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ABSTRACT Conium maculatum L. (Apiaceae), or poison hemlock, is an invasive plant native to
Europe that has become extensively naturalized throughout North America. This species contains
piperidine alkaloids, including coniine and �-coniceine, that are highly toxic to vertebrates.
C. maculatumwas relatively free from herbivores in North America until the accidental introduction
30 yr ago of its monophagous European associate Agonopterix alstroemeriana (Clerck) (Lepidoptera:
Oecophoridae).Atpresent,A.alstroemeriana iswidespreadacross theUnitedStates, and in someareas,
such as the Northwest, can inßict substantial damage on its host plant, leading to desiccation and death.
A. alstroemeriana has been used in recent years for the biological control of C. maculatum, although
its use has been limited by the availability of larvae, which are Þeld-collected from early to mid-spring,
and by the lack of available information about its life history and feeding habits. Here we describe a
laboratory-rearing protocol incorporating a simulated winter to induce diapause and a semideÞned
artiÞcial diet that allows the production of multiple generations per year and enabled us to determine
the number and duration ofA. alstroemeriana developmental stages. The development of the artiÞcial
diet also permitted studies of preference and performance ofA. alstroemeriana in relation to hostplant
chemistry. Rearing A. alstroemeriana on artiÞcial diet supplemented with 1.5% DW coniine had no
adverse impact on ultimate instar growth or performance. In a feeding behavior assay, the presence
of coniine in the diet increasedA. alstroemeriana consumption three-fold relative to control diet. This
behavioral response contrasts dramatically with that of Agonopterix clemensella, a native Apiaceae
specialist that does not useC.maculatum as a host; of 30 larvae tested, 29 fed exclusively on diets lacking
supplemental coniine. The rearing protocol and artiÞcial diet presented here can facilitate further
studies of ecological and evolutionary responses of C. maculatum after its reassociation with a
coevolved herbivore in North America.

KEY WORDS Agonopterix alstroemeriana, Conium maculatum, rearing, diet choice, alkaloid

Conium maculatum (Apiaceae) is a European plant
that has been extensively naturalized in North Amer-
ica and other parts of the world (Parsons 1976, Holm
et al. 1979). Throughout its range, it is highly toxic to
humans and other vertebrates because of the presence
of coniine and other related piperidine alkaloids (Fair-
bairn 1971, Panter et al. 1988, Panter and Keeler 1989).
Although in its native rangeC.maculatum is restricted
in distribution primarily to the wet soils of riverbanks,
in areas of introduction, this species has colonized a
wide range of habitats, including, in the United States,
waste places along roads, ditches, cultivated Þelds, and
occasionally riparian forests and ßoodplains (Pursh
1979, Goeden and Ricker 1982). Because of its toxicity

and its rank odor, C. maculatum is at present consid-
ered a noxious weed in several states and is subject to
control programs, particularly in populated areas.

In recent years, C. maculatum has gained attention
as a weed of agricultural importance. Its tendency to
invade Þelds of alfalfa and other forage crops (Monte-
gut and Jauzein 1984) has led to livestock death
through contamination of green-chopped hay (Panter
et al. 1988). C. maculatum has also been implicated as
a reservoir of plant diseases in agricultural systems.
Raju et al. (1980) documented high levels of Xylella
fastidiosa in poison hemlock plants growing along
streambeds in the vicinity of Napa Valley vineyards in
California; as the causative agent of PierceÕs disease,
X. fastidiosa contributes to the death of susceptible
European and bunch grape cultivars. C. maculatum is
also host to plant viruses. In Washington, researchers
identiÞed gradients of carrot thin leaf virus infection
from weed hosts, including C. maculatum, into com-
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mercial carrot Þelds (Howell and Mink 1977). Celery
mosaic virus has been isolated from both celery and
poison hemlock and is transmissible between infected
plants by aphid feeding (Sutabutra and Campbell
1971, Gracia and Feldman 1977). Given the capacity of
poisonhemlock toharborplantdiseases and theability
of pathogens to spread to agricultural crops, it has
been a priority to develop programs to keep these
plants at noninjurious levels. Methods for controlling
poison hemlock have traditionally included herbicide
spraying and regular mowing (Montegut and Jauzein
1984, Vetter 2004), although resistance to herbicides
has already been documented (e.g., Chile; Valdes et al.
1973). Historically, poison hemlock has been colo-
nized by remarkably few insects; Goeden and Ricker
(1982) reported Þnding “amazingly few insect species
or individuals” in a comprehensive survey of the plant
in southern California. Among the handful of native
species that have incorporated the plant into their
diet, the majority are specialists on host plants in the
family Apiaceae (Berenbaum 1981); these include two
swallowtail caterpillars,Papilio zelicaon in the western
United States (Goeden and Ricker 1982) and Papilio
polyxenes in the eastern United States (Feeny et al.
1985). Rarely do population levels of either of these
species reach damaging levels on C. maculatum.

