750

[

Thiophene toxicity to Euxoa meésoria was related to the

water/ octanol partition coeff1c1ent in the presence of pho—

tosen51t121ng llght.

’



t = 33.5{log Peay ) - 145.2 r = .860
. - . . R ' } ?
and in the dark: .
t = 37.8(log Py ) - 169.9 r = .996

Polyacetylene foxicity was highly correlated to the pafti-

tion coefficient in the lﬁght:

t = 16.7{(log Pgy } - 29.8 r = .996
but much less‘so'in the dark£
t = 6.3(log Pegy } + 1.4 r = .447

In these rela;ionships it is noteworthy that the rela-
tionship between lipophilicity and toxicity is different for
polyacetylenes and thiophenes,- and the relationship appears
to be independent of the ﬁest insect. Thig correlation 1is
primarily described by ‘the slépés of the regression egua-

;tions, which are large for thiophenes (33,5_t? 56.85 and
small for polyacetylenes (6.3 to 16.7). The weak correla-

‘tion for polyacetylene toxicity .to Euxoa messoria in the

dark was due to the toxicity of PHD-acetate (compound V),
which was greater than expected on the basis of a regression

equation derived from compounds IV, VI, and VII.
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Figure 13."Polyacetylene‘and thiophene toxicity to A) Euxoa mgéﬁg;i;,
| and B) Qstrinia nubilaiis, in relation to their water/octanol

partition coefficient’

b
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3.8 Accumulated body burden and excretion

~The extent to which thiophenes and polyacetylenes accumulate

in the insect body was studied in Euxoa messoria (Table 9).

The highest body burdens were observed with &-T: concen-
trations as high as 660 ug/g insect fresh weight were found
with irradiated larvae: the mean for this group was 496
ug/g. Larvae fed @-T and not irradiated accumulated 120
ng/g @=T on average. Con51derable variability between indi-
viduals was noted, and both groups included individuals in
which &-T was not detectable. ‘

Compound IV was also detected, but at lower concentra-
tions. Among larvae exposed to near-UV the mean body burden
was 36 ug/g, but one larva had twice this level. Unirradi-
ated larvae contalned a mean of 17 ug/g compound IV. No
individuals were free of polyacetylene. |

Compound .,V was the only one to give clear evidence of
metabolism, ;é larvae fed diet containing this’ polyacetylene
accumulated large amounts of another polyacetylene, 1dent1—
fied by HPLC retention time and UV spectrum as compound Iv.:
Irradiated larvae accumulated 88 ug/g compound IV, and one
larva had 140 ug/g. Without near-UvV irradiation, an average.
body burden of 78 ug/g was observed, and one individual had
accumulated 143 ug/g. No ihdividuals were found without
compound IV. Oniy one larva contained detectable levels of
compound V, but in that case it was present at a high con-

centration, 93 ug/g.



PHT was found at levels comparable to compound IV,
Irradiated larvae -contained 28 ug/g PHT, and unlrradlated
larvae 15 ug/g. |
. Compounds I, II, ané VII were not detected in any
insects. There was no correlation between the watérégséanol
partition coefficients and observed body burdens.

Frass was examined for polyacetylenes and thiophenes to

determine if Buxoa messoria larvae were excreting these com-

pounds unmetabolized. Polyacetylenes and thiophenes were

not detected in any of the frass samples examined.



Table 9. Polyacetylene and thiophene body burdens in Euxoa messoria
after 21 days of exposure to diet containing 100 ug/ g compounds
I toVII. All values are in ug/g insect fresh weight; the:
numbers in brackets are one standard deviatien.
"not detected"”. Only one of the unirradiated larvae yielded
detectable amounts of compound III.

partition coefficient (from McLachlan, 1984) is indicated for

N.D signifies

,compérison: -
Compound Near-UV . Body Burden Log P
I + N. D. 4.60
I - N.D.

i N N.D. 5.15
II - N.D.

III- L+ 490 (120) 5.57
1Tt - 120 (-)

v + 36 (24) 4o B
r

i\ - 17 (9)

v + 88 (74) 5.88
v - 78 (51)

VI + 28 (19) 3.91
Vi - 15 (12)

VII ' + 2.09

VII -

99

The log of the watexr/ octanol
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Chapter 1IV
DISCUSSION

This study has ‘demonstrated that poly¥acetylenes .and éhio-
phenes are toxic to phytophagous inseéts in the absenée-of'
near-UV, and this toxicity is enhanced, in some. cases, by )
the presehce of near-UV. Toxicity is expressed as'mortality
or as a decreased growth Trate, resulting in an extended
development period and decrgased-pupal weight. Three compo--
nents of this toxicity were elucidated: light—independént
growth reduction involving both adverse effects on nutrient
utiliiation and feeding deterrence, and photosénsitization.
Thiophenes and polyacetylenes differed in ﬁheir toxicity,

effect on nutritional indices, and relationship between tox-

icity and lipophilicity.

~

4.1 Light-Independent Mortality and Growth Reduction

At 100 pg/g, all of the thiophenes and polyacetylenes exam-

ined except compound VII reduced the growth of Euxoa messo-

ria and QOstrinia nubilalis larvae in the absence of photo-

sensitizing light. Manduca sexta growth was similarly

inhibited by 10 ung/g @-T and 100 pg/g PHT; @-T at 100 1rg/g

- 100 -
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was lethal and growth was stimulated Ry 10 pg/g PHT. 1In the
absence of photosensitization thiophenes were about ten’

times as toxic (in terms of both mortality and growth reduc-

tion) jas polyacetylenes to Manduca sexta, about twice-as

effective at reducing the growth of Ostrinia nubilalis, and

the two reduced the growth of Euxoa messoria to a similar

extent. Thiophene toxicity increaség with increasing fumber -

of thiophene rings, a reiationship which was also found by

McLachlan (1584),

Allelochemicals may interfere with the gfowth ané.survi-
voré@ip of an insect by disrupting metabolic processés, by
interéerring with nutrient assimilation, or by deterring
feediﬁg. Two components of the ligﬂt-independant activity
of pqiyacetylenes and thiophenes were discerned in the pres-
ent étudﬁ: feeding deterrence and inhibition of nutrient
utiliéation.

7

4,1.1 Feeding Deterrence

Feeding deterrence is an important component of the tox- .
icitg of many allelochemicals and may, in some cases, large-
ly account for their activity (Isman and Rodrigues, 1983).
This gctivity may explain much of the initial growth
response of the three test insects to polyacetylenes and

thiophénes.

