
Toxicity of a Furanocoumarin to Armyworms: 
A Case of Biosynthetic Escape from Insect Herbivores 

Abstract. When the linear furanocoumarin xanthotoxin, found in many plants of 
the families Rutaceae and Umbelliferae, was administered to larvae of Spodoptera 
eridania, a generalist insect herbivore, it displayed toxic properties lacking in its 
biosynthetic precursor umbelliferone. Reduced toxicity observed in the absence of 
ultraviolet light is consistent with the known mechanism of photoinactivation of 
DNA by furanocoumarins through ultraviolet-catalyzed cross-linkage of strands. 
Thus, the ability of a plant to convert umbelliferone to linear furanocoumarins ap- 
pears to confer broader protection against insect herbivores. 

Linear furanocoumarins are benzo-2- 
pyrone compounds with a furan ring 
fused at the 6,7 positions. They have a 
limited distribution among plant families, 
which is typical of many secondary plant 
constituents (1). Reported only from 
members of the Leguminosae, Mo- 
raceae, Solanaceae, Pittosporaceae, 
Thymeleaceae, Compositae, Rutaceae, 
and Umbelliferae, the compounds occur 
with great regularity and diversity only 
in Rutaceae and Umbelliferae (2, 3). Bio- 
synthetically, the furanocoumarins all 
appear to be derived from the precursor 
7-hydroxycoumarin (umbelliferone, 1) 
(4). Although umbelliferone and related 
hydroxycoumarins are also limited in 
distribution, they are reported from 
more than four times as many plant fami- 
lies as are the furanocoumarins (2). A 

single enzyme is responsible for the pre- 
nylation of umbelliferone to 6-dimethyl- 
allyllumbelliferone (demethylsuberosin, 
2), an established intermediate in the 
synthesis of linear furanocoumarins (5). I 
now report that a furanocoumarin is tox- 
ic to an insect herbivore and that this 
toxicity is not shared by its unprenylated 
precursor. This finding lends experimen- 
tal support to the coevolutionary hypoth- 
esis that plants "escape" from adapted 
enemies by altering their chemical 
phenotype-that is, by evolving bioge- 
netic pathways which produce ecologi- 
cally novel secondary compounds (6). 

I selected for bioassay experiments 
the southern armyworm, Spodoptera eri- 
dania (Cramer) (Lepidoptera: Noc- 
tuidae). The larva of this species is noto- 
riously polyphagous; a list of recorded 

Table 1. Growth of Spodoptera eridania larvae on artifical diets containing test chemicals. Val- 
ues are means ? the standard error. 

Drug Time Survivor- Pupal 
treatment to pupation ship* weight 

(%) (days) (%) (g)t 

None 31.31 + .39 75 0.230 + .0001 
Umbelliferone 

0.1 30.20 + .47 70 0.221 + .0013 
1.0 32.38 + .45 65 0.199 + .0018 

Xanthotoxin 
0.1 t 0 
1.0 t 0 

*A 2 by 3 test of independence with the use of the G-statistic shows that survivorship is independent of 
treatment for the control and the two umbelliferone diets (G = 0.476; P > .50). tA one-way analysis of 
variance shows that pupal weight on the umbelliferone and control diets are not significantly different 
(F2,15 = 1.1; P > .10). tNo larvae survived to pupation. 

Table 2. Growth of Spodoptera eridania larvae on artificial diets containing 0.1 percent (fresh 
weight) xanthotoxin in the presence and absence of ultraviolet light. Values are means + the 
standard error. 

Diet 
Time 

to pupation 
(%) 

Survivor- 
ship* 
(%) 

Pupal 
weight 

(g) 

Ultraviolet light present 
Control 19.82 + .19 85 0.392 + .02 
Xanthotoxin t 0 t 

Ultraviolet light excluded 
Control 23.94 + 0.31 80 0.343 + .02 
Xanthotoxin 37.50 ? 2.37 40 0.268 + .01 

