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ABSTRACT We conducted cholee tests and behavioral observations of Spodoptera exigua
(Hiibner) larvae to study the effect of linear furanocoumarins (hergapten, xanthotoxin, and
psoralen) individually or in combination at concentrations commonly found in Apium grav-
golens L. and UV-A light on larval preference and feeding behavior. Linear furanccoumarins
had a negative and concentration-dependent effect on diet preference by 3. exigua larvae.
Behavioral observations showed that preference of control diet is the result of feeding deter-
rence by these compounds. The larvae leave the furanocoumarin-containing diet more fre-
quently by becoming more mobile after ingestion of the treated diet, as measured by time
spent questing (in which larvae walk or lift their thoraxes, and move from side to side in a
searching motion) and number of questing occurrences. The UV-A effect was not significant.
We conclude that linear furanocoumarins (at the concentrations found in A. graveolens} can
play an important role as behavioral modifiers rather than as toxic defenses against larvae of
the generalist herbivore 8. exigua.
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FURANOCOUMARINS ARE BENZ-2-PYRONE com-
pounds with a furan ring fused at the 6,7 (linear)
or 7,8 {angular) positions. They ave activated by
ultraviolet light {photoactivated} to form highly re-
active excited states (Musajo and Rodighiero 1962,
Berenbaum 1990). They are restricted in distyi-
bution among plants, and can play a defensive role
against herbivores (Berenbaum 1990, Diawara and
Tremble 1997). A review of the furanocoumarin
literature suggests that furanocoumarins evoke
widely varying responses from different species of
insects and at different concentrations (Beren-
baum 1990}. However, research concerning the ef-
fects of furanocoumarins on insects has been con-
ducted for <20 insect species, with the bulk of the
studies concentrating on metabolic effects on only
2 or 3 species.

The effect of specific linear furanocoumarins on
insect behavior has been reported for a few other
insects such as Psilz rosae (F.) (Stitdler and Buser
1984), Spodoptera litura F. (Yajima and Munakata
1979), Trichoplusie ni (Hiibner) (Berenbaum
1990), Heliothis virescens (F.) (Klocke et al. 1989),
and Helicoverpa (=Heliothis) zea (Boddie) (Ber-
enbaum et al, 1991). However, there is variation
among insect species in their response to these
compounds. Furthermore, what is known is’mostly
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based on consumphbion rate measurements in no-
choice bioassays; as Gould and Anderson (1991)
demonstrated, results obtained in choice tests can
be significantly different from results obtained in
no-choice bioassays.

The generalist herbivore Spodoptera exigua
(Hibner) (Lepidoptera: Noctuidae) is an impor-
tant pest of >35 crops around the world. In Cali-
fornia, S. exigua is a major pest of Apium graveo-
lens 1. (celery) and other vegetable crops (Van
Steenwyk and Toscano 1981, Griswold and Trum-
ble 1982, Trumble et al. 1990). Previous studies
indicate that S. exigue larvae are highly mobile,
have a sophisticated host selection behavior, and
are capable of detecting and avoiding pesticidal
toxins like CryIC from Bacillus thuringiensis
(Smits et al. 1987, Berdegué and Trumble 19986,
Berdegué et al. 1996}. Development and survival
of S. exigua were increasingly and negatively af-
fected as concentrations of bergapten, psoralen,
and xanthotoxin also increased (Brewer et al
1995).

Linear furanocoumarin concentration varies by
location in A. graveolens. Bergapten had the high-
est concentrations in both leaves and petioles (5-
30 and 0.5-1.0 ug/g, respectively), followed by xan-
thotoxin (2-18 and 0.1-0.5 pg/g, respectively) and
psoralen (0.05-4 and <0.05 pg/g, respectively)
(Trumble et al. 1990, 1992; Diawara et al. 1995).
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In this study we tested whether the behavior of
S. exigua larvae is affected by low concentrations
of linear furanocoumarins (bergapten, xanthotoxin,
and psoralen) commonly found in A. graveolens.
Because linear furanocoumarins are photoactivat-
ed by UV light between 320 and 360 nm (UV-
A)Musajo and Rodighiero 1962), we also tested
whether that UV-A has an effect on furanocou-
marin-containing diet preference and consurption
by the larvae.

