



















https://doi.org/10.1007/s10886-020-01227-w
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2023.1158081



https://creativecommons.org/licenses/by/4.0/


































































































































































































































































http://www.pherobase.com/




















































Host search efficiency

100



Chapter 4

Awater-Salendo et al.

the parasitoid population. It needs to be considered that males are
necessary to maintain a parasitoid population stable as the
production of female parasitoid offspring requires fertilization of
eggs in arrhenotecous species (Mayhew and Heitmans, 2000;
Amante et al., 2017a). In some parasitoid species, male parasitoids
can influence the offspring sex ratio to some extent, for example,
by producing more female offspring to transfer the father’s genetic
contribution to the next generation (Henter, 2004; Shuker et al,
2006). Thus, the pendulum could swing back from a male-biased
sex ratio in the other direction, thereby stabilizing the population.
More research is needed to answer how application of 2CM would
affect the population composition and stability of a H. sylvanidis
population over time.

In summary, the release of attractive kairomones can improve the
host search and thus host-finding success of H. sylvanidis. This approach
might be very interesting for future biological control strategies of stored
product pests, in particular in bakeries and mills where the use of
pesticides is not tolerated. However, further studies are needed to test the
potential of host-specific volatiles in larger experimental set-ups and over
a longer period, especially to investigate possible effects on the sex
allocation of the progeny. These results can contribute in various ways to
advance the use of natural enemies in stored product protection and
biologically based control of storage pest insects.
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The following supplemental data is available for this article:

Overview

Figure S1 (A) Design of the experimental set-up of the flight cage trial, (B) Detail sketch of
a flight cage

Table S1 Detailed statistics on the comparison of behavioral responses of H. sylvanidis to
infested wheat grist (IG) with different concentrations of (1) odors associated with

T. confusum larvae and (2) odors associated with Tribolium adults

Table S2 Detailed statistics on how the additional application of 2CM influenced the (1) host
search activity and efficacy, (2) parasitization and (3) offspring emergence of H. sylvanidis

in a flight cage experiment (N = 40-47)
Release rate of 2CM from rubber septum: Description of methods and results

Figure S2 Gravimetrical analysis of the release rate of 2CM

103



Host search efficiency

2CM+ WG

2CM + WG

2CM+ WG

63 cm

2CM+ WG

F4

)
S
’J

RP

2CM + WG

- !
o

a
°
i

2CM + WG

N

:

)
=
J

B

)

77.0cm

32.5¢cm

Figure S1 (A) Design of the experimental set-up of the flight cage trial, (B) Detail sketch of a flight
cage. 2CM = two-component mix consisting of (E)-2-nonenal and 1-pentadecene, WG = odor of
wheat grist, D = dispenser loaded with hexane (control) or 2CM (test), T= small Petri dish with 20
Tribolium confusum larvae feeding on wheat grist, F = flight cage, H = Petri dishes with five pipette
tips as shelter sites for dislocated, paralyzed T. confusum larvae, V = ventilator, RP = release point
of Holepyris sylvanidis, W = wind range.
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Table S1 Detailed statistics on the comparison of behavioral responses of H. sylvanidis to
non-infested wheat grist (NIG) or infested wheat grist (IG) with different concentrations of (1)
odors associated with T. confusum larvae and (2) odors associated with Tribolium adults
(N = 20-30)

Odors associated to  Statistical Comparison x*-value Df P
test
(1) T. confusum One-sided IG2 vs. air - - < 0.001
larvae binomial
test 2CMiow® vs. n-hexane - - <0.005
2CMiow® + NIG" vs. NIG! - - < 0.001
2CMmed* + NIG" vs. NIG' - - <0.05
2CMrigh®+ NIG vs. NIG? - - <0.05
Test for NIG' vs. IG? 5.25 1  <0.05
equality of
proportions 2CMiow® vs. 1G? 0.45 1 >0.05
2CMiow® + NIG' vs. 1G? <0.001 1 1
2CMmed* + NIG' vs. 1G? 9.08 1 <0.05
2CMhigh® + NIG" vs. 1G2 15.63 1 <0.001
(2) Tribolium adults One-sided MBQiow® + NIG" vs. NIG' - - >0.05
binomial
test MBQmedium’ + NIG" vs. NIG' - - >0.05
MBQrigh® + NIG" vs. NIG' - - >0.05
MBQuery high® + NIG" vs. NIG' - - < 0.001
DMD' + NIG" vs. NIG' - - >0.05
Test for MBQiow® + NIG! vs. IG? 7.05 1 <0.01
equality of
proportions MBQmed” + NIG vs. IG2 1.98 1 >0.05
MBQrigh® + NIG" vs. 1G? 7.05 1 <0.01
MBQuery high® + NIG' vs. 1G? 21.62 1 < 0.001
DMD' + NIG" vs. IG2 12.60 1 < 0.001

" NIG = non-infested wheat grist
21G = infested wheat grist
2CM = Two-component mix ((E)-2-nonenal + 1-pentadecene, 1:1 in n-hexane) in three
different concentrations (10 pL each applied):
3=0.02 uyg L, in total 0.2 ug
4=0.2 ug uL", in total 2 ug
5 =2 pg uL", in total 20 ug

105



Host search efficiency

MBQ = Methyl-p-benzoquinone (in methanol) in four different concentrations (10 yL each
applied):

6=0.1 ng uL", in total 1 ng

7=1ng uL", in total 10 ng

8=10ng uL™, in total 100 ng

®=100 ng uL™, in total 1000 ng
0 DMD = Pheromone dispenser with 4,8-dimethyl decanal purchased by Trécé

Incorporated (unknown concentration)
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Table S2 Detailed statistics on how the additional application of 2CM influenced the (1) host
search activity and efficacy, (2) parasitization and (3) offspring emergence of H. sylvanidis
in a flight cage experiment (N = 40-47)

Evaluation parameter Statistical test
(1) Host search activity  Number of dislocated Wilcoxon ranksum test WV = 1170,
and efficacy T. confusum larvae after 1 h P<0.05
Number of dislocated Wilcoxon rank-sum test W = 1174,
T. confusum larvae after 24 h P <0.05
Number of dislocated Tes =2.92,
T. confusum larvae after 48 h Student test P <0.005
Total number of dislocated Tas = 1.51,
T. confusum larvae (after 72 h) Student t-test P>0.05
. : , W = 1169
1 (0 _ )
Dislocation rate’ (%) Wilcoxon rank-sum test P>0.05
Mean number of T. confusum Wilcoxon rank-sum test W = 1018,
larvae with host feeding marks P>0.05
Efficacy of H. sylvanidis? (%)  Wilcoxon rank-sum test " - 1173,
P <0.05
e Mean number of parasitized . W = 1165,
(2) Parasitization T confusum larvae Wilcoxon rank-sum test P <0.05
e . W = 1207
3 (0, ~ )
Parasitization rate® (%) Wilcoxon rank-sum test P <005
. Mean number of emerged . W =1209,
(3) Offspring emergence H. sylvanidis females Wilcoxon rank-sum test P>0.05
Mean number of emerged Wilcoxon rank-sum test W = 1248,
H. sylvanidis males P<0.05
Mean number of all emerged W = 1318
H. sylvanidis offspring Wilcoxon rank-sum test ’
L 4 P <0.05
individuals
Mean overall emergence rate® . W = 1267,
(%) Wilcoxon rank-sum test P>0.05
xx(1) =
Sex ratio x? goodness of fit test  2.31, P>
0.05

