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ABSTRACT To successfully complete its endoparasitic
development, the strepsipteran Xenos vesparum needs to
elude the defense mechanisms of its host, the wasp
Polistes dominulus. SEM and TEM observations after
artificial infections allow us to outline the steps of this
intimate host—parasite association. Triungulins, the mo-
bile 1st instar larvae of this parasite, are able to “softly”
overcome structural barriers of the larval wasp (cuticle
and epidermis) without any traumatic reaction at the
entry site, to reach the hemocoel where they settle. The
parasite molts 48 h later to a 2nd instar larva, which
moves away from the 1st instar exuvium, molts twice
more without ecdysis (a feature unique to Strepsiptera)
and pupates, if male, or develops into a neotenic female.
Host encapsulation involves the abandoned 1st larval
exuvium, but not the living parasite. In contrast to the
usual process of encapsulation, it occurs only 48 h after
host invasion or later, and without any melanization. In
further experiments, first, we verified Xenos vesparum’s
ability to reinfect an already parasitized wasp larva.
Second, 2nd instar larvae implanted in a new host did
not evoke any response by hemocytes. Third, we tested
the efficiency of host defense mechanisms by implanting
nylon filaments in control larval wasps, excluding any
effect due the dynamic behavior of a living parasite;
within a few minutes, we observed the beginning of a
typical melanotic encapsulation plus an initial melaniza-
tion in the wound site. We conclude that the immune
response of the wasp is manipulated by the parasite,
which is able to delay and redirect encapsulation
towards a pseudo-target, the exuvia of triungulins, and
to elude hemocyte attack through an active suppression
of the immune defense and/or a passive avoidance of
encapsulation by peculiar surface chemical properties.
J. Morphol. 268:588-601, 2007 © 2007 Wiley-Liss, Inc.
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Host—parasite relationships are important exper-
imental models for understanding how the insect
“innate” immune system (Schmidt et al., 2001) rec-
ognizes a variety of invaders (e.g., endoparasitic
wasps) and how parasites—more or less closely
related to the host—overcome the insect immune
response. Hemocytes, the cellular component of
the insect immune system (Lavine and Strand,
2002), play a major role in defense against meta-
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zoan parasites. Small pathogens are phagocytized
by hemocytes, whereas parasitoids and other mac-
roparasites are encapsulated: hemocytes recognize
the foreign invader as nonself and change from
freely circulating cells to adhesive cells, forming a
multilayered sheath of cells. From an evolutionary
perspective, relatively few studies have focused on
the behavioral ecology of immature parasites: “ex-
ploitative organisms that live in continuous, inti-
mate association with their host,” forced to adapt
themselves to a changing environment (Brodeur
and Boivin, 2004). In this chain of events both cel-
lular and humoral components of host immune
response might be compromised, and profound
changes in life-history parameters are likely to
occur.

Xenos vesparum  belongs to Strepsiptera
(Insecta), a cosmopolitan order of obligate endopar-
asites of other insects. Strepsiptera have a direct
life cycle; therefore, the first organism infected is
the final host, which may be infected at different
developmental stages by the 1st instar larva of the
parasite, the so-called triungulin (the infective
motile stage). The primary host of X. vesparum
(Stylopidae) is Polistes dominulus (Vespidae), a
primitively eusocial paper wasp. Like other mem-
bers of the order (except Mengenillidae), X. vespa-
rum shows a striking sexual dimorphism. Males,
after the 4th larval instar, follow a complete holo-
metabolous development: they pupate and emerge
as free-living winged adults from the puparium,
which extrudes through the host abdominal ter-
gites. During their short life-span (46 h), they
actively search for a receptive female. Neotenic
larviform females are the result of an involutive
process. At the end of the 4th instar, they extrude
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Fig. 1. Distribution of 235 living Xenos vesparum parasites
(or exuvia in absence of living parasites) in 89 Polistes dominu-
lus wasps (late larvae, pupae and adults).

with their anterior region, the cephalothorax,
through the host cuticle. They are larviparous per-
manent endoparasites, which at maturity fill most
of the wasp hemocoelic cavity, and lack distinct
antennae, mouthparts, eyes, wings, legs, and
external genitalia. The opening of the ventral
canal in the cephalothorax allows both the extra-
genital insemination and the escape of the triun-
gulins (Beani et al., 2005a).

This characteristic protrusion of the cephalo-
theca of the puparium or the sclerotized anterior
portion of cephalothorax is called “stylopization” of
the host (from the family Stylopidae). Stylopized
wasps, regardless of their putative caste, neither
work nor reproduce. Instead they desert the colony
early on to form, first, summer extra-nidal aggre-
gations, where parasite mating is likely to occur
(Hughes et al., 2004b), then autumn-winter dia-
pausing groups, where the fertilized Xenos vespa-
rum females overwinter inside their hosts to infect
new colonies the next spring (Beani, 2006). These
females may be used as long-term dispensers of
triungulins to infect wasp larvae in the laboratory.

We have monitored the endoparasitic develop-
ment of Xenos vesparum inside the body of Polistes
dominulus by means of artificial infections. First,
we focus on how the triungulin manages to pene-
trate the wasp larva, which is protected by com-
pact overlapping cuticle layers, and to evade the
wound healing reaction at the entry site (Rowley
and Ratcliffe, 1981). Second, we describe step-by-
step the developmental stages of the parasite in
the hemocoel, up to its 4th instar which is well
synchronized with the pupal-imaginal stages of
the wasp. Third, we discuss the implications of the
compromised defense reaction of the host: the
delayed encapsulation of a pseudo-target (the exu-
via of triungulins) and the absence of melaniza-
tion. Through various experimental trials (reinfec-
tions, subcuticle applications of 2nd instar larvae
and nylon implants, a nonliving triungulin-sized
stimulus) we have tested the immune response of
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P. dominulus larvae and the ability of X. vesparum
to elude this response.

