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Summary. The parsnip webworm, Depressaria pastinacella,
specializes on wild parsnip, Pastinaca sativa, and sev-
eral species of Heracleum, hostplants rich in toxic fura-
nocoumarins. Rates of furanocoumarin metabolism in this
species are among the highest known for any insect. Within
its native range in Europe, webworms are heavily para-
sitized by the polyembryonic parasitoid wasp Copidosoma
sosares. In this study, we determined whether these para-
sitoids are exposed to furanocoumarins in host hemolymph,
whether they can metabolize furanocoumarins, and whether
parasitism influences the ability of webworms to detoxify
furanocoumarins. Hemolymph of webworms fed artificial
diet containing 0.3 % fresh weight xanthotoxin, a fura-
nocoumarin prevalent in wild parsnip hosts, contained trace
amounts of this toxin; as well, hemolymph of webworms
consuming P. sativa flowers and fruits contained trace amounts
of six of seven furanocoumarins present in the hostplant.
Thus, parasitoids likely encounter furanocoumarins in
host hemolymph. Assays of xanthotoxin metabolism in
C. sosares failed to show any ability to metabolize this com-
pound. Parasitized webworms, collected from populations
of Heracleum sphondylium in the Netherlands in 2004, were
on average 55 % larger by weight than unparasitized indi-
viduals. This weight is inclusive of host and parasitoid
masses. Absolute rates of detoxification (nmoles min−1) of
five different furanocoumarins were indistinguishable
between parasitized and unparasitized ultimate instars, sug-
gesting that the intrinsic rates of metabolism are fixed. Thus,
although parasitized larvae are larger, detoxification rates
are not commensurate with size; rates in parasitized larvae
expressed per gram of larval mass were 25 % lower than in
unparasitized larvae. 
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Introduction

The use of parasitoids in integrated pest management pro-
grams has led to increased interest in ascertaining third
trophic level effects of chemically based hostplant resis-

tance (Campbell & Duffey 1979; Ode 2006). Most research
on parasitoid resistance to toxins has involved insecticides
(e.g., Keeratikasikorn & Hooper 1981; Spollen et al. 1995;
Zhu et al. 1999; Willrich & Boethel 2001; Xu et al. 2001;
Liu et al. 2003); in only a small number of these studies has
pesticide resistance been linked to rates of metabolic detox-
ification by parasitoids (e.g., Perez-Mendoza et al. 2000;
Wu et al. 2004; Wu & Miyata 2005). Even fewer studies
have examined the effects of hostplant toxins on para-
sitoids. Among hostplant allelochemicals documented to
have adverse effects on parasitoids are nicotine, rutin, alpha-
tomatine, DIMBOA (reviewed by Ode 2006) and pyrrolizi-
dine alkaloids (Singer et al. 2004a, 2004b); in contrast,
iridoid glycosides appear to have little, if any, effect on para-
sitoids and gossypol may have a positive effect (Ode 2006). 

Parasitoids that show no response to allelochemicals
ingested by their hosts may be protected against exposure by
efficient metabolic transformation and excretion of toxins
by their hosts. Alternatively, parasitoids themselves may
possess some of the same mechanisms employed by herbi-
vores for coping with plant allelochemicals, including target
site insensitivity and metabolic detoxification (Strauss &
Zangerl 2002). Despite its potential importance in integrated
pest management programs using both biological control
and hostplant resistance, virtually nothing is known about
the ability of parasitoids to influence the capacity of their
hosts to detoxify or excrete plant allelochemicals or to
detoxify those allelochemicals directly. 

Furanocoumarins are broadly biocidal allelochemicals,
particularly abundant in Rutaceae and Apiaceae, that have
been implicated as plant resistance factors against a broad vari-
ety of herbivorous insects (reviewed in Berenbaum & Zangerl
1996). That furanocoumarins may act tritrophically as well
and influence parasitoid success was demonstrated in two lab-
oratory studies. The dipteran parasite Archytas marmoratus
experienced higher mortality when its host Spodoptera exigua
was fed artificial diet containing increasing concentrations of
a mixture of three furanocoumarins—bergapten, psoralen, and
xanthotoxin (Reitz & Trumble 1997). Similarly, mortality of
Copidosoma floridanum increased in Trichoplusia ni fed the
same furanocoumarins (Reitz & Trumble 1996). 

