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Host defensive response against an egg parasitoid involves
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Abstract

The egg parasitoid Avetianella longoi Siscaro attacks two species of eucalyptus longhorned borers (Phoracantha semipunctata F. and
P. recurva Newman) in southern California. During the past decade, P. recurva has replaced P. semipunctata as the dominant borer spe-
cies, apparently due to diVerential rates of parasitism. The present study reveals that this replacement is due in part to a physiological
defensive response mounted by one species (P. recurva) against parasitoid eggs and larvae, similar to the encapsulation/melanization
immune response observed in larval host/parasitoid systems. Fluorescence microscopy and vital dyes conWrmed that the defensive
response was cellular in nature. Both Phoracantha species exhibited a cellular wound-healing response around the wasp egg pedicel, but
the encapsulation of the wasp eggs/larvae was elicited only in eggs of P. recurva. This is the Wrst conclusive evidence that hosts in the egg
stage can mount a cellular immune response against a metazoan parasitoid, and may provide insight into the mechanisms underlying the
host speciWcity of many egg parasitoids.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The eucalyptus longhorned borer, Phoracantha semi-
punctata F. (Coleoptera: Cerambycidae), native to Austra-
lia, invaded southern California in the 1980s (Scriven et al.,
1986). It rapidly became an important tree-killing pest of
Eucalyptus throughout the state (Paine et al., 1995). An egg
parasitoid, Avetianella longoi Siscaro (Hymenoptera: Ency-
rtidae), was introduced into southern California in 1993 as
a biological control agent for management of the borer
(Hanks et al., 1996), and has since become established
throughout most areas of the state where eucalypts are
found. This wasp has proven to be an eVective biological
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control agent against P. semipunctata, with parasitism rates
in the Weld exceeding 90% (Hanks et al., 1996).

Coincident with the successful biological control of
P. semipunctata by A. longoi, a second invasive Phoracantha
species from Australia, P. recurva Newman, was detected in
southern California (Hanks et al., 1997). Avetianella longoi
has been much less eVective against P. recurva (Hanks et al.,
1997), with successful parasitism rates in the range of only
19–48% (Luhring et al., 2004). This host species eVect was
not due to diVerences in rates of host location between the
two species, because both host species were located by the
parasitoid with similar frequency in Weld studies (Luhring
et al., 2000). However, A. longoi preferred P. semipunctata
over P. recurva eggs in choice and no-choice studies, and
P. recurva proved to be a less suitable host, yielding fewer
and smaller adult parasitoids with reduced fecundity and
longevity (Luhring et al., 2000, 2004). Furthermore, some
P. recurva embryos killed the developing parasitoid and
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survived parasitism, with beetle larvae successfully hatching
(from 13 to 40%, depending on host age at the time of para-
sitization). In contrast, parasitized P. semipunctata embryos
never survived parasitism by A. longoi (Luhring et al., 2000,
2004). These Wndings suggested that P. semipunctata is both
a highly suitable and highly susceptible host (Luhring et al.,
2000, 2004), whereas A. longoi is less well adapted to
P. recurva. As populations of P. semipunctata have dwindled
in southern California, the parasitoid apparently was unable
to utilize this second invasive congener eVectively (Luhring
et al., 2004). These observations were intriguing, given that
the two Phoracantha species coexist with the parasitoid in
Australia (Wang, 1995).

Classical biological control of invasive pests requires
careful identiWcation and evaluation of potential natural
enemies for introduction to maximize the chances of suc-
cessful establishment and eYcacy, while simultaneously
minimizing the chances of one or more of the target pests
being resistant to the biological control agent (Van Drie-
sche and Bellows, 1996). The insect host/parasitoid rela-
tionship is a hierarchical process consisting of host habitat
location, host location, host acceptance, and host suitabil-
ity, with each step being governed by diVerent behavioral
and physiological interactions between host and parasitoid
(Doutt, 1959; Vinson and Iwantsch, 1980). Furthermore,
the relationship is dynamic, with the host attempting to
avoid or fend oV parasitism and reduce its suitability for
parasitoid development. Conversely, the parasitoid must
overcome host defenses, and must gain control of the host’s
physiology to provide an environment suitable for its devel-
opment. Classical biological control programs have often
focused on egg parasitoids, guided by the assumption that
these natural enemies will accept and survive in a variety of
host species, and that they are largely unaVected by host
egg physiology. Nevertheless, the host range of many egg
parasitoids may be quite restricted (HoVmann et al., 2001),
but the factors underlying these limited host ranges have
yet to be identiWed. Host speciWcity of egg parasitoids may
be due to variation among host species in suitability for
development of immature parasitoids rather than in host
selection by adult parasitoids, even in relative generalists
such as some Trichogramma spp. (MansWeld and Mills,
2002; Barbendreier et al., 2003). Parasitoid development
also may be inXuenced by the age group or life stage of the
host (Lewis and Redlinger, 1969; Liu et al., 1998; Honda
and Luck, 2000; Kivan and Kilic, 2004; Takada et al., 2000;
Chabi-Olaye et al., 2001).