Recently, an unusual immune defense has been
described in Strepsiptera (Kathirithamby et al.,
2003): the parasite Stichotrema dallatorreanum
manipulates the tissues of the hosts Segestidae
novaeguineae and S. defoliaria defoliaria (Orthop-
tera, Tettigonidae) to build a “host-derived epider-
mal bag,” a sort of “camouflage” against the host
defense reaction. The immune elusion mechanisms
of Xenos vesparum could exploit similar compo-
nents of the host’s defense repertoire; alternatively
they may represent a different adaptive strategy
which has evolved during an ancient and deep
association with its host.

MATERIALS AND METHODS
Study Animals

Nests of Polistes dominulus Christ were collected during late
spring from various locations in Tuscany (Italy). Each colony
was housed in a 20 X 20 X 20 cm Plexiglas cage (with sugar,
water and Sarcophaga sp. larvae ad libitum) for 1 month, to
verify that nests were not yet infected by strepsipterans in the
field. In all, nine colonies were artificially infected in laboratory
with 1st instar larvae (triungulins) of Xenos vesparum Rossi.
Our sources of triungulins were 13 wasps, collected from two
hibernating groups (Impruneta and Volterra), parasitized by a
single female of X. vesparum. These females, extruding their
cephalothorax from wasp abdomen, released triungulins after
2-3 weeks at 121/12D and 28°C.

Artificial Infections and Dissections

Infections (15 in all) were started at mid-June and extended
until the beginning of August. After the temporary removal of
adult wasps from the experimental colony, the nest was placed
under a stereo microscope. Using a needle, two to four triungu-
lins were transferred (Fig. 2A-D) from the abdomen of stylop-
ized wasps to “late” larval stages of Polistes dominulus (4th,
5th and sometimes 3rd instars, Fig. 2A), without removing
them from the nest and marking the cells with a distinct color.
Triungulins were generally placed in the anterior portion of the
wasp body, dorsally and posterior to the mandibles. After 10
min the nest was then tied in its cage, so the wasps would not
abandon the colony.

The majority of stylopized adult wasps in the field present a
single extruded parasite (Hughes et al., 2004a, b), although af-
ter dissections higher numbers of immature parasites were
recorded (personal observations); moreover the parasite load
per brood in naturally infected nests is higher and variable
(Hughes et al., 2003). We tried to simulate a natural infection
pattern, in which several triungulins are likely to reach one
larva. For this reason, and in order to increase the probability
of successful infections (at least two parasites per host), we
placed from two to five triungulins in each wasp larva. For the
purpose of this study, we selected hosts with a maximum of
three parasites although the pattern was quite variable (Fig. 1).
We omitted the cases of superparasitism (more than three)
because competition for nutrients could interfere with normal
parasitic development. Although every immature stage of the
host was susceptible (Hughes et al., 2003), we focused on the
“late” larval stages.

We dissected wasp specimens after 24 h, 30 h, 48 h, 3 days,
1 week, 2 weeks, 3 weeks, and 1 month, to monitor Xenos ves-
parum endoparasitic development, under a stereo microscope,
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in 0.1 M phosphate buffer pH 7.2 containing 3% sucrose (PB).
All measurements are means = SD.

Reinfection Trials

To determine whether Xenos vesparum can parasitize an al-
ready infected host, about 2 days after the first infection, a rein-
fection of five Polistes dominulus larvae and one pupa was done
following the same procedure described above. We chose this
time span to be sure that the wasp defense reaction had already
been activated by the first entry of triungulins at the moment
of the second infection.

Polistes dominulus dissections were performed at the follow-
ing times: one larva was dissected about 3 days after the first
infection (24 h from the second infection); four larvae and one
pupa were dissected 5 days after the first infection (3 days from
the second infection).

Implantation of 2nd Instar Larvae

To verify whether Xenos vesparum 2nd instar larvae evoke
an attack from Polistes dominulus hemocytes when implanted
in naive hosts, two preliminary trials were carried out. We
obtained 2nd instar X. vesparum larvae by dissecting specimens
which had been infected 3 days previously. Using a glass capil-
lary, 2nd instar larvae were implanted into naive specimens,
previously extracted from their nest cells. We infected two 5th
instar wasp larvae with one parasite, seven with two and two
pupae with three. To prevent dehydration, the organisms were
placed in glass pipes, which were wrapped in aluminum foil,
and kept at room temperature. Dissections were done 24 h
(three larvae and two pupae) and 3 days (six larvae) after im-
plantation.

Nylon Implantation Trials

To test the normal Polistes dominulus defense against for-
eign objects, we implanted 1 X 0.25 mm nylon filaments in five
“late” larvae and two pupae. The alcohol-sterilized filaments
were inserted into the hemocoel of P. dominulus specimens pre-
viously extracted from their nest cells, and organisms were pre-
vented from dehydration as described above. We dissected the
wasps at 24 and 48 h after implantation. Presence or absence of
capsules and melanization was observed by light stereo micros-
copy. These specimens were used as control animals for the effi-
ciency of the normal immune system and compared with parasi-
tized wasps.