Materials and Methods

Insects. The S. exigua colony was originally col-
lected in 1982 from Orange County, California,
and has been maintained on artificial diet (modi-
fied from Patana 1969) in incubators at 28 *+ 2°C
and a photoperiod of 14:10 (L:D}) h. New genetic
material has been added from the same area every
year since 1983, with the last addition 6 mo before
the study.

Choice Tests, To examine the possible effect of
inear furanocoumarins as behavioral elicitors for
S. exigua larvae, we conducted choice tests with
1st (neonates) and 3rd—4th instars {late instar) be-
tween artificial diet (control diet) and artificial diet
containing linear furanocoumarins. The methods
for these tests were adapted from Gould et al.
(1991). The test arenas consisted of 30- and 150-m!
plastic cups with 4% agar (wtvol) in the bottom
with 2 and 4 holes in opposite sides for tests with
neonates and late instars, respectively. Polyethyl-
ene microcentrifuge tubes (1.5 ml} were placed in
the holes. Half of the tubes contained control diet
and the remaining tubes contained diet with linear
furanocoumarins (Berdegué et al. 1996).

We tested psoralen, bergapten, and xanthotoxin
{Sigma, St. Louis, MO) independently and in com-
bination at concentrations commonly found in A
graveolens ("Tall Utah 5270-R’) (Trumble et al.
1990; Diawara et al. 1995). Bergapten was tested
at concentrations of 0.50, 0.65, 1.00, and 5.00 ug/g
with neonates and 0.50, 1.00, and 5.00 ug/g with
late instars, Xanthotoxin was tested at concentra-
tions of 0.10, 2.00, and 5.00 ug/g with neonates
and 2.00, 5.00, 10.00, and 18.00 ug/g with late in-
stars, Psoralen was tested at concentrations of 0,05,
1.00, and 5.00 ug/g with neonates and 1.00 and
5.00 pg/g with late instars. We examined the effect
of combinations of linear furanocoumarins at levels
commonly found in petioles {[0.50 ug of bergapten
+ 0.10 pg of xanthotoxin + 0.05 ug of psoralen]/g
diet) on both neonates and late instars. Finally, we
tested the effect of combined furanocoumarins at
the level commonly found in inner {[5.00 pg of
bergapten + 2.00 ug of xanthotosin + 0.05 ug of
psoralenl/g diet) and outer ([28.00 pg of bergapten
+ 18.00 pug of xanthotoxin + 4 pg of psoralen)/g
diet) A. graveolens leaves on late instars (Trumble
et al. 1990, Diawara et al. 1995).

‘We incorporated linear furanocoumarins into ar-
tificial diet by dissolving the compounds in acetone
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and mixing the solution with 3 g of a non-nutritive
fiber (Alphacel, ICN, Costa Mesa, CA). The ace-
tone was evaporated and the mixture was resus-
pended in 27 ml of distilled water. Finally, 70 g of
warmn artificial diet were added and the mixture
was stirred for 3 min before pouring,
We tested the effect of UV-A (350 nm) on larval
reference by placing half of the arenas under
Euorescent Lights {40-W Sylvania Blacklight, Gen-
eral Electric, Cleveland, OH) with an emmitance
peak of 350 nm. The arenas were covered with
plastic wrap (Smart and Final Plastic, Los Angeles,
CA) to permit penetration of ultraviolet radiation.
The intensity of the UV-A radiation was measured
with a System 371 Optical Power meter with a 268
detector head calibrated at 350 nm (United Tech-
nologies, Hawthorne, CA). We regulated the dis-
tance between the arenas and the lights to obtain

- an intensity of =400 yW/em?® inside the cups cov-

ered with plastic wrap. This level of ultraviolet ra-
diation approximates the intensity found in the
canopy ofp celery fields in southern California (M.B.
and J'T.T,; personal observation). Controls had
UV-A levels <2 uW/em?® We exposed the UV-A
treated arenas to UV-A light for 6 h/d during the
photophase.