In recent years, a monophagous European associate
ofC.maculatum, the poison hemlock defoliating moth
Agonopterix alstroemeriana (Clerck) (Lepidoptera:
Oecophoridae), has attracted interest as a potential
biocontrol agent. Reported in the United States for the
Þrst time in Tompkins County, NY, in 1973 (Beren-
baum and Passoa 1983),A. alstroemeriana has success-
fully colonized C. maculatum extensively throughout
the western United States and more recently has ap-
peared in scattered locations in the Midwest (Powell
and Passoa 1991, Berenbaum and Harrison 1994, Mc-
Kenna et al. 2001). A. alstroemeriana larvae preferen-
tially consume foliage, but after defoliating a plant,
they can also consume developing ßower buds and
fruits. In mesic areas of Washington, Colorado, and
Idaho, populations of A. alstroemeriana reach high
densities, with hundreds of larvae infesting a single
plant; at these densities, entire stands can be com-
pletely defoliated, resulting in high plant mortality
(Western Society of Weed Science 1996; E.C., unpub-
lished data). The host plant speciÞcity of A. alstro-
emeriana and the impact it can have on its hostplant
are two features that make this species attractive as a
biological control agent. Moreover, in the western
United States, this insect has quickly become estab-
lished wherever it has been intentionally released
(Western Society of Weed Science 1995).

Although A. alstroemeriana is commercially avail-
able in the United States for control of C. maculatum
(www.bio-control.com, www.integratedweedcontrol.
com), remarkably little is known about its biology in
either its native (Stainton 1861) or introduced range
(Berenbaum and Passoa 1983). To use A. alstroeme-
riana most efÞciently as a biocontrol agent, informa-
tion about its feeding behavior would be of consider-
able value. While alkaloids from C. maculatum are

demonstrably toxic to vertebrates (Fairbairn 1971,
Panter et al. 1988, Panter and Keeler 1989), their
behavioral and physiological effects on A. alstroeme-
riana are yet to be determined. Behavioral depen-
dence on a host-speciÞc kairomone to initiate feeding
is considered a desirable trait in a biological control
agent because such dependency reinforces host plant
speciÞcity (Zwolfer and Harris 1971), and accord-
ingly, reduces the risk of nontarget impacts (Louda
and Stiling 2004). The presence of chemoreceptors in
the Klamath beetle Chrysolina brunsvicensis speciÞ-
cally responsive to hypericin, an anthraquinone pig-
ment restricted in distribution to Hypericum and its
relatives (Rees 1969), was regarded as indicative of
dependence on Hypericum species as host plants and
suggested that host shifts after introduction for bio-
control purpose would be unlikely.

In the absence of any information on the effects of
poison hemlock alkaloids onA. alstroemeriana feeding
behavior and physiology, it is difÞcult to anticipate the
effects of phytochemical variation on the establish-
ment and impact of this herbivore on its host plants;
concentrations of the piperidine alkaloids present in
C. maculatum can vary 100-fold among individuals
from different populations across the United States
(from 0.03% to 3% dry weight) (data from Castells et
al. 2005) and high concentrations may be repellent, as
they are for other potential herbivores. Although Ni-
tao (1987) found no evidence of growth or feeding
inhibition in the generalist noctuid caterpillar Heli-
coverpa zea as a result of consuming diet containing 1%
coniine, Bernays and Chapman (1977) reported that
diet containing 1% dry weight coniine reduced feed-
ing by the polyphagous orthopteran Locusta migrato-
ria. The value of A. alstroemeriana for biocontrol may
also be limited if, as is the case for another depres-
sariine oecophorid introduced into North America,
Depressaria pastinacella, it can act as a selective agent
on the defensive chemistry of its host plant the wild
parsnip Pastinaca sativa (Berenbaum et al. 1986).
Phytochemical analysis of herbarium specimens both
in the United States and Europe indicate that in-
creases in furanocoumarin content of P. sativa seeds
occurred subsequent to the accidental introduction
of this oligophagous fruit-feeding specialist (Zangerl and
Berenbaum 2005). Intense herbivory by A. alstroemeri-
anamay similarly result in increased alkaloid produc-
tion in weeds that escape total defoliation, with the
result that biological control efforts may increase the
toxicity of the surviving weeds.

