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Odours attracting Medetera (Diptera) predators to
spruce bark beetles in a multitrophic system

Abstract

Tree-killing bark beetles cause great economic and ecological damage worldwide.
Several long-legged fly species of the genus Medetera are natural enemies of tree-killing
bark beetles and are of interest as potential biological control agents. However, flies
within the Medetera genus have been poorly studied to date, partly due to very difficult
species identification that often requires studying the fine structures of male genital
morphology. In this thesis, morphological analysis and barcoding were applied in species
level identification of different Medetera specimens collected from the bark of Norway
spruce trees in Southern Sweden infested with the Eurasian spruce bark beetle, Ips
typographus. Adult Medetera flies use olfaction to locate bark beetle-infested trees.
Olfactory cues (odours) are detected by various types of hair-like structures called
sensilla distributed on the fly antennae and maxillary palps. This thesis shows that the
number and subtypes of sensilla differs between M. signaticornis and M. infumata, the
two most common species found at the study sites. Therefore, it is possible that these two
species respond to different odours, or process the same odours in different ways.
Further analysis showed that male and female M. signaticornis were able to detect
more than 20 compounds emitted from Norway spruce trees infested with 1. typographus.
These compounds included metabolites produced by the trees and also compounds
produced by bark beetles and associated microorganisms. Such detection of odours from
different trophic levels by Medetera flies may facilitate the location of infested trees
throughout a bark beetle attack. Multiple comparisons of synthetic blends containing
different combinations of these compounds demonstrated that some compounds (e.g. (-
)-cis-verbenol, ipsdienol, myrtenol, a- and y-terpinene; limonene, camphor, terpinen-4-
ol and borneol) were more important than others in the attraction of Medetera species.
Overall, the findings presented in this thesis can facilitate identification and monitoring
of Medetera flies and might help to improve management of 1. fypographus in the future.

Keywords: bark beetle management, biological control, chemical ecology, forestry, host
associations, morphology, multitrophic interactions, natural enemies, odours, synthetic
blends.






Dedication

To Catarina, Sebastian and Jodo.

“The only impossible journey is the one you never begin”

Tony Robbin






Contents

List of publications..........cccooiiiiiiiiieii e 9
Publications not included in this thesis .............ccccciiiiii e, 11
ABDIreviations .........cooiiiiii e 13
1. INTrOAUCHION .. 15
2. Research Background ..o, 19
2.1 Tree-killing bark beetles...........c.ccooviiiii 19

2.1.1 Eurasian bark beetle (Ips typographus).........ccccccceercueens 19

2.1.2 Attacks on living trees and the importance of symbiotic
aaTTeyo o] yo =T o E] 0 -SSP 21

2.1.3 Management strategies .........cccccervrieiiiiiii i 22

2.2 Long-legged flies of the genus Medetera............ccccocuverieiniennnnn 23

2.2.1 Species known to prey on bark beetles............c............. 23

2.2.2 Preylocation. ... 26

2.2.3 Predation - Impact on bark beetles...............coennn. 27

3. Aim and ObJECtiVES .........oooiiiiii i 29
4. [ ol (o] oo VAN 31
4.1 Morphology vs molecular analyses.............ccccvvveeeieeeiiiciiiieneeennn, 31

4.1.1 Morphological identification ...........c....ccceviieereeeiiiicinnnen, 31

4.1.2 DNADArcoding ......ccccoevemiiiiiiiiiee e 32

4.1.3 Scanning electron microscopy (SEM) ........cccoeceveininenen. 32

4.2  Odour collection and analysSes.......ccccccevvecviieieieee e 32

4.3  Electroantennographic experiments ...........cccccceeiiiiiiiiennieenines 33

4.4 Field trapping ....cccoeoo i 34

5. Summary of results and diSCUSSION..............uvureiiiiiiiiiiiiinnnnns 35



5.1 Characterising the identity and olfactory morphology of collected

predatory Medetera species (Papers land Il)..........ccccoooiiiiiinnnien. 35
5.2  Odours from Ips typographus infested logs that are antennally
active on Medetera signaticornis (Paper 1) .......cccccceviviiiiieenee i, 37

5.3 Trapping of Ips typographus and predatory Medetera using
synthetic blends of compounds emitted by infested logs (Papers Il and

V) 40

6. Concluding remarks and perspectives .........ccccceeeeevvevvinnnnnn.. 45
REfErENCES ... 47
Popular SCIENCe SUMMAIY ..........uuuuuiuiiiiiiiiiiiiiiiiiiiiiieeneeeeneeeennenenaens 57
Popularvetenskaplig sammanfattning ................ccciiiiei . 59

Acknowledgements ... 61



List of publications

This thesis is based on the work contained in the following papers, referred
to by Roman numerals in the text:

L

II.

1.

Iv.

Sousa, M., Karlsson, Green K., Auger-Rozenberg, A.M., Pollet,
M., Birgersson, G., Becher, P.G. & Bras, A. Exploring identity and
diet range of species within the genus Medetera that are important
natural enemies of tree-killing Scolytinae. Manuscript.

Sousa, M., Ignell, R., Pollet, M., Green, K.K., Becher, P.G. &
Birgersson, G. (2023). Antennal and maxillary palp morphology,
and sensillar equipment, of the spruce bark beetle predators,
Medetera signaticornis and Medetera infumata (Diptera:
Dolichopodidae). Arthropod  Structure &  Development 72,
101229.

Sousa, M., Birgersson, G., Karlsson Green, K., Pollet, M. &
Becher, P.G. (2023). Odors attracting the long-legged predator
Medetera signaticornis Loew to Ips typographus L. infested
Norway spruce trees. Journal of Chemical Ecology. In press,
published online.

Sousa, M., Andersson, A., Englund, J.E., Flohr, A., Pollet, M.,
Karlsson Green, K., Birgersson, G. & Becher, P.G. Attractiveness
of synthetic odour compound blends for the tree-killing beetle Ips
typographus and predatory flies of the genus Medetera.
Manuscript.



Papers II-11T are Open Access articles distributed under the terms of Creative
Commons Attribution License.

The contribution of Maria Sousa to the papers included in this thesis was as
follows:

10

L

II.

II1.

Iv.

Designed the study together with the co-authors. Collected the
insects, extracted DNA from the specimens and analysed the data.
Wrote the manuscript with input from the co-authors.

Collected the insects, created SEM pictures to study the
morphology of insect olfactory organs and analysed the data.
Wrote the manuscript with input from the co-authors.

Designed the study with the co-authors. Collected headspace
samples and insects in the field, performed GC-MS and GC-EAD
experiments, identified active compounds and analysed the data
statistically. Wrote the manuscript with input from the co-authors.

Designed the synthetic blends and field experiments together with
the co-authors. Performed data collection and data analysis. Wrote
the manuscript with input from the co-authors.