The Wrst two steps of host selection (host habitat loca-
tion and host location) by A. longoi appear to be identical
for the two Phoracantha spp. (Wang, 1995; Hanks et al.,
1997), because the two beetle species occupy the same
niche, and eggs of both species are laid in small batches
under the bark of stressed and dying eucalypts (Hanks
et al., 1993; Hanks, 1999). Eggs of P. semipunctata are
slightly larger than those of P. recurva (Luhring et al., 2004)
and have a slightly longer incubation period (Bybee et al.,
2004), but eggs of both species appear to have adequate
nutritional content, because multiple parasitoids can com-
plete development in a single egg of either species (Luhring
et al., 2000). These Wndings suggested that the marked
diVerence in successful parasitism of the two host species
was due to biochemical or physiological interactions
between the host and the developing parasitoid.

Immunity plays a major role in physiological interac-
tions between larval, pupal, or adult hosts and their parasit-
oids (Vinson and Iwantsch, 1980; Vinson, 1990). In general,
host suitability is determined by the ability of a developing
parasitoid to avoid or evade the host immune response
while concurrently obtaining adequate nutrition. Most
investigations of host immune reactions against parasitoids
have focused on larval or pupal hosts. Encapsulation of
foreign agents (e.g., parasitoid eggs or larvae) is a common
mode of immune-based defense used by insects and other
invertebrates (see Gupta, 1986; Lackie, 1988; Sugumaran,
1990; RatcliVe, 1993; Gillespie et al., 1997). Encapsulation
involves surrounding the foreign body with cells (termed
cellular encapsulation; RatcliVe, 1993) or Wbrillar material
(humoral encapsulation; see Boman and Hultmark, 1987)
resulting in partitioning of the object from surrounding
host tissues. Encapsulation may be followed by melaniza-
tion of the capsule and release of cytotoxic chemicals
(Nappi and Vass, 1993; Nappi and Ottaviani, 2000), result-
ing in death of the parasitoid due to asphyxiation or cyto-
toxicity. Such mechanisms of immune defense have not
been reported for insect eggs (see Godfray, 1994; Strand,
1986; Strand and Pech, 1995), and were only thought to
occur after gastrulation of the embryo, coincident with for-
mation of hemocytes (Abrams et al., 1993; Strand and Pech,
1995). Insect eggs are capable of immune competence
against bacteria and fungi, characterized by the production
of antimicrobial proteins (Gorman et al., 2004), but there
previously have been no reports of immune responses to
metazoan parasites.

In an earlier study, Luhring et al. (2000) observed that
many A. longoi eggs and larvae developing within
P. recurva eggs turned dark brown, rendering them visible
through the host egg chorion, and that they failed to
develop. The presumed defensive reaction preceded the
death of the parasitoid and occurred regardless of the
survival of the host larva. However, not all parasitoids
succumbed to the defensive reaction and the occurrence of
the reaction was unpredictable, although generally more
prevalent in older host eggs. In contrast, parasitism of
P. semipunctata eggs invariably resulted in death of the
immature beetle, regardless of whether the parasitoid devel-
oped or not (Luhring et al., 2004). Furthermore, the dark
brown color, characteristic of the presumed defensive reac-
tion against the wasp egg or larva in P. recurva eggs, was
never observed in P. semipunctata eggs.