Scanning Electron Microscopy

For SEM observations, samples were fixed in 2.5% glutaral-
dehyde in PB for 2 days at 4°C, postfixed in 1% osmium tetrox-
ide in PB for 2 h at 4°C, rinsed in PB several times, and dehy-
drated in a graded series of ethanol to 100% ethanol. The mate-
rial was processed by critical point drying in a Balzer’s CPD
030. Samples were gold-evaporated in a Balzer’s MED 010 sput-
terer and observed in a Philips XL20 scanning electron micro-
scope operating at 10 kV.

Transmission Electron Microscopy

After dissection, the material was fixed and rinsed as de-
scribed above. Ethanol dehydration was followed by a step in
propylene oxide and embedding in Epon-Araldite. Ultrathin sec-
tions and serial sections, obtained with a Reichert Ultracut II E
and a LKB Ultratome III, were routinely stained and observed
with a TEM Philips CM 10 at 80 kV. Semithin sections were
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stained with 1% toluidine blue and observed with a Leica
DMRB light microscope.

RESULTS
The Parasite’s Perspective

Artificial infections with 1st instar larvae.
In Xenos vesparum development, four larval in-
stars can be distinguished, based on changes in
shape, size and cuticles. Our data are in agreement
with histo-morphological studies carried out in
other Strepsiptera: Elenchus tenuicornis (Kathiri-
thamby et al., 1984), Stichotrema dallatorreanum
(Kathirithamby, 2000) and Pseudoxenos iwatai
(Maeta et al., 2001). The 1st instar larva (Fig. 2D)
has the general appearance of the triungulin pre-
viously described for this order (Kathirithamby,
1989), although SEM data show some species-spe-
cific features (Pohl, 1998). It is a free-living orga-
nism (length about 270 pm), with antennae, eyes
and mouthparts (mandibles and labium) on the
head, slender legs terminating in filiform tarsi,
serrated sternites, and tarsal expansions on pro-
and meso-thoracic legs, used for clinging to the
host or the substrate. Their jumping ability (per-
sonal observations) is probably due to abdominal
caudal appendages (setae).

The timing of emergence of 1st instar larvae is
quite variable, depending on environmental condi-
tions (principally light and temperature). Every
Xenos vesparum female of our group was able to
give rise to hundreds of triungulins between May
and July (in line with 3,000—4,000 oocytes in the
hemocoel). Triungulins, being extremely motile
organisms, were difficult to follow after their
transfer onto the larva, because they could move
from one nest cell to another. At dissection, we
sometimes discovered a higher number of parasites
than we had placed onto the larva.

Generally, laboratory infections were successful
and stylopized wasps emerged from each artifi-
cially infected nest. Figure 1 shows the trend of
parasite distribution. We dissected a total of 89
infected Polistes dominulus specimens: 69 larvae,
9 pupae, and 12 adults. We counted 235 Xenos ves-
parum within the wasps: 181 living parasites with
their 1st instar exuvia; 46 living parasites without
their exuvia; 8 exuvia in absence of visible living
parasites. Only rarely did we find a dead triungu-
lin on the wasp larva cuticle or outside in its nest
cell (6 cases).

Entry into the host. When the triungulins
made contact with the cuticle of the wasp larva,
they moved randomly for a while. Then they
stopped and with their heads repeatedly hit the
external coating of the wasp at an oblique angle.
There was no evidence of a specific entry target: in
the head, not far from the mandibles (Fig. 2A,B),
but also in the middle of the body or at its poste-
rior extremity. Usually they avoided the sclerotized
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Fig. 2. A-C: Infection of the host. A: Polistes dominulus 4th instar larva in the nest, with a Xenos vesparum triungulin (tr)
near the wasp mandibles, on the left. B: Triungulin (tr) making contact with the cuticle (ct) of the wasp larva. C: Triungulin 6 h af-
ter the beginning of the infection. Note that it has not yet fully entered: the anterior portion is already under the wasp cuticle
(arrowhead) while the posterior region is still outside. D, E: The triungulin. SEM. D: Dorsal view. E: Triungulin partially pene-
trated into the host with its anterior region. Note the small opening (op) at the level of the wasp’s cuticle.

buccal apparatus of our experimental “late” larvae;
in a few cases, we observed wasp larvae chewing
triungulins.

First instar larvae needed about 6-24 h to cross
both exocuticle and endocuticle (Fig. 2C). This pic-
ture was taken 6 h after infection, when the triun-
gulin has not fully entered: its anterior portion is
already under the wasp cuticle, opaque and with
many microtubercles; its posterior region is still
outside and appears bright and smooth (Fig. 2D).
Triungulins created a small opening in the cuticle
(Fig. 2E), which we were unable to distinguish
under microscope after a few minutes, and crossed
exocuticle and then endocuticle (Fig. 3). We
observed a mechanical detachment in the outer
layers of the host cuticle and a not-yet-defined sub-
stance, probably secreted by the anterior region of
triungulins (Fig. 4A,B). Noticeably, the entry hole
in the larval coating did not melanize.

Once triungulins reached the epidermis (Fig. 4C),
they began to sink into the hemocoel by passing
through the epidermic layer (Fig. 5A), which com-
pletely surrounded them (Fig. 5B,C), until they
were finally released in the wasp hemocoel. A
transient and incomplete host epidermal infolding

surrounds the parasite at this stage. We did not
find any preferred region of the wasp hemocoel
where triungulins settled, e.g., near the epidermis
as well as deeper inside, in the fat tissues or close
to nervous ganglia. Either head or dorsal/ventral
body regions were susceptible.