Publications not included in this thesis

e Sousa, M., Mulaosmanovic, E., Erdei, A.L., Bengtsson, M.,
Witzgall, P. & Alsanius, B.W. (2023) Volatilomes reveal specific
signatures for contamination of leafy vegetables with Escherichia
coli O157:H7. Food Control, 109513.
https://doi.org/10.1016/j.foodcont.2022.109513

e Sousa, M. (2019) On the multitrophic interactions between Ips
typographus their tree host, associated microorganisms, and a
predatory Medetera fly. Introductory Research Paper. Institutionen
for Viaxtskyddsbiologi, Sveriges Lantbruksuniversitet

e Mulaosmanovic, E., Farkas, S., Vagsholm, I., Darlison, J., Sousa,
M., Mogren, L., Gharaie, S. & Alsanius, B.W. (2019). Safety risks
associated with dispersal of E. coli O157: H7 in home sprouting
modules. LWT, 101:783-788.
https://doi.org/10.1016/j.1wt.2018.11.086

1"



12



Abbreviations

BHD
COI
GC-EAD

GC-MS
VOC
SEM

Breast height diameter

Cytochrome oxidase subunit [

Combined gas chromatography and electroantennographic
detection

Combined gas chromatography and mass spectrometry
Volatile organic compounds

Scanning electron microscopy

13






1. Introduction

Insect pests kill millions of hectares of forests around the world every year
(Raffa et al., 2008; Seidl et al., 2014). In conifer forests, the species generally
known to cause the most damage are bark beetle species of the genera
Dendroctonus and Ips (Fettig et al., 2022; Wermelinger & Jakoby, 2022). In
Europe, the Eurasian spruce bark beetle, Ips typographus L. (Coleoptera:
Scolytinae), is becoming an increasingly serious pest of Norway spruce
(Picea abies L. Karst.). In the years 2002 and 2010, . #ypographus killed
around 14 million m? of spruce, while by 2018 the number of killed trees had
significantly increased, to more than 40 million m* (of which 3-4 million m?
in Sweden alone) (Biedermann et al., 2019; Tomés Hlasny et al., 2019; Ohrn
etal., 2021).

Due to its timber value, Norway spruce has been planted extensively
throughout Europe, including in areas outside its native range (Christiansen
& Bakke, 1988). The total growing stock of Norway spruce is currently
estimated to be 7.0 billion m®, all of which is exposed to 1. fypographus
(Tomas Hlasny et al., 2021). Therefore, outbreaks in managed spruce
plantations can significantly affect the stability of regional economies and
markets and generate political conflicts (Morris ef al., 2017; Montagné-Huck
& Brunette, 2018). The economic effect is caused by (i) decreasing timber
prices in the short-term, due to oversupply resulting from salvage logging of
large infested areas and (i7) increased timber prices in the long-term, due to
the reduced availability of timber on the market (Tomas Hlasny et a/., 2021).

In unplanted natural forests, larger outbreaks typically have other types
of consequences. For example, they can affect ecosystems and the services
they supply (e.g. biogeochemical cycles, biodiversity) and result in major
transformation of forest landscapes (Raffa et al., 2008; Thom & Seidl, 2016).
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In the near future, bark beetle outbreaks are predicted to increase as a
consequence of the high number of planted suitable host trees and changing
climate conditions (Raffa et al., 2008; Bentz et al., 2019). Warm, dry weather
conditions can accelerate the development of bark beetles, reduce tree
defence, and facilitate expansion of bark beetles into new territories with low
pressure from natural enemies (Seidl et al., 2008; Buotte et al., 2016; Seidl
& Rammer, 2017).

Management of /. typographus typically involves reactive measures, e.g.
silvicultural practices that most commonly consist of clearing windthrown
timber or felling and removing infested trees (Wermelinger, 2004).
However, since the rate of outbreaks is predicted to increase in coming years,
new management strategies must be considered. One potential approach
relies on preventive measures, through creating favourable habitat conditions
for natural enemies of bark beetles.

Bark beetles are attacked by diverse groups of natural enemies, such as
pathogens (fungi, bacteria), parasites (nematodes), parasitoids (wasps), and
predators (clerid beetles, flies, mites and woodpeckers) (Wegensteiner et al.,
2015). These natural enemies are known to significantly reduce bark beetle
populations under natural conditions and can be included in biological
control programmes to safely and sustainably regulate populations of bark
beetle species (Kenis et al., 2019).

One important group of organisms acting as a natural enemy of bark
beetles contains predatory larvae of the long-legged fly species Medetera
Fisher von Waldheim 1819 (Diptera: Dolichopodidae) (De Leon, 1935;
Hopping, 1947; Beaver, 1966; Fitzgerald & Nagel, 1972; Bickel, 1985).
However, these species are understudied, which limits their potential
application in pest management strategies. A thorough understanding of
Medetera biology, sensory ecology and behaviour is a key to implementation
of an integrated strategy for controlling tree-killing bark beetle species.

The main aim in this thesis was to identify odours used by predatory
Medetera flies to detect Norway spruce trees infested with the Eurasian bark
beetle (1. typographus). Odours were sampled and studied for their chemical
identity, antennal activity and attractiveness for Medetera flies in forest
conditions. A second aim was to describe the morphology of the peripheral
olfactory system in the two most commonly found Medetera species in
southern Sweden, and using DNA barcoding as a complement to
morphological Medetera species identification. A final aim was to perform
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a brief review of prey associations between 30 Medetera species and tree-
killing bark beetle species. The results obtained were intended to extend
existing knowledge on the ecology of Medetera species and contribute to the
development of a monitoring bait that can be optimised for future
implementation.
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2. Research Background

2.1 Tree-killing bark beetles

There are approximately 6000 species of bark beetles distributed around the
world. Most of these species breed in dead or dying trees, where they play
an important role in the decomposition and nutrient cycling of wood (Raffa
et al., 2008; Raffa et al., 2015). However, when present in high population
densities, some of these species are also able to attack and kill healthy trees
over large areas (Kausrud et al., 2012; Biedermann ef al., 2019).

Bark beetle outbreaks occur during intermittent events. In endemic
phases, beetle populations are controlled by tree resistance, weather,
competitors and natural enemies (Raffa er a/., 2008). However, storm
disturbances, warm temperature and periods of low precipitation can
increase the population density by reducing tree resistance and/or increasing
the number of bark beetles (Kausrud et al., 2012; Marini et al., 2017,
Kaminska et al., 2021). In such cases, bark beetles are capable of overcoming
healthy, well-defended trees via mass attacks and starting an epidemic phase
(Wallin & Raffa, 2004; Boone et al., 2011; Kausrud et al., 2012).

This chapter describes the life cycle of Eurasian Ips typographus, the
importance of pheromone-mediated mass attacks and symbiotic
microorganisms to overcome conifer chemical defence, common pest
management strategies and biological pest control.

2.1.1 Eurasian bark beetle (Ips typographus)

A generalised diagram of the life cycle of I. typographus on Norway spruce
trees is presented in Figure 1. During spring, overwintering adult bark beetles
of'this specie emerge from hibernation sites and search for suitable host trees.
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Males are known to arrive at host trees before females and start tunnelling
small nuptial chambers in the inner bark. At the same time, males release an
aggregation pheromone made up of two components, (—)-cis-verbenol and 2-
methyl-3-buten-2-ol, that attracts and directs a large number of conspecifics
of both sexes to the same host tree leading to a mass attack (Lanne et al.,
1989; Lindstrom et al., 1989; Blomquist et al., 2010). During an attack, the
beetles infect trees with symbiotic microorganisms that eventually
metabolise tree defence chemicals (Krokene, 2015).

Figure 1: Generalised life cycle of Eurasian bark beetle (Ips typographus) on living Norway
spruce trees, divided into three main phases. (1) Colonisation: adults construct galleries under
the bark where they mate and lay eggs. (2) Brood development: eggs hatch, larvae grow and
feed on the cambium and phloem. During feeding new tunnels are constructed away from the
female galleries and at the end of each larval tunnel a pupal chamber is constructed, where the
larvae pupates. (3) Dispersal: the new adults emerge and search for a new host tree.
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Once tree defence is overwhelmed by the associated microorganisms,
mating occurs in the nuptial chambers constructed by the males. After
mating, females construct vertical maternal galleries for oviposition and the
eggs are laid alternately along both sides of the maternal galleries (Mills,
1986). Few days later, the larvae eclose and feed on both cambium and
phloem tissue.

