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Abstract

Many species of parasitoid wasps use plant volatiles to locate their herbivorous hosts. These volatiles are reliable indicators
of host presence when their emission in plants is induced by herbivory. Hyperparasitoids may also use information from
lower trophic levels to locate their parasitoid hosts but little is known about the role of volatiles from the plant—host complex
in the foraging behavior of hyperparasitoids. Here, we studied how Dendrocerus aphidum (Megaspilidae) responds to plant
and host volatiles in a series of experiments. This hyperparasitoid uses aphid mummies as its host and hampers biological
control of aphids by parasitoids in greenhouse horticulture. We found that D. aphidum females were strongly attracted to
volatiles from mummy-infested sweet pepper plants, but only when clean air was offered as an alternative odor source in
the Y-tube olfactometer. Hyperparasitoid females did not have a preference for mummy-infested plants when volatiles from
aphid-infested or healthy pepper plants were presented as an alternative. These olfactory responses of D. aphidum were
mostly independent of prior experience. Volatiles from the host itself were also highly attractive to D. aphidum, but again
hyperparasitoid females only had a preference in the absence of plant volatiles. Our findings suggest that plant volatiles may
confuse, rather than guide the foraging behavior of D. aphidum. Mummy hyperparasitoids, such as D. aphidum, can use a
wide variety of mummies and are thus extreme generalists at the lower trophic levels, which may explain the limited role of
(induced) plant volatiles in their host searching behavior.

Keywords Associative learning - Fourth trophic level - Herbivore-induced plant volatiles - Host searching - Infochemicals -
Microbial volatiles

Introduction herbivore-induced plant volatiles (HIPVs) can convey reli-

able information about the specific herbivore that is feeding

It is well established that parasitoid wasps are attracted to
plant volatiles. In particular, plants emit specific blends
of volatiles after induction by herbivory (McCormick
et al. 2012). To a foraging parasitoid, these so-called
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on the plant, and HIPVs are more detectable than volatiles
from the herbivorous host itself (Vet et al. 1991). The eco-
logical and evolutionary implications of infochemicals from
the first and the second trophic level for parasitoid foraging
behavior were first described by Vet and Dicke (1992). By
attracting the natural enemies of their herbivorous attackers,
feeding damage on plants may be reduced, leading to better
performance of plants that emit HIPVs. Hence, HIPV's shape
multitrophic interactions in food-webs and are of evolution-
ary significance (Vet 1999; Dicke and Van Loon 2000).
HIPVs have been studied extensively in a tritrophic context,
advancing knowledge on the mechanisms of induction and
production, and on the role of HIPVs in foraging behavior of
parasitoids (Turlings and Erb 2018). Other organisms in the
environment may also perceive and respond to infochemi-
cals emitted by plants, and (induced) plant volatiles may,
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therefore, mediate interactions beyond the third trophic level
(Poelman and Kos 2016). In this respect, hyperparasitoids
(the fourth trophic level) are particularly interesting because
they are natural enemies of parasitoid wasps. In horti- and
agriculture, hyperparasitoids are considered problematic
because they kill primary parasitoids that are often used as
biological control agents of pest insects, and can prevent
establishment of primary parasitoids (Sullivan and Vo6lkl
1999). Besides being of fundamental interest, knowledge
on the role of volatiles in foraging behavior of hyperpara-
sitoids may also contribute to managing them in agricul-
ture (Cusumano et al. 2020). We address this topic here by
studying olfactory responses of the aphid hyperparasitoid
Dendrocerus aphidum Rondani (Megaspilidae) to plant and
host volatiles.

To date, the role of plant volatiles in foraging behavior of
fourth trophic level hyperparasitoids is not well understood
(Cusumano et al. 2020), with few exceptions. Lysibia nana
is a hyperparasitoid of cocoons of Cotesia glomerata, which
parasitizes caterpillars of the cabbage white butterfly. This
hyperparasitoid prefers volatiles from plants infested with
parasitized caterpillars to volatiles from plants damaged by
healthy caterpillars (Poelman et al. 2012; Zhu et al. 2015).
In this system, parasitism status of the caterpillar plays a
more important role in attraction of L. nana than herbivore
identity. Blends of HIPVs indeed differ according to parasit-
ism status (Poelman et al. 2012) and this effect is mediated
by symbiotic polydna viruses that are transferred to the cat-
erpillar during parasitism and affect the plant through the
caterpillar’s saliva (Zhu et al. 2018). Laboratory and field
experiments further showed that L. nana can use HIPVs to
distinguish between plants with caterpillars parasitized by
the non-host Hyposoter ebeninus and its host C. glomerata
(Cusumano et al. 2019). A few hyperparasitoid species asso-
ciated with aphids are also known to respond to plant vola-
tiles, but these studies were not aimed at specific induction
of volatiles by (parasitized) aphids (Singh and Srivastava
1987a, b; Siri 1993; Volkl and Sullivan 2000). Together,
these studies show that (induced) plant volatiles can have
consequences beyond the third trophic level, warranting fur-
ther research on when, why and how plant volatiles play a
role in hyperparasitoid functioning.