' Calculated on the number of dislocated T. confusum larvae

2 Calculated on the number of dislocated T. confusum larvae and those larvae with host feeding
marks

3 Calculated on the number of offered T. confusum larvae (N = 20 per cage)

4Male and female offspring as well as those emerged H. sylvanidis offspring whose sex could not
be identified

5 Calculated on the total number of emerged H. sylvanidis offspring divided by the number of

parasitized T. confusum larvae
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Release rate of 2CM from a rubber septum

Methods

The release rates of both components of 2CM from a rubber septum were individually
determined based on a gravimetric method described by Nielsen et al. (2019). This method

relies on weight loss of evaporating, volatile components on the septum over time.

Natural rubber septa (9-10 mm outer diam., glass tubing, Sigma-Aldrich, Taufkirchen,
Germany) were used as passive dispensers. Each dispenser was stuck to a lower part of a
plastic Petri dish (50 mm diam.) using a heat glue gun. Prior to application of the kairomonal
components, the rubber septa were placed for 24 h under a fuming hood to let any odors

inherent to the glue, the dish or the dispenser itself evaporate.

Thereafter, each dispenser was weighted and then loaded with 1-pentadecene or (E)-2-
nonenal. We applied a volume of 50 uL of either 1-pentadecene or (E)-2-nonenal onto a
septum. These volumes correspond to 38.75 mg 1-pentadecene and 42.53 mg (E)-2-
nonenal, respectively. The weight of each compound was calculated by its specific mass in
50 pL.

After solvent evaporation (5 min), the experiment was started by determining the weight of
the loaded dispensers. Thereafter, weighing of dispensers was conducted at nine time
points: at the day of application as well as one, three, six, seven, eight, nine, ten and thirteen
days after application. The experiment took place at 22.5 + 0.5°C and ambient humidity. In

total, ten dispensers were used for each compound (1-pentadecene and (E)-2-nonenal).

To analyze the release rates of larval kairomones from rubber septa, we calculated the mean
weight loss of each compound at each of the nine time points after application. To statistically
compare whether the release rates of 1-pentadecene and (E)-2-nonenal differ significantly,
we applied a linear mixed-effects model with a 6" degree polynomial. We used the “Imer()’-

function of the “Ime4”- package (Bates et al., 2015).

Results
Release kinetics of 2CM from a rubber septum

The release rate of 50 yL 1-pentadecene from a rubber septum differed significantly from
the one of 50 uL (E)-2-nonenal (Figure S2, x* = 1281.87, df = 2, P < 0.001). For (E)-2-
nonenal, the greatest weight loss was measured within two days after application on rubber
septum. More than 20 pug were lost within a day. From the third day on, the compound was
still released, but in low quantities. The decrease of (E)-2-nonenal within the observed period
of thirteen days is described by the following equation: Y = 4.63e" - 4.09e'x + 2.06e'x? -
4.93e%3 + 6.07e'x* - 3.70e2x®> + 8.82e“x5. In contrast, 1-pentadecene was continuously

released in low amounts over the period of thirteen days but the release was not linear
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(Figure S2). The decrease of this compound is described by the following equation: Y =
3.95e" - 2.71e% — 1.02e7'x? + 7.75e2x3 - 8.20e3x* + 2.01e*x® + 4.34e°x5.

1-pentadecene =7 (E)-2-nonenal

60

Weight loss (pg)

0 2 4 6 8 10 12 14
Time after application on dispenser (days)

Figure S2 Gravimetrical analysis of the release rate of 50 yL 1-pentadecene (2 38.75 mg)
and (E)-2-nonenal (& 42.53 mg) measured for 13 days (N = 10 per compound)

References

Bates, D., Machler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects models
using Ime4. J Stat Softw 67, 1-48. doi: 10.18637/jss.v067.i01.

Nielsen, M. C., Sansom, C. E., Larsen, L., Worner, S. P., Rostas, M., Chapman, R. B., et al.
(2019). Volatile compounds as insect lures: factors affecting release from passive dispenser
systems. N Z J Crop Hortic Sci 47, 208-223. doi

109



Host search efficiency

110



Chapter 5:

General discussion

111



General discussion

General discussion

My thesis focused on different factors determining the semiochemicals mediating host-
searching behavior of the larval ectoparasitoid Holepyris sylvanidis. The results of my study
examining how cuticular hydrocarbon (CHC) trails from Tribolium confusum larvae lose their
kairomonal activity for H. sylvanidis over time are presented in Chapter 2. The study
addressing the question whether the parasitoid uses a common pattern of CHCs to
discriminate host species from non-host species is presented in Chapter 3. A further
question was whether the additional application of host-specific kairomones can improve
the host-searching success and parasitization rate of H. sylvanidis and thus, its efficiency
in controlling T. confusum. The study of this question is presented in Chapter 4. A graphical

abstract of these results is shown in Figure 1.

Semiochemicals mediating host-searching behavior of H. sylvanidis

/Chapter 3 \ /Chapter 4

b) Host recognition

Chapter 2

_\

a) Host finding c) Host search efficiency

» The CHC profiles of host larval trails do + Holepyris sylvanidis recognizes and * Holepyris sylvanidis uses only volatiles

not change qualitatively or quantitatively
over time.

» Microbes are not involved in the loss of
kairomonal activity of host larval CHC
trails.

accepts larvae of the genus Tribolium
as hosts while O. surinamensis larvae
are not accepted.

*The CHC profiles of host species and
non-host species differ in composition
by the presence of methylated alkanes

directly associated to T. confusum larvae
(1-pentadecene and (E)-2-nonenal =
2CM) as kairomones to localize the host.

+ Addition of synthetic of 2CM enhances
the host search activity of parasitoid
females, resulting in increased

dislocation of host larvae and
parasitization rate.

(MeAL) only in the host species and
« the absence of these compounds in
non-host species (O. surinamensis).

* The kairomonal activity of these trails
can be restored by applying solvent on
the trails.

*Release of 2CM affects parasitoid
offspring, as indicated in particular by the
tendency toward a male-biased sex ratio
in the F1 generation.

* The perceptibility of host larval CHC
trails is most likely driven by the physical
state of CHCs which solidify over time.

+MeAL elicit host recognition behavior in
H. sylvanidis.