During larval feeding new tunnels are constructed away from the female
galleries. A pupal chamber is constructed at the end of each larval tunnel,
and this is where the larvae pupate. After pupation, emerged adults either
leave the tree and search for new host trees to initiate a new seasonal
generation of beetles, or they overwinter as adults in the soil. When not fully
developed, bark beetle larvae overwinter under the bark of infested trees
(Wermelinger et al., 2012). However, winter has a significant impact on the
survival of bark beetle larvae, e.g. about 50% of bark beetle larvae are
estimated to die if the temperatures fall below -10 °C (Faccoli, 2002).

Development of a full generation usually takes about 6-10 weeks and
depending on temperature and elevation, 1. typographus can have one, two,
or possibly three generations per year (Wermelinger, 2004). In Central
Europe, there are usually two generations per year, while at high altitude
(>1500 m a.s.l.) or further north, the populations are usually univoltine (one
generation per year) (Wermelinger & Jakoby, 2022).

2.1.2 Attacks on living trees and the importance of symbiotic
microorganisms

Trees have a sophisticated defence system to withstand attack by bark
beetles, which includes the formation of necrotic lesions around the tree
tissue infested with the beetle, and the production of high levels of phenolic
and terpenic compounds (volatile mono- and sesquiterpenes or non-volatile
diterpenes) that are toxic to different life stages of bark beetles (Martin et al.,
2003; Keeling & Bohlmann, 2006). However, through pheromone-mediated
mass attack and with the help of plant-pathogenic microbes, the beetles can
overcome tree defences (Christiansen & Bakke, 1988; Kirisits, 2004;
Krokene, 2015). For example, [I. typographus is associated with
ectosymbiotic, phytopathogenic blue-staining fungi of the genera
Endoconidiophora, Ophiostoma and Grosmannia, which the beetles transfer
to the host tree during colonisation (Paine et al., 1997; Kandasamy et al.,
2016; Kandasamy et al., 2021). These symbiotic microorganisms are known
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to invade healthy sapwood, disrupt water transport and overcome host tree
defences (Horntvedt et al., 1983; Kirisits, 2004). Moreover, they can
metabolise host defence compounds (Boone et al., 2013; Hammerbacher et
al., 2013; Zhao et al., 2019). According to Kandasamy et al. (2023) the /.
typographus symbiotic fungus Grosmannia penicillata increases conversion
of the terpene-rich defensive resin in host tree bark into various oxygenated
monoterpenes, e.g. bornyl acetate can be metabolised into camphor and a-
pinene, while B-pinene can be metabolised into trans-4-thujanol and other
oxygenated products.

2.1.3 Management strategies

Pest management practices currently aim at prevention of . typographus
mass attacks and keeping tree damage at a minimum. At present, sanitation
felling and removal of infested trees from forests is regarded as one of the
most effective management methods against /. typographus (Tomas Hlasny
et al., 2019). Sanitation felling involves felling and removal of bark beetle
infested standing trees and removal of windthrown timber that could be used
by the bark beetles as a breeding substrate (Wichmann & Ravn, 2001;
Wermelinger, 2004). However, the efficiency of these management activities
depends on three critical elements: (7) early detection of newly infested trees;
(i) infested trees being removed before emergence of the new generation of
bark beetles; and (iii) effective treatment to kill the brood before or after
moving the logs to collection sites (Wermelinger, 2004). It is also important
to acknowledge that sanitation felling can negatively affect habitats and
lower the abundance of beneficial insects, and that removal of dead trees,
especially after emergence of bark beetles, may still harm remaining natural
enemies (Martikainen et al., 1999; Aukema et al., 2000).

Bark beetles are associated with several groups of natural enemies, e.g.
woodpeckers, parasitoids, predators and pathogens (Wegensteiner et al.,
2015). Natural enemies, such as parasitoids, predators and pathogens, can be
used in biological programmes to safely and sustainably regulate populations
of tree-killing bark beetle species. Biological control can be applied in three
different approaches (i) augmentative: release of natural enemies that already
exist in the affected area, to increase their density; (ii) conservation:
manipulation of the local habitat to enhance reproduction, survival and
efficacy of resident natural enemies already present in the affected areas; and
(iii) classical: introduction of a new natural enemy into the habitat to control
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the pest density (Klapwijk et al., 2016; MacQuarrie ef al., 2016; Kenis et al.,
2017; Hajek & Eilenberg, 2018; Stenberg et al., 2021). Although biological
control has not been commercially established against 1. typographus,
programmes for the biological control of other tree-killing bark beetle
species such as Dendroctonus micans Kugelann using the predatory beetle
Rhizophagus grandis Gyllenhal (Coleoptera: Rhizophagidae), have been
successfully carried out in France, United Kingdom and Turkey (Grégoire et
al., 1992; Evans & Fielding, 1994). Biological control of Ips grandicollis
Eichhoff in Southern Australia has also been attempted using different
natural enemies (Waterhouse & Sands, 2001).

2.2 Long-legged flies of the genus Medetera

Long-legged fly species of the genus Medetera (Diptera: Dolichopodidae)
are predators of a wide variety of arthropods. The adult flies are often found
on vertical surfaces such as tree trunks, walls or rocks, where they feed on
small soft-bodied prey such as Collembola, Psocoptera and small Diptera
(Ulrich, 2004). Predatory larvae of some Medetera species that live under
the bark of dead or dying trees are reported to prey on Scolytinae species that
are known to attack and kill conifer and broadleaf trees (Bickel, 1985).

The following sub-sections provide a general overview of the life history
of the different species preying on tree-killing bark beetles and their potential
effect as biological control agents.

2.2.1 Species known to prey on bark beetles

So far, about 30 of the more than 300 species of the genus Medetera
described worldwide have been found to be associated with tree-killing bark
beetles (Yang, 2006; Negrobov & Naglis, 2016; Paper 1). The number of
species preying on tree-killing bark beetles seems to be higher in Central and
Northern Europe than in North America (Negrobov & Naglis, 2016).
Overall, larvae of different Medetera species have been associated with one
or several tree-killing bark beetle species within the genera Dendroctonus,
Dryocoetes, Hylurgops, Hylastes, Ips, Orthotomicus, Polygraphus,
Pityogenes, Pityophthorus, Pseudohylesinus, Scolytus, Taphrorychus, and
Tomicus (Supplementary Table S1/Paper 1).

Although the potential of these Medetera species as biological control
agents of tree-killing bark beetles was noticed already in the early 1930s (if
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not before) (De Leon, 1935), information regarding their biology, ecology
and association with Scolytinae prey is still scarce. The main reason for this
lack of information may be that Medetera flies are difficult to identify based
on morphological characters. Most of the species are primarily identified
based on the fine structure of male genital morphology, while there are
almost no available morphological keys for female flies (Pollet ef al., 2011;
Pollet et al., 2022).

Figure 2: Life stages of Medetera species. In this genus, three to four different larval instars
can be distinguished. The adult fly in the diagram is a M. signaticornis female.