Compared to plant volatiles, volatiles from the second or
third trophic level may be more reliable to foraging hyper-
parasitoids, in particular when these two trophic levels
interact. Indeed, Baryscapus galactopus is more attracted
to parasitized caterpillars than to healthy caterpillars, and
this preference can be explained by changes in the body odor
profile of parasitized caterpillars (Zhu et al. 2014). Simi-
larly, Alloxysta victrix is arrested by the smell of parasitized
aphids compared to the smell of healthy aphids (Grasswitz
1998), and it was suggested that Dendrocerus carpenteri is
attracted to aphid mummies, which are its host (Siri 1993).
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However, results for aphid hyperparasitoids vary because
these findings were not supported by a later study on for-
aging behavior of four species, including A. victrix and D.
carpenteri (Buitenhuis et al. 2005). Instead, Buitenhuis et al.
(2005) showed that three hyperparasitoid species were influ-
enced by aphid honeydew, which acted as a search stimu-
lant on the plant. In this case, there does not seem to be
an interaction between the second and third trophic level
because aphid hyperparasitoids do not respond differently
to honeydew from healthy or parasitized aphids (Buiten-
huis et al. 2004). Moreover, after parasitized aphids turn
into mummies and stop feeding on the plant, they no longer
produce honeydew. Instead of directing hyperparasitoids
to their host, attraction to honeydew may be driven by the
substantial impact of this carbohydrate-rich food source on
longevity and fecundity of aphid hyperparasitoids (van Neer-
bos et al. 2020).

Here, we studied the aphid mummy hyperparasitoid
Dendrocerus aphidum. Like most Dendrocerus species, D.
aphidum parasitizes its host in the mummy stage (the aphid
remains containing the primary parasitoid) by laying a single
egg under the mummy skin. The larva feeds on the primary
parasitoid (pre)pupa and emerges as an adult approximately
two weeks later. Adult females feed on floral nectar or aphid
honeydew, which extends their lifespan substantially (de
Boer et al. 2019). Dendrocerus aphidum commonly occurs
in Dutch sweet pepper greenhouses, where it can disrupt
biological control of aphids (Bloemhard et al. 2014; de Boer
et al. 2019). We, therefore, used a study system consisting of
sweet pepper plants (Capsicum annuum), the tobacco aphid
Mpyzus persicae nicotianae and its main parasitoid Aphidius
colemani (Braconidae), which is often used as a commercial
biocontrol agent of M. persicae. We investigated the relative
importance of plant and host volatiles in foraging behavior
of D. aphidum by:

(1) Evaluating the olfactory response of D. aphidum
females towards volatiles derived from plant—insect
complexes (i.e. plants infested with mummies and/or
(parasitized) aphids and uninfested plants).

(2) Determining the effect of plant volatiles on attraction
of D. aphidum to host volatiles.

We expected D. aphidum to respond most strongly to
plants infested with mummies because these plants contain
suitable hosts and present the complete suite of infochemi-
cals. Uninfested plants or plants with (parasitized) aphids
contain no hosts (yet) and, therefore, present less reliable
information to D. aphidum. It is well known that prior
exposure to the plant-host complex can influence olfac-
tory responses of primary parasitoids, in particular when
HIPVs are combined with an oviposition experience (Vet
et al. 1990; Kruidhof et al. 2019; Little et al. 2019). We,
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therefore, compared the responses of naive and experienced
hyperparasitoids, expecting a stronger attraction of experi-
enced females to plant volatiles.

Methods
Plants and insects

Sweet pepper plants (Capsicum annuum var. Maranello)
and winter wheat plants (Triticum aestivum var. Premio)
were grown from seeds in a greenhouse using conditions
and methods described in van Neerbos et al. (2020). Pep-
per plants were grown individually in pots (1.45 L, 13 cm
diameter) and used in experiments 5—-6 weeks after sowing.
Wheat plants were grown in pots with a surface of 25 cm?
at a density of approximately 1 plant per cm?, and used
1 week after sowing. Myzus persicae nicotianae and Rho-
palosiphum padi aphids were cultured on pepper and wheat
plants, respectively, in large mesh cages (60x 60X 60 cm,
Bugdorm) in climate-controlled chambers. To maintain
colonies, fresh plants were added to these cages three times
per week. Aphidius colemani were obtained from Koppert
Biological Systems (Berkel en Rodenrijs, The Netherlands)
as mummies and used to parasitize M. persicae and R. padi
aphids after emergence. Pepper plants with A. colemani
mummies developed on M. persicae were used to maintain
a colony of the aphid hyperparasitoid Dendrocerus aphi-
dum. This colony originated from adults and hyperpara-
sitized mummies collected in a sweet pepper greenhouse in
Schalkwijk (The Netherlands) in 2018 and they were identi-
fied to species by F. van Veen (University of Exeter) and the
first author. Hyperparasitoids were kept in fine mesh cages
(30%x30%30 cm, Bugdorm) and provided with water, honey
and fresh aphid mummies on clipped pepper plants several
times per week as described in de Boer et al. (2019). Unless
mentioned otherwise, in experiments, we used, presumably
mated, female D. aphidum 2—7 days after emergence. Before
testing, they were kept with water and honey but without
host mummies (further referred to as naive females). All
plants and insects were kept at 22 °C, 50-70% R.H. and a
light:dark cycle of 16 h:8 h.