.
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Neconate Manduca sexta‘exhibfg%d 100% mortality when pro-

vided with diet containing 100 pg/g =T (Fig. 10). This may
Be accounted for by the antifeedant activity of this thio-

phene, as @-T at this concentration abolished feeding by

Manduca sexta neonates (Table 11) and neonates given no diet
at all had a similar rate of mortalitf. However, the deter-
rent activity of 10 pg/gka-T was insufficient to account for
the inhibition of growth observed at that concentration,
implying another component to the light-independent toxicity
of this compound. PHT at 10 pg/g stimulated feeding, a phe-
nohenon which is occasionally seen with very low doses of
insecticides (MoEFZrty, 1975). The increase ip feeding
resulted in an accelerated initial growth rate (Fig. ll)f;
Conversély, 100 ng/g PHT produced a marked initial retarda-
tion of growth, due initially to a 95% .reduction’ in feedingi
Normal fééding rates wére gradually assumed after the ini-
tial period of starvation, but growth rates remained below

controls, again suggesting another toxic mechanism.

Buxoa messoria neonate larvae were strongly deterred from
feeding on diet containing 100 ng/q of'compounds II to VI,
(Table 7), and these compounds all produced an initial
decrease in_relative'weightogain (Fig. 8). The two least.
deterrent compounds, I and VII, produced only a small and
transient decline in relative weight, and that only in the
abseﬁce of near-UV light. 1In these cases, and possibly with

II and V as well, photodegradation.of these light-unstable

]
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compounds .(McLachlan, 1984) may have led to a small decrease
in the effective concenﬁration of the allelochemical at’ the
. surface of the dlet cube. This would primarily affect neo-
-nate larvae feeding on.the surface of ‘the diet, as more
mature larvae typically ate into the cube to a greater depth
than light could be expected to penetrate. . In all cefes
feeding inhibition was abolished by 24 to 72 hours of'staf-
vation of neonates. Growth inhibition contlnued however,
and subsequently became evident_ in larvae fed compound I as
well. This was again consistent with another light-
independent toxic activity for polyacetylenes .and thio-"

phenes.

The growth of Ostrinia nubllalls was inhibited by 100

tion. ‘ . e

BEuxoa messorila and Manduca sexta neonates were more

strongly deterred than were more mature larvae by a given

concentration of PHT or &-T. In particular, Manduca sexta

neonates starved on leaf disks containing 100 png/g ®-T, but
£ifth instar larvae exhibited only a'4b%'aecrease in feeding
rate. Thaﬁjthe neonate stage is the most sensitive to alle-
lochemicals is well eetablished {Reese, 1983), and many
allelochemicals may operate primarily egainst this life

stage (Isman and Rodrigues, 1983; Isman and Duffey, 1982).

Q@
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®-T was also more deterrent if insects were given a choice
_ between treated and undosed diet (chozce‘test). Choice- tests
more_accurately reflect tﬁe situatien facing'a mobile, poly-

phagous insect, such as Euxoa messoria. If an insect is

immobile, monophagous, or occurs in an agricultural monocrep
situation, ‘no-choice tests are more likely to indicate it's
behavior in the fleld (Schoonhoven, 1982)

Near-UV enhanced the feeding deterrent effect of &-T 1in
a no-choice test.with sixth and seventhxtnstar Euxoa messo-

ria. This may indicate photosen51tzzatlbn\of insect chemo-
s

receptors or other sensillae, or alternatively “tor perhaps

in addition) llght dependerit tox1c051s may be occurring T

guickly enough to affect feeding in a 24 hr trial. As an
insect feeding in dayligﬁt will ‘certainly Be exposed to some
near—UVﬁ thie result suggests that G-T (aed perhaps other
phototoxins) will be more effective as an antifeedant '

against diurnally active insect-herbivores.

The feeding deterrent activity of po%yacetYlenes and.
thiophenes occurrs at concentrations wei} below those found,
in many Asteraceae. Arnason et al.-(1983a) found 60 ng/g

&-T in the leaves of Flaveria trinervis, and Downum and Tow-

ers (1983) reported that Tagetes erecta roote ilpwers,.and

leaves contained over 1200 pg/g fresh welght (5 mM/g) «-T

and very high levels of other thlophenes.‘ Bldens pilosa

leaves may have up to 700 ug/g PHT (Towers and Wat 1978;
Wwat et al., 1979)Y These concentrations are lzkely to deter

feeding by all but the hlghly aeapted insects.

.
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A.correlation cdn be made between the response of the
ﬁgonate larvae to polyacetylenes and thiophenes, and their

A

host plant range. Manduca sexta larvae were the most

strongly deterred, as the feeding inhibition dpe to @-T at
100 pg/g could not be overcome by starvation. As éolaﬁa—
ceous host plaﬁts of this insect do not usually contain
these compounds, the ability fo detect and avoid them is

probably an adaptatibn to allow Manduca sexta larvae to

avoid ingesting potentially toxic non-host plants. ‘At low
concentrations, (10 ng/g), @-T and PHT had little deterrent
effect or were phagostimulatory, even though ®-T reduces

growth at that level. Euxoa messoria larvae were also det-

erred by all of the test compounds except VII, the only one
that did not reduce growth, °The host plant range of this
polyphagous insect isjextensive but apparently includes only
those Asteraceae that lack polyacetylenes and thiophenes.
Again, avoidance of these compounds may lead the insect to

avoid toxic non-host plants. Ostrinia nubilalis larvae were

only slightly deterred by the thiophenes and PHT, and did
not reSpond to the other acetylenes. This insect utilizes a
ﬁumber of phototoxic Asteraceae (Caffrey -and Worthleéy, 1927)
{Appendix l?). First instar larvae feed on leaves_ but may-
be able_éo avoid resin canals, glands, and other sites with

"high levels of phototoxins. Such a behavior allows neonate

Heliothis zea to aveid ingesting gossypol from cotton leaves

(Reese et al., 1981). Later instar Ostrinia avoid photosen-

FJ
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sitization by spinning silk and by boring into stems or,
less frequently, fruit. Aas well,-thé concentration of

polyacetylenes and thiophenes is frequently lower in the
stems than in other plant tissues (Bohlmann et al., 1973
Towers and Wét, 1978). This may be one reason why.Ostrinia

~nubilalis is able to exploit plants not accessible to Mandu-

ca sexta or Euxoa messoria or, presumably, many other
- ~

insects.