Figure 1 Graphical abstract of the main findings of this thesis on the semiochemicals
mediating host-searching behavior of Holepyris sylvanidis regarding a) host finding (Chapter 2),
b) host recognition (Chapter 3), and ¢) host search efficiency (Chapter 4). Abbreviations:
CHC(s) = cuticular hydrocarbon(s), Solid = solidification processes of CHCs, MeAL = methyl-
branched alkanes, 2CM = two component mix containing 1-pentadecene and (E)-2-nonenal,
ratio 1:1). The image was created with BioRender.com

Prior to our study, it was assumed that the temporarily kairomonal activity of host
CHC trails might be due to shifts in the composition of CHCs. But for larval T. confusum
CHC trails, we demonstrated that the loss of informative activity of host trails was not linked
to any microbial or other mediated chemical degradation of CHCs. The composition of CHC
trails did not change qualitatively or quantitatively at different time points (0, 24, and 48 h

after trail application) regardless of whether host trails were analyzed under sterile or non-
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sterile conditions. In contrast, CHC trails elicited significantly less trail-following behavior in
H. sylvanidis as time progressed. Our results of cryo-scanning electron microscopy (Cryo-
SEM) showed that within two days, CHC trails gradually formed solid structures due to self-
assembling processes, but these structures were reversible by hexane application.
Parasitoid females followed re-activated 48-hour-old CHC trails just as when they
encountered freshly laid ones. We suggested that the perceptibility of CHC trails over time

was most likely driven by the physical state of CHCs (Figure 1a).

Previously, it was known that methyl-branched alkanes (MeAL) mediate intraspecific
chemical communication in parasitoids. But we have revealed that MeAL are also involved
in the chemical communication between different insect species. In contact bioassays,
H. sylvanidis females successfully recognized larvae of different Tribolium species
(T. castaneum, T. confusum and T. destructor) as hosts, whereas larvae of Oryzaephilus
surinamensis were rejected. Larvae of the latter species were successfully recognized as
hosts only when these larvae were extracted with a solvent and then treated with a sample
of T. confusum larval CHCs. The main differences between the CHC profiles of host and
non-host species were the presence of MeAL on the host cuticle (here Tribolium spp.) and
the absence in the non-host (here O. surinamensis). Therefore, MeAL are contact

kairomones which elicit host recognition behavior in H. sylvanidis (Figure 1b).

Previous studies have demonstrated that the application of synthetic, host-
associated semiochemicals in the field can enhance the host-searching efficiency of
parasitoids in controlling local pest populations. Our study revealed that the use of long-
range attractants is also a promising method to improve biological control in warehouses
and food processing facilities. Holepyris sylvanidis females were highly attracted to a mix
of two key larval kairomones (1-pentadecene and (E)-2-nonenal; referred as 2CM) which
were directly associated with the host larval stage of T. confusum. Interestingly, the
behavioral response to 2CM was concentration dependent. In contrast, volatiles associated
with T. confusum adults (methyl-p-benzoquinone and 4,8-dimethyldecanal) were not
attractive for parasitoid females. In a flight cage experiment, parasitoid females removed
significantly more beetle larvae from the initial T. confusum population and parasitized a
significantly higher number of host larvae in the presence of 2CM compared to the control.
Hence, significantly more parasitoid offspring emerged from host larvae in the test cages.
This increased population size in F1 was due to a significantly higher number of male
individuals. Our results show that the additional application of 2CM can improve the host-
searching and parasitization success of H. sylvanidis but affects the sex distribution in

parasitoid progeny (Figure 1c).
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In the following sections, the experimental results of these studies will be linked to
current knowledge on chemically mediated host search of parasitoids. The focus of the
comparison will be primarily on semiochemicals that are known to influence the foraging

behavior of generalist parasitoids over short- and long-range host search.

5.1. Physical traits of host-indicating CHCs determine their temporal perceptibility to

parasitoids

Successful foraging behavior of parasitic wasps depends on the recognition of host-
associated cues indicating the presence of a potential host. Therefore, these cues should
be reliable in time and space to provide precise information about the current position of the
host in a specific area for parasitoids. This is especially important for parasitoids specialized
on a mobile host stage such as larvae which move freely in the habitat and thus, can
constantly change the location (Vet and Dicke 1992; Vinson 1998; Steidle and Van Loon
2003; Hilker and McNeil 2008).

Parasitoids respond to various semiochemicals that continuously tune their foraging
behavior (Vinson 1998). Over long distances, highly volatile, host-indicating cues that are
released from plants in response to larval feeding (herbivore-induced plant volatiles, HIPVs)
and to egg laying (oviposition-induced volatiles, OIPVs) of the host species can guide
parasitoids to a potential host habitat. Furthermore, volatile cues emitted from host products
(e.g., larval feces) can serve orientation of host-searching parasitoids (Steidle and Van Loon
2003; Hilker and Meiners 2006; van Oudenhove et al. 2017). Over short distances, low
volatile chemicals often serve as host-indicating cues (Vinson 1998; Steidle and Van Loon
2003; Colazza et al. 2014). For instance, several parasitoids are known to recognize and
follow trails that consist of long-chain hydrocarbons released from the cuticle of the host or
other developmental stages of the host species (i.e., cuticular hydrocarbons, CHCs)
(Howard and Flinn 1990; Howard et al. 1998; Colazza et al. 2009; Lo Giudice et al. 2011).
A common feature of all these host-indicating cues is that they provide only temporary
information about where to find a host, and therefore lose reliability for parasitoids over time
(Rostas and Wélfling 2009; Holopainen and Blande 2013; Firstenau and Hilker 2017).

From the ecological perspective, the time-limited availability of host-indicating cues
helps parasitoids in decision making during host search. For example, parasitoids might not
hunt a host that has already moved away, and thus are saving energy and time.
Nevertheless, the mechanisms how host-indicating cues lose their informative activity are
only partially understood. Douma et al. (2019) have shown that the physical properties of

HIPVs determine their lifetime in the atmosphere and consequently, influence the
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perceptibility by parasitoids. Upon release by plants, HIPVs (e.g., green leaf volatiles (GLVs)
and terpenoids) immediately react with oxidizing agents present in the atmosphere such as
ozone (Os3), nitrate radicals (-NO3) and hydroxyl radicals (-OH). Especially, compounds with
a high number of C-C double bonds (e.g., 8-caryophyllene and linalool) have a short lifetime
due to a fast degradation caused by reactions with atmospheric radicals (Atkinson and Arey
2003; Pinto et al. 2010; Holopainen and Blande 2013). In addition, GLVs and terpenoids
can be completely degraded in the presence of high levels of Os which reduce their
perceptibility for foraging parasitoids (Pinto et al. 2007 a, b). Due to different physical
properties, HIPVs vary in the lifetime in the atmosphere, ranging from a few minutes to
<24 h (Holopainen and Blande 2013). Most likely, the influence of HIPVs on the foraging

behavior of parasitoids lasts as long as they can perceive these host-indicating cues.