Y-tube olfactometer

All olfactory responses were evaluated in a glass Y-tube
olfactometer described by Fatouros et al. (2012). In short,
carbon-filtered and humidified air was blown through two
glass jars (30 L) connected to the arms of the olfactometer
(14 cm in length, 1 cm diameter). Air-speed was equal in
both arms of the olfactometer at 150-250 ml/min. PTFE-
tubing was used to connect the glass parts of the system.
The Y-tube olfactometer was positioned at a 20° upward

angle and two TS5 incandescence lights were placed above
the olfactometer to increase the hyperparasitoids’ response
rate by positive phototaxis and negative geotaxis. A cur-
tain was placed around the observer to block light or other
visual stimuli from outside the experimental setup. Experi-
ments started approximately one hour after placing the
odor sources in the glass jars. In experiments with plants,
their pots were wrapped in tin foil to minimize interfer-
ence with odors from the soil. In single-choice experiments
with only one glass jar holding a plant, a white paper was
placed around both glass jars to exclude visual stimuli from
plants. This was not done in other experiments because we
assumed that visual stimuli were symmetrical in those cases.
All experiments were done at room temperature (20+2 °C).

Hyperparasitoid females were introduced individually
into the olfactometer, using a glass tube that fitted into the
opening of the Y-tube olfactometer, or a syringe that was
cut open. Every female was given a maximum of 10 min
to choose between the two odor sources and a choice was
marked when the female passed a line approximately 8 cm
up one arm of the olfactometer. If an individual exceeded the
given time, it was marked as no response. New odor sources
were prepared for each experimental day. Per day, the odor
sources were tested on both sides of the olfactometer by
switching the tubes that connected the jars with the arms
of the Y-tube to minimize any effects of a positional bias.
Unless mentioned otherwise, only one treatment was tested
per day to avoid an effect of odor of one treatment affect-
ing another test. Glass jars, Y-tube and PTFE-tubes were
cleaned with 70% ethanol and placed in an oven at 105 °C
for two hours to minimize effects of odor residues between
experimental days.

Experiment 1: olfactory response to plant-insect
complexes versus clean air

We first investigated the olfactory response of D. aphidum
to volatiles from the entire plant—host complex (infested
with mummies), plants infested with (parasitized) aphids,
and uninfested plants against clean air. To obtain mummy-
infested plants (M-plants), we selected 5—6-week-old vegeta-
tive sweet pepper plants and infested them with 50 adult M.
persicae aphids 11 days before the experiment. Adult aphids
were removed after 24 h and their nymphs were parasitized
by A. colemani 2 days later. Fifty parasitoids were used per
plant and they were kept with the plant for 8 h. Plants were
then kept for another 8 days to allow development of parasi-
toids and mummification of aphids. This approach resulted
in plants infested with approximately 100 aphids and a para-
sitism rate of approximately 70%. M-plants, therefore, con-
tained unparasitized aphids and aphid mummies, and possi-
bly some aphids that were parasitized but had not yet turned
into mummies. Fully developed mummies were counted
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after testing the plant in the Y-tube olfactometer. Plants with
parasitized aphids (PA-plants) were prepared in the same
way, and tested 5 days after parasitism (i.e. 8 days after plac-
ing aphids on the plants). Parasitism rates on PA-plants were
determined by counting mummies and unparasitized aphids
three days after the experiments. Aphid-infested plants
(A-plants) were prepared 8 days before experiments, allow-
ing nymphs to reach the adult stage. To determine whether
prior experience with the plant—host complex affected their
olfactory response, we tested two groups of D. aphidum
females. Naive females had not been exposed to host mum-
mies after emergence, while experienced females were
offered A. colemani mummies on an infested sweet pepper
leaf for 24 h and were thus provided hosts in which they
could oviposit along with the infochemicals of the plant—host
complex. After this exposure, they were kept without hosts
for another 24 h before using them in the Y-tube olfactom-
eter. On some experimental days, naive and experienced
females were tested with the same odor source, on other
experimental days either naive or experienced females were
tested. In total, 53—-84 D. aphidum females were tested per
combination of hyperparasitoid and plant treatment, using
five or six individual plants per combination.