Fig. 3. Semithin sagittal section through the body of a triungulin
which has not fully entered into the wasp larva. Note the mechanical
detachment of both the exocuticle (ex) and the endocuticle (en).

Journal of Morphology DOI 10.1002/jmor
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wasp larva. Neither 1st instar exuvia nor 2nd
instar larvae of the parasite was present: molting
had not occurred yet. By 2 days after infection,
young 2nd instar larvae were easily detectable

Fig. 4. Semithin serial cross sections through the anterior por-
tion of a Xenos vesparum 1st instar larva infecting a new host:
early steps. A, B: Triungulin probably secreting a substance
(arrowhead) while making contact with the wasp cuticle (ct). C: b
Triungulin reaching the epidermis (ep) of the wasp larva. %

gl ¢ ”'—1" L

: L

Fig. 5. Semithin serial cross sections through the anterior
First molt 48 h post-infection. Both 24- and portion of a Xenos vesparum 1st instar larva infecting a new
30-h postinfection dissections revealed intact tri- host: later events. A: The triungulin has crossed the cuticle (ct)

. A and it starts breaking the epidermic layer (ep). B: Formation of
ungulins inside the body of the host. Some were an incomplete host epidermal infolding (ep) around the parasite

still moving in the hemocoel, as CPU-Id b? seen with  while it is sinking into the wasp hemocoel (wh). C: Triungulin
the stereoscope through the thin cuticle of the fully surrounded by the epidermal infolding.

Journal of Morphology DOI 10.1002/jmor



ENDOPARASITIC DEVELOPMENT OF XENOS VESPARUM

593

T

Fig. 6. First molt of Xenos vesparum. A-D: Young 2nd instar larvae (arrowheads) are visible near the exuvia (ev) of the triungu-
lins. Note the black eyes of the molted parasites. A: 2nd instar larva and triungulin exuvium near the head (he) of the larval wasp.
B: Two molted parasites settled in the fat tissues of the host. C: Polistes dominulus 3rd instar larva with a X. vesparum specimen
inside its posterior region. D: Detail. E: Ventral view of P. dominulus 4th instar larva with a X. vesparum molting triungulin

(arrowhead) under the cuticle.

near the exuvia (Fig. 6A,D). In a few cases, we
were able to observe the motile larva abandoning
the 1st instar exuvium through a dorsal opening,
just behind the head (Figs. 6E, 7A,B).

Second instar larvae (Fig. 8A) lack body appen-
dages (they keep only short protrusions of the
three pairs of legs) and are unpigmented, except
for two black spots on the dorsal side of the head
(the eyes) that facilitate their identification. This
developmental stage (183 = 8 um in length) is
characterized by a soft thin cuticle (0.6 = 0.4 pm).
Many minute folds of the epicuticle (Fig. 8B)
increase its surface. In a space of 7.5 pm, we have
counted ~30-folds (max length: 0.75 pm) of differ-
ent shape and size.

We usually found a correspondence between the
number of endoparasitic larvae and the number of
triungulin exuvia inside the wasp body, although
sometimes there were more exuvia, probably
because we were unable to localize the small living
parasites when they were encompassed by the host
fatty tissues. Exuvia were often free in the hemocoel
at 48 h post-infection, but some were already encap-
sulated. Generally, we have not seen capsules
around the larvae nor signs of melanization.

Third instar larva and later developmental
stages. Third instar larvae appeared about 3 days
after infection. At this stage the parasite appeared

very similar to 2nd instar larvae (Fig. 8C), but the
second molt was revealed by the presence of a dou-
ble cuticle layer (Fig. 8D), easily recognizable
around the posterior portion of early 3rd instar
larva. The outer layer is due to a unique molting
process, labeled as “apolysis without ecdysis” by
Kathirirthamby et al. (1984), who first described it
in Elenchus tenuicornis (Strepsiptera, Elenchidae).

Fig. 7. A,B: Molting Xenos vesparum 1st instar larva. The
parasite is abandoning the triungulin’s exuvium through a dor-
sal opening (arrowhead), just behind the head. A: The short
protrusions (arrows) of the three pairs of legs are visible in the
young 2nd instar larva. SEM. B: Light microscope view of the
same stage.
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Fig. 8. Endoparasitic larval stages. A, B: 2nd instar larva. A: Whole parasite. Note the black eyes (arrowheads). B: Detail of the
epicuticle with many minute folds (arrows). TEM. C-F: 3rd instar larva. C: Just molted parasite. This stage is very similar to the
previous one except for the presence of a double cuticle layer (arrows). D: Semithin cross section: the double cuticle layer (arrows)
and the differentiating gonads (g) are visible. E, F: Two overlapping cuticles (2nd ct and 3rd ct) soon after (E) and few days (F)

from molting. TEM.

The parasite makes a new cuticle but it does not
abandon the previous exuvium, which becomes the
outer layer (Fig. 8E,F). As a consequence of this
process, the parasite is progressively surrounded
by a growing number of cuticle layers, but the one
corresponding to the 2nd larval instar will always
remain outside as well as in the neotenic female.