The activity of ﬁolyacetylenes and thiopheﬁes ﬁay be
"compared to other known feeding deterrents (Table 2). These:
compounds are not as active as azadirachtin and warburganal, -
which are antifeedants of potential commer;iai significance.
(Jermy, 1983:-Schoonh6ven, 1982). However, polyacetylenes
and thiophenes are as efficient as several other limonoid
and isoflavonoid antifeedants, and are considerably more
effective than tanniqs, gossypol, or tomatine. In particu-
iar, several of the compounds tested in this study are '
effective antifeedants at much lower concentrations than are
the sesquiterpene lactones, widely considered to constitute
a major part of the biochemical defenses of many plants,
especially in the Asteraceae (Burnett et 2l1., 1974 Mabry
and Gill, 1979)ﬂ
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4.1.2 Nutrient Utilization

~
T

Decreased growth persisted even after larvae assumed
normal feeding rates. This led to an examination of the
effect of thiophenes and polyacetylenes’ on some standard

_measures of the €fficiency with which insects (Euxoa messo-

ria in this case) assimilate and utilize their diet.

All of the compounds Lested redut¢ed the gross efficiency
with which diet Qas cénverted to ﬁnsect biomass (ECI) (Table
5); This effect did not involve chaﬁges in the assimilation
{AD) of diet, indicating that the availability of diet com-
ponents was not affected by the test qpmpﬂundg. Tﬂesefcbm-
pounds do noé, then, behave as digestibility‘reducers.
Rather, the conversion of assimilated diet to biomass was -
.strongly reduced, over 15 days, by all of the compoundg
tested. This is evidence of damage to metabolic pﬁocesseg:
nutrients are diverted to the repair of such damage and do
not contribute to new growth (Waldbauer, 196é).

Differences in the rate at which thiophenes and peolyace-.
tylenes affect the ECD were noted. «&-T reduced this index
by 48% within 24 hours whereas polyacetylenes required days
to accomplish the same effect (Table 6). One possible
explanation is that thiophenes may attack sites in the mid-
gut and/or hiﬁdgut léading to rapid interference in nutrient

utilization, and acetylenes may lower the ECI as a response

to progressive 'damage during 1onglterm exposure.at the same
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or another site. An-observation consistent with this

gypothesis is that fourth and fifth instar Manduca sexta fed
diet cohta{ning a-T frequently produced ligquid frass, an
indication that the hindqut is failing to readsorb water.
This effect was -not noted when larvae were fed diet contain®
ing PHT. .Sublethal doses of some synthetic insecticides

(ex. fenitrothion and aminocarb) increase liquid loss from
the digestiye tract of insects béldisrupting the epithelial
membréng of the midgut and by interfering in the function of
" the rectal glands (Tauton and Kahn, 1978). : ~
| The effect of thioéhenes and polyacetylenes (oJer the
longer term) on the ECI and ECD was similar to that found by
Beck and Reese (1976) for. a variety of different allelochem-
icals. For example, thiophene effects’were similar to those
of highly toxic alkaloids such as L-DOPA. The gr-adual
réduction of nutrien£ ulilization bj polyacetylenes is simi-
lar tq'the effect df the non-prgtqin amino acid canavanine

on Manduca sexta {(Dahlman, 1977). The toxicity of non-

protein amino acids is expressed gradually, as insects accu-
mulate defective proteins. .

At concenttations higher than necessary for phétosensi-
.tization, poiyacetylene&_and other photosensitizers, includ-
ing xanthotoxin (%}renbaum; 1978) .- also display light-
independent toxicity. Of 23 polyécetylenes and' thiophenes
tested for mosguito lar&%ci@p.éctivity, threé, including

Q~T, were active without near~UV (Arnason et al., 198lc Wat
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et al., 1981). Both O-T and PHT have dark act1v1ty aga;nst k
' trematodes- (Graham et al., 1980) and vascular plants (Camp-
bell et al., 1982). Alpha—T is antibiotic towards nematodes
- (Gommers, 1972) and PHT inhibits the growth of Fisarium
mycelia in the absence of light (Bourqué, 1984). . A number
of polyacetylenes are antlblotlc against the yeast Candi-
da alblcans (Towers et al., 1979), -and several species of =
algae (Arnasonygg al., 1981b). The neurotoxic acetyléhes
cicutptoxin, falcarinol, and ichthyothereal and its deriva-
tives, are all active in the absence of light. Light-
independent toxiéity of rose bengal to the {ire ant éolenbg—

sis richteri, the boll weevil Anthonomus grandis, and the

house fly Musca domestica has been reportéd_(Broome‘gE al,

1975 Callahan et al, 1977 Sakurai and Heitz, 1982).

Methylene blue is toxic to Tenebrio molitor in the absence

of light (Graham et al., 1972).
The physiological basis of the light-independent toxici-
ty of photoéensitizers has been studied only with reference

to the dyes. Boll weevils, Anthonomus grandis, fed rose

bengal showed growth inhibition, and had markedly depressed
lipid and total protein levels (Broome et al., 1976 Calla-
ham et al., 1976,1977a). Changes in the amino acid‘bool
composition occurred, but essential amino acids were not
perturbed more than others, indicating that assimilation of
nutrients across the gut was not affected. Levels of the

two enzymes monitered, lactate dehydrogenase and acetylcho-
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'linesterase, deglined over time but "not to afgreater'extent

than the rest of the protein 'content (Callaham et-al.,

. iS??a,b). _These results were interpreted as suggestihg an

ehergy stress" on the insect. Many of the symptoms noted
are also produced by exposure to sublethal doses of 1nsect1-
c1des, including the botanlcal pest1c1de pyrethrln (Brown,
1963; Saxena and Sirvastava, 1968,1969). 1In partlcular
damage to the fat body red;Ees the lzpld content of the'
ihsect. As the fat bodyx is a primary site of metabolism. of
alleldchemicals (BratEsten,‘lé79)-damage at this site is
likelj to-be-reflected in iﬁcreaeed susceptibility should
subsequent exposure to allelochemzcals occur. ‘ . e
Along with direct toxic effects on an 1nsect s phy51olo-

gy, polyacetylenes and thiophenes may be capable of another
mechanism of action in the field. " Many ;nsects depend on an
exten51ve microflora of endosymblotlc bacteria to metabollze
or digest allelochemlcals and .nutrients (Jones et al.,
1981). In view-of the pronounced antibacterial activity of
many polyvacetylenes and .thiophenes, even in the dark, (Tow-

ers, 1980), an adverse effect on gut microflora and conseg-

-ugently on the insects nutritional ecology may be expected.