In comparison, host larval trails containing long-chain CHCs elicit trail-following
behavior in parasitoids over a longer period. Nevertheless, it has been shown that the
kairomonal activity of CHC trails lasts for a maximum of three days (Rostas and Woélfling
2009; Furstenau and Hilker 2017). The low volatility of CHC trails contrasts with the low
persistence of these compounds which would be expected to be in the range of several
days. It has been assumed that the loss of behavioral activity of CHCs trails might be due
to changes in the CHC composition over time. One possible explanation might be
degradation processes caused by oxidizing agents in the air or by microbes present on the
substrate or released by host insects when depositing a trail (Napolitano and Juarez 1997;
Collatz and Steidle 2008; Rostas and Woélfling 2009; Austin and Callaghan 2013; Pedrini et
al. 2013). Another explanation could be that microorganisms, which live in symbiosis with
herbivorous hosts, are able to actively interfere with the herbivore’s biosynthesis of CHCs
by modulating the availability of CHC precursors and hence, shaping the host chemical
profile (Engl and Kaltenpoth 2018; Sprenger and Menzel 2020). Qualitative and quantitative
shifts in the CHC profile of herbivores can have a significant impact on interactions with
conspecifics and mutualistic partners when CHCs that serve as recognition cues are
affected (Engl and Kaltenpoth 2018; Hertaeg et al. 2021). In addition, the epicuticular wax
layer of the plant surface might also modulate parasitoids’ perception of larval trails over
time as shown in previous studies (Miller and Riederer 2005; Rostas et al. 2008; Colazza
et al. 2009; Rostas and Wolfling 2009).

However, for T. confusum larvae, we showed that the temporary behavioral
response of foraging parasitoids to CHC trails depends on the physical properties of the
compounds involved (Chapter 2). The mechanisms how the behavioral activity of HIPVS
and CHCs is lost in the course of time are most likely different. While reactions to

atmospheric radicals lead to the complete degradation of HIPVs over time (Atkinson and
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Arey 2003; Pinto et al. 2010), the CHC profile of larval T. confusum trails could be almost
completely recovered 48 h after trail deposition and thus, was not subjected to oxidative
decomposition. The fact that we did not detect qualitative or quantitative changes in the
CHC composition of larval trails, underscores that factors other than degradation processes

are involved in the temporarily informative value of CHC trails (Chapter 2).

Host trails of T. confusum larvae consist of a diverse blend of long-chain CHCs
(linear alkanes, mono- and dimethyl-branched ones), differing in the melting temperatures
(Tm) due to different carbon chain length and methylation (Gibbs and Pomonis 1995; Gibbs
and Rajpurohit 2010, Chapter 2). Long-chain n-alkanes, but also some monomethyl-
branched alkanes are known to have a high T, and are solid at ambient temperatures. In
contrast, dimethyl-branched alkanes are most likely liquid in this temperature range due to
a low T, (Gibbs and Pomonis 1995; Gibbs 2002; Brooks et al. 2015). Therefore, it is very
likely that after trail deposition, CHC trails will begin to rearrange themselves and thus,
gradually change from the liquid state into a solid state of compounds depending on the
physical properties of CHCs present. Because of the self-assembling processes of CHCs,
host trails form a solid-liquid matrix at ambient temperature range, likely become less
accessible for host-searching parasitoids as the quantity of liquid CHCs continuously
decreases. This assumption is supported by our results of cryo-SEM which showed the

gradual solidification of CHC trails over a period of two days (Chapter 2).

Our results indicate that the temperature range, at which host trails are deposited,
might play an important role for the speed of transition from liquid to solid phase of CHCs
(Gibbs and Pomonis 1995; Gibbs 2002) and thus, the temporary accessibility of these
compounds for foraging parasitoids. Under natural conditions, however, temperatures might
fluctuate and lead to very different behavioral responses of parasitoids depending on the
actual temperature. Low temperatures might accelerate the solidification of CHCs and result
in an earlier loss of the kairomonal activity of host trails than observed in our study (48 h).
On the contrary, high temperature could lead to the opposite effect by delaying the
solidification of CHCs and therefore, inducing trail-following behavior in parasitoids for a

longer period.

Nevertheless, the current temperature might not only affect the temporary
kairomonal activity of host trails, but also their CHC composition. Insects are known to adjust
the chemical compositions of the cuticle to differences in temperature by e.g., increasingly
producing CHCs with a higher T, (e.g., long-chain alkanes and monomethyl-branched
alkanes) and thereby protecting themselves from desiccation (Menzel et al. 2017; Sprenger
et al. 2018; Buellesbach et al. 2018). A temperature-dependent shift in the CHC profile of

insects might significantly affect the CHC composition of host trails e.g., by increasing the
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abundance of CHCs with a high Tp».. Therefore, a higher proportion of these CHCs might still
lead to a gradual solidification of CHC trails over time despite higher ambient temperatures.
However, this raises the question of the kairomonal activity of these altered host trails for
foraging parasitoids. A study of Wittke et al. (2022) has revealed that acclimation to different
temperatures might interfere with nestmate recognition of ants but did not compromise their
recognition ability. In contrast, Karpati et al. (2023) have recently shown that the adaptation
of the CHC profile of morphs of Drosophila suzukii (Diptera: Drosophilidae) to cold winter
conditions affects their mating success. On this basis, the response of parasitoids to altered
host trails probably depends on whether behaviorally active compounds are still present in
the CHC composition after acclimation. In particular, long-chain methylated alkanes could
play a crucial role because these CHCs are involved in waterproofing the insect cuticle as
well as in chemical communication of a wide range of different insect (Dani et al. 2001;
Sugeno et al. 2006; Guédot et al. 2009; De Narbonne et al. 2016; Sakata et al. 2017; Menzel
et al. 2019; Baumgart et al. 2022; Wittke et al. 2022).

5.2. Monomethyl-branched CHCs as general cues for host recognition of an

oligophagous parasitoid species

As parasitoids perceive a plethora of different odor cues during host search, it is essential
to identify those which are reliable indicators for a potential host. The type of
semiochemicals used by foraging parasitoids depends on their diet specialization and their
host species. Specialist parasitoids are expected to use highly plant- and host-specific cues,
whereas generalist parasitoids should respond to more general cues released by different
host species on different host plants or feeding substrates. The use of general host-
indicating semiochemicals may improve the host search by generalists under fluctuating
environmental conditions e.g., when the occurrence of potential host species varies
temporally and spatially (Vet and Dicke 1992; Steidle and Van Loon 2003; van Qudenhove
et al. 2017). One example for such general cues are green leaf volatiles which are exploited
by numerous generalist parasitoids for host habitat location and host location (e.g., Whitman
and Eller 1990; Hoballah and Turlings 2005; Ngumbi et al. 2009; Ngumbi and Fadamiro
2012). In addition to plant-derived odors, highly volatile, host-specific kairomones (e.g., sex
pheromones or volatiles emitted by host feces) can also serve as general cues for foraging
parasitoids (Steidle and Ruther 2000; Steidle et al. 2001b, a; Schdéller and Prozell 2002).

