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Kannowsk~ 1975; Arnaud et al., 2002; Verheggen et al., 2007). Thus, 

attraction of parasitoids is obviously possible by odor components that 
larval and adult hosts have in common. 

The above-discussed results were obtained by olfactometer assays. 
The flight cage bioassays revealed that the host larval kairomones 
(2CM) can also significantly affect the parasitoid's behavioral response 

under conditions mimicking the natural ones a bit more than the 

olfactometer bioassays. The tiny parasitoids were shown to successfully 
and quickly locate hosts (and host odor) that is 70 cm away from them. 

The loss of the positive effect of 2CM on host search activity 72h 
after the stru1 of the flight cage bioassays is probably due to the 

evaporation of these kairomones. An analysis of the release rate of 

2CM from a rubber septum (as applied in the flight cage bioassays) 
revealed a very rapid release of the highly volatile (E) -2-nonenal 

within 2days, while 1-pentadecene was released continuously only in 

slow quantities (Supplementary material: Release rate; 

Supplementary Figure S2). The co-incidence of the loss of effect of 
2CM on the parasitoids' search activity after 2 days (Figure 3) and the 

high evaporation of (E) -2-nonenal within 2days suggests that the 

significant behavioral effects of 2CM on host search activity is 
especially induced by (E)-2-nonenal. On the other hand, our previous 

bioassays (in a 4-field olfactometer) showed no difference in the 
attractiveness of (E)-2-nonenal and 1-pentadecene. 

At the beginning of the experiment, we observed that H. sylvanidis 

females in the test cages immediately walked toward the odor source 
(2CM dispensers) after release, while parasitoid females in the control 

cages remained at the release site. But during the experiment, these 

females were observed dispersing throughout the control cages. One 
fiuther explanation for the loss of the effect of 2CM on the search 
activity of H. sylvanidis 72h after experiment start could be also that 

the less readily and actively searching parasitoids in tl1e control cages 
could finally catch up with those in the test cages in terms of the 
number of dislocated larvae because they had tl1at much time for 

searching (72 h). It is very likely that parasitoids in the control also 
have completely seru·ched the small cages within 3 days. As a result, the 
number of dislocated host larvae between test and control treatment 

converged at the end of the experiment. 
The enhancer effect of 2CM on the parasitization rate of 

H. sylvanidis (calculated based on the number of offered T. confi,sum 

larvae) might be a consequence of the increased search activity of the 

parasitoids during the first 2days of the experiment. Our results are 
consistent with those of Gross el al. (1984), who showed that the 

additional application of kairomones (here: hexane extracts of corn 
earworm scales. ffe/iothis zea) can enhance the parasitization activity 

of the egg parasitoid Trichogramma pretiosum. We also suppose that 

the parasitization rates in both the test and control treatments were 

likely higher than our results indicate. In some cases, at the end of 
experiment we could not recover all of the 20 offered T. confusum 

larvae. This was probably because some parasitoidfemales found a way 

out the cage and were able to drag paralyzed host larvae outside the 
cage. We do not know exactly whetl1er H. sylvanidis used these 

dislocated host larvae for oviposition. However, when calculating the 

parasitization rate based on the number of parasitized. dislocated 

larvae found (all found dislocated larvae= 100%), the parasitization 
rate was about 65% in the test cages and about 50% in the controls. 

This suggests a higher parasitization rate in both treatments. Futther 

studies on a larger scale (e.g., as reported in Niedermayer et al., 2016) 

are necessary to evaluate the potential of host-associated odors (2CM) 
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on long-range host finding and parasitization rate of H. sylvanidis. 
Howeve1; it should be considered that the application of synthetic 
kairomones in stored product environments might disturb the host 

search of parasitoids if these compounds interfere with the kairomones 
naturally emitted by the host, thus preventing the parasitoids from 
detecting the exact location of their hosts. Therefore, the concentration 

of synthetic kairomones should be chosen very carefully. 