This activity has been described in connection with other
secondary metabolites. Jones et al., {(1981) found that
2- furaldehyde, released as a volat1le trom baldtypress {Tax-

a@lum distichum), 1nh1b1ted growth of silkworm {Bombyx mori}

larvae. The'2-furaldehyde was toxic to the enteric microor-
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ganisms of Bombyx and so reduced the insect’'s ability to

utilize its diet, mulberry (Morus‘albé) leaves. Gossypol,
caryophyllene} gallic acid, and tannic acid from cotton sup-

"pressed the growth of gut bacteria in Heliothus zea (Hedin

et al., 1978). Isman and Duffey (1982) suggested that phe-
nolic compounds, including rutin and chlorogenic acid, may

inhibit the growth of Heliothis zea by restricting the gut

microflora. This mechanism of action may be more widespread
amohg plant allelochemicals than is presently realized. I;
so, plant-insect coevolution may, in part, involve selection
fpr resistant genotypes among endosymbionts. The deterrent .
properties of non4ﬁdét plants may be linked to the avoidance
of "antiendosymbiont” allelochemicals as well as "anti-
inéect“'compounds (Jones et al., 1981). | '
Thé-ability of.tﬁiophenes and polyvacetylenes to reduce
the growth of phytophagous insect larvae, even in the
. absence of photosensitizing light, is cdmparable to well-
established allelochemicals (Table 3). Thiophenes and
polyacetylenes effectively impair growth at’concgntrations
below the levels requiréd to reduce growth by 50% with ses-
guiterpene lactones, methylated flavonoids, some triterpe-
noids, and various phenolic compounds. Effects produced by
exposure to polyacetylenes and thiophenes resemble those
produced by some alkaloids and nonprbtein amino acids at
concentrations an order of magnitude greater. These com-

pounds would seem to constitute a potentially powerful com-
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ponent of the plant's defense even without access to photo-

chemical reactions.

4.2 Photosensitization of Insect Herbivores

Light-dependent increases in mortality were clearly observed
‘in two instancés in this study. PHT at 100 pg/g (0.3 pm/é)

was markedly phototoxic to Manduca sexta larvae, and Eux-

oa messoria larvae fed 100 mg/g &-T (0.4 pm/g) did not sur-
vive past the fourth instar when exposed to 4 w/m® near-uv.
Growth reduction resulted when Euxoa were fed 100 pg/g &-T
and was enhanced by irfadiation with 2 and 0.5 w/m?® near-UV.
Near-UV also increased the reduction in growth of this
insect due to PHT and IV. As the near-UV component of sun-
light at Ottawa may exceed 50 w/m? on a clear day, unadapted
insects ingesting plant tissues containing &-T at 100 rg/g
or more are likely to be lethaly photosensitized. The low
levels of UV used in some tests are more representative of
the light levels occurfing under a leaf canopy, as leaves
effectively-filter'UV light (Berenbaum, 1978). This indi-
cates that photosensitized growth reduction may oécur even
in shaded microhabitats.

Behavioral adaptations allowed Ostrinia nubilalis to

avoid photosensitization. Larvae spun silk around the diet
cube and vial; the silk is fairly opague ané also accumulat-

ed frass to form a barrier to light. 1In many cases larvae
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also bqred into the diet and again escaped .exposure to
lighti ‘The possible significance of this strategy will be
discussed inlsectionﬂ 4.4.

The phototoxicity of &-T to Manduca sexta has also been

reported by Downum et 2l. (1984) who examined the effect of
@~T on the survivorship and growth of fifth instar Mandu-
ca sexta. At 25 and 50 ng/g @-T, larvae took longer to
reach the prepupal staée, and maximum larvé} weights were 85
and 75 % of the control. Mortality occurred when hornworms
- were unable to develop a completely sc;erotized cuticle‘at
the pupal moult. |

In some cases the basis of photosensitized mortality was.

evident. Manduca sexta larvae fed 100 ug/g PHT, and to a
iesser extent 10 ng/g PHT and &-T, and exposed to near-Uv
(black lights or sunlight), developed néérotic lesions in
the dorsal cuticle, particularly along the dorsal blood ves-
sel. Large lesions prevented sﬁedding of the cuticle after
ecdysis; the old cuticle constricted the larvae anterior to
the lesion, preventing the passage of gut contents and
restricting circulation of the héemolymph. Eventually the
anterior part of the larva became turgid, feeding ceased,
and the larva died. Similar effects were noted by Downum
et al (1984) when &-T was fed (25 and 50 ug/g) or topically

applied to fifth instar Manduca sexta larvae. The rapid

development of lesions on exposure to UV light, and the dis-

tribution of the injury along the dorsal blood vessel, indi-

/
\_‘_
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cate that @-T and PHT may be transported through the haemo-
lymph, bind to tissues adjacent to the haemocoel, and photo-
sensitize those tissues if sufficient UV light is available.

Incfeased mortality and photosensitized growth reduction
in Buxoa was not accompanied by exterior evidence of tissue

-damage. This was also the case with xanthotoxin toxicity to

Spodoptera eriandia (Berenbaum, 1978) and with various pho-
tosensitizing dyes (Lavielle, 1983; Clement et al., 1980).
Dye-sensitized photooxidation reactions have been demon-

strated in the boll weevil, Anthonomous grandis, the import-

ed fire ant, Solenopsis richteri (Broome, et al., 1975), and

the house fly, Musca domestica (Yoho et al., 1971,1873), but
the target tissues involved are not well defined. Photosen-
sitization may be associated with the inhibition of enzymat-

- ic processes, as Callaham et al. (1875, 1977) found that dye

sensitizers inactivated acetylcholinesterase and lactic deh-

‘ydrogenase in vitro. However, In vivo effects were more
ambiguous, as light did not"appear to have an effect on this

activity. The phototoxic effect of compounds in insects may
-be modified by seQeral factors, iﬁcluding the, opacity of the
cuticle and the amoﬁnt of phototoxin which can reach suscep-

tible target sites. For example, the cuticle of Euxoa mes-

soria is more heavily pigmented than that of Manduca sexta,

and only transmits about 2% (A=1.8) of the incident light at
the max of &T, 350 nm. The body burden of &-T in' Eux-

oa messoria was 160 to 420 ug/g indicating that this com-
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pound is rapidly metabolised and‘excreted. Tissue concen-
trations of «-T in Manduca wefe not. quantified but &-T is
detectable, by HPLC, in the haemolymph. Perhaps due to its
oligophagous feeding habits this insect’lacks the'ability to

=
rapidly metabolize unfamiliar allelochemicals. That polypha-
gous insects are more adept than specialists at responding
to unfamiliar secondary compounds is well established |
(Brattsten, 1979). - .