In contrast, little is known about whether host-specific kairomones with lower
volatility are also used as general cues by foraging generalist parasitoids. These could be

methylated alkanes (MeAL), which are abundant on the insect cuticle and influence the
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differential behavior of different taxa (Howard and Blomquist 2005; Blomquist and Bagnéres
2010). For social insects, MeAL are known to mediate the recognition of (nest) mates, kin,
and mutualistic partners (Dani et al. 2001; Guerrieri et al. 2009; De Narbonne et al. 2016;
Sakata et al. 2017). Even though MeAL have been already described as contact sex
pheromones for species belonging to the parasitoid taxa of the Encrytidae and Pteromalidae
(Steiner et al. 2005, 2007; Ruther et al. 2011; Ablard et al. 2012; Kihbandner et al. 2012b),
it has been unknown prior to this thesis whether MeAL are involved in parasitoid-host

interactions.

We were able to fill this knowledge gap by demonstrating that MeAL serve as host
recognition cues and thus, contribute to the chemical communication between a bethylid
parasitoid and several host species (Chapter 3). According to literature, the host range of
H. sylvanidis includes different stored-product pest beetles belonging to the genera of
Cucujidae, Tenebrionidae, and Silvanidae (Evans 1969; Hagstrum and Subramanyam
2009; Amante et al. 2017b). Our results showed clearly that the presence of MeAL on the
host cuticle is crucial to elicit host recognition behavior in H. sylvanidis. Therefore, different
Tribolium species were successfully recognized and accepted as hosts because they had
a similar pattern of MeAL on their cuticle. In contrast, MeAL was absent on the cuticle of

O. surinamensis larvae which in turn could not evoke host recognition behavior.

The composition of the CHC profiles of the host species were species-specific but
nine MeAL were present on the cuticle of all Tribolium species (Chapter 3). Additionally,
seven of these nine MeAL were also found in naturally laid trails of T. confusum larvae,
inducing trail-following behavior in H. sylvanidis (Furstenau and Hilker 2017). Therefore, we
proposed that this group of seven monomethyl-branched alkanes (3-MeC25, 11-/13-
MeC27, 3-MeC27, 12-/13-/14-MeC28, hereafter referred to as MoMeAL group) most likely

act as contact kairomones for host recognition and perhaps also for trail-following behavior.

If H. sylvanidis uses ubiquitous compounds as general cues for host recognition, the
question arises whether other beetle species could also be considered as potential hosts if
compounds from the MoMeAL group are present on their cuticle. This question is of interest
for the application of the parasitoid in warehouses and food processing facilities since
Tribolium spp. frequently co-occur with other pest beetles which may also belong to the
family of Tenebrionidae (Hagstrum and Subramanyam 2009). Interestingly, H. sylvanidis
responded differently to larvae of two tenebrionid species in contact bioassays. Live larvae
of the broad-horned beetle, Gnathocerus cornutus, were successfully recognized and
accepted as hosts. In addition, the host recognition rate of G. cornutus larvae and the mean

searching time until successful host recognition were not significantly different to those of
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Figure 2 Behavioral responses of female H. sylvanidis to live larvae of different species
of the Tenebrionidae family (7. confusum, G. cornutus, and T. molitor; N = 16 per species,
max. observation time = 300 s). a) Host recognition rate (100% = 16 successful host recognition
events per beetle species) was analyzed by the test for equality of proportions followed by
pairwise comparison of proportions with Bonferroni-Holm correction. Different letters above the
bars indicate significant differences at P < 0.05. b) Mean searching time until successful host
recognition was analyzed for T. confusum and G. cornutus, but not for T. molitor as larvae of the
latter species were rejected as hosts by parasitoids. Data were statistically analyzed by Whitney-
Mann U test (ns = not significant, P > 0.05)

T. confusum larvae. In contrast, larvae of the yellow mealworm, Tenebrio molitor, were

rejected (Figure 2a + b).

A comparison of the CHC profiles of G. cornutus and Tribolium spp. showed that
three compounds of the MoMeAL group (3-MeC25, 11-MeC27, and 3-MeC27) were present
on the cuticle of all larvae, and 11-MeC27 was as the predominant one (Lane et al. 2016,
Chapter 3). In contrast, only minute concentrations of 3-MeC25 and 3-MeC27 were
detectable on the cuticle of T. molitor, whereas internally methyl-branched alkanes were
absent (Lockey 1978; Ferreira-Caliman et al. 2012).

These results show clearly that other beetle species than Tribolium spp. can also
induce host recognition behavior in H. sylvanidis when monomethyl-branched alkanes are
present on the beetle cuticle. But these results also imply that a smaller number of
compounds than the MoMeAL group are involved in the mediation of host recognition
behavior. The presence of 3-MeC25, 11-MeC27 and 3-MeC27 in the CHC profile of
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G. cornutus seems to be sufficient to evoke a behavioral response in H. sylvanidis. On the
other hand, the rejection of T. molitor larvae in contact bioassays might be due to an
incomplete MoMeAL group, probably stressing the importance of internally methyl-

branched alkanes as host recognition cues.

Overall, the results presented in Chapter 3 show that the investigation of the
semiochemicals mediating host-finding behavior of H. sylvanidis not only broadened our
knowledge of the role of MoMeAL mediating parasitoid-host interactions but also led to new

insights into the host range of the parasitoid.

Prior to this work, it was not known that T. destructor and G. cornutus are possible
host species of H. sylvanidis. Furthermore, O. surinamensis was previously considered a
host species but this could not be confirmed by our studies. Consequently, at least for our
laboratory breeding line of the parasitoid at the JKI, | suggest that H. sylvanidis is an
oligophagous parasitoid species that uses a specific set of 3-methyl and internally methyl-

branched alkanes as general cues for host recognition.