The application of2CM resulted in an increased number of male 
offspring individuals, which contributed to an overall increase in the 

total number of emerged offspring individuals in test cages. ffolepyris 
sylvanidis is an arrhenotocous species. Male offspring hatches from 

unfertilized eggs and female offspring from fertilized eggs (Abdella 

et al., 1985). A higher propo1tion of male offspring in arrhenotocous 

parasitoid species may be caused by numerous factors, aI11ong them, 
e.g., mating success, age of mates, maternal crowding, mate 

competition. Furthermore, the host quality ru1d density, 

supe1parasitism, microbial infectio n and abiotic factors may 
contribute to an increase in the number of males in a parasitoid 

population (e.g., Godfray, 1994; Fuester et al., 2003; West et al., 2005; 
Bmtlton et al., 2015; Nurkomar et al., 2021). Since parasitoids in the 

test cages with 2CM treatment and in control cages were exposed to 

the same mating conditions prior to the experiment, same densities 
(three parasitoid females of same age per cage), same host qualities 
and densities, and same abiotic factors, none of the above- mentioned 

factors is likely to have contributed to the observed changes in the 

composition of pru·asitoid progeny. In addition, the proportion of 
males in parasitoid progeny in the control cages was similar to our 

permanent rearing of H. sylvan/dis (I male to 3 females). 

We suggest that the 2CM-i.nduced search activity of the females 
negatively affected successful egg fertilization. The increased search 

activity might have reduced egg fertilization (i) by affecting the sperm 
release from the female's spermatheca storing the male's ejaculate after 
mating and/or (ii) by changing the quality of the sperm in the female's 

spermatheca. It is well known for insects that they can control the 
release of sperm from their spermatheca (e.g., Klowden, 2009). The 
2CM-induced seru·ch activity might be linked with reduced release of 

sperm from the spermatheca. Interestingly, the bioge.nic aI11ines 
octopaI11ine and tyrrunine are known to affect both an insect's 
locomotory act ivity as well as sperm release (Avila et al., 2012; Selcho 

et al., 2012). Whether indeed 2CM can affect signaling by these biogenic 

aI11ines remains to be a.I1alyzed by future studies. Alternatively or 
additionally, the 2CM-enhancedseru·ch activity might result in reduced 

sperm quality in the spermatheca because probably energy-taking, 
enhanced search activity might lead to changes in factors important for 
sperm maintenance in the spermatheca (Wolfner, 2011; Pascini ru1d 

Ma1ti11s, 2017). Another trade-off of intensive searching activity 

induced by synthetic kairomones might negatively affect the energy 

budget of parasitoid females by, e.g. , reducing their fecundity 

and longevity. 

If a pru·asitoid population produces more male offspring in the 
presence of synthetic kairomones, th is shift in the population 

composition may negatively affected success of biological control 
by parasitoids because parasitoid females are needed to parasitize 

the host and reduce the host (pest) population (Heimpel and 
Lundgren, 2000). Thus, the attempt to improve biological control 

by application of 2CM needs to cope with the trade-off between 

2CM-induced parasitization rate and an increasing parasitoid 

density as well as a 2CM-induced change in the sex distribution of 

frontiersin.org 



Chapter 4 

 
101 

 

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 offsp ring requires fertilization of 

eggs in arrhenotecous species (Mayhew and Heitmans, 2000; 
Amante et al., 20 1 ?a). 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. sylvan idis 

population over time. 
In summary, the release of attractive kairomones can improve the 

host search and thus host-finding success of H. sylvanidis. 1his 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, fu1ther studies are needed to test the 

potential ofhost-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. 

Data availability statement 

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation. 

Author contributions 

SA-S, MH, and BF contributed to the study conception and 
design. SA-S performed material preparation, data collection, analysis, 

and wrote the first draft of the manuscript which was revised by BF 

References 
Abddla. M. M. H .. Tawfik. M. F. S .. andAwadallah. K. T. (19$5). Biological studies on 

the bethy lid parasitlon Holepyrls sylva11idis Berthes. An11. Agric. Sci. Moshtohor. 23, 
1355-1363. 

Adler, C., Sdiol.ler. M., and Beier. S. (2012). Development of insects in a flour mill treated 
with Holepyn·s sylvanidis (Hym., Bethylidae) for biologiral control oft he confused flour beetle 
Tn·boltum co,fusum (Col .. Tenebrionidae). IOBC-WPRS Bull 81, 169- 170. 