During their continued development, 3rd instar
larvae were characterized by visible body growth
(early 3rd instar larvae 324 * 41 um in length),
the loss of all appendages, and the depigmentation
of the two dark spots, now light red. In addition,
the intestinal tract became more and more evident
and gonads started to differentiate. As described
earlier by Maeta et al. (2001) in Pseudoxenos iwa-
tai, when transferred into buffer late 3rd instar
larvae of Xenos vesparum settled with the ventral
part of the body upward; they twisted their bodies
up and downwards, until they closed like a ring.
In P. iwatai parasite larvae migrated to the final
position of future extrusion from the host eumenid
wasp at just this stage.

Journal of Morphology DOI 10.1002/jmor

The early 4th instar larva appeared when the
wasp was in the pupal stage or in adulthood, 1-2
weeks after wasp emergence. At this stage, the two
sexes were clearly recognizable. Females kept a lar-
viform body (7.5 = 1.5 mm in length). Male pupae,
which were smaller (5.25 = 0.75 mm), usually
extruded a few days before female cephalothoraxes.

The Host Response

Encapsulation. The total number of capsules
observed in wasps’ hemocoel was 113, but encapsu-
lation, which is common in parasite—insect interac-
tions, presented some unusual features in our
study.

First, capsules were formed only around empty
exuvia (Fig. 9A): neither the living triungulins,
nor the developing endoparasitic instars were tar-
gets of encapsulation. Second, the temporal dy-
namic of the process was peculiar, because encap-
sulation of exuvia was delayed. Wasp hemocytes
began to aggregate around the triungulin exuvium
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Fig. 9. The host defense reaction. A: Semithin section of a capsule forming around the empty exuvium (arrowhead) of a triungu-
lin, between the epidermis (ep) and two nerves (nv) of a Polistes dominulus larva. B-D: Polistes dominulus hemocytes aggregating
around the triungulin exuvium (ev). SEM. C, D: Detail showing the hemocytes pseudopodia contacting the exuvium. E-G: First
steps in the formation of a capsule: round hemocytes approach the target (E), they change in shape and protrude pseudopodia
(arrowheads) while aggregating around the target (F) and finally form the capsule (G). TEM. H, I. Mature capsules (8-10 days
postinfection). H: A round milky capsule (arrowhead) visible through the cuticle of a P. dominulus 4th instar larva. I. Section
through a mature compact capsule: note the extremely flattened hemocytes. TEM.

48 h after infection, without any specific adhesion
site: they attacked the head as well as the back of
the exuvia (Fig. 9B,D). At the beginning, the pro-
cess involved medium- and large-sized (8-15 pm
diameter) hemocytes, round to ovoid cells with a

central nucleus accounting for ~40-60% of the cell
volume (Fig. 9E). Capsules were not tightly packed
at this stage. During the first week we observed
the growing recruitment of large hemocytes (10—-20
um). These irregularly shaped cells (Fig. 9F-G)

Journal of Morphology DOI 10.1002/jmor
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Nylon implants in Polistes dominulus 4th instar larvae. A: The implant site of the

nylon filament is melanized (arrowhead). B: Three capsules around nylon filaments, 24 h after
implantation in three different specimens: capsules were not melanized (a), partially (b) or

totally melanized (c).

were characterized by a few to many variable
extensions (pseudopodia) and a central nucleus
occupying ~40% of the cell volume.

About 8-10 days postinfection, 700-um diameter
mature capsules were visible, with a round shape
and milky color (Fig. 9H). At this stage, hemocytes
were flattened and capsules more compact (Fig. 91).
We found this kind of capsule deep inside the body
of the wasp larva, embedded in the fatty tissue.
More superficially, partial capsules and not yet
encapsulated exuvia occurred. We never observed
capsules in adult wasps, but sporadically free exu-
via close to living parasites.

Melanization. After infection of Polistes domi-
nulus larvae with Xenos vesparum specimens, the
melanization response, a common feature of hu-
moral insect immunity (Lavine and Strand, 2002),
was absent at both the entering point and around
the encapsulated exuvia (in 64 cases), while in 3
cases we recorded an apparent beginning of mela-
nization. In 2 further cases we noticed the deposit
of a melanin-like substance on the host cuticle at
the entry of the triungulin, but this could be due
to the contact with the forceps, as Hughes and
Kathirithamby mentioned (2005) when using a
similar technique.

Reinfection trials. A second infection, 55 h af-
ter the first one, confirmed the pattern described
above. Dissections at either 1 or 3 days post-rein-
fection, revealed that triungulins were able to
enter an already parasitized host, molt and give
rise to the usual developmental stages. As in the
first infections, capsules were found only around
triungulinsg’ exuvia and there was no evidence of
melanization.

Implantation with 2nd instar larvae. Subcu-
ticle applications of Xenos vesparum 2nd instar
larvae (3 days) in naive hosts did not elicit any
defense reactions during the first 24 h. The para-
sites (5 specimens) were still alive after dissection
of the wasps and not encapsulated; no signs of
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melanization were visible. Three days after im-
plantation, we recorded a high mortality of the
Polistes dominulus larvae removed from their
nests.

Nylon implantation trials. The filament-inser-
tion trials gave variable host-response patterns,
regardless of the wasp developmental stage.
Twenty-four hours after implantation of nylon fila-
ments in the host hemocoel, full capsules were
observed in five of seven trials; in one case the
encapsulation was incomplete and in another the
filament did not elicit any reaction.

We also recorded melanization both at the site of
implantation (Fig. 10A) and around the capsule
(Fig. 10B) in five of seven trials.