The phototoxicity of T and PHT is compar;ble to other
naturally occurring photosensitizers. The linear furano-,
coumarin xanthotoxin was highly phototoxic to Spodoptera
eridania larvae at 0.1 and 1.0% concentrations (Berenbaum,
1978). These concentrétions are an order of magnitude
greater than were necessary for‘photosensitization with &-T
and PHT. Berenbaum did not specify the light intensit§ to

which the Spodoptera eridanié were exposed, but her light

system (General Electric Cool White bulb) was comparable to
the vita-lights used in the present study. Subsequently,
Berenbaum and Feeny (1981) demonstrated that the angular

furanocoumarin angelicin was more toxic than xanthotoxin to

the umbelliferous specialist Papilio polyxenes at a concen=~
tration of 0.05 % dry weight. Larvae showed delaygd femalg
development, reduced female pupal weight, and reduced feé-
_undity, but mortality was-nogr;ignificantly increased.
Although angelicin is phototoxic to microorganisms, this

experiment did not include non-irradiated treatments, so -the

. .
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light and dark components of angelicin toxicity were not

resolved. )

' The photqtoxicity of @~T and PHT is comparable, as well,
to the photodynamic dyes. The activity of a ngmbe§\of dyes
against herbiverous and non-herbivorous insects is given in
Table 10. This list includes one registered pesticide:
erythrosine B is used for fly control in chicken coops.(Pim-
prikar et al., 19805.

Quantitative comparison of .thiophene and polyatetylehe
phototoxicity to that of synthetic dyes is complicated by
.differences in experimental designs and test organisms.
Except’ for one study (Lavielle, 1983) dye concentrations
exceeded those used in the present study by at least an
order of magnitude. 1In all cases thé.intensity of irradia-
tion exceeded those of the present study matyfold. Insects
were exposed to light brief;y (1-12 hours) after ingesting
dye, whereas insects in this sthdy were exposed to long
periods of low levels of near-UV. Dye—iqduced‘mortality
occurred rapidly, whereas mortality due to,a-T or PHT
occurred only dfter several days-of weeks of exposure. In
the two studies in which dyes were injected,.the concentra-
tions used exceeded the observed body burden of &-T in égz—
gélmessoria. Despite these experimental differences it
seems clear that @-T and PHT, at least, are comparable to

~the photodynamic dyes, including one registered pesticide,

in their ability to photosensitize insects.
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- As many thiophenes, polyacetylenes, other natural photo- =
sensitizers and dyes 3re lethal photosensitizers of'ﬁosquito
and plackfly larvae at very low concentrations, these
'.insects provide a convenient bioassay for phototoxic activi-

ty. Of fourteen polyacetylenes and thiophenes tested, nine

were phototoxic to Aedes aegypti at 0.5 ppm (Wét et al,

. 3981). wIn a subsequent screening oftkwenty—four compounds,
Arnason et al (1981c) identified several that were suffi-
cienfly toxic to be of intereét as potential mosquito larvi-
cides, including ®-T and PHT. Alpha-T has been further
investigated as a mosqguito and blackfly larvicide (Philogene
et al., 1984b) and has been patented for this application

(Towers et al., 1983). Synthetic 1,3-butadiynes, similar to

natural thiophenes, were also phototoxic to Aedes aegypti
larvae (Kagan et al., 1583). |
‘ _Three ¢of the compounds utilized in the pfesent study have
.been tested “for mosquite larvicidal activity (Arnason
et al., 198lc Wat et al., 193i). Matricaria lactone, com-
pound VII, was inactive in both studies, whereas &-T and PHT
were highly toxic to both mésquito larvae and herbivorous
insects. However, the herbivores weée-able to tolerdate pho-
totoxin concentrations far higher than were lethal to mos-
guito larvae. A similar situation_occur;_yith the phototox-
/ ; . .

“ic alkaloid Eiigfiine. This compound is toxic to
hAedes atropalpus larvae at 8.8 ppm in the light and 250 phm

in the dark (Philogene et al., 1984a) but is tolerated at

J
/

e
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dietary concentrations of 0.1% (1000 ppm) by Euxoa messoria

larvae (Devitt et al., 1980). As the latter study utilized
Cool White flourescent lamps which provide low levels of
near-Uﬁ aﬁd berberine has a minor absorbtion peak in the:
visible range, photosensitization was possible;- howewer
there were no'uhirradiated controls. The difference in tox-
icity is likely due to the difference in routes of entry
into the insect: in the mosguito tests phototoxins in ague-
ous solution pind to and pentrate the cuticle to reach tar-
get tissues which are accessable to UV light, whereas ing-
ested phototoxins may be excreted or metabolized and must

translocate through the insect to reach susceptible sites.

- 4.3 Evolutionary Considerations

.Chemotaxonomic and biosynthetic evidence indicateg
strongly Ehat the series fatty acid to polyacetylene to
thiophene repreéents an evolutionary elaboraéion iBohlmann
et al., 1973). The toxicity of the substances appears to be
co?gélated with their position in this evolutionary
éequence.