Ahmed, K. N., Kha tun, M., Nargls, A., and Dey,N. C. (1997). Mating, egglaylng and 
hos t feeding behaviour of Rliabdepyris uae Waterston (Hymenoptera: Bethylidae) 
pamltlzlng TrlboUum confasum larvae. Bang! J. Set. Ind. Ret 32, 633-637. 

A mante, M. , SchOller, M., Hardy, I. C. W, and Russo, A. (20 17a). Reprocbcti\'e biology 
of Hol.epyris sylvanidJs (Hymenoptern:.Bethyiidae). Biol Control 106, 1-8. doi: 10.1016/j. 
biocontcol. 20 16.12004 

Amante, M. , Sch Oller, M., Suma, P. , and Ru sso, A. (2017b). Bethylids attacking stored­
pcoduct pestsc an o>ervlew. Entomol Exp. Appl. 163. 251-264. doi, 10.1111/eea.12587 

Arnaud, L., Lognay, G., Verscheure, M., Leenaers, L., Gasp,u, C., and Haubruge,E. 
(2002). b dimethyldecanal a common aggregation pheromone of Trtbolluw flour 
beetles! /. Chem. Ecol 28, 523-532. doi, IO.I023/A,l0145879277!14 

Avila, F. W., Bloch Qazi, M. C .. Rubinstein . C. D .. and Wolfner. M. F. (2012). A 
requirement for the neuromodulators octopamine and tyramine in Drosophila 
melanogas.te.r female sperm s torage. Proc. Natl Acad. Sci. U.S. A. 109, 4562-4567. dol: 
l0. 1073/pnas.1117 689109 

Awater-Salendo, S., Schulz, H. , Hilker, M. , an dFil rstenau, B. (2020). The Importance 
of methyl-branched cutimlar hydrocarbons for successful host recognition by the larval 

Frontiers in Ecology and Evolution 10 

10.3389/fevo.2023.1158081 

and MH. All authors commented on previous versions of the 
manuscript, read, and approved the final manuscript 

Acknowledgments 

We thank Tobias Hoffmann Qulius Kuhn Institute, Berlin, 

Germany) for his help in the insect rearing and Raphael Buchner and 
Max Freihofffor their technical assistance in determining the release 

rate of 2CM. We also thank Nils Hildebrandt and Peggy Jones (Freie 
Universitat Berlin) for their support in performance of the bioassays. 
We also thank three reviewers for their helpful comments on an earlier 

version of this manuscript. 

Conflict of interest 

The authors declare that the research was conducted in the 

absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest. 

Publisher's note 

All claims expressed in this article are solely those of the authors 

and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 

that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher. 

Supplementary material 

The Supplementary material for this article can be fou nd online 
at: https:/ /www.frontiersin.org/artides/ I 0. 3389/fevo.2023. 1158081 / 

full #supplementary material 

ectopm sltoid r.!olepyr~ sylva11idls. J. Chem. Ecol. 46. 1032-1046. doi, l0.10071 
s10886-020-0l227-w 

Awater-Sa lendo. S., Voigt. D .. Hilker, M., and Fiirstenau, B. (202 1). Cuticular 
hydroca rbon trails released by host larvae lose their kairomonal activit y fo r 
parasitolds by so lidification. J. Chem. Ecol. 47, 998- 1013. doi: 10.1007/ 
, 10886-021-01310-w 

Boulton, R. A., Colllns,l. A., and Shuker, D. M. (2015). Beyond sex allocation: th e 
role of mating systems in sexual selection in parasitoid wasps. Biol. Rev. Camb. Philos. 
Soc. 90, 599-627. doi, 10.1111/brv. l 2126 

Cox, P. D. (2004). Pote ntial fo r using semiodi.e micals to protect s tored products 
from Insect infestation. J. Stored Prod. Res. 40, 1-25. doi: 10.101 6/ 
S0022-474X(02)00078-4 

Dueh( A. ).. Arbogast. R. T.. and Teal, P. E. A. (2011). Density-related volati le 
emissions an d responses in the red flour beetle, TriboUum castaneum.f. Chem. Ecol 37, 
525-532. doi, 10. 1007/sl0886-0 ll-9942-3 