In this article, we report that eggs of P. recurva and
P. semipunctata respond diVerently to early developmental
stages of A. longoi. Using light microscopy and Xuorescence
microscopy with vital dyes, we determined that the egg stage
of P. recurva is capable of mounting a cellular encapsulation
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reaction against the developing parasitoid, that this reaction
is distinct from the generalized wound response that is exhib-
ited by both species against the parasitoid egg pedicel that
protrudes through the host egg chorion, and that host age or
stage of development inXuences this immune response. To
our knowledge, such cellular encapsulation and melanization
responses by an egg stage host as defenses against parasitism
have not previously been documented.

2. Methods

2.1. General insect rearing procedures

Colonies of P. recurva and P. semipunctata were main-
tained as described by Hanks et al. (1993, 1995) and Luh-
ring et al. (2000). BrieXy, adult beetles were caged in
cylindrical hardware cloth cages with 14.5 cm diameter
plastic Petri dishes serving as tops and bottoms of cages.
Five females and three males were caged together to allow
for multiple matings with diVerent males, while also mini-
mizing Wghting among males. The bottom of each cage was
lined with either Wlter paper or wax paper. A 9 cm diameter
Petri plate wrapped with the same materials was placed on
the cage Xoor. Female beetles laid their egg masses between
the Xoor paper and the paper lining the outside of the Petri
dish. Eucalyptus pollen (Jarra Tree Pollen, Great Health
Co., Brea, CA) and vials containing 10% sucrose solution
and plugged with cotton dental wicks were placed into the
smaller Petri dish as food. Cages were housed at »27 °C
and 35% R.H. under full spectrum artiWcial lighting with a
photoperiod of 16 L: 8 D. Egg masses were collected daily
and were used to either maintain the beetle colony or
provide hosts for parasitoids.

Adult wasp colonies, reared in the laboratory for >100
generations, were maintained according to procedures previ-
ously described (Hanks et al., 1995; Luhring et al., 2004).
BrieXy, 0–2-day-old host egg masses were placed in oviposi-
tion cages with large numbers (>100) of wasps of mixed age
and sex. Egg masses were presented between two sheets of
Wlter or wax paper, simulating the natural location of Phora-
cantha eggs beneath loose eucalypt bark. After 24–48 h expo-
sure to the wasps, eggs were removed, placed in Petri dishes
and held at ambient temperatures until parasitoids pupated
(after »8–10 days). Eggs of A. longoi hatch in parasitized
eggs of P. semipunctata in »40 h (Hanks et al., 1995). Parasit-
oid pupae were held at 20 °C until adults emerged, then the
adults were transferred to the breeding/oviposition cage(s).

2.2. Comparison of host egg defensive responses

To compare responses of the eggs of the two beetle spe-
cies to oviposition by A. longoi, we presented beetle egg
masses (»0.5 days old) to parasitoid females for 1 h, then
incubated the masses individually at 25 °C, 14 L: 10 D in
Petri dishes. Parasitized hosts were easily distinguished
from nonparasitized eggs by the presence of one or more
parasitoid egg pedicels protruding through the host
chorion. Parasitoid eggs and larvae were removed from
host eggs with micro-dissection needles in phosphate-
buVered saline (1.4 M NaCl, 27 mM KCl, 100 mM
Na2HPO4, 18 mM KH2PO4, pH 7.4) and placed on a micro-
scope slide. Pieces of glass coverslip were positioned on
either side of the specimen to prevent it being crushed by
the coverslip. Parasitoid eggs and larvae of known age were
photographed under a dissecting microscope. Photographic
images were digitally enhanced (Adobe Photoshop
Elements Version 2.0, Adobe Systems Inc., San Jose, CA).

2.3. Determination of cellular defense responses

To characterize the response of host eggs to parasitism
as either cellular or Wbrillar in nature, we presented eggs of
P. semipunctata and P. recurva that were 0.5, 1.5, and 2.5
days old (post-oviposition) to adult A. longoi females for
4 h. Parasitized beetle eggs (nD10 per age group) were incu-
bated at 27 °C for 24–72 h and then dissected under phos-
phate-buVered saline as described above. Parasitoid
progeny were removed and placed on a microscope slide.
The vital dyes acridine orange (0.010 g/50 ml insect saline)
and ethidium bromide (0.005 g/50 ml insect saline) were
used to determine the cellular nature of the capsule and the
viability of the host cells and developing parasitoid (meth-
ods from Reed et al., 1997; Molecular Probes, Junction
City, OR). A few drops of a freshly prepared working solu-
tion (1 part stock acridine orange: 50 parts stock ethidium
bromide solution) were applied to the dissected parasitoid
on a depression slide and allowed to sit at ambient temper-
ature for 3 min. The specimens were then covered with a
glass coverslip and viewed under a Xuorescence microscope
(Axiophot, Olympus, Center Valley, PA) with a blue/green
Wlter. Live cells and nuclei Xuoresced green and dead/dying
cells stained orange or red. Photomicrographs were
enhanced as described above.