Failure of parasite development. We found
three exceptions to the general rules of immune
response above outlined. SEM observations showed
two young larvae partially encapsulated close to
the triungulin exuvium (Fig. 11A,B). TEM obser-
vations revealed another case of abnormal molting,
i.e., a young specimen encapsulated in the same
way and partially melanized (Fig. 11C): this orga-
nism showed two additional coating layers (exuvia)
overlapping the larval cuticle. Wasp hemocytes were
visible close to the outer exuvium (Fig. 11C, the top
of the micrograph). Noticeably, a secretion of unknown
origin was found between the two outer layers.
Due to its similarity to the midgut contents of the
same specimen (Fig. 11D), we hypothesize it could
be an outpouring of such contents.

DISCUSSION

To better understand the life-history of the sys-
tem Xenos vesparum-Polistes dominulus, we have
looked at it from two angles: the way in which
X. vesparum 1st instar larvae infect a new host
(the parasite’s perspective) and the consequent
reaction of the wasp (the host’s perspective). The
P. dominulus larva, the target of infection, is a
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Fig. 11. Unsuccessful parasite development. A, B: Both micrographs show a young Xenos vesparum larva (arrowheads), prob-
ably a 2nd instar, close to the triungulin exuvium (ev) and partially encapsulated. Part of the capsule (cp) was removed. SEM. C:
Detail of the two additional coating layers (a, b) overlapping the larval cuticle (ct) from a young X. vesparum specimen encapsu-
lated and partially melanized. Wasp hemocytes (hm) are visible close to the outer exuvium, at the top of the micrograph. Note the
presence of a secretion (sc) of unknown origin between the two outer layers. D: Cross section of the midgut (mg) of the same X. ves-
parum larva showing the midgut lumen filled with a secretion (sc) similar to that mentioned above.

changing environment and goes through great
physiological and morphological reorganization (i.e.,
pupation). The endoparasitic development of
X. vesparum has to be finely tuned to the develop-
ment of its holometabolous host, similarly to koino-
biont parasitoids (Vinson and Iwantsch, 1980). It
is therefore not surprising that profound altera-
tions occur in the endocrine equilibrium of the host
environment: castration, the most relevant conse-
quence of stylopization, is well known (Strambi
and Strambi, 1973), and further studies on more
subtle physical changes, i.e., epicuticular hydrocar-
bons and fat bodies, are in progress (Beani et al.,
2005b; Beani, 2006). In our system, we suspect
that the physiological damage to the host is less
dramatic than in organisms affected by parasitoids
(Pennacchio and Strand, 2006). Xenos vesparum—
an obligate endoparasite, permanent if female—
would gain no advantage in killing the host to sat-
isfy its nutritional needs. On the contrary, its
fitness comes from the exploitation of a living
wasp, first as a substrate for its growth, then to
facilitate its mating inside abnormal aggregations
of stylopized wasps (Hughes et al., 2004b), and

later as a vector for releasing infective 1st instar
larvae. Consequently, one would expect the effects
of the parasite on the defensive responses of the
host to be limited.

From an evolutionary perspective, the refined
and reciprocal adaptation of both Xenos vesparum
and Polistes dominulus to this forced long-term
coexistence (1 year, if a wasp infected by a Xenos
female overwinters and survives to the next
summer), suggests an ancient host—parasite inter-
action. Moreover, the large variety of organisms
parasitized by Strepsiptera (Kathirithamby, 1989)
highlights the plasticity of this group, which had
to evolve many different modes of infection. This
provides further support for the antiquity of this
insect order, in agreement with recent findings of
specimens in Cretaceous amber (Grimaldi et al.,
2005).

The Parasite’s Perspective: A “Soft” Entry
Into the Host

According to the studies on the interactions
between immature parasitoids and their hosts

Journal of Morphology DOI 10.1002/jmor



598

(Brodeur and Boivin, 2004), the host-seeking stage
of Xenos vesparum, the free-living mobile triungu-
lin, undergoes a chain of “hierarchical steps” to
achieve successful parasitism: it must locate, eval-
uate and penetrate the host, evade or overcome
the host immune response and adapt to (or regu-
late) the constantly changing host environment.

Polistes dominulus larvae are typically aggregated,
so in this case host selection may be a relevant step,
whereas parasitoids are unlikely to have a choice of
several hosts (Feener and Brown, 1997). Once a triun-
gulin has reached a wasp nest, either on a foraging
wasp (phoretic transport) or by means of a stylopized
wasp which directly visits a nest (Hughes et al.,,
2003), a wide range of potential new hosts is avail-
able. The mechanism of host discrimination cannot be
investigated by artificial infections, although a cer-
tain motility of the triungulins in the nest, even when
they were put directly on a wasp larva, suggests a
nonrandom choice, possibly influenced by the devel-
opmental stage, the nutritional state or even the sex
of the larval wasp. We were able to successfully infect
hosts of different developmental stages, naive or al-
ready parasitized, and even some wasp males, which
are less parasitized than females in nature (Hughes
et al., 2004a,b). The process of successful infection
relies on a perfect tuning between the life cycles of
host and parasite, and in the field host discrimination
may be constrained by many factors: first of all, by
the presence of adult wasps which actively remove tri-
ungulins moving on the larvae. In the laboratory,
according to Schmid-Hempel and Ebert (2003), the
“behavioral defenses,” a first line of the defense cas-
cade, are “largely eliminated.”