Experiment 2: olfactory response
to mummy-infested plants versus other plant
volatiles

In the first experiment, we established that volatiles from
the intact plant—host complex were attractive to naive and
experienced D. aphidum females when tested against clean
air. Because this is not a realistic situation in the field for for-
aging hyperparasitoids, we used a more realistic alternative
odor source consisting of plant volatiles in the next series of
experiments. Three sub-experiments were done:

(I  Volatiles from mummy-infested sweet pepper plants
were tested against volatiles from aphid-infested
plants, preparing plants as described above. We
hypothesized that D. aphidum would prefer vola-
tiles from M-plants over those from A-plants. A
total of 71 naive and 71 experienced D. aphidum
females (as described above) were tested over five
experimental days, with both groups of hyperpara-
sitoids tested on the same days.

(II) Volatiles from mummy-infested sweet pepper
plants were tested against uninfested plants. Due
to low numbers of mummies on M-plants compared
to the experiments described above, we made some
adjustments in the preparation of M-plants by vary-
ing the age of aphids when they were parasitized
and changing exposure of aphids to parasitoids (see
supplementary information for details and results).
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Because numbers of mummies were variable and
on average lower than in previous experiments,
and because the proportion of hyperparasitoids
that made a choice was low overall, this experi-
ment was performed with a larger number of indi-
vidual plants. We found no effect of the number of
mummies on the response of hyperparasitoids and,
therefore, data from all replicates are presented
in the results section. In total, 200 naive and 203
experienced D. aphidum females were tested, using
10 and 17 individual plants, respectively, with
naive and experienced hyperparasitoids tested on
different days.

(IIT)  To evaluate if our results were influenced by the
plant species we used, we repeated sub-experiment
2-1I with wheat. Wheat plants and R. padi aphids
are likely more representative of the food-web in
which Dendrocerus hyperparasitoids evolved than
pepper plants infested with M. persicae (Fergus-
son 1980). Volatiles from mummy-infested wheat
plants were tested against uninfested wheat plants.
Mummy-infested wheat plants were obtained by
placing pots with wheat plants next to wheat plants
infested with R. padi aphids in a large mesh cage
for 24 h. Infested plants were then transferred to
another large mesh cage with newly emerged A.
colemani parasitoids for 24 h. Plants with para-
sitized aphids were then kept in a mesh cage for
one week until mummies formed. Uninfested wheat
plants were kept in a mesh cage under the same
conditions. Numbers of aphids and parasitoids
were not controlled precisely because it is diffi-
cult to transfer aphids to and remove them from
wheat plants because of the vertical position of the
leaves. The number of mummies was determined
after plants were used in the Y-tube olfactometer
(Supplementary Fig. S1). Three hyperparasitoid
treatments were used: naive females, and females
exposed for 24 h to a mummy-infested pepper
leaf (as described above, pepper-experienced) or
to mummy-infested wheat plants (wheat-experi-
enced). Per treatment, 56-61 D. aphidum females
were tested, using 8—10 individual pots of mummy-
infested wheat plants. Naive and experienced
hyperparasitoids were sometimes tested on the
same day with the same wheat plants but not on all
experimental days.

Experiment 3: attractiveness of mummy volatiles
in the absence or presence of plant volatiles

In the first two experiments, we did not remove insects
(aphids and mummies) from infested plants, and odor
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sources thus comprised mummy and aphid volatiles as well
as (induced) plant volatiles. Because this approach did not
allow us to assess the importance of (induced) plant volatiles
and host volatiles, we separated host and plant volatiles in
the last experiment. Per experimental day, we investigated
the olfactory response of D. aphidum to mummy volatiles
and then added a background of plant volatiles from unin-
fested sweet pepper plants. Mummies were obtained from
our colony of A. colemani on M. persicae on sweet pep-
per by collecting mummies with a fine paintbrush approxi-
mately 24 h after mummy formation. A set of 100 mummies
was enclosed in the PTFE-tube that connected one of the
glass jars to the Y-tube olfactometer. A small piece of nylon
mesh was wrapped around the end of the tube and tight-
ened with PTFE tape to prevent mummies from falling out
of the tube. A similar piece of nylon mesh and PTFE tape
were wrapped around the PTFE air outlet of the second glass
jar as a control. Per experimental day, we first tested the
response of 9—14 naive D. aphidum to volatiles from 100 A.
colemani mummies in the absence of plant volatiles. Then,
a 6-week-old sweet pepper plant was placed in each of the
glass jars. After 15 min, we tested the response of another
set of 11-14 naive D. aphidum females to mummy volatiles
in the presence of plant volatiles. These tests were repeated
on 6 experimental days.

Statistical analyses

Statistical analyses were performed in R (version 3.5.0). In
generalized linear models (GLM), the number of hyperpara-
sitoids attracted to an individual (infested) plant was used as
the response variable and the total number of hyperparasi-
toids that made a choice was used as the binomial total. For
the model on the proportion of responding hyperparasitoids,
the total number of hyperparasitoids that made a choice was
used as the response variable and the total number tested
was used as the binomial total. A binomial distribution
was assumed and a logit-link function was used. ANOVAs
(with the likelihood ratio test) were used to compare full and
reduced models.