To test diet preference by neonates, we placed
5 neonates (212 h old) inside each test arena. For
diet preference experiments with late instars, we
used two 3rd instars (2-12 h old) per arena. We
then placed the arenas in a walk-in chamber at 27
*+ 3°C and a photoperiod of 1410 (L:D) h. We
recorded the position of the larvae twice daily at
0900 and 1600 hours for 4 d. Because of differ-
ences in number of neonates per arena (caused
primarily by mortality), we calculated a preference
ratio for each arena with the formula: y = (number
of larvae on control diet ~ number of larvae on
lnear furanocoumarin-containing diet)/total num-
ber of larvae. Because the number of late instars
per arena was consistent, preference was calculat-
ed by subtracting the number of larvae on linear
furanocoumarin-containing diet from the number
of larvae on control diet.

Diet consumption by late instars was estimated
as follows. An uncorrected diet consumption esti-
mate for each microcentrifuge tube was obtained
by subtracting the final from the initial microcen-
trifuge tube weights. Average water loss for each
type of diet was calculated by averaging the dif-
ferences between initial and final weights of tubes
in 3 arenas without larvae and maintained under
the same experimental conditions. Consumption
was estimated by subtracting the average water
loss for each type of diet from the uncorrected diet
consumption estimate for each tube. The con-
sumption estimates for the 2 tubes with control
diet per arena were added to obtain the total
amount of consumed control diet for each arena.
The total amount of consumed furanocoumarin-
containing diet per arena was cobtained following
the same method. The difference in consumption
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between control and furanocoumarin-containing
diet for each arena was estimated by subtracting
the consumed furanocoumarin-containing diet
from the control diet.

The experiment used a nested design with UV-A
and OBSERVATION as main effects and REPLI-
CATIONS nested within the UV-A level The
UV-A effect had 2 levels (present or absent), and
the OBSERVATION effect had 8 levels (2 obser-
vations per day for 4 d). Fach arena was consid-
ered a replication, and we replicated each furan-
ocoumarin-UV-A concentration combination 25—
27 times.

Behavior Tests. The following 3 distinet feed-
ing behaviors have been described for §. exigua
(Berdegué and Trumble 1996): (1) eating (ie.
chewing with the mouthparts in contact with the
diet surface); (2) questing {i.e., when larvae walk
or lift their thoraxes and move from side to side in
a searching motion); and {3) swallowing (i.e., which
commonly occurs after eating when larvae repeat-
edly contract esophageal muscles and move their
mandibles as if chewing, but mandibles are not in
contact with the diet surface}. For this test we fol-
lowed the methods described by Berdegué et al.
(1996) and studied the behavior of 1-d-old 4th in-
stars (starved for 12-18 h) by observing the larvae
individually on 1.1-em® cylinders of diet during 2
9-min period. We tested 3 types of diet—diet con-
taining a combination of linear furanocoumarins at
concentrations similar to those found in inner A.
graveolens leaves ([5.00 ug of bergapten + 2.00
g of xanthotoxin + 0.05 ug of psoralenl/g diet),
diet containing a combination of linear furanocou-
marins at concentrations similar to those found in
outer A. graveolens leaves ([28.00 pg of bergapten
+ 18.00 ug of xanthotoxin + 4.00 ug of psoralenl/g
diet), and a control diet.

A single larva was placed on the cylinder, and
the observations began as soon as the larva showed
any activity. The observations were recorded using
a computer-assisted monitoring device (Eigen-
brode et al. 1989); time spent and number of oc-
currences associated with specific behaviors were
recorded. We also recorded the time spent resting
(when no activity was observed) and number of
resting occurrences. Observations of the larvae for
each linear furanocoumarin-containing and control
diet were done concurrently. The experiment was
repeated 30 times for each furanocoumarin com-
bination and 60 times for control diet (30 times for
each furanocoumarin-containing diet).