Evans,H. E. (1969). A revision of the genus Holepyris in the Americas (Hymenoptera: 
&thylidae). Trans. Am. Entomol Soc. 95, 181-209. doi, l0.5962/BHL.PART.l2349 

Faustini. D. L. . and Burkholder, W, E. (1987). Quinone-aggregation pheromone 
interaction in the red flour beetle. Anim. Behav. 35, 601- 603. doi: 10. 1016/ 
S0003-34 72(87)802B9-0 

f1inn, R W., andSchOller, M. (2012). ''Biological control: insect pathogens, parasitoids, 
and predators," in Stored product protection. eds. D. W. Hagstrum, T. W Philipps and G. 
Cuperus(Manhattan. KS: Kansas Sta~ University). 203-2 12. 

frontiersi n.org 



Host search efficiency 

 
102 

 

  

Awater-Salendo et al. 

Fueste r, R. W, Swan, K. S., Dunn ing, K., Taylor, P. B., and Ramaseshiah, G. (2003). 
Male-biased sex ra tios in Glyptapa11teles jlavicoxis (Hymenoplera: Braconidae), a 
parasitoid of the gypsy moth (Lepidoptera: Lymantrlidae). Amt Entomol Soc. Am. 96, 
553-559. do l: 10.1603/0013-8746(2003)096[0553:MSRJGF)2.0.CO,2 

Fiirstenau, B., Adler, C., Schulz, H., and Hilker, M. (2016). Host habitat volatiles 
enhance the olfactory response of t he larval parasitoid Hoiepyris sylvanidis to spec ifica lly 
host-associated cues. Chem . Senses 41, 611 - 621. do!: 10.1093/chemse/bjw065 

Fii rstenau,B., and Hilker, M. (20 17). Cu ttcular hydrocarbons of Tribo"lium confusum 
larvae mediate trail following and host recognition in the ectoparasitoid Holepyris 
sylva>1;dis. J. Chern. Eco! 43, 858-868. dol: 10.1007/s10886-017-0885-1 

Fiirslenau,B.,and Kroos, G. M. (2020). "Biologically based control strategies for ma nagi ng 
stored-product insect pe.sts~ in Advances in postharwstmanagementofcereals and.grains. ed. 
D. E Maier (Cambridge Burleigh Dodds Series in Agrkultural Science), 267-31& 

Godfray, H. C. r. (1994) . Parasitoids: behavioral and evolutionary ecology. Princeton, 
NY: Princeton University P1~ss. 

Gross. H. R., Lewis, W J., Beevers, M., and Nordlund, D. A. (1984). Jrichogramma 
preNosum (Hymenoptera: Trlchogrammatidae): effects of augmented densiti es and 
distributions of Helioth is zea (Lepidoplera: Noctuidae) host eggs and kairomones on 
field pe rfo rmance. Enviro>1. E>1tomo! 13, 981- 985. doi: 10.1093/ee/13.4.981 

Hagstrum, D. W, and Subramanyam, B. (2009). Stored-product insect resource. 1st ed. 
St. Pa ul Minneso ta: AACC In te rnational, lnc. 

Helmpel, G. E., and Lundgre n, J. G. (2000). Sex ratios of commercially reared 
biological control agents. Biol. Control 19, Tl-93. doi: 10.1006/bcon.2000.0849 

Henter, H.J. (2004). Constra ined sex allocation In a parasltoid due to variation in male 
quality.;. Evo! B;o! 17, 886-896. dol: I0.1111/J. 1420-9!01. 2004.00746.x 

Keville, R., and Ka nnowskl, P. B. (1975). Sexual excitation by pheromones of the 
confused flour beetle,J. Insecr Phy,;o/ 21. 81 - 84. doi: 10.1016/0022-19!0(75)90070-0 

Klowden, M. J. (2009). "Spermatheca; In Encyclopedia of insects. eds. V. H. Resh and 
R. T. Cardo! (Academic Press), 939- 940. 