*A two-way analysis of variance of survivorship shows that the interaction term is highly significant 
(F,,4 = 81.0; P < .001). tNo larvae survived to pupation. 
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host plants encompasses almost 50 herba- 
ceous species in a dozen families (7). I 
chose this generalist herbivore for tox- 
icity tests because its adaptation for gen- 
eralized feeding appears to involve 
broad-spectrum mechanisms for detoxi- 
cation (8); toxicity of a compound to this 
species would suggest that the com- 
pound is likely to be toxic to a wide array 
of insect herbivores. Another reason for 
using S. eridania larvae is the report (9) 
that armyworms are unwilling or unable 
to thrive on parsnip (Umbelliferae: Pas- 
tinaca sativa L.), a plant known to con- 
tain linear furanocoumarins, but that 
they can grow normally on carrot (Um- 
belliferae: Daucus carota L.), a plant 
containing umbelliferone but lacking fu- 
ranocoumarins (10). 

Twenty larvae in each of five treat- 
ments were reared from egg to pupa in 
plastic petri dishes lined with moistened 
filter paper. The larvae were raised on a 
semisynthetic agar-based diet (11) to 
which was added either umbelliferone 
(Aldrich) or xanthotoxin (8-methoxy- 
psoralen, 3; Sigma) at concentrations of 
0.1 or 1.0 percent (wet weight). These 
concentrations are within the range 
found in plants producing their own fu- 
ranocoumarins (12). As a control, a 
group of larvae were given the artificial 
diet only. All larvae were raised under 
standard conditions [26.5?C during the 
day and 16.5?C at night, 75 percent rela- 
tive humidity, and photoperiod (LD) 
13.5:10.5; the chamber was illuminated 
by a General Electric Cool White bulb, 
which approximates daylight condi- 
tions]. Sixth instar larvae that had fin- 
ished feeding were transferred to plastic 
boxes filled with soil, in which they pu- 
pated; pupal weights were recorded after 
sclerotization was complete. 

I found no significant difference in lar- 
val development time, survivorship, or 
pupal weight between individuals raised 
on the control diet and those raised on 
either of the umbelliferone diets (Table 
1). However, caterpillars raised on both 
the 0.1 and 1.0 percent xanthotoxin diets 
failed to mature past the second instar. 
The length of time spent in the first instar 
was prolonged over that of the control 
larvae and individuals that succeeded in 
molting were abnormally small. Death is 
unlikely to have resulted from acute star- 
vation, since caterpillars on all diets pro- 
duced fecal pellets daily throughout the 
experiment. I conclude, then, from these 
results that xanthotoxin inhibits develop- 
ment of armyworm larvae and that the 
ability of a plant to convert umbellifer- 
one to linear furanocoumarins may con- 
fer upon it some degree of protection 
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against herbivores, including those 
which can tolerate the unsubstituted hy- 
droxycoumarins. 

Umbelliferone and related hydroxy- 
coumarins have antimicrobial and alle- 
lopathic properties (13). However, the 
presence of the furan ring imparts to lin- 
ear furanocoumarins the ability to cross- 
link the strands of the DNA double helix 
(14). In the presence of ultraviolet light, 
linear furanocoumarins form cyclo-ad- 
ducts of the type shown in structure 4 
with pyrimidine bases of the two DNA 
strands. The ensuing interference with 
template function is manifested in a 
phototoxicity and, in this way, furano- 
coumarins can disrupt a number of bio- 
logical processes in bacterial and fungal 
cells, DNA viruses, in vitro mammalian 
cells, organized plant tissues, and in vivo 
epidermal cells in birds and mammals 
(15). In view of the phototoxicity in other 
organisms, I conducted a second experi- 
ment to investigate the influence of ul- 
traviolet light on the toxicity of xan- 
thotoxin to armyworm larvae. 

In each of four treatments, 20 larvae 
(two replicate groups of ten) were reared 
from eggs in individual ultraviolet trans- 
parent plastic dishes (7 cm in diameter 
by 3.5 cm in height), covered with per- 
forated plastic caps and lined with filter 
papers; dishes were half-filled with 
moistened vermiculite when larvae were 
ready to pupate. In each treatment, the 
plastic dishes were placed in cardboard 
boxes (32.5 by 16 by 10 cm); each was 
fitted with a lid on which was placed ei- 
ther an ultraviolet-transparent plastic 
film (Saran Wrap) or a gelatin filter (Ko- 
dak Wratten 2A) of equivalent size (27 
by 11 cm). The gelatin filter screens out 
almost all light of wavelengths less than 
390 nm; the wavelengths that activate 
the furan double bond are in the range of 
320 to 360 nm. Under each light regime, 
larvae were given either a normal control 
diet or 0.1 percent xanthotoxin diet. Lar- 
vae were raised under standard condi- 
tions (50 percent relative humidity, LD 
16:8 at 25?C during the day and 16?C at 
night). The light bulb illuminating the en- 
vironmental chamber was a General 
Electric Cool White bulb, which approx- 
imates daylight conditions in the ul- 
traviolet range (16). 