The parsnip webworm, Depressaria pastinacella, feeds
exclusively on species in the genera Pastinaca and Heracleum,
which are well-endowed with furanocoumarins. Webworms
feed on reproductive structures of their host plants and
thus encounter furanocoumarins in concentrations exceedingCorrespondence to: May Berenbaum, e-mail: maybe@uiuc.edu
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1 % of the dry mass ingested; rates of detoxification of
furanocoumarins in this species are the highest known for
any insect (Zangerl & Berenbaum 1999). Despite their
extraordinary ability to metabolize furanocoumarins, web-
worms are differentially sensitive to particular combinations
of furanocoumarins in their principal midwestern U.S. host,
Pastinaca sativa (Zangerl & Berenbaum 1993, Zangerl &
Berenbaum 2003). Rates of parasitism of D. pastinacella in
the midwestern United States rarely if ever exceed rates of
3 % and these parasitoids tend to be opportunistic generalists
(Gorder & Mertins 1984; Berenbaum 1990). In contrast, in
Europe, within its area of indigeneity, parsnip webworms
are heavily parasitized by the specialist wasp Copidosoma
sosares (Ode et al. 2004; Guerrieri & Noyes 2005). Like other
polyembryonic encyrtids (Strand et al. 1991), C. sosares
oviposits in the eggs of its host; clonal proliferation of moru-
lae takes place, giving rise to anywhere from 10 to 400 gene-
tically identical larvae that complete development during
the host’s ultimate instar (Ode et al. 2004). Success of
Copidosoma sosares in parasitizing parsnip webworms
in the Netherlands has been linked to the furanocoumarin
composition of its hosts (Ode et al. 2004); concentrations
of isopimpinellin were negatively correlated with the likeli-
hood that a given webworm would be successfully parasitized
and xanthotoxin concentration was negatively correlated with
both within-brood survivorship and clutch size.

Given the apparent tritrophic impact of furanocoumarins
on C. sosares in the field, we set out to determine whether
unmetabolized, and hence potentially toxic, furanocoumarins
are present in the hemolymph of webworms and thus act
directly to reduce survivorship and clutch size of C. sosares.
We also investigated whether the parasitoid itself has some
capacity for cytochrome P450-mediated detoxification of
furanocoumarins and whether its presence can alter its host’s
capacity to metabolize these compounds.

Methods and Materials

Materials

Xanthotoxin and bergapten were purchased from Sigma (St. Louis);
isopimpinellin and angelicin were obtained from Indofine (Belle
Mead, NJ); sphondin was provided by Dr. R. Mumma; reagents for
cytochrome P450 assays were obtained from Sigma.

Furanocoumarin metabolism by parsnip webworms. Para-
sitized and unparasitized fifth instar webworms were collected in
July 2004 from two host plant species, Heracleum sphondylium
and Pastinaca sativa in the Netherlands from four populations in
or near (within 2 km E or S of the town center) Heteren and four
populations in Zwolle (near NW, SW, and SE corners of the ring
road). Webworms were placed on plant-based artificial diet in
30-ml plastic creamer containers for transport back to the United
States. This diet, modified from Nitao and Berenbaum (1988), sub-
stitutes lyophilized wild parsnip reproductive parts for half the
amount of casein, sucrose, and Wesson’s salt mix. Sixth instars
were weighed and then dissected to remove their midguts. Midguts
were rinsed in ice-cold dissection buffer [0.1 M sodium phosphate
(pH 7.8), 0.25 M sucrose, 1 % w/v polyvinylpyrrolidone (PVP),
1.1 mM ethylenediaminetetraacetic acid (EDTA), and 2 mM
phenylmethylsulfonyl fluoride (PMSF) (Crankshaw et al. 1979)] to
remove all food particles. Because the food contains fura-
nocoumarins, presence of food in the gut could compromise accurate
assessment of metabolic activity in the disappearance assay we use
(see below). Parasitoid larvae within the body cavity were dislodged
during the dissection of parasitized webworms and were collected

using a 1000 µL micropipette. Individual midguts were homoge-
nized in 50 µL of grinding buffer per gut (dissection buffer which
contained additional leupeptin and glycerol) and flash-frozen in liquid
nitrogen for storage at –80 oC. Parasitoids were flash-frozen without
homogenization and stored at –80 oC.