Mayhew, .P. J., andHeitmans, WR. B. (2000). Life history co rrelates and reproductive 
biology of Lae/Jus pedatus (Hymenoptera: Bethylidae) In the Netherlands. Eur. /. 
Entornol. 97, 313-322. dole 10.14411/ej<,.2000.048 

McKay, T., Bowombe-Toko, M. P. , Stark.us, L A., Arthur, F H, and Campbell , J. F (2019). 
Monitoring of Tribollum casta,ieum (Cole.optera: Tenebrlonldae) in rice mills using 
pheromone-baited trap,./ Econ. EntornoL 112, 1454- 1462. dot 10.1093/jee/toy422 

Newcombe,R. G. (1998a). Interval estimation for the diff.e1ence btetween Independent 
proportions: comparison of eleven 111etl1ods. Stat Med. 17, 873-890. doi: 10.1002/(SIC 
1)1097-0258(19980430)17:8<873::AID-SIM779>3. 0.C0;2-I 

Newcombe, R. G. (l99Sb). 'lwo-sided confidence Inte rvals for the single propol'tlon: 
comparison of s,ven metl1ods. Stat. Med. 17, 857-872. dole I0.1002/(SICl )l097-0258 
(19980430)17:8<857::AID-SIM777>3.0.C0;2-E 

Niedermayer, S., Krogmann. L., and Steidle, ). L. M. (2016). Lost In space? Host­
finding ability of the parasitoids Lartopliagtts disHnguendris and Anisoptr:romalus 
calandrae in empty grain sto rage fac~ities to control residual pest populations. Biocontrol 
61,379-386. dol: I0.1007/s10526-016-9717-4 

Nurkomar, I., Azhar, A., and Buchorl, D. (2021). Sex allocation and field population 
sex ratio of Apanteks taragamae Viereck(Hymenop:era: Braconidae), a larva l parasitoid 
of the cucumber moth D taphauJa. tudlca Saunders (Lepldoptera: Crambldae). Open 
Agr;c, 6, 673-681. dol: 10. 1515/opag-202 1-0045 

Parra, J. R. P., and CoeJho. A. (2022). Insec t rearing techn iques fo r biological control 
programs, a comporx:n t of sustalnable ag rlculture In Braz~. Insecrs 13:105. doi: 10.3390/ 
lnsects l301010S 

Pasclnl, T. V.. and .Mart ins, G. F. (2017). The insect spermatheca: an overview. Zoology 
121, 56-71. dol: I0.1016/J.zool.2016.12.001 

Philips. T. W, andThrone.J.E.(2010). Bioral.ional awroaches to managing stored-product 
Insects. Annu, Rev. Entvmal 55,375-397. dot: l0.1146/annure.v.ento.54.1 10807.090451 

Frontiers in Ecology and Evolution 11 

10.3389/fevo.2023.1158081 

R Core Team (2021). R: A language and environment for statistica l computing. R 
Foundation for Statistical Computing, Vienna, Austria . https: //www.r-projecl org. 

Sch0ller, M. (1998). Integration of biological and non-bio logica l methods for 
controlling arthropods infesting stored product s. Postharvesr News Inform. 9, 15N-20N. 

Scholler, M .. ProzelL S., Al-Kirsh!, A. -G .. and Relchmuth , C. (1997). Towards 
bio logical control as a major component of integrated pest managemen t in stored 
product protection. f. Stored Prod. Res. 33, 81- 97. doi: 10.1016/S0022-474X(96)00048-3 

Seld10, M., Pauls, D., el Jund! , B., Stocker, R. F., and Thum, A. S. (2012). The role of 
octopamlne and tyramlne In drosophila larva l locomotion. /. Comp, Neurol. 520, 
3764- 3785. dol: 10.1002/cne.23152 

Shuker, D. M., Sykes, E. M., Browning, L. E., Beukeboom, L. W., and West, S. A 
(2006). Male intluenc.e on sex allocation in the parasltold wasp Nasonia vitrlpem1is. 
Behav. Eco! &dobw! S9, 829-&JS. doi: 10. 1007/s00265-005-0129-1 