5.3. Potential effects caused by shifts in host diet on the behavioral activity of
monomethyl-branched CHCs

Under natural conditions, abiotic and biotic environmental factors (e.g., diet and
temperature) might significantly affect the chemical communication of insects (Otte et al.
2018; Chapter 2). For example, the colonization of a new host plant or feeding substrate
can lead to differences in the nutrient supply for the biosynthesis of CHCs (Blomquist 2010;
Otte et al. 2015). Thus, a change in diet can induce qualitative and quantitative differences
in CHC composition, within a short period of one generation or within as little as two weeks
(Buczkowski et al. 2005; Kihbandner et al. 2012a; Geiselhardt et al. 2012; Khidr et al.
2013). If shifts in the CHC profiles of insects lead to different CHC phenotypes, the
interactions between insects might be significantly altered. It has been already shown for
several ant species that due to diet-dependent CHC phenotypes, individuals were able to
distinguish between conspecifics reared on the same diet and those on an alternative diet.
As a result, ants showed a higher aggressiveness to conspecifics with a different CHC
phenotype (Liang and Silverman 2000; Buczkowski et al. 2005; Sorvari et al. 2008; Vonshak
et al. 2009). Furthermore, the feeding on different host plants might influence the mate
choice of species when e.g., males prefer to mate with females which feed on the same
host plant and have the same CHC phenotype (Geiselhardt et al. 2009, 2012; Xue et al.
2016). If the differences in the CHC composition promote assortative mating, it may initiate

ecological speciation (Otte et al. 2018).
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Figure 3 Behavioral responses of female H. sylvanidis to T. confusum larvae which were
reared on wheat, millet, or rice (N = 32 per feeding substrate, max. observation time = 300 s).
a) Host recognition rate (100% = 32 successful host recognition events per feeding substrate)
was analyzed by the test for equality of proportions followed by pairwise comparison of
proportions with Bonferroni-Holm correction. b) Mean searching time until successful host
recognition was analyzed by Kruskal-Wallis test (ns = not significant at P < 0.05)

In contrast, it is still poorly understood to which extent diet-mediated changes in the
chemical composition of the host cuticle can have an impact on the behavior of individuals
of higher trophic levels (e.g., the host search of parasitoids). Larvae and adults of Tribolium
spp. and G. cornutus are generalist pest beetles, infesting a broad range of different stored
plant products in the food processing industry worldwide (Hagstrum and Subramanyam
2009). Therefore, the composition of the CHC profiles of these pest beetles is expected to
vary phenotypically depending on the type of stored and processed commodity they had
fed on. This raises the question of whether the MoMeAL group remains a reliable host-
indicating cue for H. sylvanidis despite possible diet-related effects on the CHC profile of

host species.

To address this question, individuals of T. confusum were kept on three different
feeding substrates (wheat, millet, and rice grist) for at least five generations. Then, chemical
analysis of crude larval extracts and contact bioassays were performed similar to the

LTS

protocol described in Chapter 3. In the following, the terms “wheat line”, “millet line”, or “rice
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line” will be used when referring to beetle larvae that were reared on wheat, millet, or rice

grist, respectively.

GC-MS analysis revealed that the MoMeAL group was still present in the CHC profile
of T. confusum larvae kept on rice, millet, or wheat. But the ratios of the compounds within
the MoMeAL group varied between the different feeding lines, resulting in three diet-
dependent phenotypes. These findings are in accordance with Geiselhardt et al. (2012),
who found a similar diet-mediated effect on the CHC composition of the mustard beetle,
Phaedon cochleariae (Coleoptera: Chrysomelidae). The different, diet-related CHC
phenotypes significantly affected the mate recognition system of P. cochleariae, leading to
assortative mating (Geiselhardt et al. 2012). In contrast, the different phenotypes of the
MoMeAL group did not alter the interaction between H. sylvanidis and T. confusum larvae
of the different feeding lines. In contact bioassays, parasitoid females successfully
recognized T. confusum larvae regardless of whether the beetle larvae were reared on
wheat, millet, or rice (Figure 3a). Furthermore, the host recognition rate and the mean
searching time until successful host recognition did not significantly differ among the three
feeding lines (Figure 3b). These results clearly show that the different diet-phenotypes did
not compromise the kairomonal activity of the MoMeAL group to elicit host recognition

behavior in the parasitoid.

Nevertheless, H. sylvanidis females tended to recognize a higher number of
T. confusum larvae of the millet and rice line as hosts compared to beetle larvae of the
wheat line (Figure 3a). The differences in the behavioral response of parasitoids are most
likely due to the occurrence of different phenotypes of the MoMeAL group, probably caused
by different nutrient supply provided by the feeding substrates. For the biosynthesis of 3-
methyl- and internally branched alkanes, the availability of the amino acids valine,
isoleucine, and methionine as well as vitamin B4 is important. These nutrients are
precursors for methyl-malonyl-CoA that gives rise to 3-methyl- and internally branched
alkanes (Blomquist and Bagnéres 2010; Blomquist and Ginzel 2021). In particular, millet is
known to have a high content of essential amino acids and B-complex vitamins (Saini et al.
2021; Bangar et al. 2022; Mahajan et al. 2023). It is very likely that feeding on millet and
rice grist might enhance the production of CHC types, leading to a higher abundance of the
MoMeAL in the CHC profile of T. confusum larvae compared to those of the wheat line. A
higher abundance of these compounds on the host cuticle possibly reinforced the

perceptibility of MoMeAL group for H. sylvanidis.

It is still unclear why the MoMeAL group is preserved on the host cuticle (here
T. confusum) under different environmental conditions (here different feeding substrates)

when the biosynthesis of these compounds is likely to come at great metabolic cost
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(Blomquist and Ginzel 2021) and the presence of these compounds might only benefit an
antagonist, i.e., H. sylvanidis. One possible explanation could be that compounds of the
MoMeAL group might be involved in the intraspecific communication of Tribolium species.
Some compounds in the MoMeAL group are known to act as contact sex pheromones in
different insect taxa (Sugeno et al. 2006; Guédot et al. 2009; Silk et al. 2011; Kihbandner
et al. 2012b, 2013). In addition, Lo et al. (2023) have recently revealed that T. castaneum
recognizes the immune status of conspecifics by MeAL. Therefore, the presence of
compounds belonging to the MoMeAL group on the cuticle of Tribolium spp. could be
genetically determined and thus, highly robust serving the maintenance of intraspecific

chemical communication.

Previous studies have already shown for the generalist parasitoid Lariophagus
distinguendus (Hymenoptera: Pteromalidae) that for host recognition, this parasitoid
species uses general cues persisting under different environmental factors (different host
species and host plant seeds). A specific blend of sterols, tocopherols and tocotrienols was
detected in the odor bouquet of larval feces of taxonomically different host species feeding
on different seeds of taxonomically different host plants (e.g., Sitophilus granarius
(Coleoptera: Curculionidae) — wheat and rice, Rhyzopertha dominica (Coleoptera:
Bostrichidae) on wheat) (Steidle and Ruther 2000; Steidle et al. 2001a, b). Likewise, the
egg parasitoid, Trichogramma evanescens (Hymenoptera: Trichogrammatidae) uses the
main component of the pyralid sex pheromone (Z, E)-9,12-tetra-decadenyl acetate (TDA)
for host location (Schoéller and Prozell 2002). TDA has been already detected in different
pyralid species infesting different stored products (e.g., Plodia interpunctella on a mix of
wheat and dried fruits, Ephestia elutella on cacao) (Kuwahara et al. 1971; Kuwahara and
Casida 1973; Zhu et al. 1999; Ryne et al. 2006; Trematerra et al. 2011). Interestingly,
L. distinguendus, T. evanescens, and H. sylvanidis are natural enemies of stored-product
pests that attack a broad range of post-harvest plant products. Using general cues for host
search may facilitate the adaption of polyphagous and oligophagous parasitoids to new
environmental conditions. This may represent an advantage for the release of these three
parasitoid species in biological control approaches against different pest species in diverse

storage facilities.