In the first experiment, where (infested) pepper plants
were tested against clean air, we first used an overall GLM
with D. aphidum treatment (naive versus experienced) and
plant treatment (uninfested, aphid-infested, parasitized
aphid-infested or mummy-infested) and their interaction
as explanatory factors. Next, to determine if plants of the
different treatments attracted D. aphidum, we ran separate
models per plant treatment with hyperparasitoid treatment
as an explanatory factor. Choice of D. aphidum between
the treatment and control odor sources was statistically
compared to a random 50:50 distribution by testing if the
intercept of the model was significantly different from 0.

This was done per plant treatment, including hyperparasi-
toid treatment in the model when it was significant.

The three sub-experiments with volatiles from mummy-
infested plants as an odor source were analyzed separately.
For each, we used a GLM with hyperparasitoid treatment
(naive versus experienced) and the number of mummies
on the mummy-infested plant as explanatory variables. In
the experiment with infested wheat plants, hyperparasitoid
treatment included three levels: naive, wheat-experienced
and pepper-experienced. Choice of D. aphidum was com-
pared against a random 50:50 distribution as described
above.

In the experiments with mummies as an odor source, the
effect of adding plants to mummies was tested in a GLM
with ‘plant’ as an explanatory factor. We also evaluated the
effect of ‘plant’ on the proportion of responding hyperpara-
sitoids in a GLM.

Results

Experiment 1: olfactory response to plant-insect
complexes versus clean air

We found a significant interaction between plant treatment
and hyperparasitoid treatment on the olfactory response of
D. aphidum females to volatiles from the plant(-host) com-
plex in the Y-tube olfactometer (GLM, ;(23 =8.23, P=0.041;
Fig. 1). This suggests that the effect of prior exposure to the
plant-host complex (naive versus experienced) on hyper-
parasitoid choice depended on the odor source offered in the
olfactometer (sweet pepper plants with either mummies, par-
asitized aphids or healthy aphids, or left uninfested). Indeed,
hyperparasitoid experience only significantly influenced the
response of D. aphidum to volatiles from plants infested
with parasitized aphids (GLM, ;(21 =8.93, P=0.003). For
the other plant-treatments, we found no significant effect of
hyperparasitoid experience. Volatiles from mummy-infested
plants were highly attractive to D. aphidum (GLM, z=4.59,
P <0.001), irrespective of experience, although there was a
tendency for experienced hyperparasitoids to be even more
attracted than naive ones (GLM, ){21 =3.42, P=0.064). Vola-
tiles from plants with parasitized aphids were also attractive
to hyperparasitoid females (GLM, z=2.79, P=0.005), with
naive females significantly less attracted than experienced
ones (GLM, )(21 =8.93, P=0.003). Volatiles from aphid-
infested plants, on the other hand, significantly attracted D.
aphidum (GLM, z=2.03, P=0.043), independent of expe-
rience (GLM, )(21 =1.79, P=0.18). Finally, volatiles from
uninfested plants did not attract D. aphidum females (GLM,
z=-0.10, P=0.92) and there was no effect of experience
on this response (GLM, )(21 =0.75, P=0.39).
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Fig. 1 Response of D. aphidum females to volatiles from (infested)
sweet pepper plants in a Y-tube olfactometer. Sweet pepper plants
were either infested with mummified (a), parasitized (b) or healthy
(¢) M. persicae aphids, or left uninfested (d). Bars represent pro-
portions of experienced (green) or naive (grey) hyperparasitoids
that were attracted to the treatment or control odor sources out of
the number of hyperparasitoids that made a choice. The proportion
of hyperparasitoids that did not respond to either odor source (no
response) is presented in the right panels; N is the total number of
individual females tested per combination of hyperparasitoid and

Experiment 2: olfactory response
to mummy-infested plants versus other plant
volatiles

After establishing that volatiles from the plant—host com-
plex (mummy-infested plants) were highly attractive to
D. aphidum when tested against clean air, we evaluated
hyperparasitoid olfactory response with plant volatiles as
an alternative instead of clean air (Fig. 2a-b). Because
we did not remove insects (aphids and mummies) from
infested plants, odor sources consisting of mummy-infested
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plant treatment, using five or six individual plants per combination.
The effect of hyperparasitoid treatment (naive versus experience)
was evaluated per plant treatment (GLM), with significance indicated
on the right side of each set of bars. Using the models with signifi-
cant parameters only, the P-value of the intercept was then used to
determine whether the choice of D. aphidum deviated significantly
from a 50:50 distribution (indicated in the green bars because expe-
rienced hyperparasitoids were used as the reference level, P <0.001,
*#%P<0.01, **P <0.05, *P>0.05, ns)

