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Abstract

Introduction: To reproduce, the parasitoid emerald jewel
wasp (Ampulex compressa) envenomates an American
cockroach (Periplaneta americana) and barricades it in a hole
with an egg on the host’s leg. The larval wasp feeds ex-
temnally before entering the host and consuming internal
organs before forming a cocoon inside the host carcass.
Methods: The vulnerability of jewel wasp larvae to predation
by juvenile cockroaches was investigated, and data were
recorded with time-lapse videography. Resulfts: Cock-
roaches were found to be predators of parasitized hosts.
When parasitized cockroaches were exposed to hungry
cockroaches on days 0-8 of development, the developing
larva was killed. Eggs were dislodged or consumed, larvae
on the leg were eaten, and larvae inside the host were eaten
along with the host. On day 9, 80% of the wasp larvae were
killed and eaten along with the host. Conversely, on day 10,
90% of the larvae survived. On developmental day 11 or
later, the wasp larva always survived, although the host
carcass was consumed. Survival depended entirely on
whether the cocoon had been completed. Conclusion: The
results highlight the vulnerability of larvae to predation and
suggest the cocoon defends from insect mandibles. This
may explain the unusual feeding behavior of the jewel wasp

larvae, which eat the host with remarkable speed, tapping
into the host respiratory system in the process, and con-
suming vital organs early, in contrast to many other para-
sitoids. Results are discussed in relation to larval wasp be-
havior, evolution, and development, and potential predators

are considered. © 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

The genesis of this research project was the surprising
discovery, in the laboratory, of a pristine cocoon of the
emerald jewel wasp (Ampulex compressa) in the absence
of the typical host body that inevitably surrounds this
developing parasitoid. To appreciate the significance of
this anomalous observation, the life cycle of the emerald
jewel wasp (hereafter referred to as the jewel wasp) must
be briefly reviewed. The jewel wasp targets only the
American cockroach, Periplaneta americana [1-8].
When a hunting female encounters a cockroach, she
pacifies the host with a sting to the brain, pulls it to a hole,
and lays a single egg on the coxa of the mesothoracic
(middle) leg. She then barricades the entrance thus en-
tombing the cockroach with the egg.

After about 3 days, the egg hatches, and the larva
develops as outlined in Figure 1. First, the small larva
feeds on hemolymph externally; next, the grub enters the
cockroach and ravenously eats the internal organs (stage
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Fig. 1. Life cycle of the parasitoid emerald
jewel wasp, Ampulex compressa. After
subduing an American cockroach (Peri-
planeta americana) with several stings to
the nervous system, the female wasp pulls
the pacified but ambulatory host to a
preexisting hole and lays a single egg on the
host’s right or left second leg (1). After
several days, the egg hatches and the larva
bites a small hole in a soft membrane at the
base of the coxa. It then feeds externally on
hemolymph for several more days (2).
Next, the larva enlarges the hole in the host
cuticle, crawls inside, and rapidly consumes
the host’s internal organs (3). After hol-
lowing out most of the cockroach, the larva
forms a cocoon inside of the dead cock-
roach (4). After a week or more, depending
on the temperature, the larva pupates
within the cocoon (5). After a total of
approximately 40-60 days, depending on
the temperature and sex of the wasp, an
adult wasp emerges from the cocoon and
carcass of the cockroach (6).

Eclosion

6

ha N

\2

External
Larva

”

Egg

3, Fig. 1). After approximately 2 more days (roughly
8 days total since the egg was laid), the larva begins to
form a cocoon within the hollowed-out husk of the now-
dead cockroach (stage 4, Fig. 1). After a total time of
approximately 1-2 months, depending on sex and
temperature (see Arvidson and colleagues [9] for details
at 26°C), the adult wasp breaks out of the cocoon and
surrounding husk of the cockroach (stage 6, Fig. 1).

Considering these aspects of the jewel wasp’s life cycle,
it was surprising to find a solitary and pristine jewel wasp
cocoon, as seen in Figure 2, in the enclosure of a female
jewel wasp that had died some days earlier. Where was the
cockroach that must have provided all the nutrients for
this now late-stage developing wasp inside the cocoon? A
search of the small enclosure for a possible dead husk of
the host cockroach was fruitless. However, a healthy adult
cockroach (that had evaded the wasp) with intact an-
tennae was discovered under the water bowl in the en-
closure. It is not possible for the cocooned wasp larva to
have used this living cockroach as a host because wasp
larvae destroy the dorsal vessel and respiratory system of
their host when feeding [10], consume the majority of the
cockroach internal organs to develop [9], and the female
wasp cuts short the cockroach antennae of the host before
depositing an egg [11].
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There seemed to be only one possible solution to this
enigma. The wasp had parasitized a cockroach and en-
tombed it under the water dish. Later, another adult
cockroach was introduced but managed to evade the
wasp. After the wasp died, the unparasitized cockroach
unearthed and fed on the parasitized cockroach, eating
every available scrap, but was unable to penetrate the
cocoon housing the larval wasp.