Data Analyses. The assumption of normality for
all data sets was tested with the UNIVARIATE
procedure (SAS Institute 1990). Preference data
from tests with neonates were analyzed using the
GLM procedure. The UV-A and OBSERVATION
effects for tests with neonates were analyzed using
the UV-A (REPLICATION) and OBSERVATION
X UV-A interactions as their respective error
terms. We used categorical models (CATMOD
procedure) to analyze the OBSERVATION and
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UV-A effects and their interaction on preference
data for late instars. Differences in consumption
and preference data for late instars were examined
using GLM and MEANS procedures (SAS Insti-
tute 1990).

Data for pairwise comparisons between time
spent in a particular behavior on control diet and
linear furanocoumarin-containing diet and number
of occurrences of a particular behavior were ana-
lyzed using chi square and t-tests (NPARIWAY and
TTEST procedures) ($AS Institute 1990).

Results

Cheice Tests. The UV-A effect was not signifi-
cant {GLM: P > 0.10} for any of the tests. There-
fore, the UV-A effect is not considered further. All
linear furanocoumarins tested had an effect on diet

reference by S. exigue larvae at levels commonly
ound in A. graveolens (Tables 1 and 2). The high-
est bergapten and psoralen concentrations and the
2 highest xanthotoxin concentrations caused pref-
erence for control diet by neonates. The interme-
diate psoralen concentration (1.00 ug/y) caused
preference for treated diet. The linear furanocou-
marin combination at levels similar to those com-
monly found in A. graveolens petioles caused pref-
erence for control diet by neonates, although the
effect of the individual components at the same
concentrations was not significant (Table 1).

Tests with late instars indicated a preference for
bergapten-containing diet at the intermediate con-
centration (1.00 ug/g). The highest bergapten con-
centration tested (5.00 pg/g} caused preference for
control diet. Xanthotoxin and psoralen caused a
substantial preference for control diet by late in-
stars at concentrations similar those found in outer
A. graveolens leaves (18.00 and 5.00 pg/g, respec-
tively). Tests with late instars showed no effect of
the linear furanocoumarin combinations at con-
centrations found in A. graveolens petioles and in-
ner leaves. Late instars avoided diet with a linear
furanocoumarin combination at concentrations
found in outer leaves (Table 2).

A nonsignificant observation effect in preference
tests with neonates and bergapten, xanthotoxin
(with the exception of the lowest xanthotoxin con-
centration tested), the lowest psoralen concentra-
tion, and the combination of linear furanocoumar-
ins similar to the concentration found in A
graveolens petioles indicated that diet preference
did not change with time. Conversely, diet pref-
erence changed with time for tests with diet con-
taining the lowest xanthotosin concentration and
the intermediate and highest psoralen concentra-
tions (Table 1). Diet preference by late instars did
not change with time (CATMOD: P > 0.10).

To test a possible concentration-dependent ef-
fect of bergapten on larval preference, we per-
formed linear regressions with the ratio of neo-
nates on treated diet as the dependent variable. As
bergapten concentrations increased, preference for
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Table 1. Effect of linear furanocoumarins on diet preference by 8. exigua neonates
Furanccoumarin Conen, ug/g Preference ratio? Effect? df F ratio P
Bergapten 0.50 +0.03 + 0.01 Preference 1 012 0.7252
Observation 1 1.40 0.4458
0.65 +0.07 & 0.03 Preference 1 2.62 0.1061
Observation 1 54.59 0.0856
1.00 +0.06 = 0.01 Preference 1 2.23 0.1362
Observation 1 0.08 08117
5.00 +(,33 = 0.03 Preference H 54.07 0.0001
Chservation 1 1.01 0.4885
Xanthotoxin 0.10 -0.01 = 0.03 Preference 1 0.13 0.6958
Observation 1 4.79 0.0287
2.00 +0,04 * 0.03 Preference 1 11.65 0.0007
Observation 1 5.62 0.2541
5.00 +0.22 + 0.03 Preference 1 78.75 0.0001
Ohservation 1 4.52 0.0947
Psoralen 0.05 +0.08 + 0.09 Preference 1 0.30 0.5856
Observation 1 0.61 0.4355
1.00 (.04 = 0.03 Preference H 512 00243
Observation 1 749.98 0.0232
5.00 +0.10 * 0,03 Preference 1 27.65 0.0001
Ghservation 1 9.22 0.0027
Combination Petioles® +0.08 = 0.02 Preference 1 12.31 0.0005
Observation 1 8.24 0.2135