As before, I found that a 0.1 percent 
xanthotoxin diet was highly toxic to ar- 
myworms under daylight conditions 
(Table 2). No caterpillars survived to pu- 
pation and the few that reached the third 
and fourth instar were unable to move 
normally. In addition, their cuticle 
changed to an abnormal pink color-al- 
teration of skin pigmentation is a com- 
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mon symptom of furanocoumarin sensi- 
tivity in mammals and birds (15). Since 
fecal pellet number is highly correlated 
with food consumption (r = .98) (17), I 
used as an index of consumption rate the 
number of fecal pellets produced by each 
caterpillar over the first instar. For army- 
worms surviving to the second instar on 
the xanthotoxin diet, the number of fe- 
cal pellets produced over first instar 
(74.32 + 4.49) was not significantly dif- 
ferent from the number produced by 
caterpillars on the control diet (64.38 ? 
4.46; t = 1.57, P < .10). The same re- 
lationship held for fecal pellet number 
over the second instar. I conclude, there- 
fore, that mortality in the early instars 
was due to toxicity and not to slow star- 
vation. 

When armyworms were fed the 0.1 
percent xanthotoxin diet in the absence 
of ultraviolet light, 40 percent success- 
fully pupated and later emerged as nor- 
mal adults. A two-way analysis of vari- 
ance showed that the effect of ultraviolet 
light on survivorship is considerably 
greater in the presence of xanthotoxin 
than in its absence (P < .001). The lower 
pupal weight of the xanthotoxin-fed lar- 
vae may be a reflection of reduced con- 
sumption rates rather than furanocouma- 
rin toxicity; even in the absence of ul- 
traviolet light, xanthotoxin appears to 
act as a feeding repellent (18). 

The fact that furanocoumarin toxicity 
to insects is at least partly eliminated by 
the exclusion of ultraviolet radiation is of 
interest with respect to the nature of the 
insect fauna of plants that contain fu- 
ranocoumarins. During the summers of 
1976 and 1977, I collected insects from 
the foliage of umbelliferous plants in 
Tompkins County, New York (19). Of 
the 14 species collected, ten were lepi- 
dopterous larvae that live in rolled leaves 
or webbed flower heads. These leaf roll- 
ers, representing three families of Micro- 
lepidoptera, were primarily oecophorids 
in the genera Agonopterix and Depress- 
aria-genera frequently associated not 
only with the furanocoumarin-containing 
umbellifers but with plants of the fami- 
lies Rutaceae and Leguminosae (genus 
Psoralea) that also contain furano- 
coumarins (20). Because a rolled leaf 

fails to transmit detectable amounts of 
ultraviolet light (as tested in an ultravio- 
let spectrophotometer), it appears that 
the leaf-rolling habit, common to many 
Microlepidoptera, may have been a pre- 
adaptation for feeding on plants contain- 
ing furanocoumarins. 
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Choice Behavior in Rhesus Monkeys: Cocaine Versus Food 

Abstract. Rhesus monkeys were allowed to choose between intravenous injections 
of cocaine and food reinforcement for lever pressing. A choice trial was available 
every 15 minutes continuously for 8 days. The animals chose cocaine almost exclu- 
sively, which resulted in high cocaine intake, decreased food intake, weight loss, and 
marked behavioral toxicity. The study provides evidence of the reinforcing efficacy of 
cocaine. 
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Various techniques have been pro- 
posed to determine the relative strength 
of a variety of reinforcers. One method 
involves presenting the subject with a 
choice between two different reinforce- 
ment conditions. Typically the choice of 
one reinforcer postpones the opportunity 
to obtain the second reinforcer. The 
number of times one reinforcer is chosen 
compared to the total number of oppor- 
tunities to choose can be viewed as an 
index of preference. Techniques have 
been developed that allow animal sub- 
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jects to indicate a preference between 
two or more qualitatively different rein- 
forcers such as food, drugs, or electrical 
brain stimulation (1, 2). 