This interpretation, if correct, provides several new
insights into the biology of the emerald jewel wasp. For
example, to date, the wasp’s unusually hard, oblique
cocoon has been interpreted as primarily an antimicrobial
defense [12, 13]. Moreover, the significance of host en-
tombment is not entirely clear for this parasitoid, but host
(and therefore larval) susceptibility to predation could be
the main pressure that selected entombing behavior.
Finally, a recent study suggests larval jewel wasp devel-
opment is an outlier; the larva feeds with extraordinary
speed and shows a surprising disregard for the preser-
vation of host vital organs [9], in contrast to many
parasitoids that feed more slowly [14]. Selection for rapid
cocoon formation, as a defense against opportunistic
predators, could explain the unusually rapid feeding
sequence of jewel wasp larvae and concomitant early
destruction of host vital organs.
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Fig. 2. A parasitized cockroach and pupa
with carcass and silk removed. a A dead
cockroach with a swollen abdomen show-
ing the typical appearance of a successfully
parasitized host containing a wasp cocoon.
b The smooth hard cocoon surrounding the
larva as shown with the cockroach carcass
and outer silk layers removed.

Because maintaining a colony of jewel wasps also
requires maintaining a colony of American cockroaches,
the hypothesis that jewel wasp larvae are susceptible to
opportunistic predation and that jewel wasp cocoons
defend against powerful insect jaws was easily investi-
gated by presenting hungry cockroaches with their
parasitized compatriots. The results support the hy-
pothesis that parasitized cockroaches are vulnerable and
that the cocoon is resistant to insect mandibles.

Materials and Methods

Emerald jewel wasps (Ampulex compressa) were
maintained in a USDA approved facility under permit
number P526P-17-01368. Lights were cycled on a 14-
10 light-dark regimen and room temperature was
maintained at approximately 24-26°C. Male wasps were
housed 2 to 5 specimens to a cage in 1452 Bioquip Bug
Dorms (Bioquip Inc., Rancho Dominguez, CA, USA) and

Cocoon of the Larval Jewel Wasp

provided with a water supply by means of a Little Giant
screw-on poultry watering jar (Miller Manufacturing
Company, Glencoe, MN, USA) with a section of sponge
place into the exposed, circular water compartment,
along with sucrose on separate wet filter paper in a petri
dish. Newly emerged female wasps were placed in an
enclosure with males and given 48 h to mate. After
mating, each female was removed and housed individ-
ually in a 1452 Bioquip Bug Dorm (Bioquip Inc., Rancho
Dominguez, CA, USA) and provided with sucrose and
water as described above. Up to 20 female wasps were
maintained at a time.

To maintain the wasp colony, cockroaches (P. amer-
icana) were obtained from either an in-laboratory colony
or ordered as adults from Carolina Biological (Carolina
Biological Supply Company Burlington, NC, USA).
Cockroaches were housed in plastic cages with a screened
top and supplied with egg carton sections for refuge and
fed Fluker's 70008 High Calcium Cricket Feed. Cages
were misted daily to supply water and supplementary
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fluid and nutrients were provided with Nature Zone Total
Bites.

Female wasps were frequently supplied with adult or
late-stage cockroaches to parasitize. To provide a place for
female wasps to entomb parasitized cockroaches, each
enclosure was supplied with a series of custom-made,
rectangular, open-ended boxes made of plexiglass (ap-
proximately 8 cm long, and 2 cm x 2 cm length and
height). Sides of the entombment chambers were clear,
but the top was black plexiglass to enhance the wasp’s
perception of the chamber as an enclosed space. Small
colored aquarium gravel provided the enclosure substrate
as well as the material that female wasps used to barricade
the box opening after egg deposition on the host.

Parasitized cockroaches were transferred (inside the
entombment chamber) to a separate plexiglass incubation
chamber. Supplementary radiant heat lamps were ther-
mostatically regulated to maintain the temperature be-
tween approximately 30-31°C. A passive, open water jar
kept the humidity above 40% in the incubation chamber.