The second step, the evasion of the host immune
response, takes place as soon as the triungulin
begins to penetrate the coating layers of the wasp
larva, the cuticle and the epidermis. We expected
that this process would evoke a reaction of melani-
zation in the entry point, as a consequence of coagu-
lum formation during wound-healing. In Galleria
mellonella (Lepidoptera, Pyralidae) melanization in
the wound-site was recorded 6-12 h after wounding
(Rowley and Ratcliffe, 1981); it occurred after 24 h
in our nylon implants. Contrary to expectations, the
entry point of Xenos vesparum does not melanize
even several days after infection; we infer that the
parasite does not produce any wound.

The process of entry into the host has already
been described in other Strepsiptera by Maeta et al.
(2001) and Kathirithamby (1989). According to the
former, the triungulins of Pseudoxenos iwatai
(Strepsiptera, Stylopidae) “gnawed the chorion with
their mandibles” while invading the eggs of a eume-
nid wasp. Kathirithamby instead, quoting Riek (per-
sonal communications), describes a considerable
amount of liquid secreted by Pseudoxenos sp., and
suggests an enzymatic softening of the cuticle of the
host Sceliphron laetrum (Sphecidae, Hymenoptera).
In turn, what we have observed for the Xenos vespa-
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rum penetration of the Polistes dominulus larva is a
mechanical detachment of the outer layers in the
host cuticle and a thin layer of a substance (its func-
tion is unknown) between the larva and the wasp’s
cuticle, which could be a product of the triungulin’s
salivary glands or the contents of its foregut.

Since the parasite does not produce a wound,
there is no “injury factor” (Gupta, 1985) to trigger
the coagulation and melanization of the hemo-
lymph, and no hemocytes migrate to the entry
site. To avoid the rupture of the wasp epidermal
layer, which would represent the “injury factor”
mentioned above, the triungulin initially pene-
trates the host epidermis without breaking it,
inducing the formation of a transient and incom-
plete epidermal infolding. This process, observed
in transverse serial semithin sections at the
moment of entry into the host cuticle (Figs. 4A-C,
5A-C), is similar to the recently described ability
of another strepsipteran to wrap itself in “a host-
derived epidermal bag” (Kathirithamby et al.,
2003): the epidermal cells of the hosts Segestidea
novaeguineae and S. defoliaria defoliaria (Orthop-
tera, Tettigonidae), when detached from the endo-
cuticle, lengthen and surround the 1st instar larva
of Stichotrema dallatorreanum (Strepsiptera, Myr-
mecolacidae). This bag protects the parasite, “mas-
queraded as self,” from the attack of the hemocytes
during its entire endoparasitic development and,
at the same time, allows the passage of nutrients
from host hemolymph. This mechanism could
explain another peculiar feature of Strepsiptera,
“ecdysless molting”: the parasite, while growing,
cannot abandon the exuvia, because it is “closely
fitted in its bag” (Kathirithamby et al., 2003).

In the case of Xenos vesparum, this process stops
earlier and leads to an incomplete and transient
“bag,” or better, an epidermal infolding. This struc-
ture doesn’t surround the parasite during its
whole endoparasitic development, but only at its
nontraumatic entry into the host, when it allows
the triungulin to cross the cuticle and to reach the
hemocoel without breaking the epithelial cell layer
and evoking the defense reaction of the host
(Schmid-Hempel, 2005). In the absence of any per-
manent and constraining bag wrapping the para-
site, “apolysis without ecdysis” (Kathirithamby
et al., 1984) has to be differently explained.

The Host’s Response: Encapsulation
of a Pseudo-Target, the Exuvium
of the Triungulin

Hosts and parasites coexist in a “labile equilib-
rium” which is the result of evolutionary optimiza-
tion mechanisms. This equilibrium balances itself
between two extremes: ineffective parasites, unable
to produce enough offspring to survive, and too-
effective parasites, which reduce the survival
chance of the host, thus compromising their own
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existence (Gotz and Boman, 1985). In this context,
resistance is all-or-nothing, because if the host
fails to actuate an effective immune response, it
will die (Rolff and Siva-Jothy, 2003).

In the case of metazoan parasites, eggs and
immature parasitoids, or xenobiotics (e.g., nylon
filaments), the typical defense reaction in insects
is a melanotic encapsulation which takes place in
two distinct phases. First, hemocytes aggregate
around the target, then lyse and release substan-
ces into the hemolymph to attract other hemo-
cytes, until a tight capsule forms. This capsule
then melanizes and kills the parasite. The process
starts within a few minutes after invasion or im-
plantation (only 1 min is required for the attach-
ment of hemocytes to foreign objects) and within
2-24 h the typical three-layered cellular envelope
has formed around the parasite (G6tz and Boman,
1985). The immune response of Polistes dominulus
after the invasion of Xenos vesparum differs from
this general plan: first, the encapsulation is
delayed (incomplete capsules were seen only 48 h
after infection); second, the capsule surrounds a
pseudo-target, the triungulin’s exuvium, while the
real target—the living parasite—is not affected.
Control experiments of nylon implants (a wide-
spread technique, due to its “spectacular” effects,
Siva-Jothy et al., 2005) have shown that the
immune system of P. dominulus immatures is able
to encapsulate and melanize foreign objects after
24 h. “The use of nonliving immune stimuli allows
focusing on the unfolding of the immune response
as such, excluding effects due to the dynamic
behavior of a real parasite”; moreover, this ap-
proach is useful to understand “the complex tem-
poral dynamics” of host—parasite interaction, “a
particularly relevant but often neglected aspect”
(Korner and Schmid-Hempel, 2004).