| Fatty ac%ds, particularly oleic acid, are ubiquitous
among vascular plants (Robinson, 1980}. Some of these com-

pounds are toxic to herbivorous and non-herbivorous insects;

this led to their early use in insecticidal soaps (Puritch,
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1975). The Glo;¢12 fatty acids and oleic (C,g, ) acidGare
the most toxic. Binder et al. (1979) and Binder and Chan
(1982) examined the toxicity of a series of Cio to Cyo fétty

acids to three phytophagous lepidopterans, Pectinopho-

ra gossypiella, Heliothis zeé, and Heliothis virescens.
VConcentratioﬁs required to reduce larval growth by 50%
(ED50) ranged from 0.1 to 0.6%, with some variation between
species. Toxicity increased with increasing unsaturation.
Polyacetyfenes are derived from the fatty acids (oleic
acid) via B-oxidations, and occur in a more limited range of
plant families, particularly the Asteraceae and the Apiaceae
(Bohlmann gﬁ al, 1973). This study has determined that sev-
‘eral of these compounds m;rkedly reduce the growth of lepi-
dopteran herbivores at a concentration of 0.01%. 1In addi-
tion, matricaria ester, a widely distriguted polyécetylene
in the Asteraceae, waé the most toxic of the compounds.exam-
ined by Binder et al. (1979}, with an EC50 of 0.0046 to
0.017%. Polyacetylenes appear to be an order of magnitude
more toxic to insects than their fatty acid precursors.
Th}ophenes represent a further evolutionary step: they
are derived from polyacetylenes by cyclization with sulphur;
these compounds are restricted to advanced tribes of the
Asteraceae including the Veronieae, Eupatorieae, Inuleae,
Heliantheae, Helenieae, Anthémideae, Senecioneae, Cynareae,
and partiéularly the Tageteae {(Bohlmann et al., 1973). The

more toxic bithiophene and terthiophene compound are

i
|
|
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restricted to the last three tribes listed. In this study

- these compounds were an- order of magnitude more toxic than

the polyacetylenes to Manduca sexta, about twice as toxic to

Ostrinia nubilalis, and equally toxic to Euxoca messoria.

'The increasing toxicity of this evolutionary sequence of
secondary metabolites indicates that they have been selected
for‘on the basis of their act%vity against herbivores and
other plant enemies. This supports the hypothesis that the
fuﬁction of .polyacetylenes and thiophenes is in the defense

against herbivores and pathogens.

‘4.4 Ecological Considerations

&
Ostrinia nubilalis was able to avoid photosensitization

by polvacetylenes and tﬁiophenes toxicity by‘a series_qf
behaviors including spinning silk and boring into the diet.
Berénbaum (1978, 1982) has suggested that si{ﬁ spinning and
leaf rolling by umbelliferous specialists, incluéing'Agonog-

teri» spp. and Depressaria spp. is an adaptation to avoid

photosensitization by furanocoumarins. To thig'may be added
the stem boring habit of Ostrinia and many other insects.
Avo;dance'of photo sensitization may'be of ippoftance in
allowing Ostrinia to exploit host piants rich in phototox-
ins, many of which are included in a list of its host plants

(Appendix 1B). The nocturnil habits of some phytgphagous
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insects, including Buxoa messoria and other Noctuidae, may

constitute another adaptation to avoid photosensitization.
This behavior has been considered a.mechanism for avoiding
avian predators, but it may also constitute an adaptation
allowing such insects to exploit plants which contain photo-
toxins. )

The toxicity of allelochemigals is often evaluated in
terms of induced mortality. However, impairment of growth
and a prolonged development period, may have a number of
different consequences fér insect herbivores. BExposure to
_abiotic'and biotic causes of mortality may be increased. The
increased duration of the sensitive larval staées, and pro-
longed feeding bquts,.increase exposure to predators and
parasitoids (Feeney, 1975; Rausher and Feeqey, 1982f Price
et al, 1980). Stress can decrease an insect's resistance to

pathogens. For example, Stubblebine and Langenheim (1977)

found Spodoptera exempta fed artificial diet containing

Hymenaea courbaril leaf resin (1.6%) were more susceptible

to viral infection. If development is sufficiently pro-
longed, insects may fail to reach the appropriate life stage
to avoid the consequences of adverse climatic conditions .

For example, Euxoa messoria must reproduce before winter as

this species has an egg aiapause (Binks and Byers, 1976).
adult moths are normally active from mid-August to mid-
October (Cheng, 1973}; an increase in development time could

result in increased mortality of pupae and adults due to
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early ‘frost. This strategy pr6vides a part of the rational
behind the development of juvenile hormone analogues for '
pest control (Bowers, 1983). Growth reduction may’Se a par-
. ticularly effective adaptation for pl;nts which appear or ;._

reproduce late in the season; this includes many local

Asteraceae. Manduca sexta and Ostrinia nubilalis diapause

as pupae or late instar larvae and consequently escape this
risk.

| Growth reducion may also have adverse effects on insect
fecundity. Pupal weights are highly correlated with fecund-
ity and fertility (Campbell, 1962). Insect populations may
develop asynchronously,‘reducing the number of aaults pres-
ent in the_field at any one time, and therefore the prob-
ability of mating. However, Devitt (1978). noted that

although Euxoa messoria fed various alkaloids exhibited

growth reduction and prolonged larval development, .the pre-
pupal period was decreased so that adult emergence’ was not
significantlé delayed. A similar phenomena was noted in the

case of Manduca sexta fed sublethal doses of the synthetic

insgctipide fenitrothion (Stewart, 1981). Increased genera-
tion time can dramatically reduce a population's intrinsic
rate of increase {Cole, 1954); this rate may be rebresented
as: ‘ ' . /{lﬁ

di/dx = (n X R X Fe X Fr)

where n is the initial population size, R is the groportion

of the population that is female, Fe 1s the average fecundi-
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ty (number of eggs), and Fr is the average fertility (egg
viability), ané\v is the voltinism, the number ofiggqera—
tions per year. Any change in generation time primarily
affects v, and so may decrease the é&ponential growth rate
_to aégreater extent than does a’'change in n , Fe, .or Fr
(which of course maf also be affected). 1In the field insect
popuiationsiqprely increase ekponentially; rather they sta-
bilize at an equiiibrium between the rate of production of
.new individualg and the ﬁortality rate. As growth reducers
decrease the rate of population growth and increase eﬁposhre
to mortality from biotic and-abiotic, they may cause popula-
tions of phytophagous.insects to stabilize at a lower level.
Decreased abundance of insect herbivores would increase the
1ikel§hoéd of a given plant escaping dete;tion or signifi-

cant damage.

-
-

- ' -

4.5 Toxicity-Partition Coefficient Relationships

That golyacetylenes and thiophenes differ in their site or
mechanism of light-independent toxicity is aléo indicated by
differences in the relationship between their. activity as
growth inhibitors and their lipophilicity (water/octanol
partition coefficient). This relationship is best described
by the slopes of regression eguations derived by plotting
'activity against lipophilicity (Section 3.7)}. The slopes

for thiophenes were large (33.5 to 56.8) compared to the
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values cobtained for polyacetylenes (6.3 to 16.7). That this
holds for two different insect species, one of them somewhat
.adapted to the.presen;e of dietary polyacetylenes, sﬁggests
that the“difference in slopes may be indicative of a proper-
ty of the compounds, and is not simply a reflection of the
idiosyncracieé of one insect's metabolism.