Cockroaches were food-deprived for several days prior
to the experiments. Parasitized cockroaches at various
stages were placed into the cockroach enclosure inside of
a white-bottomed plexiglass chamber with clear walls and
a clear, removable lid. An adjustable gap (kept at roughly
4 mm height) at the base of the container allowed the
small (predatory) cockroaches to enter, but prevented the
larger parasitized cockroach, or cocoon if it had been
constructed, from being removed from the container.

Time-lapse video of was made with either a Nikon D5
SLR, or a Nikon D4 SLR (Nikon Inc., Melville, NY, USA)
at high ISO settings to reduce lighting requirements.
Lighting was provided by two CN-216 Neewer LEDs. The
camera was attached to a JJC model MC-30 interval-
ometer set to 1 s or 2 s intervals. Images were collected as
a series of jpegs, transferred to a Macintosh computer
(Mac Studio), and imported into Premier Pro Version
22.5.0 (Build 62). Time-lapse movies were annotated and
exported as mp4s.

Results

To test the susceptibility of parasitized cockroaches
and the jewel wasp larva to opportunistic predation, 74
parasitized cockroaches, at a range of larval develop-
mental stages, were presented to colonies of cockroaches.
For time-lapse videography, many of the parasitized
cockroaches were placed into a small custom plexiglass
chamber that had a narrow opening at the bottom, too
small to allow the parasitized cockroach (or cocoon) to be
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removed, but wide enough to allow the smaller cock-
roaches of the colony to enter (see Fig. 3 and online suppl.
Movie S1; for all online suppl. material, see https://doi.
org/10.1159/00054097 1).

Parasitized cockroaches containing wasp larvae were
ravenously consumed, and the results revealed the critical
dependence of larval wasp survival on cocoon formation.
Between day 0 and 8 of development, all eggs or larvae
were killed (n = 22). Conversely, on day 11, or later, all
wasp larvae survived (n = 32). On day 9, 80% of the larvae
were killed (8 of 10), whereas on day 10, 90% (9 of 10) of
larvae survived (Fig. 4). As shown in Figure 3, the ob-
vious, key variable determining either death or survival of
the wasp larva was the completion of the hard, smooth
cocoon that surrounds the larva within the cockroach
body (stage 4, Fig. 1). Larvae within a host that had not
completed a cocoon were often killed and eaten in less
than 2 h - in 4 cases observed in real time (2 for day 7 and
2 for day 8), the cockroach cuticle was breached and the
larva removed and eaten in less than 10 min. Figure 3
shows frames from time-lapse video, illustrating the side-
by-side results typical for before and after a cocoon has
been completed - in this case showing examples from day
9 and day 10 larvae (located within the host body) at-
tacked by cockroaches. Online supplementary Movie S1
illustrates the details of these events. Note that although
early stages of larva development are represented by only
one trial each in Figure 4, this small sample size was
considered inconsequential to the conclusions, in part
because the disposition of egg or larva is similar until the
larva enters the host on day 6. But more importantly,
early-stage larvae exposed to predators would necessarily
have to pass through the later developmental time points
to survive, and this never happened unless the cocoon had
been completed.

For trials conducted on day 10 or later (with one ex-
ception for which the larva had not fully completed the
cocoon), the cockroaches usually consumed every accessible
part of the remaining host cockroach, leaving behind a
pristine cocoon as described in the introduction and shown
in online supplementary Movie S1 (arrow, Fig. 3). There
was no suggestion from cockroach behavior that the cocoon
itself was repellant. For example, the cockroaches continued
to chew at the cocoon ends, explored and touched the
cocoon with the antennae, and had usually eaten away all of
the closely adhered outer silk sheath from the larval cocoon.

Three cocoons were left in an enclosure with three
large adult cockroaches for over a month as the wasp
larvae developed to adulthood and eventually eclosed. All
survived with no evident damage to the cocoons during
the long cohabitation with cockroaches.
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Fig. 3. Example results of cockroach pre-
dation on parasitized hosts on either day 9
or day 10. For the day 9 case, the larval
jewel wasp inside the host had not yet
completed its cocoon; hence, it was ex-
posed, removed, and eaten in 89 min. On
day 10, the larva had completed the cocoon,
and hence, it survived (arrow) while all the
remaining unprotected organic material

(cockroach carcass and outer layers of
cocoon silk) was eaten.