5.4. Use of host-specific semiochemicals in the biological control of stored-product
pests

In recent decades, the release of natural enemies (e.g., parasitoids) as an alternative
control strategy to conventional chemical pesticides has been increasingly promoted by the

public and policymakers, resulting in the use of augmentative biological control (ABC) on
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estimated 30 million hectares in 2015 alone (van Lenteren 2012; European Commission
2015, 2022; van Lenteren et al. 2018). The foraging behavior of parasitoids, however, is
known to be affected by various environmental factors, which may be crucial for the success
of biological control programs in agroecosystems. The additional application of synthetic,
long-range attractants is a promising approach to manipulate the host-searching behavior
of parasitoids in order to improve their effectiveness in suppressing pest populations under
field conditions (Meiners and Peri 2013; Ayelo et al. 2021). Field application of synthetic
semiochemicals (e.g., HIPVs and sex pheromones of pest species) in the presence of
released or naturally occurring parasitoids has been already reported to enhance the host
finding of various parasitoid species belonging to the taxa of Aphidiinae, Braconidae,
Encyrtidae, Mymaridae, and Trichogrammatidae (Lewis et al. 1982; Glinwood et al. 1998;
Franco et al. 2008, 2011; Uefune et al. 2012; Ingrao et al. 2019; Xiu et al. 2019). For
instance, Anaphes iole (Hymenoptera: Mymaridae) parasitized more eggs of the tarnished
plant bug, Lygus lineolaris (Heteroptera: Miridae) in the presence of two synthetic HIPVs,
a-farnesene and (Z)-3-hexenyl acetate (Williams et al. 2008). In addition, exogenous
application of a plant hormone, jasmonic acid (JA), is known to indirectly affect the behavior
of parasitoids by increasing the biosynthesis and release of plant volatiles (Thaler 1999;
Lou et al. 2005). This can lead to a higher abundance of parasitoids and thus, a twofold
higher parasitization of pest species as shown in a field study by Lou et al. (2005). These
findings emphasize the new perspectives for the biologically based pest control opened by

using long-range attractants.

In contrast to open agroecosystems (e.g., crop fields and orchards), warehouses
and food processing facilities are more closed systems and might represent more favorable
locations for the release of parasitoids because of more stable environmental conditions
and structural elements preventing parasitoids from leaving. Consequently, the use of
parasitoids could have the same potential for pest control in storage environments as they

have in greenhouses (Schéller et al. 1997; Flinn and Schéller 2012).

Prior to this thesis, however, it was not yet known how and to which extent
additionally applied semiochemicals might affect the host-searching behavior of parasitoids
in storage environments. In Chapter 4, we demonstrated by a 72-h lasting flight cage
experiment that H. sylvanidis females exhibited an increased host-searching activity in the
presence of 2CM. Parasitoid females dislocated significantly more paralyzed T. confusum
larvae from the initial population within 48 h and thus, parasitized significantly more host
larvae after 72 h compared to the control cages. Therefore, our results are consistent with
previous studies showing that the presence of host-associated volatiles can facilitate the

host search of parasitoids by attracting and guiding them to the close vicinity of a potential
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host. This can lead to an increased host-finding and parasitization success, thus improving
the performance of parasitoids in controlling pest populations (e.g., Lewis et al. 1982;
Williams et al. 2008; Uefune et al. 2012; Xiu et al. 2019).

Nevertheless, the 2CM-based manipulation of the host-searching behavior of
H. sylvanidis has been only successfully demonstrated under laboratory conditions,
whereas (field) studies investigating possible effects of 2CM on the searching activity of
parasitoid females in storage sites and the food processing industry are still missing
(Chapter 4). These studies under more natural conditions are essential to assess the
potential of 2CM to enhance the efficiency of H. sylvanidis as biological control agent of

pest insects infesting stored and processed plant products.

Several studies have already pointed out the difficulty of transferring findings on the
chemical ecology of parasitoids obtained in the laboratory situations to field situations
(Roland et al. 1995; see references in Kaplan 2012 or in Meiners and Peri 2013). For
example, (E)-2-hexenal, a component of the metathoracic glandular secretion of stink bugs,
has been described as highly attractive for the egg parasitoids Telenomus podisi and
Trissolcus basalis (Hymenoptera: Platygastridae) in bioassays under laboratory conditions.
But the application of (E)-2-hexenal in a soybean field increased only the abundance of
Trissolcus spp. but did not affect the parasitism rate of host eggs of the brown stink bug,
Euschistus heros (Hemiptera: Pentatomidae) (Laumann et al. 2009; Vieira et al. 2014).
There are several explanations for the discrepancy in behavioral responses of parasitoids

to host-associated volatiles in laboratory experiments and field trials.

One possible explanation is the choice of volatiles that has a great impact on which
species will be attracted and to what extent (Kaplan 2012). Here, it should be considered
that compounds, which attract the parasitoids, are often either derived from the intraspecific
chemical communication of host species (e.g., sex pheromones) or plant-derived volatiles
(e.g., HIPVs) (Vet and Dicke 1992; Steidle and Van Loon 2003). Therefore, the application
of behaviorally modifying compounds on a large field scale may affect not only the
parasitoid’s population dynamics (mass-reared or naturally occurring ones) but also the
interactions of other insect species. This is because all interactions between insects are
linked to a certain extent with other members in the arthropod community. When synthetic
attractants are applied to alter the behavior of individuals of the third trophic level
(parasitoids and predators), it may also have a significant impact on the behavior of
individuals of the other trophic level (Kaplan 2012; Meiners and Peri 2013; Ayelo et al.
2021). For instance, one of the most field-tested HIPVs, methyl salicylate (MeSA), is known
to be a broad-spectrum attractant, increasing the abundance of key beneficial insect groups

including bugs, lady beetles, lacewings, syrphids, and parasitoids in the field (Rodriguez-
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Saona et al. 2011). However, using synthetic MeSA in the field can also cause unintended
effects, for example by attracting untargeted herbivorous pest species and hyperparasitoids
(Orre et al. 2010; Orre-Gordon et al. 2013). Other ubiquitous HIPVs are likely to have similar
effects on multitrophic interactions within the arthropod community. That is why the
enhanced activity of parasitoids may be surpassed by increased herbivore abundance or
occurrence of hyperparasitoids depending on the selected volatiles that guide parasitoid

behavior.