The life stages of Medetera species are presented in Figure 2. Medetera
species preying on tree-killing bark beetles are known to emerge from
infested trees during spring, almost simultaneously with their Scolytinae
prey (Beaver, 1966; Nicolai, 1995). After emergence, the flies move to other
trees. To date, it is not clear whether subsequent mating occurs in the same
tree where oviposition occurs, or at another site (Hopping, 1947; Bickel,
1985). In any case, gravid females are known to arrive at host trees shortly
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after initiation of a bark beetle attack, and their presence and oviposition on
individual trees can be continuously observed throughout the summer
(Stephen & Dahlsten, 1976; Nicolai, 1995; Aukema & Raffa, 2004;
Wermelinger, 2004). According to Beaver (1966), both M. nitida and M.
impriga have a prolonged period of egg-laying on the same tree infested with
bark beetles, where almost fully developed larvae can be found at the same
time as newly hatched larvae.

On infested trees, females Medetera inspect the bark surface for an
oviposition site by exposing the tip of the long ovipositor to the bark (Beaver,
1966). Oviposition occurs in bark crevices or under scales near the entrances
to bark beetle galleries (Hopping, 1947; Fitzgerald & Nagel, 1972; Bickel,
1985), preferably at the lower part of the tree trunk (Wermelinger, 2002).
One female lays between one to four eggs at a time, but can deposit more
than 100 eggs during her life (Beaver, 1966). For example, M. dendrobaena
females have been observed to produce up to 120 eggs (Dippel et al., 1997).
The eggs hatch over a period of 10 days (Beaver, 1966) and the newly
eclosed larvae move from the oviposition sites into the bark beetle larval
galleries towards their prey (Nagel & Fitzgerald, 1975). Even when
Medetera larvae are unable to penetrate unmined phloem, they can slowly
move through prey galleries that are tightly packed with frass, with their
movement seeming to be facilitated after the mined inner bark begins to dry
out (Nagel & Fitzgerald, 1975).

Once inside the bark beetle galleries, Medetera larvae can prey on all
developmental stages of bark beetles (eggs, larvae, pupae and/or newly
emerged callow beetles that are still concealed in the galleries and pupal
chambers) (Beaver, 1966; Bickel, 1985). When prey is found, Medetera
larvae attack it with their tentorial rods and inject a venom. Once the prey is
immobilised, the Medetera larvae rupture the prey’s integument with their
mandibular hooks and suck out the fluid within (Aukema & Raffa, 2004).
Depending on the size of the prey, one Medetera larva can consume between
five and 20 individuals during development. If the amount of prey is high,
Medetera larvae kill more than they can feed on, while if food is scarce they
can be cannibalistic (Beaver, 1966; Nicolai, 1995). The diet of Medetera
larvae seems not to be restricted to Scolytinae, and they may also prey on
Hymenoptera and on other Diptera species that live under tree bark (Beaver,
1966). However, information about this is very scarce.
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Under laboratory conditions, four larval stages of M. dendrobaena can be
distinguished (Nicolai, 1995). When the larvae reach the mature stage, but
before pupation, they move to places where the adults can easily exit.
According to Fitzgerald (1968), pre-pupal M. aldrichii larvae are photo-
sensitive and usually follow the light entering the bark beetle galleries to
locate potential exit sites. Once a site for pupation is selected, a cocoon is
first constructed, in which the larva lies in a “U” shape for one week or longer
before pupation. After the cocoon is formed, the pupation phase can last for
about 18 to 21 days (Beaver, 1966; Nicolai, 1995).

Medetera species can have one or several generations depending on the
length of life cycle of the particular species and weather conditions.
According to Beaver (1966), in general the Medetera life cycle has a
minimum length of about seven and a half weeks. At one site in that study,
only one generation per year was found for M. nitida, since the adults were
observed during a short period from mid-June until late August. At another
site in the same area, two (possibly three) generations might occur for M.
impigra, since adults were observed for a longer period (May until mid-
October) (Beaver, 1966).

During winter, Medetera larvae stay under the bark of infested trees
(Beaver, 1966; Weslien, 1992; Nicolai, 1995; Wermelinger et al., 2012). All
instars of M. impigra larvae can overwinter in Scolytinae larval galleries, but
the last instar (pupating) larvae become quiescent, while immature larvae
continue to feed if the ambient temperature is sufficiently high (Beaver,
1966). However, winter can have a significant impact on the mortality of
Medetera species (Hopping, 1947). According to Nicolai (1985), larvae of
M. dendrobaena lose weight over the winter and by the spring only 20% of
the larvae have a body mass >3.0 mg, the level which has been determined
to be necessary for successful pupation when the temperature increases.

2.2.2 Prey location

How the different Medetera species locate bark beetle-attacked trees or how
they locate their prey under the bark of an infested tree has been studied to a
limited extent. As observed for other natural enemies of bark beetles,
olfaction likely plays an important role for prey location and oviposition by
Medetera species (Temmeras, 1985; Goheen & Hansen, 1993; Pettersson et
al., 2000; Pettersson, 2001).
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It has been shown that Medetera adult flies are attracted to the pheromone
components emitted by their Scolytinae prey. For example, in North America
M. bistriata is attracted to frontalin, a key pheromone component produced
by bark beetles species of the genus Dendroctonus, such as D. frontalis and
D. brevicomis (Vité & Pitman, 1969; Williamson, 1971). In Europe, M.
melancholica and M. setiventris are reported to be attracted to the
aggregation pheromone components produced by /. typographus (Hulcr et
al., 2005; Hulcr et al., 2006). In addition to bark beetle pheromones,
Medetera adult flies are able to detect tree-produced monoterpenes, e.g. -
pinene, B-pinene and limonene (Rudinsky et al., 1971; Hulcr et al., 2005,
2006). According to Fitzgerald (1962), a-pinene can stimulate oviposition in
gravid M. aldrichii females. Medetera adult flies have also been shown to be
capable of detecting logs infested with microorganisms that live in symbiosis
with bark beetles (Boone et al., 2008). For example, according to Boone et
al. (2008), unidentified Medetera species are more attracted to logs colonised
by fungi (e.g. Ophiostoma ips) or a bacterial strain (Burkholderia sp.)
associated with bark beetle compared with uncolonised logs.

In addition to olfaction, visual cues such as colour, bark texture, form and
contrast may be important in orientating and promoting the landing of
Medetera adult flies on a suitable tree infested with bark beetles. According
to Goyer et al. (2004), the number of M. bistriata attracted to Ips-infested
logs is strongly affected by colour and season. In that study, it was observed
that white logs caught 50-56% fewer flies than black logs and that fly
orientation was dramatically affected by season. In spring, flies showed
preference for vertical logs compared with horizontal logs, but this
preference decreased during summer and reversed during autumn (Goyer et
al., 2004).

2.2.3 Predation - Impact on bark beetles

The impact of predators on tree-killing bark beetles depends e.g. on the level
of synchrony between predator and prey life cycles, predator and prey
abundance and predator consumption rates. Medetera species are among the
most abundant predators found on infested bark beetle logs (Weslien, 1992;
Wermelinger, 2002). Under laboratory conditions, the number of bark
beetles killed by Medetera larvae has been found to be density-dependent,
i.e. the higher the density of bark beetle larvae per log, the greater the number

27



of bark beetle larvae killed by each Medetera larva (Beaver, 1966; Nicolai,
1995).