The lipophilicity of a compound is related to the abili-
ty of the compound to penetrate and accumulate in membranes
and lipid-rich sites, and is often -correlated with toxicity
(Moriarty, 1975). The relatively low toxicity of compounds
I and VII may be due to their low lipophilicity, which would
likely lead to reduced penetration of the peritrophic and
epithelial membranes of the midgut, and to relatively rapid
excretion (Brattsten, 1979). Howevér, these compounds dre‘
also unstable (McLachlan, 1984), and may not be persistent

enough to accumulate to toxic levels (see also Section 4.6).

4.6 Body Burdens and Metabolism

Euxoa messoria larvae were examined for the presence of

" polyacetylenes and thiophengs in body tissues, after 21 days

of exposure to diet containiﬁg 100 ug/g of compounds I to

VII. The highest concentrations were found in the case of .=
&~T, which was the only compound to accumulate to greater
'concenfrations than were present in the diet. Polyacetyl-

enes, in contrast, were present at much lower levels. This
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may indicate that polyacetylenes, with their accessable .
unsaturated regions, are more acceptable substrates for
detox:flcatlon enzymes than the ‘more cyclized compounds.
However, the MFO system also oxldlzes fully cyclized rlng
structures (Nakatsugawa and Morelli, 1976) and @-T in sus-
ceptable, in synthetic chemlstry, to additions at the alpha
positions of the outer rings (Morand and Arnason, 1984).

Compounds IV 55& V., PHT, and &-T were present at higher
concentrations in the tissues of ‘larvae exposed to near-Uv.
OCne éossible explanation is that these compounds may bind to
and/or photosensitize the cytochrome P-450 of the MFO
enzymes; some monqacetylene compounds are able to block MFO
functioning and are used as pesticide syhergists (Casida,
1870). However, most of the HFO activity in insects is
associated with thelmidgut and fat body (Brattsten, 1879),
and it seems unlikeiy that significant amounts of near-Uv
ceuld.penetrate to these tissues. Nutrient and energy
stresses are also known to affect‘the MFO titre in insects
(Brattsten, 1979). The phototoxic activity ef Q?lyacetyl-
enes and thiophenes may, therefore, possibly be able to
decrease the MFO titre without directly attacking the MFO
enzymes.

Polyacetylenes and thiophenes may alsoc undergo hydroxy-
lations and other reactions without the intervention of
enzyme systems @t the pH occurring in insect digestive‘

tracts. Lepidopteran midquts are typically alkaline, with a.
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pH of 8.4 to 9.8 (House, 1964). Addition of hydroxyl radi-
cals to the unsaturated bonds of polyacetylenes, and to a ‘
lesser extent to the‘thioﬁhene rinés of ®-T, might possibly

occur at this pH. At least one bithiophene compound is

known to be unstable under ac1d1c and ba51c condltlons (Sut-ﬂ!i-»

field and Towers, 1982) whereas Q-T is relatively stable
under these conditions (Arnason et al., 1983). This may
account for the absence of detectable levels of polyacetyl-

enes and thiophenes in Euxoa messoria frass, and for the

absence of compounds 1, 11, and VII, which are relatively
unstable {(McLachlan, 1984}, in body'tiésues.

Compound V was apparently metabolised to IV, most likely
by a_hydrolasel(Brattsten, 1979), which would cleave the
terminal acetate group. Compound IV was more toxic than v

to Buxoa messoria occasionally insect detoxification sys-

tems will produce metabolites that are more toxic than the
‘'parent c¢ompound, a phenoménon termed hypertoxification
{Brattsten gg_gl.,'1977). In this case’ the increased toxic-
ity may be related to the increased lipéphilicity of the
metabolite. iA '

The obser?ed body burdens of polyacetylenes and thio-
phenes may, in part, account for the toxicity/lipophilicity
relationships discussed in Section 4.6. As &T appears to
be metabolized more slowly than the polyacetylenes, lipé—
philicity may be a primary factor governing the degree to

which ®-T accumulates in insect tissues. The toxicity of



| 128
po%yaceﬁylenes, on the other hand, may.largely be governed
by the rate atﬂwhich these compounds are metabolized and
Aexcretea: ih;;éése§ lipophilicity would result in a greater
amount of compound being assimilated but detoxification sys-
tems may be.selectively removing much of the assimilate

polyvacetylene.

4.7 Future Work

Two major guestions need to be addressed with regard to the
activity of polyacetylenes and thiophenes against phytopha-
gous insects: what is the physiologicél basis of both the
light-dependent and light- independent activity of these
compounds, and how significant afe these compounds in plant
defense in nature? Any approach to the first question
should include flﬁorescence micfoscopy and histological
‘studies to determine the tissues and sites most susceptible
to damage by these compounds. Analysis of lipid membrane
components and the activity of membrane-bound enzyme sys-
tems, parficularlf those involved in the synzhesis of cuti-
cle éomponents and the detoxification of allelochemicals,
would be of value. The metabolism of these compounds by
insects would be an interesting area of research; radiola-
pelled coﬁpounds could be used to identify the metabolic
products. It may also be possible to follow the pharmacoki-

netics of these secondary substances in vivo using C;3 NMR

>
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techniques, should these highly constrained molecules have
distinctive Cq3 NMR spectra. The feeding deterrent'activity
of thiophenes and polyacetylenes sholld be persued in
eiectrophysiological studies.

ks The second question is in some ways more difficult to -
approach. The insecticidal and feeding deterrent activity
of polyacetylenes'and thiophenes under natural conditions,

particularly sunlight, should be examined further. An

- exhaustive study of the insect fauna associated with a com-

munity of endemic Asteraceae may reveal correlations between

the fauna and the phototoxic secondary metaESTYfgdchemistry'
of the plants. 1If so, those insects using phototoxic plants
as hosts should be examined for the biochemical or behaviorf
al adaptations which allow them to exploi; photdtoxic

plants. .
.

\\\‘-
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Appendix lA. Food plants of larval Euxoa méssoria'(from
Tietz, 1972).