4 Number of necnates on control diet — number of neonates on treated diet/total number of neonates. A positive value indicates a

greater number of neonates on control diet.

b A significant observation offect denotes an increase or decrease in preference for a particular type of diet as the experiment

progressed.

< Petiole concentration was (0.50 pg of bergapten + 0.10 pg of xanthotoxin + 0.05 pg of psoralen)/g.

control diet by neonates also increased [REG: y =
0.4812 — 0.0299 x {r = 0.15, P < 0.0001, n =100}].
There was no relationship between bergapten con-
centration and late-instar preference (REG: P >
0.10).

Consumption and preference data for late in-
stars showed similar results (Tables 2 and 3). The
larvae consumed more bergapten-containing diet
at concentrations similar to those found in A. grav-
eolens petioles (0.50 and 1.00 ug/g). More control
diet was eaten than bergapten-containing diet
when the concentration was increased to the levels
found in inner leaves (5.00 pg/g). Although there

was no significant difference in preference for the
lowest xanthotoxin concentration tested (Table 2),
the larvae consumed significantly more treated
than control diet (Table 3). Higher xanthotoxin
concentrations {18.00 pg/g) resulted in significantly
greater consumption of the control diet relative to
the treated diet. There were no differences in con-
sumption between control and psoralen-containing
diet at the concentrations tested. Although pref-
erence tests with late instars and mixed linear
furanocoumarins incorporated at concentrations
found in petioles indicated no differences, results
from consumption data showed greater consump-

Table 2. Effect of linear furanocoumarins on diet preference by late instar 8. exigua

Furanocoumarin Conen, pg/g Preferences df t-test r
Bergapten 0.50 -2.56 x 1.57 16 ~1.63 0.1236
1.00 ~3.25 + 149 16 —~2.18 0.0452
5.00 5.06 + 1.99 18 ~2.54 0.0227
Kanthotoxin 2.00 —-475 £ 3.30 8 -1.53 (.1698
5.00 -0.44 & 1.67 16 —0.26 0.7967
10.00 -2.75 * 247 8 ~1.11 0.3035
18.00 4.13 = 1.88 8 2.20 0.0637
Psoralen 100 ~3.63 = 1.83 8 —1.98 0.0883
5.00 3.93 + 1.38 15 2.83 0.0135
Combination Petioles? -0.56 = 1.98 16 ~-0.28 0.7801
{nner leaves® 2.27 + 123 15 1.85 0.0863
Outer leaves? 205 + 4.04 8 5.06 0.0015

2 Number of larvae on control diet ~ number of larvae on treated diet. A positive value denotes a greater number of larvae on the

control diet.

. i
Concentration of linear furanocoumarins in A. graveolens peticles, (0.50 pg of bergapten + 0.10 pg of xanthotoxin + 0.05 pg of

psoralen)/y diet.