Several studies have examined mortality rates of tree-killing bark beetles
caused by Medetera. Under laboratory conditions, it has been shown that
Medetera larvae can destroy up to 32% of larvae of the bark beetle Hylurgops
palliatus (Nuorteva, 1956). Similarly, larvae of M. nitida have been shown
to account for about 25% of the mortality of Scolytus multistriatus attacking
broadleaf trees (elm) (Beaver, 1966). In another study, around 100 M.
dendrobaena emerged per m? of spruce bark infested with Pifyogenenes
chalcographus, and were estimated to cause about 45% mortality of this
beetle species under the bark (Nicolai, 1995). Under field conditions,
assuming that one Medefera larva eats about five 1. typographus larvae and
considering the observed density range of 20-90 larvae per m? of infested
logs, it has been estimated that around 100-500 /. typographus offspring per
m? can be consumed by Medetera larval offspring (Weslien & Regnander,
1992). Similarly, in a study in the Sernftal valley near Schwanden in
Switzerland during 1994 and 1995, predators of the genus Medetera were
observed to be the second most common group of natural enemies emerging
from . fypographus-infested logs (Wermelinger, 2002). Due to their high
densities and voracity, together with parasitoid wasp species of the
Roptrocerus genus they were estimated to account for more than 80% of bark
beetle mortality in that study (Wermelinger, 2002).
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3. Aim and objectives

The overall aim of this thesis was to provide new knowledge on the ecology
of selected species within the genus Medetera that prey on tree-killing bark
beetles, especially regarding their ability to locate bark beetle infested trees.

In Papers | and Il the identity and morphology of species within the genus
Medetera that function as bark beetle predators were investigated. Specific
objectives of these two studies were to:

o Identify different Medetera species associated with the Eurasian
spruce bark beetle 1. typographus in Swedish forest.

e Confirm the congruence between morphological and molecular
identifications using DNA barcoding.

e Describe and compare the morphology of the olfactory organs
and sensilla equipment of the two most abundant Medetera
species at the study sites.

Papers Il and 1V investigated the response of Medetera species to odours
from Norway spruce trees infested with the Eurasian spruce bark beetle 1.
typographus. Specific objectives of these two studies were to:

e Identify odours emitted from Norway spruce trees infested with
1. typographus that are antennally active on Medetera
signaticornis.

e Test the behavioural response of Medetera species to synthetic
blends that contain different combinations of antennally active
odours.
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4. Methodology

This chapter briefly presents the methods used in the different studies
described in Papers I-IV. For full details of all methods, see the respective
papers.

4.1 Morphology vs molecular analyses

4.1.1 Morphological identification

Morphological identification is the conventional method used to identify
organisms, on the basis of morphological features that characterise the
species. Identification keys that summarise and compare anatomical features
distinguishing different species are widely used as a tool to identify species.
In Papers I-1V, adult fly specimens of the genus Medetera were
morphologically identified to species level using the morphological key
developed by Negrobov and Naglis (2016), in combination with diagrams in
publications by Negrobov and Stackelberg (1972, 1974a, 1974b) and
Negrobov (1977). All specimens were morphologically identified by Marc
Pollet, an expert with almost 40 years of experience in identifying flies
within the Dolichopodidae family. When possible and needed, representative
identified specimens (morphotypes) were compared with specimens from his
reference insect collection.

The main morphological characters used to separate Medetera species in
this thesis were: thoracic chaetotaxy (e.g. relative size of dorsocentral
bristles, number of scutellar bristles), colour of scape and pedicel (e.g. yellow
in members of the Medetera signaticornis-pinicola species group, dark in
most other Medetera species), shape and size of the postpedicel (e.g.
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elongated in M. ambigua, subtriangular in M. pinicola, quadrate in M.
signaticornis), colour of the halter (e.g. dark in M. ambigua and M.
signaticornis, pale in M. pinicola), chaetotaxy of the femora (e.g. strong
ventral bristles present or absent) and shape of vein M1 (straight or distinctly
curved). However, the most decisive characteristics were the shape of the
genital appendages in male flies.

4.1.2 DNA barcoding

DNA barcoding has been firmly established as a genome-based method for
taxon identification of all living things (Ankola et al., 2021). Identification
of insects and other animals involves a short sequence (~658 bp) of
mitochondrial cytochrome oxidase subunit I (COI) that enables fast and
reliable taxon identification to species level across any life stage (Hebert et
al., 2003a; Hebert ef al., 2003b). In Paper I, COI sequences were extracted
from adult fly specimens of the genus Medetera collected from Norway
spruce trees in southern Sweden infested with the bark beetle /. typographus.
The COI sequences were used to study congruence between morphological
and genetic identifications of the species found at field sites.

4.1.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a technique that produces high-
resolution images of a sample by scanning the surface with a focused beam
of electrons (Cheney, 2007). In Paper Il, SEM was used to examine and
compare the morphology of the antenna, maxillary palps and sensilla
equipment of the two most abundant species of the genus Medetera found at
the field sites (M. signaticornis and M. infumata).

4.2 Odour collection and analyses

Odours emitted from plants are a mixture of volatile compounds that can be
collected from the air surrounding the plant using different headspace
sampling techniques (Tholl ef al., 2006). In nature plants are associated with
other organisms such as fungi or arthropods that influence the emission of
plant odours and also emit their own volatiles (Farré-Armengol, 2016;
Karamonoli et al., 2020). In Paper 111, volatile compounds were collected
at several time-points throughout different stages of /1. fypographus attacks
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from cut and standing Norway spruce (Picea abies) trees, and also from non-
infested trees. First, to capture compounds emitted from the bark surface and
reduce the entry of contaminants, around ~9 dm? of the bark surface was
enclosed using an aluminium grid and a polyester bag. The volatiles released
inside the enclosed area were collected on an adsorbent material (Porapak Q,
mesh 50/80) using an air pull system through the adsorbent columns. The
volatile compounds were then desorbed using an organic solvent, pentane,
and the solution was concentrated. Combined gas chromatography and mass
spectrometry (GC-MS) was used to identify and quantify the collected
volatile compounds. In the GC-MS technique the volatile compounds in a
sample are separated by their affinity to the stationary phase of the GC
column, and identified by their mass spectral matches (MS) in comparison
to standard or library spectra, and by their relative retention time matches
(i.e. Kovats Indices) in comparison to known standards, such as PheroBase®,
ChemSpider®, and PubChem®.

4.3 Electroantennographic experiments

Antennae and maxillary palps are the two main olfactory organs of adult
insects. These olfactory organs have hair-like structures called sensilla that
detects stimuli in the environment (Schneider, 1964; Hansson & Stensmyr,
2011). Some types of sensilla have small wall pores where odours can diffuse
and bind with specific olfactory receptors present in the dendritic membrane
of olfactory sensory neurons. When an odorant molecule binds to an
olfactory receptor, a chain-reaction is triggered resulting in activation of ion
channels located in the dendritic membrane. This activation generates an
electrical impulse that can be detected by electroantennography (Breer,
1997; Krieger & Breer, 1999).

In Paper 111, combined gas chromatography and electroantennographic
detection (GC-EAD) was used to screen for compounds collected from 1.
typographus infested spruce trees, that could elicit neural activity in the
antennae of both males and females M. signaticornis. Compounds were
categorised as biologically active if they elicited a reproducible response in
fly antennae. Biologically active compounds were identified by their Kovats
Indices, in combination with GC-MS analyses. Some of these biologically
active compounds were then used to prepare synthetic baits for field assays.
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4.4 Field trapping

Field trapping experiments were used to investigate the response of insects
to synthetic compounds and to assess laboratory findings under more natural
conditions. In Paper Ill, a field trapping experiment was performed to
investigate whether M. signaticornis adults were effectively attracted by
synthetic blends containing 18 compounds categorised as active in GC-EAD
and two additional compounds, 2-methyl-3-buten-2-ol and ipsdienol,
previously reported to be involved in attraction of other Medetera species
(Hulcr et al., 2005; Hulcr et al., 2006). For this trapping experiment two
different quantitative compositions of the synthetic chemicals were tested:
() a 1:1 mix in which GC-EAD active and additional compounds were
presented in equal proportions, and (if) a natural mimic in which GC-EAD
active and additional compounds were presented according to the amounts
released from a 50 dm? area of a living infested Norway spruce tree at the
beginning of a bark beetle /. typographus attack.