Limiting the study of A. alstroemeriana and its in-
teractions with C. maculatum is the fact that this spe-
cies is univoltine; larvae are present in the Þeld only
from the end of May through June in the midwestern
and northwestern United States (Berenbaum and
Passoa 1983). We developed a method for maintain-
ing this species in continuous culture incorporating a
simulated winter to induce diapause, thereby al-
lowing us to obtain information, hitherto lacking, on
the number and duration of larval instars. Develop-
ment of a semideÞned artiÞcial diet also permitted us
to examine the degree of physiological and behavioral
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adaptation of A. alstroemeriana to the alkaloids in its
host plant and to compare the feeding responses of this
species to those of its native congener Agonopterix
clemensella, sympatric throughout its range, that has
not yet colonized C. maculatum

Materials and Methods

RearingProtocol.A. alstroemeriana larvae were col-
lected from C. maculatum stands in Champaign
County, IL, and Tompkins County, NY, during May
and June 2003. Larvae were reared in the laboratory
to the adult stage at room temperature and a photo-
period of 16:8 h (L:D) on C. maculatum plants culti-
vated from seed in a greenhouse. C. maculatum seeds
were collected in various locations throughout Cham-
paign County, placed on moist organic soil in an in-
cubator set at 25�C and 16:8 h (L:D) until germination
(Baskin and Baskin 1990), and transplanted into
250-ml pots in a greenhouse with peat:perlite:drum-
mer soil (1:1:1). Plants were watered and fertilized as
needed. At pupation, individuals were sexed (Beren-
baum and Passoa 1983) and placed in 750-ml plastic
containers on a moist paper towel (�10 individuals/
container). After emergence (by the end of June),
moths were fed 10% honey water for 2 wk before being
transferred to a cold room at 5�C with a 12:12-h (L:D)
photoperiod. By the end of August, the photoperiod
was shortened to 8:16 h (L:D). Moths were kept in the
cold room for 3 mo until mid-October. Before removal
from the cold room, the containers with moths were
enclosed in a foam box, which was placed at room
temperature for 4 h to allow a gradual warm-up.

At least 15 moths per population, both males and
females, were placed in each oviposition chamber, a
25-liter bucket provided with a screen lid, a 10- to
15-cm tall C. maculatum plant grown from seed in a
greenhouse, a paper towel, and a 30-ml plastic cup
Þlled with 10% honey in hummingbird nectar (Gar-
densong). Commercial hummingbird nectar was
used because it contains a preservative that prevents
spoilage of the food source. The oviposition cages
were kept in a greenhouse with temperature and
photoperiod equivalent to spring conditions in central
Illinois (25�C, 16:8 h [L:D]). The hummingbird nectar
was replaced twice weekly, and each plant was
checked for eggs every 4Ð5 d; after the eggs appeared,
the plant was replaced every 4 d. Leaves with eggs
were cut and placed in 500-ml capped plastic deli
containers at 30�C and 16:8 h (L:D). The containers
were gently shaken twice a day to remove the neo-
nates. Thirty neonates from the Illinois population
were placed individually in 30-ml plastic cups Þlled
with a piece of C. maculatum leaf and 5Ð6 ml of agar
to ensure sufÞcient moisture. Larvae were checked
daily to record mortality or instar change. Leaf mate-
rial was replaced as needed. Three days after the
larvae pupated, individuals were sexed, weighed, and
placed individually in capped glass vials under high
moisture conditions at 30�C. The date on which adults
eclosed was recorded.