In the trials for wasp larvae on day 9 of development, the
larvae were typically in the process of energetically con-
structing the cocoon when they were removed and eaten.
Often portions of the partially formed cocoon were left as a
remnant (Fig. 5; online suppl. Movie S1). On days 3-6,
when the small wasp larva was still feeding on the exterior of
the cockroach, the larva was detected, apparently with the
antennae, by investigating cockroaches and eaten. Inter-
estingly, in some cases, the wound on the host cockroach,
from which the larva had been feeding, subsequently be-
came a focal point of the cockroach colony and the

Cocoon of the Larval Jewel Wasp

wounded (zombified) roach was then overwhelmed and
eaten, starting from the wound (online suppl. Movie S2).
Figure 4 illustrates the clear dependence of larval survival on
the formation of the cocoon.

Discussion
The results of this study touch on many different aspects

of emerald jewel wasp biology, including development,
evolution, and behavior. There are also implications for the
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Fig. 4. The relationship between time after oviposition and survival of jewel wasp larvae exposed to cockroach
predation. All larvae or eggs were killed on day 8 or earlier. All larvae survived on day 11 or later. On day 9, 80
percent (8 of 10) of larvae were killed. On day 9, 90 percent (9 of 10) of larvae survived. Survival depended on
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Fig. 5. Examples of partially or mostly completed cocoons from
which the larva had been removed and eaten.
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wider field of insect development, as the functional role of
cocoons and the relative vulnerability of parasitized hosts to
predation are areas of substantial interest and investigation.

But how relevant are the laboratory experiments
presented here to emerald jewel wasps in their natural
habitat? American cockroaches are not the first species
that comes to mind when considering insect predators.
Ants are perhaps highest on thelist, and it is reasonable to
consider ants as a prime selective force for the evolution
of a mechanically defensive cocoon [15]. In fact, Veltman
and Wilhelm [3] report ants targeting jewel wasp larvaeat
the Artis zoo in the Netherlands, though no details were
provided. Nevertheless, the case for cockroaches also
posing a threat is stronger than might at first be imagined.

The American cockroach is a gregarious species that
often congregates in large numbers [16], and there is an
aggregation pheromone that helps facilitate this behavior
[17, 18]. Moreover, they have powerful jaws [19] and are
known to feed on virtually all organic matter - human
food of course, but they also feed on cloths, boots, hair,
bark, canvas, paper, and even reptile eggs [20, 21]. They
are opportunistically predatory, and have been recorded
eating termites, bedbugs, mites and other insects [22] and
are cannibalistic when food is short with juvenile or
wounded cockroaches being most vulnerable [22, 23].
Considering these characteristics, it is perhaps not sur-
prising that when given the chance cockroaches readily
consumed the weakened cockroach host or dead cock-
roach carcass that surrounds the later stages of larval
jewel wasps. You might say that cockroaches have the
motive for predation on larval jewel wasps, but do they
have the opportunity?

Here too, the case is stronger than might at first be
imagined. Many wasps paralyze hosts for their developing
offspring and then fly a great distance to barricade them
in often deep or remote chambers constructed by the
wasp (see [24]). In contrast, the emerald jewel wasp is
somewhat famous for using a simpler strategy [lI,
25-27]. After pacifying (zombifying) the cockroach with
a sting directly into the brain, the jewel wasp pulls the
still-ambulatory host to a nearby, preexisting hole or
crevice. After the wasp’s egg is laid on the mesothoracic
(middle) leg of the cockroach, the jewel wasp then bar-
ricades the entrance with nearby debris. The result is
likely more variable than the stereotyped fortress custom-
made by wasps that can travel far to choose the best
location and construction materials for engineering ef-
ficient entombment [28]. Presumably, the jewel wasp
entombment is less secure, at least on some occasions
when construction materials are not ideal. Moreover, as
may be expected, the jewel wasp hunts for cockroaches

Cocoon of the Larval Jewel Wasp

where they are abundant [1]. It is a veritable truism that
where you find one American cockroach, you are likely to
find many [16]. It therefore seems a reasonable conclu-
sion that many jewel wasp hosts are secured in proximity
to other cockroaches, which are denizens of the kinds of
holes and crevices used to entomb hosts.

Finally, a second accidental example of predation in
the laboratory further attests to the potential for cock-
roach predation in nature. In the laboratory, not all
cockroaches offered to wasps are attacked and parasit-
ized. These cockroaches are routinely removed from wasp
enclosures and later freeze-killed. This is done to assure
that, in the event that a cockroach was parasitized but
misdiagnosed, no wasp would later hatch out and be
untracked in the facility. During this process at least one
parasitized cockroach was indeed misdiagnosed, and the
result was telling. The jar holding several cockroaches was
being brought to the freezer, when a chewed open, near
complete cocoon was observed (Fig. 5). This recently
formed cocoon must have contained a jewel wasp larva
that was eaten by the other cockroaches, and it appears to
represent a very close call with the larva having almost
completed its defense.