Illicit use of cocaine and other psycho- 
motor stimulant drugs has been increas- 
ing in the past several years. Cocaine has 
been termed the ultimate euphorigenic 
whose preference by the drug con- 
noisseur is undisputed (3). Numerous 
studies have shown that animals will 
readily learn to press a lever in order to 
obtain an intravenous injection of co- 

jects to indicate a preference between 
two or more qualitatively different rein- 
forcers such as food, drugs, or electrical 
brain stimulation (1, 2). 

Illicit use of cocaine and other psycho- 
motor stimulant drugs has been increas- 
ing in the past several years. Cocaine has 
been termed the ultimate euphorigenic 
whose preference by the drug con- 
noisseur is undisputed (3). Numerous 
studies have shown that animals will 
readily learn to press a lever in order to 
obtain an intravenous injection of co- 

Fig. 1. Number of drug 
choices and total trials com- 
pleted by each of three rhesus 
monkeys during 8 days of test- 
ing. The data for each day are 
divided into 6-hour blocks, 
where A indicates 12:00 p.m. 
to 6:00 p.m., and so forth. Ar- 
rows indicate the point at 
which stimulus light color and 
reinforcement condition pair- 
ings were reversed. The break 
in the graph for monkey 4117 
indicates loss of data due to 
equipment failure. 
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caine (4). In monkeys given unlimited ac- 
cess to intravenous cocaine, irregular pe- 
riods of high intake result in marked be- 
havioral toxicity similar to that seen in 
human users of intravenous stimulants 
(5, 6). Experimental analogs of human 
psychomotor stimulant abuse may be 
obtainable using animal subjects and 
may offer new insights into this prob- 
lem. 

The purpose of this study was to ex- 
amine the relative reinforcing strength of 
cocaine in a competitive situation in 
which a qualitatively different reinforcer 
was also available. Rhesus monkeys 
were allowed to choose either an intra- 
venous injection of cocaine or a small 
amount of food. The anorexigenic prop- 
erties of cocaine have been documented 
(7) and may be a bias in favor of drug 
choices. However, monkeys self-admin- 
istering cocaine under conditions of lim- 
ited access eat relatively normally. The 
experimental design allowed access to 
both reinforcers 24 hours a day, but lim- 
ited the number of choice trials within 
that period. Since no other food source 
was available to the animals, food was 
considered to be a competitive rein- 
forcer. 

Three adult male rhesus monkeys with 

prior experimental and drug histories 
were used as subjects. Under phencycli- 
dine-pentobarbital anesthesia, each ani- 
mal was surgically prepared with a per- 
manently indwelling venous catheter and 
outfitted with a stainless steel restraining 
harness (5). Throughout the study, the 
animals were individually housed. The 

drug was injected by a peristaltic pump 
located behind the cubicle. Cocaine hy- 
drochloride was dissolved in saline so 
that a concentration of 0.3 mg (as the 
salt) per kilogram of body weight would 
be delivered in 1 ml of fluid in 8 seconds. 
A pellet dispenser (BRS/LVE PDC) 
mounted on the outside of the cage deliv- 
ered five 1-g food pellets (Noyes) into a 
trough on the inside of the cage. Two re- 

sponse panels, each with three stimulus 

lamps and a single primate lever (BRS/ 
LVE PRL-001), were also mounted on 
the inside of the cage, one on each side 
of the food trough. All contingencies 
were controlled by solid-state behavioral 

programming equipment. Data were col- 
lected in the form of digital counts and 
cumulative recordings of lever-pressing 
behavior. Sessions were run continuous- 
ly for 8 days. At 12:00 p.m. each day, 
data were recorded, pump and feeder 
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reservoirs were refilled, and the animal's 
catheter was checked for patency. 

The choice procedure was similar to 
one previously reported (2) except that 
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