Steidl,, J. L. M .. and Scholler, M. (2002). Fecundit]' and abili ty of the parasltoid 
Larlophagus disN11gue11dus (Hymenoptera: Pteromalidae) to find larvae of the granary 
weevil Sitophiluigranarius (Coleoptera: Curculionidae) in bulk grain. J. Srored Prod. Res. 
38, 43-53. dole I0.101 6/S0022-474X(00)00044-8 

Steidle, J. L. M., and va n Loon, J. }. A. (2003). Dietary specialization and Info chemical 
use in carnivorous arth ropods: testing a concept. F-litomoL Exp. Appl 108, 133-148. do i: 
10.1046/j.1570-7458. 2003.00080.x 

Suzuki, T. (1980). 4,8-Dlmethyldeca nal: the agg regation pheromone of the flour 
beetles, Tribolium castaneum and r confusum (Coleoptera: Tenebrionidae). Agric. Biol. 
Chem 44, 2519-2520. doi: 10.1080/00021369.1980.10864359 

Suzuki, T., andSugawara, R (1979). Isolation of an agg regation pheromone from the 
flour beetles, Tribolium castaneum and T confusurn (Coleoptera: Te1-.ebrionidae). AppL 
EntornoL Zcol. 14. 228-230. do i: 10. 1303/aez.14.228 

Trematerra, P. (2012). Advances in the use of pheromones for stored-product 
protecllon.J. P,st. Sc;, 85, 285-299. do ie 10. 1007/s10340-0ll-0407-9 

va n Lenteren, J. C. (2012). The state of commercial augmentative biological control: 
plenty of natural enemies, but a frustrating lack of uptake. Biocorztrol 57, 1- 20. doi: 
10.1007/s10526-011-9395- l 

van l.enteren, J. C. , Bolckmans, K., K0hl, }., Ravensberg, W }., and Urbaneja, A. (2018). 
Biological control using invertebrates and microorganisms: plenty of new opportunlies. 
Btocontrol63 ,39-59. doi: 10. 1007/s10526-017-9801-4 

van Lenteren, J.C., and Tommasi nl, M. G. (1999) ... Mass production, storage, 
shipment and quality con t rol of natura l enemies" In Integrated pest a11d disease 
management in greenh ouJe crops: developments tn plant pathology. eds. R. 
Albajes. M. Lodovlca Guill no. J. C. van Le nteren and Y. Elad, vol. 14 (Dordrecht: 
Springer), 276-294. 

Yerheggen,F.,Ryne, C .. Olsson. P.-O. C., Arnaud. L .. Lognay. G., Hogberg, H.-E., et al. 
(2007). Electrophysiologlca l and behavioral activity of secondary me tabolites in the 
confused flour bee tle, Tribolimn confusum. /. Chem. Ecol. 33, 525-539. do!: 10.1007 / 
s10886-006-9236-3 

Vet, L. E. M. , and D icke, M. (1992). Ecology of lnfochemlcal by natural enemies in a 
tritrophic. context use. Amw. Rev. Eutomol. 37, 141- 172. dol: 10.1146/annurev. 
en.37.010192.001041 

von Endt, D. W, and Wheeler, J. W (1971). l -Pentadece1-.e production in Tribolium 
confurum. Sc;mce 172, 60-61. dol: I0.1126/sclence.172.3978.60 

West, S. A, Shuker, D. M .. and Sheldon, B. C. (2005). Sex-ratio adjustment when 
relatives interact: a tes t of const raints on adaptation. Evolution 59, 1211- 1228. doi: 
10. 1111/j.0014-3820.2005. tb01772.x 

Wirtz, R A., Taylor, $. L., and Semey, H . G. (l 978). Concentrations of subslitued 
p-benzoquinones and 1-pentadecene in the flour beetles TrilxJlium confusum J. Duv val 
and Tribolium castam:um and p-be.nzoqulnones (Herbst). Comp Biochem Physioi. B 61, 
25-28. do l: 10.1016/0305-049!(78)90207-9 