2.4. EVect of host age on parasitoid development and immune 
suppression

To determine the eVect of host age on the degree of
immune response elicitation and the progression of encap-
sulation, batches of 0.5 and 1.5-day-old P. recurva eggs
(nD4 batches per age group, with »20–30 eggs/batch) were
exposed to experienced female parasitoids from the general
colony for 4 h, then held individually at 22 °C. Three host
eggs per batch were dissected as described above at each of
Wve time intervals after parasitization (24, 48, 72, 96, and
120 h). The parasitoid eggs or larvae were photographed
and images were enhanced as described above.

3. Results

3.1. Comparison of host egg defensive responses

Eggs of A. longoi were typical for the Encyrtidae, being
oblong with a respiratory pedicel that protruded through
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the host chorion, and that attached the parasitoid egg to
the host egg chorion (Fig. 1; Clausen, 1962). The parasitoid
egg chorion split as the larva hatched, and the chorion
remained attached at the pedicel. Within 24 h post-parasit-
ism, dark material surrounded the portion of the pedicel
within the chorion of eggs of both host species (Fig. 1).
During the same period, a dark cap of melanin formed at
the bulbous anterior tip of the parasitoid egg in eggs of
P. recurva (Fig. 1A). This cellular accumulation generally
began in the approximate area where the mandibles of the
developing neonate parasitoid would pierce the chorion
upon hatching. Over time, this melanized cap extended
towards the base of the pedicel. Within 72 h post-parasit-
ism, the newly hatched parasitoid larva was surrounded by
melanized material (Fig. 1B), particularly along the lateral
aspect, and usually died soon after. However, some parasit-
oid larvae broke through the capsules before the melanized
material had fully surrounded them, and completed devel-
opment (Luhring et al., 2000). Thus, successful parasitoid
development within P. recurva host eggs appeared to be
contingent upon the developing parasitoid escaping from
the capsule before it was fully formed. In contrast, melan-
ized material was never observed to accumulate in eggs of
P. semipunctata, other than at the base of the parasitoid egg
pedicel (Fig. 1, plates C and D).

3.2. Determination of cellular defense responses

In P. recurva hosts, within 72 h post-parasitism, the mul-
tilayered accumulation of cells that developed at the bul-
bous end of parasitoid egg (Fig. 2A) appeared to be very
similar to the aggregations of cells that encapsulate eggs of
larval and pupal parasitoids (Fig. 2A, arrows; see Lavine
and Strand, 2002). At least three diVerent layers were dis-
cernible by staining with Xuorescent dyes. The proximal

Fig. 2. Fluorescence micrographs of eggs (PE) of the parasitoid Avetia-
nella longoi after dissection from eggs of Phoracantha recurva (A) and
P. semipunctata (B) stained with the vital dyes ethidium bromide and
acridine orange. In both hosts, living cells attached to the pedicel (P) of
the parasitoid egg Xuoresce green. In P. recurva, the bulbous portion of
the parasitoid egg (PE) has host cells attached and areas proximal to the
parasitoid chorion have melanized (M). Scale barsD 50 �m.
Fig. 1. Light micrographs of eggs and larvae of the parasitoid Avetianella longoi dissected from eggs of Phoracantha recurva (A and B) and P. semipunctata
(C and D). Arrows in (A) and (C) indicate melanization near the parasitoid egg pedicel (P) which protruded through the host egg chorion (HC) and cells
near the anterior portion of the developing parasitoid egg (PE). Within 72 h post-parasitism, the parasitoid larva (PL) has hatched (B and D), and cells