¢ Linear furanocoumarin concentration in A. graveolens inner leaves, (5.00 pg of bergapten + 2.00 pg of xanthotoxin + 0.05 pg of

psoralen/g diet.

d | inear furanocoumarin concentration in A. graveolens outer leaves (28.00 pg of bergapten + 18.00 ug of xanthotoxin + 4 pg of

psoralen)g diet.
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Table 3. Effect of linear furanocenarins on diet consumption by late instar S. exigua
Furanocournarin Conen, pg/g Consumption (g), mean = SE¢ df t value P
Bergapten 0.00 10185 = 0.08 46 -2.17 0.0352
0.50 1.1350 = 0.07
0.00 0.9347 = 0.08 50 —4.16 0.0001
1.00 1.1786 % 0.08
0.00 1.2006 + 0.07 50 2.85 0.0063
5.00 1.0108 + 007 .
Xanthotoxin 0.00 (0.18688 = 0.03 23 -3.36 0.0028
2.00 03,3321 * 0.03
0.00 1.1528 = 0.08 50 1.66 0.10630
500 1.0482 = 0.07
.00 1.1428 % 0.06 26 0.78 0.4441
10.00 1.0798 + 0.06
0.00 1.5056 = 0.08 28 2.87 0.0084
18.60 1.2001 * 0.07
Psoralen 0.00 1.2065 * .06 26 -1.31 0.2004
1.00 1.3266 = 0.07
0.00 1.0936 * 0.06 50 Q.80 0.4288
5.00 1.0464 *+ 0.05
Combination .00 0.9220 £ 0.08 50 317 0.0026
Petioles? 0.7852 + 0.08
0.00 1.0629 * 0.07 50 1.72 0.0026
Inner leaves® 0.9767 x 0.06
Q.00 2.6690 % 0.11 25 15.13 00001
Outer leavesd 05050 * 0.08

¢ Grams of consumed control or furanocoumarin-containing diet.

b Concentration of knear furanceourmarins in A. greseolens petioles was (0.50 pg of bergapten + 0.10 pg of xanthotoxin + 0.03 pug

of psoralen)/g diet.

¢ Einear furanocoumarin concentration in A. graveolens inner leaves was (5.00 pg of bergapten + 2.00 pg of xanthotoxin + 0.05 pg

of dpsoralen)/g diet.

T inear furanocoumarin concentration in A, graveolens outer leaves was (28.00 pg of bergapten + 18.00 ug of xanthotoxin + 4 ug

of psoralen)/g diet,

tion of control diet. The combination of hnear fur-
anocoumarins at concentrations found in outer A.
graveolens leaves also caused greater consumption
of control diet by late instaxs.

Behavioral Tests. For the linear furanocoumar-
in combination found in inner A. graveolens leaves,
the larvae had significantly more eatin
(NPARIWAY: df = 1, 2 = 6.01, P < 0.05) an
questing (NPARIWAY: df = 1, 32 = 1368, P <
0.001) occurrences on furanocournarin-containing
diet (4.17 * 0,60 eating occurrences and 4.23 =
0.44 questing occurrences) than on control diet
(2.17 + 0.28 eating occurrences and 2.20 = 0.25

uesting occurrences). There were no significant

ifferences in time spent eating, swallowing, quest-
ing, and resting and number of occurrences of
swallowing and resting between control and treat-
ed diet (P > 0.05).

Figure 1 shows the results of the behavioral ob-
servations on diet containing the furanocoumarin
combination found in outer A. graveolens leaves
and control diet. For these tests, the 4th instars
spent significantly more time eating (TTEST: df =
58, T = 263, P = 0.01) and less time questing
(TTEST: df = 58, I' = —2.37, P < 0.05) on control
than on treated diet (Fig. 1A). Also, the larvae had
significantly more eating {NPARIWAY: df =1, 2
= 8.23, P < 0.005) and questing (NPARIWAY: df
=1, 2 = 19.30, P = 0.0001} occurrences on treat-
ed than on control diet (Fig. 1B). There were no
significant differences in time spent swallowing

and resting and number of occurrences of swallow-
ing and resting between control and treated diet
(P> 0.05).

Discussion

The low concentrations of linear furanocoumar-
ins found in A. graveolens (=50 ug/g) had sub-
stantial effects on the behavior of both early- and
late instar S. exigua. These compounds produced
a negative and concentration-dependent effect on
diet preference by S. exigua larvae; higher concen-
trations resulted in greater preference for control
diet. Qur results support Brewer et al. (1995) in
their conclusion that linear furanocoumarins are
more biologically active in combination than indi-
vidually.