The metabolism reaction was initiated by adding 750 µL of
reaction buffer [0.1 M sodium phosphate (pH 7.8), 0.3 mM nicoti-
namide adenine dinucleotide phosphate (NADP), 3 mM glucose-6-
phosphate dehydrogenase (G-6-PDH)] and 10 µL of a substrate
mixture containing imperatorin, bergapten, isopimpinellin, xantho-
toxin, and sphondin in methanol. This mixture was representative
of relative concentrations encountered in the wild parsnip host and
was obtained by column purification of an extract of wild parsnip
seed and calibrated against a mixture of authentic standards
(Berenbaum & Zangerl 1998). The metabolism mixture was then
incubated at 30 oC for 30 minutes with mild agitation followed
immediately with a five-minute period in 100 oC water to stop the
reaction. Nineteen time-zero controls containing no protein were
prepared as described using 50 µL of grinding buffer in place of
homogenate.

Unmetabolized furanocoumarins were extracted by adding
350 µL ethyl acetate to each reaction, followed by 30-second vor-
texing and one-minute centrifugation. A 15-µL aliquot of the
organic phase of each sample was analyzed using high pressure
liquid chromatography (HPLC) (Waters Associates) with a 150-mm
normal phase silica column (Absorbosphere, 4.6 mm internal
diameter, 5 micron particle size, Alltech, Deerfield, IL). The
mobile phase consisted of 55 % cyclohexane, 42 % isopropyl
ether, and 3 % n-butanol pumped at a rate of 1.5 mL/minute, and
detection was at 254 nm. To determine the amount of metabolized
furanocoumarins, the peak area on the chromatogram associated
with each furanocoumarin remaining was subtracted from the aver-
age of the time-zero areas. Raw metabolism rates were expressed
as nmoles/min/larva, and mass-adjusted rates were expressed as
nmoles/min/g larva. Differences in metabolism rates per individual
(nmoles/min/larva) and larval mass were analyzed by t-test, with
degrees of freedom adjusted for the test of mass due to unequal
variances (SPSS 9.0, Chicago, IL). An analysis of covariance was
performed with parasitism as the main effect, metabolism rates per
individual as the dependent variable, and larval mass as the covari-
ate. The assumption of homogeneity of slopes was satisfied in the
latter analyses, as there were no significant interactions between
the covariate and treatment (Ps ≥ 0.45). 

Webworm hemolymph analysis. Fifth (penultimate) instar
webworms reared on diet containing no added furanocoumarins
were placed on artificial diet containing 0.3 % fresh weight
xanthotoxin and allowed to feed for three days. On the fourth day after
the molt to sixth instar, the cuticle of each of three larvae was punc-
tured with a 27-gauge hypodermic needle, and hemolymph was
drawn up into a 10-µL hematocrit microcapillary tube. Volumes of
3.75 µL, 4.06 µL, and 4.38 µL were obtained from the first,
second, and third larva, respectively. The samples were dried
and extracted with 5 µL ethyl acetate, and 2 µL of this extract
was analyzed using gas chromatography - mass spectrometry
(GC-MS), HP-5973 mass spectrometer interfaced with a HP 6890
gas chromatograph, using a DB-5 capillary column (30 m ×
0.32 mm × 0.25 µm film thickness) in splitless mode with helium
as the carrier gas and temperature program with initial temperature
of 50 oC held for 1 minute and then increased by 15 oC until the
final temperature of 300 ºC was reached and held for two minutes.

Additionally, in order to determine whether components of
the furanocoumarin mixture present naturally in plant tissue are
differentially transferred into hemolymph, sixth instar webworms
that had been laboratory-reared on wild parsnip growing in the
greenhouse (30 ºC with 16L : 8D photoperiod) were also analyzed
as described. Volumes of 0.72 µL, 1.01 µL, 1.05 µL, 1.07 µL, and
2.32 µL were obtained from five larvae, individually. 

Xanthotoxin metabolism by C. sosares. Xanthotoxin, which
has been linked to mortality of C. sosares (Ode et al. 2004),
was used as the substrate for assaying furanocoumarin metabolism
by parasitoids. Preliminary assays revealed that furanocoumarin
metabolism by larval polyembryonic (and hence genetically
identical) parasitoids within a single webworm larva was below the
detection threshold (data not shown). Consequently, larval
C. sosares from all 48 parasitized webworms were pooled and
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collected. A single larval host typically contains 100 to 200
parasitoid larvae. Parasitoid larvae were grouped into three repli-
cate groups and homogenized in one mL of grinding buffer. The
metabolism reaction was initiated by adding 3.5 mL of reaction
buffer and 35 µL xanthotoxin (1 mg/mL in methanol). Aliquots
from each reaction were removed at 0, 10, 20, and 30 minutes after
incubation at 30 °C with mild agitation. The reaction in each
aliquot was stopped by placing it in a 100 oC bath for 5 minutes.
Unmetabolized xanthotoxin was extracted by adding one mL ethyl
acetate to each aliquot, followed by a 30-second vortexing and one-
minute centrifugation. A 15-µL aliquot of each sample was ana-
lyzed by HPLC as described earlier. Total soluble protein in each
reaction was quantified spectrophometrically by the Bradford

method employing bovine serum albumen as the standard (BioRad,
Hercules, CA). The amount of xanthotoxin metabolized was
regressed against time (minutes).