Additionally, we developed a plant-based artiÞcial
diet. The diet (Table 1) was based on Nitao and
Berenbaum (1988), but the nutrient group (group B)
and Vanderzant vitamins were replaced by lyophi-
lized C. maculatum foliage. The C. maculatum leaves
used to prepare artiÞcial diet were collected along a
railroad right-of-way west of the city of Champaign
(the railroad site described in McKenna et al. 2001)
during spring 2004. This C. maculatum population
was selected for its low alkaloid concentrations
(�0.12% DW) (Castells et al. 2005). Leaves were
lyophilized, ground, sieved through a 0.5-mm mesh,
and stored at �20�C. To prepare the diet, agar (Sigma,
St. Louis, MO) and water were heated until boiling.
When the solution cooled down to 60Ð65�C, sorbic
acid, methylparaben, ascorbic acid, and streptomycin
(Sigma), along with formaldehyde and KOH, were
added, followed by the powdered leaf material at
40Ð45�C. C. maculatum was added at lower temper-
ature because it contains piperidine alkaloids in salt
form that may be transformed to the volatile free-base
form under heat (E.C., unpublished data). The diet
was stirred for 2Ð3 min and poured in 30-ml diet cups.
Thirty 1-d-old second instars reared on plant material
were transferred to six diet cups (Þve individuals per
cup) Þlled with 5Ð6 ml of artiÞcial diet; neonates
placed immediately after egg hatch on artiÞcial diet
experienced high levels of mortality and accordingly
were raised through Þrst instar on plant material. Be-
cause previous assays revealed that the use of sealed
containers led to high larval mortality, probably be-
cause of release of volatiles from the artiÞcial diet,
cups were capped with a lid provided with a Þne mesh
screen (0.3 mm) to allow air circulation. Cups were
placed inaclosed20-literplastic containerkept athigh
humidity to prevent diet desiccation and ventilation
was provided with an aquarium pump. Diet was re-
placed as needed. Larval mortality, date of instar
change, and pupation date were recorded.

To distinguish larval instars, head capsule measure-
ments were obtained after each molt. At each instar,
three larvae maintained on plant material were dehy-
drated through an ethanol series (from 70 to 100%)
and mounted on a slide on a mixture of Canada balsam
and methyl salicylate (3:1). The slides were observed
through a Leica MZ125 stereomicroscope, and images
were collected through a MicroÞre (Optronics) dig-
ital camera. The transverse width of the head capsule
was measured at its widest point at �10 magniÞcation

Table 1. Plant-based artificial diet for A. alstroemeriana mod-
ified from Nitao and Berenbaum (1988)

Component Amount

Conium maculatum foliage 12 g
Distilled water 100 ml
Agar 0.8 g
Sorbic acid 0.2 g
Methylparaben 0.2 g
Ascorbic acid 0.4 g
Streptomycin 0.015 g
10% formaldehyde 0.25 ml
4 M KOH 2.5 ml
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for Þrst instars, �8 for second instars, and �5 for third,
fourth, and Þfth instars.
Feeding Preference Assay. Second and third lar-

vae instars of A. alstroemeriana were collected from
C. maculatum at the Yard Waste Reclamation Site in
Champaign County, IL, during May 2004. In contrast
with A. alstroemeriana, which feeds exclusively on
C. maculatum, the native congener Agonopterix clem-
ensella is reported to feed on �15 native species of
Apiaceae (Berenbaum 1982). Second- and third-instar
A. clemensella larvae for use in feeding preference
assays were collected on Sanicula marilandica L. dur-
ing May 2004 in Coles County, IL. Larvae of both
species were brought to the laboratory and raised at
25�C and 16:8 h (L:D) on the same host plant species
from which they were collected in the Þeld. Early Þfth
instars within 12 h of the ultimate larval molt were
selected for use in the feeding preference assay.