In Paper 1V, the analyses were continued by testing the attraction of
Medetera species, including M. signaticornis and 1. typographus, to different
combinations of the compounds previously tested in Paper Il and two
additional isomers (of previously tested compounds). In Paper IV, the
compounds were divided in five groups (A, B, C, D and E) according to their
primary biological origin. Two different subtractive combinations of these
groups were tested in a Latin square and partial factorial experimental
design. Compounds were prepared in heptane and released according to the
calculated amounts released from a 1000 dm?area (i.e. a 15 m high tree trunk
~30 cm breast height diameter (BHD)) of a living infested Norway spruce
tree at the beginning of a bark beetle (1. typographus) attack.
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5. Summary of results and discussion

5.1 Characterising the identity and olfactory morphology
of collected predatory Medetera species (Papers |
and Il)

Morphological identification of Medetera species is challenging. In Paper |,
DNA barcodes were used to check the congruence between morphological
and genetic identifications. Using this method, two cases of morphological
mismatches were detected and it was possible to identify species identity for
four out of nine specimens that could only be identified to genus level
morphologically. These results indicate that DNA barcoding can be applied
as a reliable tool to assess and speed up species identification of Medetera
specimens that have similar or rare morphological features, or are damaged.
DNA barcoding has already been successfully used for the identification of
species from other insect groups that have rare morphological features or
parts of insect bodies (Cocuzza et al., 2015; Powell et al., 2019; Behrens-
Chapuis ef al., 2021). Barcoding can also be applied for the identification of
the different developmental stages (adults, larvae and pupae) (Meiklejohn ef
al., 2013; Stéhls et al., 2009) and can be a useful tool for ecological studies
of species community composition, genetic variation and gene flow (Bras et
al., 2019; Lopez-Vaamonde et al., 2021, Pérez-Delgado et al., 2022). In-
depth ecological knowledge about natural enemies is required to identify and
select species for biocontrol applications of I. typographus or other tree-
killing bark beetle species

A review of published data on the range of larval prey for Medetera
species and their geographical distribution revealed that at least 30 different
Medetera species are associated with tree-killing bark beetles (Paper ).
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These include M. abstrusa, M. fumida, M. pseudoapicalis, M. prjachinae,
and M. zinovjevi, which have only been reported in galleries of I
typographus attacking Picea abies in northern European forests (Hedgren &
Schroeder, 2004). Others, such as M. adjaniae, M. aldrichii, M. dichrocera,
M. excellens, M. fascinate, M. melancholica, M. penicillata, M. pinicola, M.
setiventris, M. signaticornis, and M. striata, have been reported in galleries
of bark beetle species of more than three different genera. Some of these
generalist species have an Holarctic distribution (Bickel, 1985; Negrobov &
Naglis 2016), and have been found preying on Ips, Pityogenus, Hylurgops,
Dendroctonus, Polygraphus and Dryocoetes (Bickel, 1985; Wermelinger,
2002; Hedgren & Schroeder, 2004; Paper 1). The results presented in Paper
| comprise new knowledge about practical identification and systematics that
may facilitate future research on the ecology and functional relevance of
different Medetera species.

Comparative analysis of the morphology of the olfactory organs and
sensillar equipment of M. signaticornis and M. infumata, the two most
common species found at the study sites in Paper |, showed similar general
morphology of the antennae and maxillary palps, in relation to the shape, size
and position (Paper I1/Sousa et al. 2023a). However, there were differences
between the species in terms of the subtypes and densities of antennal sensilla
(trichodea and basiconica) (Paper 11/Sousa et al. 2023a). It is known that
types and abundance of sensilla often vary between insect species, reflecting
species and sex specific adaptations that facilitate e.g. the location of prey,
habitat or mates (Hansson & Stensmyr, 2011). Functional analysis of sensilla
basiconica in other insect species has demonstrated that this sensillum type
usually responds to a wide variety of odorants, including those involved in
the detection of food and oviposition sites (De Bruyne et al., 1999; De
Bruyne et al., 2001; Elmore et al., 2003), while the s. trichodea type has been
shown to respond to chemical signals that facilitate e.g. foraging, oviposition
and mate seeking (De Bruyne et al., 2001; Hill et al., 2009; Qiu et al., 2006).
Based on this information, the differences observed in Paper Il between M.
signaticornis and M. infumata in terms of the subtypes and densities of s.
basiconica and trichodea may suggest that the species respond to different
environmental cues or process the same cues in different ways.
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5.2 Odours from Ips typographus infested logs that are
antennally active on Medetera signaticornis (Paper Ill)

Odours emitted from Norway spruce trees infested with the bark beetle /.
typographus consist of a complex mixture of compounds. Some of these
compounds are produced by the host tree as a defensive response to bark
beetle attack. Others (e.g. aggregation pheromone) are produced by bark
beetles living under the bark, and by bark beetle symbiotic microorganisms
that have been introduced into the tree phloem during beetle colonisation
(Birgersson et al., 1984; Duan et al., 2020; Kandasamy et al., 2023; Paper
I11/Sousa et al. 2023b) (Figure 3). In agreement with other studies, the
qualitative and quantitative composition of these odours also varied
throughout the different stages of I. typographus attacks (Birgersson et al.,
1984; Pettersson & Boland, 2003) (Paper I11/Sousa et al. 2023b).

The GC-EAD analyses in Paper 111 revealed that both M. signaticornis
males and females were able to detect several compounds in a headspace
sample collected from early infested bark beetle trees (Figure 4). The flies
responded to (—)-cis-verbenol, (+)-trans-verbenol and myrtenol, compounds
produced by I. typographus bark beetles (Birgersson et al., 1984; Birgersson
& Bergstrom, 1989). The flies also responded to verbenene, isoterpinolene,
a-pinene oxide, camphor, pinocamphone, terpinen-4-ol, myrtenal, borneol,
a-terpineol, verbenone and geranyl acetone, compounds that are primarily
produced by microorganisms associated with 1. fypographus (Leufvén et al.,
1984, 1988; Kandasamy et al., 2016; Kandasamy et al., 2021). In addition,
they responded to a-pinene, a-fenchene, B-pinene, camphene, 3-carene,
limonene, y-terpinene, and terpinolene, compounds produced by spruce trees
(Duan et al., 2020; Netherer et al., 2021).