Results

Furanocoumarin metabolism by parsnip webworm.
Webworms that had been parasitized by C. sosares were on
average 55 % larger (mean = 106.7 mg) than unparasitized
webworms (mean = 69.3 mg) (Fig. 1). Absolute metabolic
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Table 1 Analysis of covariance of furanocoumarin metabolism rate in Depressaria pastinacella as a
function of parasitism by Copidosoma sosares

Furanocoumarin Source d.f. M.S. F P

imperatorin parasitism 1 0.106 2.268 0.137
mass 1 0.277 5.951 0.017
error 69 0.046

bergapten parasitism 1 1.301 5.847 0.018
mass 1 3.324 14.94 < 0.001
error 69 0.223

isopimpinellin parasitism 1 0.0324 6.097 0.016
mass 1 0.0943 17.72 < 0.001
error 69 0.0053

xanthotoxin parasitism 1 3.874 6.758 0.011
mass 1 9.345 16.303 < 0.001
error 69 0.573

sphondin parasitism 1 0.0032 5.332 0.024
mass 1 0.0064 10.588 0.002
error 69 0.0006

Fig. 1 Effect of parasitism by
Copidosoma sosares on
Depressaria pastinacella larval
mass. Means were significantly
different by t-test (t = 10.43,
p < 0.001, d.f. = 156.5, adjusted
for unequal variances). Sample
sizes were 108 and 52 for para-
sitized and unparasitized larvae,
respectively
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rates (nmoles min−1) were not significantly different
between parasitized and unparasitized individuals for the
five furanocoumarins tested (Fig. 2). When metabolic rates
were examined in relation to body mass in an analysis of
covariance, however, detoxification rates were approxi-
mately 25 % lower in parasitized individuals (Table 1, Fig. 2),
and differences were significant for all furanocoumarins
except imperatorin (Table 1). 

Webworm hemolymph analysis. The hemolymph
samples of all three webworms fed 0.3 % xanthotoxin diet
contained xanthotoxin, as indicated by GC-MS. The sample
spectrum included a base peak at 216 m/z, the molecular
weight of xanthotoxin and a fragment at 173, which is
characteristic of methoxylated linear furanocoumarins.
Additionally, the retention time matched that of xantho-
toxin. Based on mass spectral fragments characteristic of

Table 2 Furanocoumarins detected in hemolymph samples from five webworms (A-E) reared on
Pastinaca sativa by GC-MS. Four of the five samples contained six of the furanocoumarins detectable by
GC – MS (imperatorin, which is also present in wild parsnip, is not readily detectable by GC-MS at low
concentrations), the fifth sample lacked only psoralen. A furanocoumarin was judged to be present (+)
if its retention time (R.T.) matched that of a standard and it exhibited both major spectral fragments char-
acteristic of the furanocoumarin.

Presence of identifying fragments
Furanocoumarin R.T. m/z in five hemolymph samples (µl)

A(0.72) B(1.01) C(1.05) D(1.07) E(2.32)
Angelicin 12.37 186,158 + + + + +
Psoralen 12.71 186,158 + + + +
Xanthotoxin 14.12 216,173 + + + + +
Bergapten 14.24 216,173 + + + + +
Sphondin 14.28 216,173 + + + + +
Isopimpinellin 15.33 246,231 + + + + +

Fig. 2 Effect of parasitism by
Copidosoma sosares on fura-
nocoumarin metabolism by
Depressaria pastinacella. Top
panel shows absolute rates of
metabolism per larva. No sig-
nificant differences were seen
in the five furanocoumarins
substrates tested (all P values
from t-tests > 0.6; sample sizes
were 36 and 30 for parasitized
and unparasitized larvae, res-
pectively). Bottom panel shows
rates of metabolism relative to
webworm larval mass. Signi-
ficant differences (denoted by
asterisks) between parasitized
and unparasitized larvae were
found by t-test for imperatorin
(P< 0.0001), bergapten (P = 0.012),
isopimpinellin (P = 0.042), and
xanthotoxin (P = 0.014) but not
sphondin (P = 0.114)
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furanocoumarins and retention matching with standards, the
hemolymph samples of four of the five webworms reared
on plant material contained furanocoumarins commonly
found in parsnip, including angelicin, psoralen, xanthotoxin,
bergapten, sphondin and isopimpinellin (Table 2), while the
fifth sample contained all but psoralen. 