Feeding preferences were tested between two ar-
tiÞcial diets containing foliage of C. maculatum;
whereas one diet contained low levels of piperidine
alkaloids occurring naturally in foliage of plants from
one population used by A. alstroemeriana, a second
diet contained levels elevated by the addition of co-
niine (98%, Sigma) to a concentration known to occur
in other populations used by this species (1.5%). Diets
were prepared following the protocol used for labo-
ratory rearing, but before the diet reached the gelling
temperature, we added either 2 ml of 20% HCl in
methanol for the control diet or 0.21 ml of coniine
dissolved in 2 ml of 20% HCl in methanol for the high
alkaloid diet (for a Þnal concentration of 1.5%). Acidic
methanol was used to covert the coniine free-base
form as purchased to the nonvolatile hydrochloride
form. The diets were poured separately into 24-well
plates and kept frozen at �20�C. To conduct the ex-
periment diet cubes were thawed at room tempera-
ture and weighed before placing them in 9-cm-diam-
eter plastic petri dishes. In each dish, we placed a
single caterpillar and two diet cubes: one control (low
alkaloid) and one enriched with 1.5% coniine (high
alkakoid) at opposite sides. We conducted 52 repli-
cates for A. alstroemeriana and 30 for A. clemensella.
Petri dishes were wrapped with ParaÞlm to maintain
constant humidity and kept at room temperature with
a photoperiod of 18:6 h (L:D). Additional diet cubes
from both diet types were weighed, oven-dried at
65�C, and weighed again to estimate water content.
Caterpillars were allowed to feed for 56 (A. alstro-
emeriana) or 48 h (A. clemensella) to optimize diet
consumption.

At the end of each assay, diet cubes were oven-dried
at 65�C and weighed. Consumption of each diet cube
wascalculatedbysubtracting theÞnaldryweight from
the estimated initial dry weight. We also calculated
the antifeedant index [(C � T)/(C � T)]%, where
C and T represent the amount eaten of the control
(low alkaloid) and treatment (high alkaloid) diet
cubes, respectively. Positive values for this index in-
dicate nonpreference or antifeedant activity and neg-
ative values for this index indicate preference or
kairomonal activity.

A. alstroemeriana Performance Bioassay. We
checked the effects of two major alkaloids, coniine
and �-coniceine, on A. alstroemeriana growth, con-
sumption, and efÞciency of ingested and digested
food. SemideÞned artiÞcial diet, as described above,
was enriched with either 1.5% coniine (Sigma) or 1.5%
�-coniceine. �-coniceine was puriÞed from C. macu-
latum seeds collected at the Yard Waste Reclamation
Site in Champaign County, IL. Seeds were extracted
with 70% methanol 30% 0.1 N HCl (�3) and Þltered
through diatomaceous earth (Celite; Fisher ScientiÞc,
Fair Lawn, NJ). The resulting solution was Þltered
through a Buchner funnel Þlled with 1 cm of C18
packing for ßash chromatography (40-�m particle di-
ameter; Baker) to remove the nonpolar compounds,
concentrated by rotary evaporator at low temperature
(max 40�C), and partitioned with CHCl3 in a separa-
tion funnel to further remove nonpolar compounds.
The alkaloids were converted from the hydrochloride
form to the free-base form by adding 10 M NaOH and
then extracted with CHCl3 (�5). The bulked chloro-
form fractions were mixed with 20% HCl in MeOH and
concentrated by rotary evaporator down to obtain a
mixture of alkaloids in hydrochloride form. Bulk al-
kaloids were resuspended in ethanol:0.1 N HCl (1:1),
basiÞed with 10 M NaOH, and extracted three times
with a small volume of chloroform. The individual
alkaloids were isolated using a 25 by 2.5-cm silica gel
(Merck; 32Ð63 �m) gravity column eluted with 150 ml
of chloroform:ethanol:NH3OH (70:30:1) (Leete and
Olson 1972) at �1 ml/min. The fractions (2 ml each)
were monitored by spotting 5 �l on a TLC silica gel
plate (Baker; 250 �m) and sprayed with Dragendorff
(Jungreis 1985) or 0.2% ninhydrin reagents (Sigma).
Fractions containing �-coniceine were bulked to-
gether, transformed to the hydrochloride form by add-
ing 20% HCl in MeOH, dried down under a ßow of N2,
and stored into a desiccator. Purity of �-coniceine was
�95% as detected by gas chromatography. Because
�-coniceine in the hydrochloride form has deliques-
cent and hygroscopic properties (Cromwell 1956,
Fairbairn and Challen 1959), the compound could not
be completely dried and retained unknown amounts
of water.
A. alstroemeriana larvae collected on C. maculatum