The compounds released by the host tree and bark beetles are released in
greater amounts during the early stages of a bark beetle attack, while the
oxygenated monoterpenes (i.e. camphor, pinocamphone) primarily produced
by bark beetle symbiotic microorganisms are released in higher amounts
during late stages of the attack (Pettersson & Boland, 2003; Paper I11/Sousa
et al., 2023b). Predatory Medetera species have been observed to arrive at
freshly attacked trees almost simultaneously with bark beetles, possibly
being attracted by the bark beetle aggregation pheromone. However, the
adult flies have also been found on infested trees during late

37



Figure 3: Abundance (square root of mean amount released per surface area and unit time
(ng(dm?s) ™)) of compounds detected in headspace samples collected from cut Norway spruce
trees (Picea abies) infested with spruce bark beetles (Ips typographus), standing infested trees
and non-infested trees. Odours were sampled from trees at two forest sites (S1 and S2) in up
to seven sequential collections (C1 to C7) from 10 May (for S1) or 25 May (for S2) to 25 July
2018. The date of collection C1 differed slightly between sites, as bark beetles were active
earlier at S1 than S2. However, the C1-C6 samples from attacked trees at site 1 represent
similar stages of attack as samples C1-C6 collected at site 2. The compounds are listed in
order of their gas chromatograph (GC) retention times. Asterisks (*) indicate significant
differences in abundance of compounds (Multipatt, *P<0.05; **P<0.01; P<0.001); n=no. of
trees used at each site per treatment. Compounds in bold have been effectively identified with
synthetic standards.
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Figure 4: Combined gas chromatograohy and electroantennographic detection (GC-EAD)
responses of female (F) and male (M) Medetera signaticornis fly antennae stimulated with
odours collected from early infested Norway spruce tree (Picea abies). Mean response (mV
+SE) to the active compounds is organised according to their source. Compounds in brown
font are produced by the bark beetle Ips typographus, compounds in black font are produced
by I typographus associated microorganisms and compounds in green font are produced by
the tree.

stages of bark beetle attacks, after emission of bark beetle pheromone has
ceased (Lawson et al., 1996). The results obtained in Paper Il suggest that
M. signaticornis may use multiple semiochemicals to detect bark beetle
infested Norway spruce trees throughout infestation. This multitrophic
interaction (between spruce tree, beetles, microorganisms and flies) needs to
be considered in future studies on Medetera attraction behaviour.
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5.3 Trapping of Ips typographus and predatory Medetera
using synthetic blends of compounds emitted by
infested logs (Papers Ill and 1V)

The field bioassays using synthetic blends comprising 18 compounds
categorised as active in GC-EAD and two additional compounds (2-methyl-
3-buten-2-ol and ipsdienol) known to attract other Medetera species (Hulcr
et al., 2005, Hulcr et al., 2006) confirmed that both males and females of M.
signaticornis adult flies can be effectively trapped (Paper 111/ Sousa et al.
2023a).

In Paper 1V, the attraction of Medetera species and 1. typographus to
different combinations of the compounds previously tested in Paper 111 and
two additional isomers ((+)-terpinen-4-ol and (+)-borneol) was assessed
using two different subtractive combinations. The results from the first
subtractive bioassay in Paper 1V showed that adult Medetera specimens
were collected in higher numbers from synthetic blends that combined bark
beetle produced compounds, i.e. 2-methyl-3-buten-2-ol, (—)-cis-verbenol,
(+)-trans-verbenol, (—)-myrtenol and (%)-ipsdienol, host tree produced
compounds i.e. (+)-limonene, (—)-limonene, a-terpinene and y-terpinene, and
compounds produced by bark beetle symbiotic microorganisms i.e. (t)-
camphor, (-)-terpinen-4-ol, (+)-terpinen-4-ol, (-)-borneol and (+)-borneol
(Figure 5).

Based on these results, new synthetic blends were prepared for the second
subtractive bioassay in Paper IV, the results of which suggested that of the
five compounds produced by the bark beetles, (—)-cis-verbenol seemed to be
important in attracting Medetera flies (Figure 6). Synthetic blends without
(—)-cis-verbenol seemed to lose their attractive effect. It remains unclear how
Medetera flies locates bark beetle infested trees when pheromone production
ends. One possible explanation is that some GC-EAD active compounds not
included in the combinations tested in Paper IV (e.g. pinocamphone, o-
pinene oxide, isoterpinolene) might be of behavioural relevance.
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Figure 5: Boxplots showing the relative percentage (%) of trapped (A) Medetera flies and (B) Ips
typographus beetles for the seven blends (six different synthetic blends, one control) used as baits in
sticky traps during a 48-h trapping experiment conducted in seven test rounds at four different locations.
Synthetic compounds emitted by bark beetle-infested Norway spruce (Picea abies) were divided into five
different groups (A-E), where group A contained the bark beetle compounds 2-methyl-3-buten-2-ol, (—)-
cis-verbenol, (+)-trans-verbenol, (—)-myrtenol, and (¥)-ipsdienol; group B the microbial compounds (+)-
camphor, (-)-terpinen-4-ol, (+)-terpinen-4-ol, (—)-borneol, and (+)-borneol; group C the microbial
compounds (—)-myrtenal, (-)-verbenone, o-terpineol, geranyl, and acetone; group D the spruce tree
compounds (+)-o-pinene, (—)-B-pinene, camphene, and terpinolene; and group E the spruce tree
compounds a-terpinene, y-terpinene, (—)-limonene, and (+)-limonene. A full blend (ABCDE) with all
compounds and five blends with only four of the groups were tested in a subtractive test design. The
control contained only the solvent heptane. The relative percentage of trapped Medetera and I
typographus, respectively was calculated for the individual treatments relative to the overall number of
trapped specimens at the same time-point. P-values were calculated by pairwise comparisons between
control and synthetic blends using the post-hoc Dunnett’s test following two-way analysis of variance
(F=3.1; P<0.05). Boxplots show the distribution of relative percentages between the lower, medians and
upper quartiles, lines outside the boxplots (whiskers) indicate the variation outside the upper and lower
quartiles. Open circles outside boxplots indicate outlier values that differed significantly from the rest of
the dataset. n.s. = non-significant.
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Figure 6: Boxplot showing the relative percentage (%) of trapped Medetera flies or Ips
typographus beetles for different synthetic blends and solvent controls tested in a partial factorial
design (2*"). The composition of the different blends is denoted by presence or absence of the
individual compounds (bold + or -). Percentage of trapped insects was calculated from the original
count obtained in each treatment divided by the sum of counts obtained in all treatments tested at
the same time point, multiplied by 100. A general linear model (GML) followed by analysis of
variance (ANOVA) was used to identify significant differences between the relative percentage of
insects trapped by each synthetic blend. Arrangement-1 tested the main effects of bark beetle-
produced compounds such as 2-methyl-3-buten-2-ol (MB), (-)-cis-verbenol (cV), (+)-trans-
verbenol (tV), and (+)-ipsdienol (Id). Compounds such as (—)-myrtenol (Mt); (+)-camphor (Comp),
(-) and (+)-terpinen-4-ol ((T4ol); () and (+)-borneol (Bor), a-terpinene (aTerp), y-terpinene (yT),
() and (+)-limonene (Lim) were added to all synthetic blends tested. The solvent heptane was used
as a control (Ctl). The boxplot shows the distribution of the relative percentages between the lower,
median and upper quartiles, lines outside the boxplots (whiskers) indicate the variation outside the
upper and lower quartiles. The open circles outside the boxplot correspond to outlier values that
significantly differ from the rest of the dataset. Different small letters (a,b) indicate significant
differences (p<0.05) between treatments according to post-hoc Tukey test.
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At least 16 different Medetera species, morphologically identified, were
found on the sticky traps baited with the synthetic blends (Paper 1V). The
most common were M. signaticornis (n=422), M. infumata (n=152), M.
priachinae (n=137), M. setiventris (n=78), M. excellens (n=33) and M.
ambigua (n=29) (Figure 7). All these species have previously been reported
on [. typographus infested Norway spruce trees (Hedgren & Schroeder,
2004; Wermelinger et al., 2012; Paper 11/Sousa et al., 2023a). For all species
except M. infumata, the number of females trapped was higher than the
number of males. Thus, compounds released from Norway spruce trees
infested with 1. typographus most likely help Medetera females to find
suitable oviposition sites, but may also help males and females to find sites
for meeting and mating (Hopping, 1947).