plants comprised mummy and aphid volatiles as well as
(induced) plant volatiles. Based on our findings in the
first experiment, we hypothesized that volatiles from the
complete plant—-host complex would be preferred by D.
aphidum. However, hyperparasitoid females did not differ-
entiate between volatiles from mummy-infested and aphid-
infested sweet pepper plants (GLM, z=0.49, P=0.63),
or between mummy-infested and uninfested pepper plants
(GLM, z=1.40, P=0.16). In both experiments, this result
did not depend on prior exposure of D. aphidum females
to the plant-host complex (GLM, ;(21 =0.77, P=0.38 and
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Fig.2 Response of D. aphidum to volatiles from mummy-infested
plants in a Y-tube olfactometer. Hyperparasitoids were offered a
choice between sweet pepper plants infested with mummified M. per-
sicae aphids and plants infested with healthy aphids (a), or uninfested
plants (b), or a choice between wheat plants infested with mummi-
fied R. padi aphids and uninfested wheat plants (c¢). Bars represent
proportions of naive (grey) or experienced (green) hyperparasitoids
that were attracted to the treatment (mummy-infested) or control odor
sources out of the number of hyperparasitoids that made a choice.
In panel ¢, hyperparasitoids experienced on the wheat—host complex
are shown in yellow. The proportion of hyperparasitoids that did not

;(21 =1.85, P=0.17, respectively), nor on the number of
mummies present on the mummy-infested plant (GLM,
274,=3.25,P=0.071 and 4*, = 1.98, P=0.16, respectively;
see supplementary Fig. S1).

To verify if our results were specific to the plant spe-
cies we used, we performed an additional experiment with
mummy-infested wheat plants infested with A. colemani
mummies developed on R. padi aphids (Fig. 2c and sup-
plementary Fig. S1). Again, hyperparasitoid females did
not differentiate between the volatiles from mummy-
infested plants when tested against uninfested wheat plants
(GLM, z=0.76, P=0.45), independent of prior exposure
to the host-complex on wheat or pepper (GLM, )(22 =1.87,

No response

to mummy-infested plant

respond to either odor source (no response) is presented in the right
panels; N is the total number of individual females tested per com-
bination of hyperparasitoid and plant treatment. The number of indi-
vidual plants per treatment combination was 5 in panel a, 10-17 in
panel b and 8-10 in panel c. Per sub-experiment, significance of the
effect of hyperparasitoid treatment is indicated on the right side of
each set of bars (GLM). Using the intercept-only models, the P-value
of the intercept was then used to determine whether hyperparasitoid
choice deviated significantly from a 50:50 distribution (indicated in
the green bars because pepper-experienced hyperparasitoids were
used as the reference level, P> 0.05, ns)

P =0.39) or the number of mummies on infested plants
(7>, =0.48, P=0.49).

Experiment 3: attractiveness of mummy volatiles
in the absence or presence of plant volatiles

In the first two experiments, we could not disentangle the
effect of plant and host volatiles on attraction of D. aphi-
dum because the entire plant—host complex was used as an
odor source. Therefore, we tested the response of D. aphi-
dum to volatiles from the host separately, either or not in
combination with plant volatiles. Volatiles from 100 aphid
mummies (A. colemani developed on M. persicae) were
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highly attractive to naive D. aphidum females when tested
against clean air (GLM, z=2.64, P=0.008; Fig. 3). How-
ever, attractiveness of mummy volatiles in combination with
volatiles from an uninfested sweet pepper plant was signifi-
cantly reduced (GLM, )(2 1=6.65, P=0.01). In addition, the
proportion of hyperparasitoid females that did not make a
choice doubled in a background of plant volatiles (GLM,
74, =14.37, P<0.001).

Discussion

Our experiments have provided new insight into the foraging
behavior of the aphid hyperparasitoid Dendrocerus aphidum.
Although infochemicals derived from the plant-host com-
plex were highly attractive when presented in the absence of
other volatile odour sources, we found that D. aphidum has
no preference for these volatiles when offered in a natural
background of plant volatiles. Similarly, volatiles derived
from the host were highly attractive to D. aphidum, but only
in the absence of plant volatiles. This may suggest that plant
volatiles have a different role in the foraging behavior of
D. aphidum compared to previously studied hyperparasi-
toids that are associated with caterpillars and parasitoids
of herbivorous hosts (Poelman et al. 2012). We think that
this may be explained by the interaction between the hyper-
parasitoid’s host stage and the plant (i.e. mummies that do
not actively feed on the plant versus parasitized caterpillars
that do) and the level of specialization of hyperparasitoids.
More studies on hyperparasitoid responses to (induced) plant
volatiles, on a diversity of four-trophic systems, are required
to evaluate this hypothesis.