during spring 2004 at Champaign County, IL, were
reared in the laboratory on foliage until they reached
the Þfth instar. Within 12 h of the ultimate instar
molt, 120 Þfth instars were weighed and placed indi-
vidually in 30-ml diet cups. A preweighed �0.75-ml
diet cube of control (low alkaloids), coniine-enriched,
or �-coniceineÐenriched diet was placed in each cup;
there were 40 individuals per treatment. Caterpillars
were kept in the diet cups until pupation. Pupal
weight was recorded 3 d after pupation, together with
remaining diet and frass produced. Pupal sex was de-
termined as described in Berenbaum and Passoa
(1983).

We measured several standard gravimetric perfor-
mance indices. These included time to pupation
(days), relative growth rate [RGR � (initial weight �
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Þnal weight)/time to pupation], relative consumption
rate [RCR � (initial diet � Þnal diet)/time to pupa-
tion], efÞciency of conversion of ingested food
(ECI � increased weigh/consumption � 100), efÞ-
ciency of conversion of digested food [ECD � in-
creased weigh/(consumption � frass) � 100], and
approximate digestibility [AD � (consumption �
frass)/consumption � 100].
Statistical Analyses. Differences in duration of de-

velopmental stages for caterpillars reared on plant
material and artiÞcial diet, in male and female pupal
weights for caterpillars raised on plant material, and
amounts of each diet type consumed in the preference
bioassay were tested for signiÞcance with a t-test for
dependent samples. A two-way analysis of covariance
(ANCOVA) with diet treatment and sex as indepen-
dent variables and larvae initial fresh weigh as a co-
variate was used to test differences in A. alstroemeri-
ana performance on low versus high alkaloid diets.
Statistical analyses were conducted using Statistica 6.0
(StafSoft, Tulsa, OK).

Results

After placing A. alstroemeriana adults in winter-
simulating conditions for 3 mo, individuals from both
Illinois and New York populations laid several hun-
dred eggs. Oviposition began 7 d after removing the
moths from the cold room and lasted �1 mo, from
25 October to 22 November. The eggs, which were
white, oval in shape, and �0.75 mm in length imme-
diately after oviposition were scattered on the abaxial
side of the leaves. After 2Ð3 d, the eggs became yel-
lowish orange. Approximately 75% of the eggs were
viable and hatched within 4Ð5 d. We identiÞed Þve

A. alstroemeriana larval stadia by comparing head cap-
sule size (Table 2). After Þfth instar, the larvae en-
tered a prepupal stage, in which pink stripes appear on
the dorsal side. Twenty-one of the 29 larvae (68.9%)
raised on plant material and 7 of the 29 larvae (24.1%)
raised on artiÞcial diet survived through pupation
(Table 3). The total duration of the larval stage was
shorter in the larvae fed plant material (14.7 	 0.1 d)
compared with the larvae fed on artiÞcial diet (23.7 	
1.1 d; t-test, P
 0.001; Table 3). In plant-reared larvae,
although female pupae seemed to weigh slightly more
(15.7 	 0.53 [SE] mg; n� 7) than male pupae (14.2 	
0.68; n� 13), this trend was not statistically signiÞcant
(t-test, P� 0.14). The total duration of the pupal stage
was 11.06 	 0.13 d (n � 17), and 85% of the pupae
emerged as adults.
Agonopterix alstroemeriana larvae consumed on av-

erage three times more high alkaloid diet than low
alkaloid control diet (t-test, P 
 0.001) when given a
choice (Fig. 1). The fact that the averaged antifeedant
index value was negative (�48.1 	 8.9) is consistent
with a kairomonal (food recognition) function. In
contrast, A. clemensella displayed an overwhelming
preference for the low alkaloid diet (t-test, P
 0.001;
Fig. 1), with an averaged antifeedant index of 97.1 	
6.7; 29 of 30 caterpillars consumed low-alkaloid diet
exclusively.

Coniine added to the artiÞcial diet had no effect on
A. alstroemeriana growth, time to pupation, or relative
consumption rate over the duration of the ultimate
instar (Table 4; Fig. 2). However, larvae consuming
diets high in coniine had signiÞcantly lower AD values
compared with the controls, leading to higher values
of ECI and ECD. Additions of �-coniceine to the diet
had no discernible effect on any performance param-
eter measured (Fig. 2).