Xanthotoxin metabolism by C. sosares. No metabolic
detoxification of xanthotoxin by C. sosares larvae was
detectable. All three regressions of xanthotoxin substrate
remaining against time were not significant and no trend
was present, despite the assay of thousands of individuals
contributing large amounts of protein to the assays–total sol-
uble protein in the three reactions, respectively, was 506 µg,
704 µg, and 569 µg.

Discussion

In a study of fitness of C. sosares in webworm hosts feeding
on three plant species with contrasting furanocoumarin com-
position, Ode et al. (2004) found that two furanocoumarins
reduced parasitoid success. Webworms feeding on hostplants
high in isopimpinellin were less likely to elicit oviposition
by C. sosares and survivorship of broods was significantly
reduced in webworms feeding on high-xanthotoxin plants.
It is clear from our results that the specialist parasitoid
C. sosares is likely to encounter a range of furanocoumarins
in the hemolymph of its host; thus, the negative correlations
between parasitoid fitness and furanocoumarin content of
webworm host plants (Ode et al. 2004) are likely manifesta-
tions of this encounter. That this parasitoid uses D. pastina-
cella exclusively as a host, however, suggests that some
degree of defense against furanocoumarins exists. There
appears to be no intrinsic ability on the part of the larval
parasitoid to metabolize furanocoumarins in hemolymph;
it stands to reason, then, that parasitoid success is mediated
by the ability of webworm hosts to metabolize these com-
pounds. It seems unlikely that ovipositing female wasps can
assess the ability of an individual webworm to metabolize
furanocoumarins while it is still in the egg stage; in at least
one other furanocoumarin-feeding lepidopteran (Papilio
polyxenes), there is no metabolic detoxification detectable in
the egg stage (Harrison et al. 2001). Females thus have no
way of ascertaining the detoxification capacity of a particular
host individual once it develops beyond the egg stage.
Determining brood size and sex ratio (both of which may be
influenced by furanocoumarins) may thus be decisions better
left to the offspring than to the ovipositing female. Craig
et al. (1997) suggest that polyembryony may be particularly
advantageous in circumstances in which offspring are better
able to assess environmental conditions and adjust clutch
size than ovipositing females; such appears to be the case for
C. sosares. 

Although detoxification rates in the parsnip webworm
vary with many other environmental factors, including age
(Cianfrogna et al. 2001) and geographic origin (Berenbaum
& Zangerl 1998), parasitism per se does not appear to have
a significant effect on absolute detoxification rates. How-
ever, parasitism does affect caterpillar mass; in this study,
parasitized larvae were 55 % larger than unparasitized lar-
vae. In some other caterpillar species, especially gregarious

koinobionts, parasitism can lead to ingestion of larger
quantities of food (Slansky 1992; Coleman et al. 1999; van
der Meijden & Klinkhamer 2000) and consequently larger
mass consisting of both host mass and parasitoid mass. If the
increased size of parasitized webworms is the result of
increased food consumption, then parasitism may lead to
increased rates of furanocoumarin ingestion. Expressed on a
per-weight basis, parasitized larvae have a reduced capacity to
metabolize furanocoumarins; thus, the hemolymph of these
larvae may contain even higher concentrations of unmetabo-
lized furanocoumarins than does the hemolymph of unpara-
sitized larvae. 

Koinobiont parasitoids face many metabolic challenges
integrating their development with that of their host; for
C. sosares, an apparent specialist on D. pastinacella
(Guerrieri & Noyes 2005), coping with the toxin-containing
hemolymph of its host is one such challenge. This species
has recently been reported in the western US on D. pastina-
cella, apparently as an accidental introduction (Carroll
2004); its major hostplant throughout this region is the
indigenous cowparsnip Heracleum lanatum. In terms of its
fur nocoumarin chemistry, H. lanatum differs not only from
P. sativa but also from European species of Heracleum
(Ode et al. 2004; Zangerl and Berenbaum 2003). Whether
C. sosares can establish and expand its range may depend
both on variation in rates of P450-mediated furanocoumarin
metabolism in North American D. pastinacella, which differ
from those of D. pastinacella in the area of indigeneity
(Zangerl & Berenbaum in preparation), and on variation in
its toxicological response to H. lanatum furanocoumarins
in its host hemolymph.
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