Wol fner,M. f. (2011). Precious essences: female secretions promote sperm storage in 
drosophila. PLoS B;o! 9:el001191. doi: 10. 1371/Journal .pbio.1001191 

frontiersin.org 



Chapter 4 

 
103 

Supporting data 
 

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 
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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 

test 

Comparison χ²-value Df P 

(1) T. confusum 
larvae 

One-sided 
binomial 
test 

                           IG² vs. air - - < 0.001 

                    2CMlow3 vs. n-hexane - - < 0.005 

       2CMlow3 + NIG1 vs. NIG1 - - < 0.001 

      2CMmed4 + NIG1 vs. NIG1 - - < 0.05 

       2CMhigh5+ NIG1 vs. NIG1 - - < 0.05 

 Test for 
equality of 
proportions 

                       NIG1 vs. IG2    5.25 1 < 0.05 

                   2CMlow3 vs. IG2    0.45 1 > 0.05 

        2CMlow3 + NIG1 vs. IG2 < 0.001 1 1 

        2CMmed4 + NIG1 vs. IG²    9.08 1 < 0.05 

        2CMhigh5 + NIG1 vs. IG²  15.63 1 < 0.001 

(2) Tribolium adults One-sided 
binomial 
test 

      MBQlow6 + NIG1 vs. NIG1 - - > 0.05 

  MBQmedium7 + NIG1 vs. NIG1 - - > 0.05 

       MBQhigh8 + NIG1 vs. NIG1 - - > 0.05 

  MBQvery high9 + NIG1 vs. NIG1 - - < 0.001 

           DMD10 + NIG1 vs. NIG1 - - > 0.05 

 Test for 
equality of 
proportions 

      MBQlow6 + NIG1 vs. IG²    7.05 1 < 0.01 

       MBQmed7 + NIG1 vs. IG²    1.98 1 > 0.05 

       MBQhigh8 + NIG1 vs. IG²    7.05 1 < 0.01 

   MBQvery high9 + NIG1 vs. IG²  21.62 1 < 0.001 

            DMD10 + NIG1 vs. IG²  12.60 1 < 0.001 

 

1 NIG = non-infested wheat grist 

² IG = infested wheat grist 

2CM = Two-component mix ((E)-2-nonenal + 1-pentadecene, 1:1 in n-hexane) in three 

different concentrations (10 µL each applied): 

³ = 0.02 µg µL-1, in total 0.2 µg 

4 = 0.2 µg µL-1, in total 2 µg 
5 = 2 µg µL-1, in total 20 µg 
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MBQ = Methyl-p-benzoquinone (in methanol) in four different concentrations (10 µL each 

applied): 
6 = 0.1 ng µL-1, in total 1 ng 
7 = 1 ng µL-1, in total 10 ng 

8 = 10 ng µL-1, in total 100 ng 

9 = 100 ng µL-1, in total 1000 ng 

10 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 
and efficacy  

Number of dislocated 
T. confusum larvae after 1 h Wilcoxon rank-sum test W = 1170, 

P < 0.05 
Number of dislocated 
T. confusum larvae after 24 h Wilcoxon rank-sum test W = 1174, 

P < 0.05 

 Number of dislocated 
T. confusum larvae after 48 h Student t-test T85 = 2.92, 

P < 0.005 

 Total number of dislocated 
T. confusum larvae (after 72 h) Student t-test T48 = 1.51, 

P > 0.05 

 Dislocation rate1 (%) Wilcoxon rank-sum test W = 1169, 
P > 0.05 

 Mean number of T. confusum 
larvae with host feeding marks Wilcoxon rank-sum test W = 1018, 

P > 0.05 

  Efficacy of H. sylvanidis2 (%) Wilcoxon rank-sum test W = 1173, 
P < 0.05 

(2)  Parasitization Mean number of parasitized 
T. confusum larvae Wilcoxon rank-sum test W = 1165, 

P < 0.05 

  Parasitization rate3 (%) Wilcoxon rank-sum test W = 1207, 
P < 0.05 

(3) Offspring emergence Mean number of emerged 
H. sylvanidis females Wilcoxon rank-sum test W = 1209, 

P > 0.05 

 Mean number of emerged 
H. sylvanidis males Wilcoxon rank-sum test W = 1248, 

P < 0.05 

 
Mean number of all emerged 
H. sylvanidis offspring 
individuals4 

Wilcoxon rank-sum test W = 1318, 
P < 0.05 

  Mean overall emergence rate5 

(%) Wilcoxon rank-sum test W = 1267,  
P > 0.05 

 Sex ratio  χ2 goodness of fit test 
χ²(1) = 
2.31, P > 
0.05 

 

1 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) 
4 Male 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 

  



Host search efficiency 

 
108 

 

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 µL 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 µL. 