Discussion

Like most depressariine oecophorids (LÕvovsky
1975),A. alstroemeriana is univoltine. As is the case for
D. pastinacella, with which it is sympatric throughout
much of its range in eastern North America, this spe-
cies has an obligatory reproductive diapause induced
by cold temperatures (Nitao and Berenbaum 1988).

Table 2. Head capsule size for A. alstroemeriana at each larval
instar raised on plant material (mean � SE, n � 3)

Larval stage
Head capsule

size (�m)

First instar 190 	 5.8
Second instar 306.7 	 17.6
Third instar 519 	 15.3
Fourth instar 716.6 	 18.6
Fifth instar 1040 	 28.8

Table 3. Duration of each stage and cumulative survival under laboratory conditions with larvae raised on C. maculatum foliage or
plant-based artificial diet

Developmental
stage

Plant-raised ArtiÞcial diet-raised

No.
observed

(n)

Duration in days
(mean 	 SE)

Cumulative
survival (%)

No.
observed

(n)

Duration in days
(mean 	 SE)

Cumulative
survival (%)

Instar 1 29 3 	 0 75.8 Ñ (3 	 0) Ñ
Instar 2 22 1.9 	 0.04 75.8 29 1.85 	 0.3 96.5
Instar 3 22 2.1 	 0.1 75.8 28 4.4 	 0.5 75.8
Instar 4 22 2.0 	 0.04 72.4 22 7.3 	 1.6 34.4
Instar 5 21 2.7 	 1.0 72.4 10 6.0 	 1.0 24.1
Prepupae 21 1.9 	 0.1 72.5 10 1.1 	 0.1 24.1
Pupa 21 Ñ 68.9 7 Ñ 24.1
Total 14.7 	 0.1 Ñ Ñ 23.7 	 1.1 Ñ

Duration of Þrst instars in artiÞcial diet treatment is shown in parentheses because at this stage, larvae were raised on C. maculatum foliage.
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We were able to rear A. alstroemeriana in the labora-
tory continuously by placing the adults, on emer-
gence, in winter-simulating conditions for a 3-mo pe-
riod. Using the protocol described here, several
generations of A. alstroemeriana can be reliably pro-
duced annually, which should increase their use as
biological control agents considerably. WhileC.macu-
latum can be found as rosettes during fall and as
ßowering plants during spring and early summer,
A. alstroemeriana larvae are normally available in the

Þeld only during mid- to late spring; laboratory rearing
can increase the availability of caterpillars during
times when Þeld populations are low or absent. The
development of a semideÞned artiÞcial diet also allows
rearing of A. alstroemeriana through its entire life
cycle even when C. maculatum is unavailable during
late summer and winter. Lyophilized plant material
can be kept frozen for several months to be used when
necessary, and the small amounts of plant material
needed to feed the neonates can be obtained easily
from seeds in a greenhouse. Although overall survival
on the semisynthetic diet is low in comparison with
survival on leaf material in this study, generational
survival is nonetheless comparable with that for other
candidate lepidopteran biological control agents even
when raised on intact plants (e.g., Episimus utilis;
Martin et al. 2004).

An additional advantage of the use of artiÞcial diet
is that it allows for more controlled bioassay of host
plant chemical constituents to isolate behavioral and
physiological responses to variation in host plant
chemistry. Here we examined the effects of coniine,
one of the majorC.maculatum alkaloids (Castells et al.
2005), on feeding behavior of A. alstroemeriana. For
many oligophagous lepidopterans, unique host plant
constituents can serve a kairomonal function (Feeny
1992). Elevated levels of coniine brought about a
three-fold increase in consumption of artiÞcial diet in
A. alstroemeriana, suggestive of kairomonal activityÐ
piperidine alkaloids, may be important in facilitating
host plant recognition in that C. maculatum is likely
the only member of the family Apiaceae to produce
these compounds (Fairbairn 1971). That elevated co-

Fig. 1. Consumption ofA. alstroemeriana andA. clemensellaÞfth-instar larvae of plant-based control diet with low alkaloid
concentrations (0.12% DW) and coniine enriched diet (1.5% DW) in a diet choice bioassay. Mean 	 SE, n � 52 for A.
alstroemeriana and n � 30 for A. clemensella. A t-test for dependent variables was conducted for each species, *P 
 0.001.