As far as timing, the first 48 h are critical: dur-
ing this time, triungulins generally undergo 1st
molting without any interference. After that,
encapsulation does take place but it involves a
pseudo-target, hence it is ineffective; the living
parasite is not recognized as nonself, therefore it is
not attacked by hemocytes during its subsequent
endoparasitic development. Moreover, the proteo-
lytic cascade that leads to the production and the
deposit of melanin must be locally compromised,
because we didn’t observe any sign of melanization
either around the living parasite or within the
capsule.

We hypothesize that Xenos vesparum may adopt
a complex strategy of immunity elusion, involving
both active suppression and passive avoidance of
the host defense reaction. The former is critical at
the beginning of infection: the parasite is able to
delay and transiently inhibit encapsulation, and to
locally suppress melanization. The specificity of
this host—parasite interaction allows the wasp to
defend itself from other injuries during its larval
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development and through adulthood: xenobiotics,
but also bacteria, fungi, viruses and other meta-
zoan parasites. In a similar way, the hemocytes of
the host Ephestia kiihniella (Lepidoptera, Pyrali-
dae) may be transiently altered in proximity to the
eggs of Venturia canescens (Hymenoptera, Ichneu-
monidae) but otherwise they activate the immune
defense during the development of this parasitoid
(Kinuthia et al., 1999; for a specific active suppres-
sion by hymenopteran parasitoids, see also Schmidt
et al., 2001; Pennacchio et al., 2003; Giron and
Strand, 2004).

In regard to passive avoidance, there may be
surface chemical properties that allow Xenos ves-
parum to safely inhabit the Polistes dominulus
hemocoel from 2nd instar to the extrusion of the
female cephalothorax or the male puparium.
Mechanisms of passive elusion of insect immunity
are well-documented in several host—parasitoid
systems: from the development of parasitoids in
locations protected from circulating hemocytes and
encapsulation (like the nerve ganglion), to “surface
features that prevent the host from recognizing
the parasitoid as nonself” (Schmidt et al., 2001).
In our case, laboratory dissections did not reveal
any fixed site where X. vesparum settles. Conse-
quently, the elusion of cellular encapsulation
might depend on peculiar features present on the
outer surface of the parasite cuticle. Suitable
examples of these mechanisms are the proteins
that coat the eggs of parasitoids in the genus Cote-
sia (Hymenoptera, Braconidae) (Asgari et al.,
1998) or the “fibrous layer” protecting the eggs of
the parasite Macrocentrus cingulum (Hymenop-
tera, Braconidae) when deposited into the larval
host Ostrinia furnacalis (Lepidoptera, Piralidae;
Hu et al., 2003).

From this perspective, the “ecdysless molting” in
Strepsiptera could be read as a “preadaptation for
an endoparasitic lifestyle” (Kinuthia et al., 1999).
The cuticle of the Xenos vesparum 2nd instar larva
does not elicit the immune reaction of the host
and, without ecdysis, this outer layer remains the
unique host—parasite interface during the whole
endoparasitic development. Moreover, the multi-
layered envelope of the parasite (three or more,
depending on sex) makes it unlikely that immuno-
suppressive substances are released through this
thick cuticle; it is more likely that the parasite’s
permanent cuticle adsorbs self-substances from the
wasp hemolymph. In our experiments, specimens
that have already undergone 1st molting are able
to avoid the host defense reaction if implanted in a
naive larval wasp, suggesting that they could have
an innate camouflage mechanism, a cuticular
chemical insignificance. Preliminary studies on the
epicuticular hydrocarbon profiles of X. vesparum
(Beani et al., 2005b) agree with a chemical mim-
icry hypothesis: the chemical profiles of cephalo-
thorax and cephalotheca were more similar to host
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hydrocarbons than the profiles of the 1st instar
larvae and the adult males of X. vesparum, the
only free living stages of this parasite.

Failure of Parasite Development

The three encapsulated Xenos vesparum speci-
mens (see Results) can be seen as an imbalance of
the “labile equilibrium” mentioned above: in these
cases, the first molting is anomalous and the para-
site’s 2nd instar larva fails to move away quickly
enough from the triungulin’s exuvium, and is thus
entrapped in the forming capsule. Dissections of
naturally infected larvae of Polistes dominulus
(Hughes et al., 2003) have shown a partial encap-
sulation of “molting 1st instars” in few specimens
(2 of 18), and the authors were doubtful as to
whether it was an example of successful defense;
certainly, in the case of fully encapsulated 2nd
instar larvae, the immune response of the host is
effective since, within a capsule, an organism
almost always dies (Schmidt et al., 2001), because
it cannot take up nutrients and oxygen.

In these samples of unsuccessful parasitism,
TEM observation of one specimen (probably a 2nd
instar, being next to the triungulin’s exuvium)
revealed two additional exuvia overlapping the
larval cuticle. We hypothesize that the additional
cuticle layers are the result of two unexpected
“ecdysless” moults, actuated by the parasite in
order to strengthen the defense barrier against
host hemocytes: an ultimate attempt to confront
the encapsulation process. It becomes clear that
too precise expectations and comparisons with
other parasites are unfeasible, because “strepsip-
terans are the only parasitic insects (including
parasitoids) to sequentially parasitize disparate
stages of the same holometabolous host” (Hughes
and Kathirithamby, 2005) and so large a spectrum
of hosts: it follows that the strategies adopted by
these organisms have to be flexible and often lie
outside the schemes of the other host—parasite sys-
tems.
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