have accumulated around the parasitoid larvae in eggs of P. recurva (B, arrow). Eggs of P. semipunctata show no evidence of these cells and the full midgut
(G) of the parasitoid larva indicated it had begun to feed. Scale bar D 50 �m.
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layer had melanized close to the parasitoid egg chorion,
whereas an intermediate layer of cells appeared to be
undergoing degradation, as indicated by the yellow color,
and the most distal cell layer contained living cells that
stained green. The area within the parasitoid egg chorion
also stained yellow suggesting degradation of the embryo.
The uptake by the layers of host cells of ethidium bromide,
which stains DNA and hence nuclei, indicated that
P. recurva eggs were mounting a cellular defensive response
against the eggs/larvae of A. longoi. In contrast, P. semi-
punctata hosts showed no signs of encapsulation or melan-
ization of parasitoid eggs or larvae, and the green
Xuorescence within the parasitoid egg chorion indicated
that the embryo was viable (Fig. 2B).

Cells of the host attached to the parasitoid egg pedicel
and became melanized in both host species (Fig. 2), but
there was much less cell layering than in the capsules that
formed around P. recurva eggs or larvae (see Fig. 1). Thus,
eggs of both host species showed a cellular defense response
against the egg pedicel and the wound created by insertion
of the parasitoid egg, but only eggs of P. recurva mounted a
cellular defense against the developing parasitoid.

3.3. EVects of host age on immune responses

Twenty-four hours post-parasitization by A. longoi,
there was no evidence of either encapsulation or melaniza-
tion around the parasitoid egg body for either 0.5-day-old
or 1.5-day-old eggs of P. recurva (Fig. 3, plates A and B).
The chorion of parasitoid eggs of both host age groups was
easily delineated and the pedicel was clearly visible, extend-
ing from the parasitoid egg chorion and through the host
chorion. The aeroscopic plate [used for respiration
(Clausen, 1962)] was located along the longitudinal axis of
the parasitoid egg and was highly refractive, rendering it
easily distinguishable from the parasitoid egg chorion.

By 48 h post-parasitization, melanin was visible in 0.5-
day-old hosts, as a cap at the anterior end of the parasitoid
egg opposite the location of the pedicel (Fig. 3C). Parasit-
oid larvae began hatching approximately 72 h post-parasiti-
zation, regardless of the age of the host at the time of wasp
oviposition (Fig. 4, plates A and B), if no encapsulation
response had occurred. However, many parasitoid embryos
surrounded by melanized cells remained in the egg stage
(Fig. 4, plates C and D). The extent of encapsulation con-
tinued to increase with time post-parasitization, and
included areas located more laterally on the parasitoid egg
surface (Fig. 4C). By 96 h post-parasitization, some parasit-
oid eggs from 0.5-day-old host eggs had become totally
encased in melanin (Fig. 5A), whereas others either had
evaded further encapsulation or no defensive response had
been originally elicited (Fig. 5C). In the 1.5-day-old host
eggs, many of the parasitoid eggs developed large caps of
melanin (Fig. 5B) and did not hatch even 120 h after being
laid (Fig. 6).

4. Discussion

Eggs of the two Phoracantha host species mounted a two-
part defensive response to parasitism by A. longoi. The Wrst
evidence of defense was a light deposition of cells and mela-
nin around the base of the parasitoid egg pedicel which
occurred within 24 h after parasitization of both host species.
This appeared to be a typical generalized wound response in
Fig. 3. Light micrographs of parasitoid eggs or larvae dissected from eggs of P. recurva that were 0.5 or 1.5 days old when parasitized, 24 and 48 h post-
parasitization. AP, aeroscopic plate; G, midugt; HC, host chorion; M, melanized capsule; PE, parasitoid egg; P, pedicel of parasitoid egg. Arrows indicate
areas of encapsulation/melanization. At 24 h, in eggs of both ages [0.5 days old (A) and 1.5 days old (B)], encapsulation/melanization occurred only around
the base of the pedicel (P) of the parasitoid egg (PE). The aeroscopic plate (AP) is discernible along the longitudinal axis. By 48 h post-parasitization, a
small cap of melanotic material (M) became aYxed to the bulbous portion of the egg (C) regardless of host age. Scale bars D 5 �m.
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the extra-embryonic space between the host serosal mem-
brane and egg chorion as a result of mechanical injury to the
egg (Gorman et al., 2004). Host cell adhesion to the pedicel
suggests a breach in the host serosal membrane.