In our flight cage experiment, we used a host-specific mix of two key larval
kairomones (2CM) to successfully enhance the performance of H. sylvanidis as biological
control agent of T. confusum (Chapter 4). Both compounds, (E)-2-nonenal and 1-
pentadecene, are components of fecal odor released from T. confusum larvae (Firstenau
et al. 2016). But the latter is also known to be released as part of the aggregation
pheromonal blend by female and male adults of Tribolium species (Keville and Kannowski
1975; Arnaud et al. 2002; Verheggen et al. 2007). Buki¢ et al. (2021) have recently shown
that the response of Tribolium adults to 1-pentadecene is most likely concentration-
dependent. Low concentrations of 1-pentadecene were highly attractive, whereas high
concentrations were repellent (Buki¢ et al. 2021). Future studies need to elucidate how the
additional application of 2CM for improving the efficiency of H. sylvanidis affects the

abundance of the host Tribolium.

Another explanation for the differences in the parasitoid’s response to synthetic
semiochemicals in laboratory and field experiments is that the controlled environment in
laboratory can only partially mimic field conditions. The chemical complexity in the habitat
of pest species can impede the efficient use of these compounds by parasitoids. Host-
indicating volatiles can be highly variable in time and space due to abiotic and biotic
environmental factors, or they may become masked by the background odor of the habitat
(Hilker and McNeil 2008; Waschke et al. 2013; Meiners and Peri 2013; Chapter 2, Chapter
5.1). Interestingly, volatiles of the background odor (here the feeding substrate of the host
species = non-infested wheat grist) can also increase the attractiveness of host-associated
compounds (e.g., 2CM) as shown for H. sylvanidis in a previous study (Furstenau et al.
2016). But the enhancing effect of habitat-related volatiles on the perception of 2CM by
parasitoid females appears to be concentration-dependent. Regardless of the presence or
absence of non-infested wheat grist, only the lowest concentration of 2CM (2CMow) was
attractive for H. sylvanidis females, while the highest concentration of 2CM was even
repellent (Chapter 4). The most attractive concentration of 2CM (= 2CMow) is equivalent to
the quantities of feces released by 100,000 4" instar T. confusum larvae and thus, indicates

a very high host density (Furstenau et al. 2016, Chapter 4). Therefore, higher concentrations
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of 1-pentadecene and (E)-2-nonenal in 2CM than 2CM.w probably warn foraging parasitoid

females of negative effects on their offspring and trigger avoidance behavior.

Several studies have already drawn the attention to the fact that applying synthetic
host-associated volatiles at higher concentrations in the field than those naturally emitted
by pest species or plants, might induce differential effects in foraging parasitoids (see
references in Meiners and Peri 2013 or Vosteen et al. 2016). On the one hand, this method
may facilitate the detection of additionally applied volatiles over long distance and raising
the abundance of parasitoids and thus, the parasitization rate of pest species within a
specific area (e.g., Glinwood et al. 1998; Williams et al. 2008; Xiu et al. 2019). On the other
hand, using synthetic volatiles at high concentrations may disturb the host search of
attracted parasitoids if these compounds interfere with kairomones naturally emitted by the
host, preventing the parasitoids from detecting the exact location of the host. This may lead
parasitoids to follow false trails which will waste their time and energy while searching in an
area where there are no hosts. As a consequence, parasitoids might adjust their host-
searching behavior by responding less to synthetic semiochemicals because these
compounds have previously attracted them without any reward. In these cases,
manipulating the behavior of parasitoids would be ineffective or counterproductive (Schoéller
1998; Meiners and Peri 2013). This could also explain why in some field studies an
enhancing effect of synthetic volatiles on the attraction of parasitoids, but not on the

parasitization success, was found (e.g., Vieira et al. 2014; Zhao et al. 2022).

For the first time, we have found some indication that the use of synthetic
kairomones may not only affect the host-searching behavior of H. sylvanidis but also the
sex ratio of parasitoid offspring in the next generation (F1). Using 2CM resulted in a
significantly increased number of emerged male offspring individuals with a constant
number of female ones. This resulted in an altered population composition (Chapter 4). In
arrhenotokous parasitoid species such as H. sylvanidis, male individuals are needed for the
egg fertilization and thus, contribute to maintain a stable parasitoid population (Mayhew and
Heitmans 2000; Amante et al. 2017a). Nevertheless, parasitoid females are required for the
parasitization of the host and suppression of host (pest) populations (Heimpel and Lundgren
2000). It is not yet clear how a male-dominated sex ratio in the F1 generation of H. sylvanidis
affects the population stability of the parasitoid on the long run. Furthermore, little is known
whether other behaviorally modifying compounds might induce similar effects in the other
parasitoid species. If so, any attempt to improve the performance of the parasitoids by
applying synthetic, host-associated volatiles might need to cope with the tradeoff between
an increased parasitization rate and increased parasitoid density as well as an altered sex

distribution of parasitoid offspring. This might significantly affect the success of biological
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control on the long term and needs to be considered particularly in conservative biological
control where the use of synthetic volatiles directly intervenes in the dynamics and stability

of natural parasitoid populations.

5.5. General conclusion and final remarks

This dissertation thesis provides several new insights into the role of semiochemicals that
are relevant for the host search by the ectoparasitoid H. sylvanidis. It was shown that the
loss of the kairomonal activity of host larval trail over time is due to the physical properties
of CHCs present in the trails. The host recognition behavior of the parasitoid is mediated by
a group of monomethyl-branched alkanes (MoMeAL) common on the cuticle of different
host species; their presence is robust to environmental factors such as the diet of the pest
species, however, their quantities may vary with the diet of the host. Furthermore, the
additional application of synthetic kairomones can enhance the host-searching activity of
parasitoid females, leading to a higher host-finding and parasitization success and thus,
improving the efficiency of H. sylvanidis in controlling T. confusum. These results highlight
that an in-depth knowledge of the chemically mediated host-searching behavior of
H. sylvanidis can not only provide new application opportunities (e.g., by the detection of

new host species) but also improved performance of parasitoids in biological pest control.

However, the results of this doctoral thesis raise new questions about the role of
semiochemicals involved in parasitoid-host interactions. Our results suggest that the
MoMeAL most likely serve as general cues on the short range and thus, enables
H. sylvanidis to distinguish between host and non-host species under different
environmental conditions. In contrast, it is not known whether the components of the 2CM,
1-pentadecene and (E)-2-nonenal, are general cues for the host location on the long range.
Using general host-indicating cues for host location may help parasitoids (released in
augmentative biological control) to adapt to different storage environments without
compromising the performance of parasitoids as biological control agent. Furthermore,
parasitoids are known to learn specific compounds when their perception is associated with
a specific reward (e.g., a suitable host for oviposition) (Giunti et al. 2015). Hence, the
combination of the additional application of synthetic host-associated volatiles and release
of parasitoids which have been trained on these volatiles prior to the release, might be a
further promising approach but has not yet been tested. The results can contribute in various
ways to advance the use of natural enemies in stored-product protection and biologically

based control of storage pest insects.
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