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 6th degree polynomial. We used the “lmer()”-

function of the “lme4”- package (Bates et al., 2015).  

Results 

Release kinetics of 2CM from a rubber septum 

The release rate of 50 µL 1-pentadecene from a rubber septum differed significantly from 

the one of 50 µL (E)-2-nonenal (Figure S2, χ² = 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 µg 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 = 4.63e¹ - 4.09e¹x + 2.06e1x² - 

4.93e0x³ + 6.07e-1x⁴ - 3.70e-2x⁵ + 8.82e-4x6. 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 = 

3.95e¹ - 2.71e0x – 1.02e-1x² + 7.75e-2x³ - 8.20e-3x⁴ + 2.01e-4x⁵ + 4.34e-6x6. 

 

 

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

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-

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 c) 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  

Semiochemicals mediating host-searching behavior of H. sy/vanidis 

a) Host finding 

• The CHC profiles of host larval trails do 
not change qualitatively or quantitatively 
overtime. 

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

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

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

Chapter 3 

b) Host recognition 

• Holepyris sylvanidis recognizes and 
accepts larvae of the genus Tribolium 
as hosts while 0 . surinamensis larvae 
are not accepted . 

• The CHC profiles of host species and 
non-host species differ in composition 
by the presence of methylated alkanes 
(MeAL) only in the host species and 

• the absence of these compounds in 
non-host species (0. surinamensis) . 

• MeAL elicit host recognition behavior in 
H. sylvanidis. 

>y ~ 
~-✓ ~~ 

{-,,:,- ~ 

Chapter4 

c) Host search efficiency 

• Holepyris sylvanidis uses only volatiles 
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. 

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

(Rostás and Wölfling 2009; Holopainen and Blande 2013; Fürstenau 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 (O3), nitrate radicals (∙NO3) and hydroxyl radicals (∙OH). Especially, compounds with 

a high number of C-C double bonds (e.g., β-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 O3, 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 (Rostás and Wölfling 

2009; Fürstenau 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 Juárez 1997; 

Collatz and Steidle 2008; Rostás and Wölfling 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 (Müller and Riederer 2005; Rostás et al. 2008; Colazza 

et al. 2009; Rostás and Wölfling 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 Tm and are solid at ambient temperatures. In 

contrast, dimethyl-branched alkanes are most likely liquid in this temperature range due to 

a low Tm (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 Tm (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 Tm. 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, Kárpáti 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 Oudenhove 

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; Schöller 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 Bagnères 

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; Kühbandner 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 (Fürstenau 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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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 

Figure 2 Behavioral responses of female H. sylvanidis to live larvae of different species 
of the Tenebrionidae family (T. 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) 
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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, I 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; Kühbandner 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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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 

protocol described in Chapter 3. In the following, the terms “wheat line”, “millet line”, or “rice 

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) 
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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 B12 is important. These nutrients are 

precursors for methyl-malonyl-CoA that gives rise to 3-methyl- and internally branched 

alkanes (Blomquist and Bagnères 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; Kühbandner 

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 (Schöller 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, 

α-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 (Schöller et al. 1997; Flinn and Schöller 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 (Fürstenau 

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). Đukić 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 (Đukić 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; Wäschke 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 (Fürstenau 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 (2CMlow) was 

attractive for H. sylvanidis females, while the highest concentration of 2CM was even 

repellent (Chapter 4). The most attractive concentration of 2CM (= 2CMlow) is equivalent to 

the quantities of feces released by 100,000 4th instar T. confusum larvae and thus, indicates 

a very high host density (Fürstenau et al. 2016, Chapter 4). Therefore, higher concentrations 
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of 1-pentadecene and (E)-2-nonenal in 2CM than 2CMlow 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 (Schöller 

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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