Like parasitoids of herbivorous arthropods, it has been
suggested that hyperparasitoids may also use plant volatiles
to locate their parasitoid host because these infochemicals

0.5 0.25 0 0.25

Preportion of D. aphidum

to contral {o mummies

Fig.3 Response of naive D. aphidum to volatiles from their host
in the absence and presence of plant volatiles in a Y-tube olfactom-
eter. Hyperparasitoids were first presented with volatiles from 100 A.
colemani mummies developed on M. persicae aphids and clean air,
and then to volatiles from the same mummies in a background of vol-
atiles from uninfested sweet pepper plants. Bars represent proportions
of hyperparasitoids that were attracted to the treatment (mummies) or
control odor sources out of the number of hyperparasitoids that made
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are more detectable than volatiles from their small hosts
(Poelman and Kos 2016). Plant volatiles may reliably indi-
cate the presence of parasitoid hosts when parasitized herbi-
vores induce the emission of specific volatiles, as shown for
Lysibia nana (Poelman et al. 2012). This specialist hyper-
parasitoid uses the parasitoid Cotesia glomerata as its host,
which is specialized on caterpillars that have a narrow host
plant range. In contrast, our experiments provide little sup-
port for a role of HIPVs in host searching behavior of the
aphid hyperparasitoid D. aphidum. Volatiles from the entire
plant-host complex were highly attractive to naive and expe-
rienced D. aphidum females but, because attractive mummy
volatiles were also present, we cannot conclude that this
response is due to HIPVs. Interestingly, we noticed a sub-
stantial reduction in the proportion of D. aphidum females
that made a choice in an additional experiment where the
insects were removed from the mummy-infested plants just
prior to testing against uninfested pepper (66% compared to
40%, supplementary Fig. S2). This suggests that the presence
of aphids and/or mummies on the plants indeed influenced
the olfactory response of D. aphidum. On the other hand, we
can also not conclude that D. aphidum does not respond to
HIPVs at all. Volatiles from aphid-infested pepper plants on
which mummies were not present still attracted D. aphidum,
particularly females that were already experienced with host
mummies, and particularly when aphids were parasitized.
Parasitism of aphids may affect the plant’s defense response
(Vaello et al. 2018) but, to our knowledge, it is not known
whether healthy and parasitized aphids induce different
blends of HIPVs. Again, it is also possible that the pres-
ence of volatiles from the (parasitized) aphids themselves
or volatiles from honeydew deposited on the plants may
explain our findings. The congeneric aphid hyperparasitoid
D. carpenteri is arrested by infochemicals from honeydew
at short range (Buitenhuis et al. 2004), but it is not known

-
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a choice. The proportion of hyperparasitoids that did not respond to
either odor source (no response) is presented in the right panels; N
is the total number of individual females tested over 6 experimental
days. A GLM was used to evaluate the effect of background of plant
volatiles on hyperparasitoid choice and to assess attractiveness of
mummies based on the P-value of the intercept (using the experiment
with mummy volatiles only as the reference level; P <0.01, **)
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whether honeydew volatiles are attractive over a longer dis-
tance. Further experiments are clearly needed to reveal if
parasitized or mummified aphids can induce the emission of
specific plant volatiles and whether these volatiles play a role
in foraging behavior of D. aphidum. Based on the results
of our other experiments and the biology of aphid mummy
hyperparasitoids (see below), we expect that this role for D.
aphidum and related species is limited at most.

Importantly, volatiles from the intact plant—-host complex
were not attractive to D. aphidum when tested in dual-choice
experiments with plant volatiles as an alternative odor
source instead of against clean air. Initially, we thought that
this lack of preference may be due to low numbers of mum-
mies on the infested plants. Low mummy numbers could be
associated with reduced induction of HIPVs as it is known
that aphid density influences HIPV emission (Turlings et al.
1998; Ponzio et al. 2017; Kroes et al. 2017), or could result
in concentrations of attractive mummy volatiles below the
detection limit of D. aphidum. However, mummy num-
bers did not significantly affect the olfactory behavior of
D. aphidum in any of the experiments (supplementary
Fig. S1). Moreover, in the sub-experiment with mummy-
infested wheat plants, the numbers of mummies were sub-
stantially higher (mean + SE: 187 +31, N=18) than in any
of the experiments with mummy-infested pepper plants, yet
D. aphidum did not prefer volatiles from mummy-infested
over uninfested wheat plants. We hypothesized that D.
aphidum might have a stronger response to volatiles from
the wheat—host complex because this system resembles the
food-web in which D. aphidum evolved more closely (Fer-
gusson 1980) than the pepper—host complex we used in the
other experiments. Together, these results support the find-
ings of Buitenhuis et al. (2005), who did not find attraction
of four species of aphid hyperparasitoids to volatiles from
host-infested potato plants when tested against volatiles from
uninfested plants.

The effect of prior experience on olfactory preference
of D. aphidum varied between experiments. We included
a comparison between naive and experienced hyperparasi-
toids because in parasitoid wasps a host-oviposition in the
presence of HIPVs can lead to associative memory, result-
ing in an increased preference for these volatiles (Vet et al.
1990; Kruidhof et al. 2019; Little et al. 2019). In our experi-
ments, experienced D. aphidum females were exposed to
(induced) volatiles of plants and hosts and given the oppor-
tunity to oviposit in one or more mummies. Although it is
not yet known whether learning occurs in hyperparasitoids,
we hypothesized that this treatment would increase attrac-
tion of D. aphidum females to plant volatiles. In the first
series of experiments, experienced D. aphidum females were
more strongly attracted to volatiles than naive ones but this
depended on the particular odor source offered, with the
effect being significant only in the choice situation between

pepper plants infested with parasitized aphids and clean air.
There was no effect of learning in the second experiment,
with volatiles from mummy-infested plants tested against
another plant odor source. Based on our experiments and
findings, we cannot conclude if D. aphidum can learn to
associate volatiles with the presence of their host or whether
an oviposition experience increases motivation of D. aphi-
dum to search for hosts without changing their olfactory
preference. Dendrocerus aphidum and most other aphid
mummy hyperparasitoids are generalists, and we predict that
learning could play a role in local and/or temporal adapta-
tion to available hosts.