Whichever potential predators may threaten the de-
veloping jewel wasp, the present results suggest that at
least one role of the cocoon is defense from insect
mandibles. But this is certainly not the only role for the
cocoon. Previous investigations have demonstrated that
the cocoon is infused with antimicrobials [12], thus
forming a key chemical barrier to pathogenic microor-
ganisms that threaten the developing larva during its
many weeks of subsequent development, which occurs
inside the remaining carcass of the cockroach. In fact, the
threat from microbes, including fungi, is sufficient that
even the cockroach carcass is infused with antimicrobials
by the larva [13]. Finally, it seems likely the cocoon serves
to prevent desiccation of the larva during its develop-
ment, though conversely it could also protect the larva
from periodic flooding [29].

Nevertheless, investigators have also pointed out
physical properties of the cocoon that seem admirably
suited to withstand insect mandibles. Williams [1]
comments that the cocoon is “smooth, strong, tight, and
varnished” [1], Buys notes the brittle nature [30] of the
protective hard capsule, and Arvidson et al. [10] model
the smooth fusiform shape as a parabola. These char-
acteristics would likely make it difficult for insect man-
dibles to get purchase on the cocoon’s surface. Though
the most compelling argument for the defensive nature of
the cocoon are the present results - showing the mature
cocoon’s unfailing resistance to an onslaught of
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comparatively large, determined predators that usually
eat every bit of surrounding organic material but never
reach the prize within (Fig. 3; online suppl. Movie S1).

How do other features of jewel wasp behavior fit the
interpretation that the cocoon protects from insect
predators? In his seminal early paper describing the jewel
wasp, Williams [1] describes the larva as feeding “rav-
enously” once inside the host. More recently, my own
investigation suggested that larval feeding on the host is
exceptionally fast, explaining why vital organs are not
preserved for last [10]. The larva destroys the thoracic
section of the dorsal vessel and breaks into the tracheae at the
earliest stages of host feeding. In other words, the larva feeds
so quickly that preservation of the host is presumably not a
concern. Moreover, the larva inspires air from broken tra-
cheae within the host while feeding, and this appears to be a
means to support the unusually high metabolic rate of the
larva [31] as it feeds rapidly [10].

It has been suggested that idiobiont parasitoids (those
that do not allow the host to continue growing) develop at
their physiological maximum, presumably because there
is no benefit to delaying development [32] - i.e., the host
will not accrue more caloric value over time, so why wait?
Thus, it could be argued that the fast-eating jewel wasp
larva is simply behaving as expected. Except feeding is not
development. Cocoon formation commences as soon as
feeding is complete. But as pointed out by Williams [1],
pupation (a distinct developmental stage characterized the

8 Brain Behav Evol 2025;100:1-10
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morphological transition from larval grub to exarate pupa as
illustrated in Fig. 2, stage 5) does not co-occur with cocoon
formation. Rather pupation occurs within the cocoon more
than a week later, and sometimes many weeks later [1].

Figure 6 helps clarify the relative time points of various
stages of larval behavior and development, as approxi-
mated from our laboratory colony kept at 30-31°C.
Notice the internal feeding stage, which obviously cannot
begin until the larva has entered the host. This stage lasts
only about 2 days. This seems a surprisingly short time for
a small grub to eat virtually the entire contents of its large
host - the larva expands dramatically in the process (the
larva spares the gut and underlying ventral nerve cord
[10]). Hence, the suggestion that the larva need not
preserve the vital host heart and tracheal system.

One interpretation of these previous and current re-
sults is that the larva is often under pressure from op-
portunistic predation by other insects. Hence, it has been
selected to win a cocoon-forming race for survival by
rapidly filling itself with the valuable contents of the host
body, then forming the defensive cocoon where it can
process the nutrients and develop in relative safety.
Further study of potential predators of the larva and the
efficacy of the cocoon as a defense may shed further light
on this possibility (no hyperparasitoids of the jewel wasp,
which the cocoon might defend against, have been re-
ported). Finally, if there has been strong selective pressure
to rapidly form a defensive cocoon, then there has

Catania

Z62#/1/1/00 | 4pd-aon.e/eqq/wo wBieyrdyy woy papeciumog

§20Z AInr 90 wo 1sanb Aq ypd-L 4



presumably been similar selective pressure on the adult
female wasp to hold back predators by constructing an
efficient barrier when entombing the host with its off-
spring. The jewel wasp could provide a potential avenue
for exploring how insects build efficient barriers from

variable building materials.
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