Acer saccharinum L.

Allium cepa L.

Beta vulgaris L.

Brassica oleracea L.

Brassica rapa L. -

Fagopyrum sagittatum Gilib

Fragaria chiloensis (L.)

.

Ipomoea batatas (L.)}

Lactuca sativa L.

Lilium sp.

Malus pumila Mill.

‘Nicotiana tabacum L.

Phaseolus vulgaris L.

Pisium sativum L. ) .

Portulaca oleracea L.

Prunus persica (L.)

Faphanus sativus L.

Fibes sativum Svme

Solanum lycopersicum L. : /

Solanum tuberosum L. ’ .

Spinaéa-oleracia Mill.
Trifolium spp.

Vitis vinifera L. /,

Zea mavs L. -
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Appendlx 1B. - Food plants of larval Ostrinia nubilalis
(from Caffrey and Worthley, 1927). Members of the
Asteraceae are indicated with an "A", and those

known to contain polyacetylenes (accbrding to Bohlmann
et al., 1973) are indicated ‘with an ", ’ '

-

I.Plants severly-éttacked.

Echinochola crus-galli (L.)(Beauv.) N

Bidens spp..(including B. cernuaz L.) A,*
Holcus sorghum L.

iy
Xanthium spp. A,* .
"Zea mays L.~ o : ¢ | -
‘Tahlia spp. A,* - _ : Y4

Rumex spp.

Iva xanthifolia Nutt. A,*

Cannabis sativa L. oo

Humulus japonicus Sieb. § Zucc.

Amaranthus retroflexus L.

Polygonum orientale L.

Ambrosia spp. A,* .
Fheum rhaponticum-L;i

‘Polzzonum spp i
; .Chenopodium ambr05101des L.

II. Plants frequently attacked

P

" Hordeum vulgare L.

Phaseolus spp.

Beta vulgaris crassa Alef, ) .
Panicum miliaceum L.

Arctium spp. A -

Celeri graveolens (L.)(Britton)

Callistemma chinense A

Chrysanthemum spp. A,*

T

Gossypiuﬁ hirsutum L. _ , &
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Appendix 1B, jconjf) 7 ‘>

Vignd sinensis (L.) Endl.

Erigeron canadensis L. A,*

Polygonum sieboldii DeVriese

Datura spp. “ .

Capsicum annum L.

Solanum tuberosum L.

Holcus sorghum.L. var. Sorgo

Helianthus annuus L, A

Beta vulgaris cicla Mog.

Tanacetum vulgare L. A,>*

Euchlaena mexicana Schrad.

Artemisia spp. A,*

. Zinnia elégans_Jacq. A

TII. Plants occaisionallv attacked. i’

Aster spp. "A,~

Boltonia asteroides (L.) L'Her. A;*

Panicum spp.

Fagopyvrupn vulgare Hill

Calendula officinalis L.

Canna spp.
Celosia~cristata L.

Celosia argentea L.

Coleus spp.

Cosmos bipinnatus Cav. A A

Syntherisma sanguinalis (L.) Iulsac.

‘Solanum melongena L.’

Chr&santhemum parthenium (L.) Bernh. A,*

Erechites hieracifolia (L.) FRaf. A

Galinsoga spp. A,*

Pelargonium hortorum .

Gladieclus spp.
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Appendix 1B. ( con’ t)

Rudbeckia lacginiata L.Q',ar. Golden Glow A

Solidago s?.(. A,v
Althaca rogea Cav.

Humulus lvdpulus L.
| Heliantfu,{s tubei'qéu‘s T. A
Chenopot{ium albnﬁn L.
Malva spp.”

Leonurys cardiaca L. _ - }

Brassie¢a spp.

Uxticallyallii Wats

Avena s\/n:iva L.
-
Atriplex\sp.

Lactuca sp -A

Portulaca olevacea L.

Salvia splenden) Ker-Gawl. o o7

Sonchus spp. A

Helichrysum bracteatum Andr.
-

Cirsium spp. - A,*

Lycopersicon esculentum Mill.

Abutilon theophrasti Medic.

Achillea millefolium L. A,* "
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- Appendix 2A. Euxoa messoria artificial diet composition (from [evitt et al.,

1980)
4 . ¢
Ingredients .- _ o Weight (g)
Agar 1.4
Mistilled water 82.3
‘Wheat germ cil 0.7
Wheat germ ‘ . 2.8
- Casein 3.2
. Soybean protein 3.2
Sucrose 7 3 3.2,
Salt mixture W 0.9 -
Cholesterol 0.06
i Sorbic acid .06
Methylparaben 0.1
Vandezant Vitamen mixture 1.0 t v
Ascorbic acid ) 0..13
10% KOH 1.0 ml
Formalin : ) 0.2 ml .
7
" !
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Appendix 2B. Ostrinia nubilalis artificial diet composition (from Guthrie,

1971.
~ Ingredients Weight (g)
‘Water 130
Agar 2.8
Wheat germ 5.2
Dextrose 4.0 ‘
Casein 4.4
Cholesferol

Salt Mixture 2

Vitamen Supplement
‘Ascorbic acid
Aureomycin

Fumiail B

Methyl p hydroxybenzoate
Propionic acid -
Formaldehyde

Sorbi? acid

0.32 |
1.44 ' />

0.92 . "i/

1.2

9 teaspoon . -
0.069 | .
0.75 ml

0.86 ml

0.07 ml

0.80 ml
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Appendix 2C. Manduca sexta artificial diet composition (from Stewart, 1981). |

Ingrédientg Weight (g)

Premix 3 .
Wheat germ % _ 50.00
Casein- 22.50

_ Sucrose ‘ - 20.00
Brewers veast. 15.00 ‘ : -
Wesson's salt mixture - 7.50 !
Ascorbic acid 2.00
Sorbic acid 0.75
Methyl-p-hydroxybenzoate 0.50 —
Cholesterol 0.25

Vitamens
Nicotinic acid 5.00 mg »
Calcium pantothenate 5.00 mg-
Rboflavin : 2.50 mg -
Thiamine HCI 1.65 mg

! Pyridoxine HCI 1.65 mg |

Folic acid ‘ 0.10 mg
Biotin - 0.10 mg

Others ) _ o
Agar : 10.00 ' /
Formalin 10.00 ml /
Raw linseed o0il 2.00 mi /
Distilled water 750.00 ml. }

——