Naive D. aphidum females were strongly attracted to
mummy volatiles. Mummies are required for reproduc-
tion and are indeed expected to emit reliable information to
mummy hyperparasitoids. A previous study also reported
attraction of the congeneric D. carpenteri to aphid mum-
mies. Extracts from the mummy shell were also attractive
and were shown to include several long-chain (C25-C33)
alkanes, aldehydes and alcohols (Siri 1993). Although we
did not test olfactory responses of D. aphidum to these
compounds, it seems unlikely that they influence long-dis-
tance foraging behavior of Dendrocerus species, because
their volatility is low. Attraction to host volatiles may be
explained by the biology of hyperparasitoids of aphid mum-
mies, such as D. aphidum. Dendrocerus species have a wide
host range, using many different species of parasitoids, para-
sitizing many different aphid species that, in turn, may feed
on a variety of plant species (Fergusson 1980; Sullivan and
Volkl 1999). Being extreme generalists, Dendrocerus may
have evolved innate olfactory responses to host volatiles that
reliably indicate the presence of a variety of host species,
rather than responses to (induced) plant volatiles. Never-
theless, individuals may be more specialized than the spe-
cies as a whole. For example, the particular host in which
they develop, may result in stronger olfactory responses to
this type of mummy. Indeed, similar predictions have been
made for generalist primary parasitoids because the great
diversity of HIPVs that may be associated with host pres-
ence may constrain information processing (Vet and Dicke
1992). To further investigate whether D. aphidum responds
innately to volatiles from its host, its olfactory responses
to volatiles from mummies from different combinations of
aphid and parasitoid species should be studied. Moreover,
methods such as headspace entrainment should be used to
investigate which infochemicals derived from aphid mum-
mies may mediate their foraging behavior.

Surprisingly, mummy volatiles no longer attracted D.
aphidum in the presence of volatiles from uninfested pep-
per plants. Additionally, when plant volatiles were added
to mummy volatiles, the response rate of D. aphidum
dropped significantly. Together with the findings of the first
two experiments, this leads to two conclusions: (1) Plant
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volatiles appear to confuse rather than guide the foraging
behavior of D. aphidum; and (2) Host volatiles are attrac-
tive to D. aphidum, but it seems unlikely that these info-
chemicals play a role in long-distance foraging behavior of
D. aphidum in their natural environment. Instead, mummy
volatiles may be important in host location after arrival of
D. aphidum on a mummy-infested plant, as also suggested
by previous studies (Siri 1993; Buitenhuis et al. 2005). The
question of how D. aphidum females locate a host-infested
plant from a distance remains unresolved. Although Sullivan
and Volkl (1999) suggested over 20 years ago that hyper-
parasitoids of aphid mummies, such as Dendrocerus spp.,
may locate their hosts randomly rather than by using specific
information, we now know that D. aphidum responds to cer-
tain infochemicals. In addition, a recent study showed that
volatile blends emitted by specific bacteria may attract or
repel D. aphidum females (Goelen et al. 2020), but it is not
yet known how these microbial volatiles mediate the forag-
ing behavior of hyperparasitoids in the field. Other possible
mechanisms may include infochemicals from adult primary
parasitoids, such as sex pheromones, or visual cues. How-
ever, D. carpenteri also forages at night, including dispersal
flights between plants (Volkl and Kranz 1995), making the
latter a less likely mechanism. Besides providing insight
into the foraging behavior of fourth trophic level organisms,
studies like ours and that of Goelen et al. (2020) may also
contribute to developing management strategies for hyper-
parasitoids in a biological control context. Under some con-
ditions, hyperparasitoids can kill nearly all parasitoids of
aphids in greenhouse horticulture (Bloemhard et al. 2014),
thereby representing a major constraint for the sustainable
management of indoor-grown vegetables worldwide. Lur-
ing hyperparasitoids into traps with attractive baits has
been suggested as a possible strategy to improve biocontrol
(Cusumano et al. 2020). Our findings suggest that it may
be challenging to develop such a strategy for D. aphidum
because this species may not be able to locate an attrac-
tive trap in an environment with ample background (plant)
volatiles, such as a commercial greenhouse. Nevertheless,
the strong attraction of D. aphidum to volatiles from their
mummy hosts (Fig. 3) or to microbial volatiles (Goelen et al.
2020) may still be exploited to lure hyperparasitoids into
traps in empty greenhouses during crop rotation, allowing
growers to start culturing a new crop in an environment that
is free of hyperparasitoids.
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