The second phase of defense was speciWc to P. recurva
and consisted of a cellular encapsulation response with
subsequent melanization that was directed at the entire
developing parasitoid. This response was distinctly diVer-
ent from the generalized wound response because within
24–48 h after parasitization, host cells began to accumu-
late at the bulbous end of the parasitoid egg, which was
located in close proximity to either host yolk or embry-
onic cells. As a result of this accumulation, parasitoids
often died without hatching. Following the death of the
parasitoid, some of the parasitized P. recurva hosts com-
pleted development and produced a neonate beetle larva
(Luhring et al., 2000, 2004). If the parasitoid hatched,
adhesion of host cells continued accumulating along the
body of the developing larva. However, this prolonged
defensive response was variable and unpredictable,
Fig. 4. Light micrographs of parasitoid eggs or larvae dissected from eggs of P. recurva that were parasitized at 0.5 or 1.5 days old, 72 h after parasitization.
Extreme variability was present in both 0.5-day-old (A and C) and 1.5-day-old hosts (B and D). If parasitoid larvae evaded encapsulation, they were either
well developed within the parasitoid egg chorion (A) or had hatched (B). However, some parasitoid eggs became further encapsulated and exhibited a
large melanotic cap (C and D). Abbreviations as in Fig. 3 and S, segments; Tr, tracheal trunk. Scale bars D 5 �m.
Fig. 5. Light micrographs of parasitoid eggs or larvae dissected from eggs of P. recurva that were parasitized at 0.5 or 1.5 days old, 96 h after parasitization.
Variability in host immune defense and parasitoid development persisted in both 0.5- and 1.5-day-old hosts. The host defensive response could eventually
kill the developing parasitoid (A and B). Alternatively, the parasitoid could hatch (C) and evade any further host response. Abbreviations as in Fig. 3 and
Ex, shed parasitoid egg chorion; H, head. Scale bars D 5 �m.
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because some P. recurva hosts produced only a melanized
cap on the parasitoid egg, whereas other hosts of the same
age group did not produce a defensive response suYcient
to inhibit parasitoid hatch and successful development. In
still other hosts, the parasitoid egg itself did not elicit a
defensive response, but after the parasitoid egg hatched,
the host egg mounted a strong response against the para-
sitoid larva, characterized by extensive cell layering that
killed the parasitoid larva.

Parasitism has often been used as a tool to investigate the
intricacies of the insect immune mechanism. It has long been
widely accepted that egg parasitoids survive by passive
avoidance (in a temporal sense) of a host immune response
(Salt, 1938, 1968; Strand and Pech, 1995; Vinson, 1998)
because newly laid host eggs were thought to contain no or
few circulating hemocytes, and hence lacked a cellular
immune response. Formation of hemocytes was only
thought to occur after gastrulation (Abrams et al., 1993;
Strand and Pech, 1995). A lower concentration of circulating
hemocytes in younger hosts, regardless of life stage, may
explain the numerous observations that parasitoids prefer to
attack and have higher success rates in such hosts (Lewis and
Redlinger, 1969; Blumberg and DeBach, 1981; Blumberg,
1988; Kivan and Kilic, 2004). However, when P. recurva eggs
were parasitized at 0.5 days of age by A. longoi, both the host
eggs and the parasitoids typically died, whereas parasitoids
often were able to complete development in hosts 71.5 days
old and hosts again became unsuitable when parasitized at
72.5 days old (Luhring et al., 2004). These Wndings suggest
that the biochemical environment, associated with host
development, changes in such a way as to become brieXy
more suitable for parasitoid success. It remains unclear as to
the origin of the biochemical/cellular factors involved in
immunity against the parasitoid. Several possibilities include:
host maternal products (Little et al., 2003) that may become
depleted or altered as a consequence of host embryonic
development, host immune cells (presumed hemocytes) that

Fig. 6. Light micrograph of parasitoid egg dissected from eggs of
P. recurva that were parasitized at 0.5 or 1.5 days old, 120 h after parasiti-
zation. If the parasitoid had not hatched, then the host continued the
defensive response and additional cell layers were added to the capsule
around the parasitoid egg chorion (C). Abbreviations as in Fig. 3. Scale
bars D 5 �m.
increase in number with host embryonic development or a
combination of these two hypothesized mechanisms.