Our results on diet preference are analogous to
previous reports on related Spodoptera species,
which indicated that antifeedant responses to fur-
anccoumarins were not always consistent across in-
stars and that quantitative differences in linear fur-
snocoumarins (or combinations of these
chemicals) cause qualitative changes in behavioral
responses. Late instar S. exigua were more sensi-
tive to bergapten than neonates, as indicated by
the preference for 1.00 pg of bergapten per gram
of diet by late instars (a concentration which had
no significant effect on diet preference by neo-
nates). Conversely, S. exigua neonates were de-
terred by xanthotoxin concentrations lower than
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Fig. 1. Results of 3-min observations of the behavior
of late instars when confronted with either contro! or in-
ear furanocoumarin-containing diet {linear furanocou-
marins found in outer A. graveolens leaves [28.00 pg of
bergapten +18.00 ug of xanthotoxin + 4.00 pg of psor-
alen}/g diet). Bars above each individual behavior indicate
total time spent (s) (A} and number of gecurrences (B)
of that particular behavior. Lines above each bar indicate
standard errors,

Resting Swallowing

those causing late-instar deterrence {Tables 1 and
2). Berenbaum (1978) reported that xanthotoxin
acted as a feeding deterrent to 6th instar S. eri-
dania (Cramer) but did not reduce feeding by 1st
or 2nd instars.

Behavioral observations of larvae on diet incor-
poratini the combination of linear furanocoumar-
ins at the concentration found in outer A. grav-
eolens leaves (Fig. 1} demonstrate that preference
for control diet by the larvae is the result of feed-
ing deterrence because the larvae fed on the diet
before being stimulated to leave. Upon ingesting
the furanocoumarin-containing diet, the larvae be-
came more mobile as measured by time spent
questing and number of questing occurrences.
These results indicate the important role linear
furanocoumarins may play in deterring herbivory
by naive insects. As noted by Bernays and Chap-
man (1994), this type of deterrence may be more
important for highly mobile insects such as §. ex-
igua, because those unable to move to a new food
source must adapt to the chemicals to survive,

Deterrence o? 8. exigua by linear furanocou-
maring is not surprising because near furanocou-
marins have been shown to act as feeding deter
rents-repellents to other generalist insect species.
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What is surprising from our results is the Jow con-
centrations at which these compounds elicited de-
terrence to 8. exigua. For example, bergapten re-
portedly reduces diet consumption in H. virescens
(Klocke et al. 1989). Leptinotarsa decemlineata
(Say) and Mythimna unipuncta (Haworth) avoid
filter paper disks treated with xanthotoxin and ber-
gapten at concentrations ranging from 2,000 to
8,000 pg/ml (Muckensturm et al. 1981). H. zea ne-
onates exhibited a greater avoidance of diet with
xanthotoxin (=60 pg/g diet) alone than to a diet
with a furanocoumarin extract (at an equimolar
concentration) from Pastinace sativa L., even
though the extract was more toxic than xanthotoxin
alone (Berenbaum et al. 1991). Yajima and Mu-
nakata {1979) showed that coumarin, umbellifer-
one, two 7-hydroxycoumarins, and psoralen had lit-
tle or no antifeedant activity against 3rd-instar 8.
litura (F). In contrast, isopimpinellin and bergap-
ten demonstrated strong antifeedant activity at
concentrations >10 ug/g diet (Yajima and Munak-
ata 1978). These authors also found that §. litura
3rd instars preferred diet treated with bergapten
at a conceniration of 5 ug/g diet.