Table 4. Statistical results of the performance bioassay with A.
alstroemeriana consuming low alkaloid (control) diet, 1.5% coni-
ine diet, or 1.5% �-coniceine diet

df F P

Time to pupation Treatment 2 0.31 0.73
Sex 1 4.50 0.03
Treatment � sex 2 0.82 0.43

RGR Treatment 2 1.09 0.33
Sex 1 0.54 0.46
Treatment � sex 2 0.79 0.45

RCR Treatment 2 0.05 0.94
Sex 1 1.79 0.18
Treatment � sex 2 0.29 0.74

ECI Treatment 2 3.93 0.02
Sex 1 1.07 0.30
Treatment � sex 2 0.55 0.57

ECD Treatment 2 8.50 
0.001
Sex 1 3.58 0.06
Treatment � sex 2 0.63 0.53

AD Treatment 2 6.69 0.001
Sex 1 1.87 0.17
Treatment � sex 2 0.63 0.53

SigniÞcant P values are indicated in bold.
N � 40.
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niine did not increase the relative consumption rate
over the duration of the instar may indicate that its
primary action may be to initiate and sustain feeding
rather than to accelerate the rate of feeding. Despite
the demonstrable toxicity of piperidine alkaloids to
vertebrates (Wink et al. 1998, Lopez et al. 1999), no
adverse physiological impacts on any performance
parameter measured were discernible in A. alstroeme-
riana. This species may in fact beneÞt from the pres-
ence of alkaloids in the diet, both through facilitation
of host plant recognition and possible enhancement of
defense against vertebrate predators if substantial
quantities of unmetabolized alkaloids can be seques-
tered; preliminary studies indicate that hemolymph of
caterpillars raised on coniine-augmented diet does in
fact contain coniine (unpublished data).

In contrast, caterpillars of the congener A. clem-
ensella,which despite feeding on a wide array of Api-
aceae have never been reported on C. maculatum
(Berenbaum 1982; MB, unpublished data), consis-
tently avoided high levels of coniine; for this closely

related species, coniine seems to have allomonal
rather than kairomonal properties. This compound,
and possibly co-occurring related piperidine alkaloids
(Castells et al. 2005), may account for the failure of
A. clemensella, which has incorporated other Euro-
pean apiaceous invasive species into its diet (including
Pastinaca sativa andDaucus carota; Berenbaum 1982),
to colonize poison hemlock over more than a century
of exposure to the plant.

The use of a biological control agent depends on
both operational factors, such as ease of handling and
availability, and ecological factorsÑmost notably
speciÞcity but also the reciprocal selective impact of
the association between the herbivore and its host
plant. Although in this study, levels of 1.5% alkaloid
had no obvious negative effects on A. alstroemeriana,
the extent of tolerance of this species to these alkaloids
remains undetermined; greatly elevated levels of al-
kaloids may prove toxic, as is the case with other
oligophagous species tolerant of host-speciÞc al-
lomones (Blau et al. 1978, Appel and Martin 1992,

Fig. 2. Effects of coniine and �-coniceine enriched diet on A. alstroemeriana time to pupation, RGR, RCR, ECI, ECD,
and AD. Different letters show signiÞcant differences among treatments using Fisher least signiÞcant difference post hoc
comparisons.
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Kester et al. 2002). By the same token, the extent to
which alkaloid production in North American popu-
lations of poison hemlock is genetically variable and
therefore available for selection by herbivory is at
present unknown. The possibility exists, however, that
increased herbivory by A. alstroemeriana as a result of
expanded biological control efforts might paradoxi-
cally increase the alkaloid-based toxicity of surviving
plants and thereby increase the noxiousness (and pos-
sibly invasiveness) of this weed. A better understand-
ing of the ecology of this noxious weed in North
America and insights into more effective management
rest on further elucidation of its chemistry and of the
behavior and physiology ofA. alstroemeriana, the spe-
cies that at present represents the only signiÞcant
herbivore of this plant throughout much of its North
American range.
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