During oviposition, larval and pupal parasitoids inject
factors to circumvent the host immune response, including
venom (Leluk et al., 1989), symbiotic viruses or virus-like
particles (Schmidt and Theopold, 1992; Beckage, 1998;
Shelby and Webb, 1999), or ovarian proteins (Webb and
Luckhart, 1994). The parasitoid egg itself may have charac-
teristics which are immunosuppressive, either on its surface
(Rotheram, 1973) or which are released during hatching of
the parasitoid larva, such as teratocytes (Dahlman, 1990,
1991) or serosal cells (Lawrence, 1990). These wasp-associ-
ated products may aVect the hemocytes of the host egg that
are beginning to form. Until recently, only wasps of the
families Braconidae, Platygastridae, and Scelionidae
(Strand et al., 1985; Dahlman and Vinson, 1993) were
known to have teratocytes that are involved in arresting
host development (Dahlman et al., 2003) and aiding para-
sitoid nutrition. However, in 2003, Pedata et al. demon-
strated that species in the superfamily Chalcidoidea (to
which A. longoi belongs) may also have teratocytes. In con-
trast, other egg parasitoids, such as the Trichogrammati-
dae, appear to rely upon venoms to cause host tissue
necrosis and halt host development (Takada et al., 2000;
Jarjees and Merritt, 2004).

Encyrtid wasps are diverse in their life habits, and all life
stages of many diVerent orders of insects are hosts of vari-
ous encyrtid species (Clausen, 1962). Encapsulation and
melanization of encyrtid parasitoids by larval or nymphal
hosts has been well documented (Bartlett and Ball, 1966),
particularly in coccoids (Blumberg and DeBach, 1981;
Blumberg, 1988, 1997; Blumberg et al., 1993; Blumberg and
van Driesche, 2001). Whereas Corley and Strand (2003)
reported the presence of an extraembryonic membrane that
protected a polyembryonic egg-larval parasitoid from its
lepidopteran host’s immune response, encapsulation has
not been documented previously in encyrtid parasitoids
that attack and complete development only in insect eggs.

Melanization can occur from the release of phenoloxid-
ases by cells involved in formation of the capsule, or follow-
ing elicitation of either cellular or humoral factors that
stimulate the production of free cytotoxic compounds (oxy-
gen radicals) which kill the infective agent (Nappi and
Ottaviani, 2000). Interestingly, phenoloxidases are involved
in several biochemical pathways in insect development,
including those involved in egg tanning and cuticle scleroti-
zation as well as immune defense (Sugumaran, 1990;
Sugumaran and Kanost, 1993). Recent Wndings by Schmidt
et al., 2003 suggest the possibility that phenoloxidase-like
enzymes may be introduced into the host from the adult
parasitoid reproductive system upon oviposition or from
incompletely tanned chorion of the hydropic parasitoid
egg. Therefore, it is unclear whether melanization of
A. longoi eggs is an active response to parasitism which is
inhibited in P. semipunctata and stimulated in P. recurva
eggs, or conversely, an adventitious event in which the nor-
mal pathways of Phoracantha egg maturation fortuitously
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become involved in defense of the host egg via disruption of
regulatory pathways.

In summary, in this study we examined the host/parasit-
oid relationship at diVerent time intervals after parasitization
and prior to parasitoid or host emergence to investigate the
root causes of the diVerential success of parasitism in eggs of
two congeneric hosts. We have found evidence that an egg
stage host is capable of mounting a cellular defensive
response against an egg parasitoid. The host response con-
sisted of a non-speciWc wound-healing reaction centered on
the breach in the host egg chorion resulting from insertion of
the parasitoid egg, and a second host species-speciWc
response that speciWcally targeted the developing parasitoid.
This second response was absent in the preferred, highly suit-
able host (P. semipunctata) and present in the less preferred
and marginal host (P. recurva). Although we do not yet
know whether the defensive response is the result of stimula-
tion of an immune cascade in P. recurva, or a suppression of
host immunity in P. semipunctata by the parasitoid, our Wnd-
ings may represent a key Wrst step in opening new areas of
investigation in immunity, host speciWcity, and the physiolog-
ical ecology of host/parasitoid relationships.
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