In 2 of the 3 experiments with a significant time
effect, preference for control diet decreased with
time (Table 1). In the case of the intermediate
psoralen concentration, preference for diet con-
taining 1.00 pg of psoralen per gram of diet tended
to increase with time. Deterrence by the highest
psoralen concentration tested also decreased with
time. These results suggest that S. exigua larvae
become habituated or increasingly able to process
psoralen (sensu Bernays and Weiss 1996). Con-
versely, the deterrent effect of bergapten and the
2 highest xanthotoxin concentrations did not
change significantly as the experiments progressed.
Furthermore, deterrence by the lowest xanthotoxin
concentration tested increased with time. Hence,
differences in the effect of time between these lin-
ear furanocoumarins may be caused by differences
in larval habituation or ability to process psoralen
and the 2 other compounds. Linear furanocou-
marins have been shown to induce production of
substrate-specific monooxygenase in oligophagous
and polyphagous insect herbivores (Cohen et al.
1989, Nitao 1989, Cohen et al. 1992, but see Brew-
er et al. 1995). Therefore, the observed changes in
neonate behavior by diet containing psoralen as
the experiments progressed may indicate differ-
encesxgehmeen psoralen and both xanthotoxin and
bergapten in their ability to induce monoosygenase
production in $. exigua neonates.

The effect of UV-A was not significant for any
of the tests in this study, supporting the hypothesis
that UV-A does not modify the behavioral response
of 8. exigua larvae to linear furanocoumarins, This
result is similar to that of Berenbaum et al. {1991),
where no significant UV (at 280 nm) X treatment
interaction was found on H. zea survival. There are
2 possible explanations for our result. The first is
that the intensity of UV-A was not high enough.
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Higher intensities of UV-A cause negative direct
effects on S. exigua as well as increased toxicity of
Lnear furanocoumarins (Trumble et al. 1991).
However, we believe that these results provide bi-
ologically meaningful data because they represent
UV-A levels commonly found within a plant can-
opy. An alternative explanation, which we favor, is
that linear furanocoumarins may not need to be
photoactivated to act as behavioral elicitors, This
suggestion is in agreement with the conclusion
reached by Berenbaum (1978)—that photoactiva-
tion was not required for xanthotoxin to act as a
feeding repellent against S. eridania.

Spodoptera exigua larvae on A. graveolens
change their feeding site as they develop. First—
third instars feed on leaves, whereas 4th and 5th
instars prefer the lower petioles; nutritional differ-
ences in plant parts do not account for this change
in feeding preference (Griswold and Trumble
1985a). Fifth instars (feeding without protection
from the web that is characteristic of early instars)
are strongly photonegative; hence these authors
hypothesized that the tendency to feed on the low-
er petioles during the day may protect late instars
from linear furanocoumarin photoactivation {Gris-
wold and Trumble 1985b). Our resuits indicating
a deterrent effect on late instars by concentrations
of linear furanocoumarins similar to those found in
outer A, graveolens leaves, coupled with the lack
of deterrence by concentrations similar to those
found in A. graveolens petioles and inner leaves,
are consistent with this hypothesis.

The concentrations of linear furanocoumarins
needed to cause direct mortality to insects are
high. Bergapten and xanthotoxin caused no mor-
tality to S. litura at concentrations as high as 500
ug/g (Yajima and Munakata 1979). For 8. exigua,
the LCys for psoralen, bergapten, and xanthotoxin
are 152.1, 137.8, and 106.6 ug/g of diet, respec-
tively (Diawara et al. 1993). These concentrations
are 5-3,000 times greater than those commonly
found in A. graveolens (Trumble et al. 1990, 1992;
Diawara et al. 1995). In addition, low concentra-
tions of furanocoumarins (similar to those in this
study) caused little variation in survival or devel-
opmental time of 8. exvigua (Brewer et al. 1995).
Berenbaum (1990) suggested that generalist her-
bivores may avoid plant chemical defenses such as
furanocoumarins through behavioral adaptations.
Furthermore, Jermy (1984}, Bernays and Graham
(1988}, and others postulate that the function of
secondary compounds may be to modify behavior
rather than to function as toxic defenses. Our stud-
ies showing that larvae of the generalist herbivore
S. exigua are deterred in a concentration-depen-
dent manner by low and nontoxic linear furano-
coumarin concentrations commonly found in A
graveolens sapport this hypothesis. ‘
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