In additional analyses, to understand more about the prey-predator
interaction, the response of I typographus to the synthetic blends was
investigated during the same field trapping experiments (Paper 1V). High
numbers of trapped I typographus were found in all traps baited with
synthetic blends that contained either both components of bark beetle
aggregation pheromone or just (-)-cis-verbenol (Figure 6). The response of
I typographus to components of aggregation pheromone is already well
studied (Schlyter et al., 1987a; Schlyter et al., 1989). It has been shown that
(-)-cis-verbenol acts as a long-range attractant, directing bark beetles to
newly infested host trees, while 2-methyl-3-buten-2-ol acts as a short-range
attractant directing the bark beetles to land on the infested host tree (Schlyter
et al., 1987D).
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Figure 7: Total number of identified specimens (males and females) of different Medetera
species collected at four different sites during 48 h periods (June 8-10; June 17-19; July 20-
22) with sticky traps baited with six synthetic blends of compounds emitted by bark beetle-
infested Norway spruce (Picea abies). Species names are abbreviated as follows: ABST =
Medetera abstrusa Thuneberg, 1955; ACAN= Medetera acanthura Negrobov & Thuneberg,
1970; ADJA = Medetera adjaniae Gosseries, 1988; AMBI = Medetera ambigua Zetterstedt,
1843; APIC = Medetera apicalis Zetterstedt, 1843; EXCE = Medetera excellens Frey, 1909;
FUMI = Medetera fumida Negrobov, 1967; INFU = Medetera infumata Loew, 1857, MELA
= Medetera melancholica Lundbeck, 1912; NITI = Medetera nitida Macquart, 1834; OBST
= Medetera obscura Zetterstedt, 1838; PINI = Medetera pinicola Kowarz, 1877; PRJA=
Medetera prjachinae Negrobov, 1974; SETI = Medetera setiventris Thuneberg, 1955; SIGN
= Medetera signaticornis Loew, 1857; TRIS = Medetera tristis Zetterstedt, 1838. F: females,
M: males, NI: sex unknown SPEC: Medetera spp. identification was attempted, but not
successful (mostly females).
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6. Concluding remarks and perspectives

Species of the genus Medetera are reported to be natural enemies of tree-
killing bark beetles. Understanding their host preference, the odorants they
use to detect bark beetle-infested trees and how they interact with their prey
is crucial for future planning and decision-making in the context of forest
management and biological control.

In this thesis, approaches from multiple disciplines were combined and
diverse aspects of the biology of predatory species within the genus
Medetera were explored, including their morphology, prey associations and
prey detection. However, some knowledge gaps remain.

First, there is a need for a more efficient identification method that can be
applied on all life stages of Medetera. In this thesis, use of DNA barcoding
as an identification tool is proposed, but a library of reference COI sequences
for all Medetera species must be completed before this method can be
effectively applied.

Second, associations of larvae of the different Medetera species with bark
beetles and other insects is unclear. This thesis summarises information
about bark beetle logs on which the larvae of the different Medetera species
have been found to feed, or from which they emerge. However, published
information seems to be limited to a few tree-killing bark beetle species. In
addition, the impact of Medetera larvae on other beneficial insect species e.g.
known to live under the bark of infested trees, has not been studied. A
detailed understanding of the Medetera larval diet range is vital before using
this organism for biological control of bark beetles. Further studies are
necessary to identify the interactions between Medetera and bark beetles
and/or between Medetera and other insects.

Third, the nature of odorants used by Medetera species to detect bark
beetle-infested trees needs to be clarified. This thesis showed that M.
signaticornis detects compounds produced by 1. typographus bark beetles,
bark beetle associated microorganisms and host trees. Based on these results,
detection of compounds of different origins might facilitate the location of
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infested trees throughout a bark beetle attack, especially at late stages when
production of aggregation pheromone has ceased. However, it is unknown
whether this finding also applies to other predatory Medetera species.

Last, a functional attractant to monitor Medetera is important to
determine its presence or abundance before applying further management
actions that might harm these natural enemies of bark beetle pests. The work
in this thesis represents a significant step towards the development of a
simple functional bait that can be used to monitor M. signaticornis and
perhaps other Medetera species. However, the bait still needs to be optimised
before practical implementation.
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Popular science summary

In forests, bark beetles are naturally occurring organisms that mostly mate
and reproduce on dead or dying trees, where they play an important role in
the decomposition and nutrient cycling of wood. However, under warm, dry
conditions, some bark beetle species can develop high population densities
and are able to attack and kill healthy trees. Such outbreaks cause great
economic and ecological damage. Economically, bark beetles can damage
large quantities of timber, significantly affecting the forestry industry.
Ecologically, intensive outbreaks can affect forest ecosystems and the
services they provide, and change entire landscapes. In many managed
forests around Europe, several management practices aim at preventing bark
beetle outbreaks. These include felling and removal of bark beetle-infested
standing trees and removal of windthrown timber that can be used by bark
beetles as a breeding site. In combination with these practices, natural
enemies can also be used in biological control programmes to regulate the
population densities of bark beetles safely and sustainably.

Several species of long-legged flies within the genus Medetera are
important bark beetle predators. Females of these fly species are attracted to
infested trees, where they lay their eggs on the bark surface. Few days later
the hatched larvae migrate into the beetle galleries, where they prey on the
developmental stages of bark beetles, and can contribute significantly to a
high bark beetle mortality. However, very little is known about their species
diversity, ecology, and how they locate infested trees. In published literature,
I found around thirty Medetera species described being associated with tree-
killing bark beetles. Some of these species were found on Norway spruce
trees in Southern Sweden that were infested with the Eurasian bark beetle
Ips typographus. There, M. signaticornis was the most abundant species.
Further analysis revealed that both male and female M. signaticornis use
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olfaction to find infested trees, and that their antennal “nose” can detect
compounds directly produced by bark beetles, bark beetle-associated
microorganisms and spruce trees. Trap tests using synthetic blends
composed of several of these odour compounds as bait showed that
significant numbers of M. signaticornis and other Medetera species were
efficiently trapped. However, these blends still need to be optimised for
practical application in forestry.
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Popularvetenskaplig sammanfattning

I véra svenska skogar &r barkborrar naturligt forekommande insekter, som
mestadels forokar sig pa redan doda eller doende trdd, dir de spelar en viktig
roll i trddets nedbrytning och néringskretslopp. Under varma och torra
somrar kan ett fatal arter dock na hoga populationstdtheter, och kan da
komma att attackera och doda dven levande trad. Sddana massangrepp kan
innebéra stora ekonomiska och ekologiska skador. Ekonomiskt sett kan
barkborrar skada en stor midngd timmer, och didrmed avsevirt paverka
skogsindustrin. Ekologiskt sett kan intensiva utbrott péverka skogens
ekosystem och de ekosystemtjéinster den utfor, samt fordndra hela landskap.
I ménga produktionsskogar runt om i Europa anvénds skotselmetoder med
syfte att forhindra utbrott av barkborrar. Dessa inkluderar féllning och
borttagning av barkborreangripna stiende trid, samt borttagning av
vindfillda tridd, vilka kan anvindas av barkborrarna som yngelmaterial. |
kombination med dessa metoder kan dven barkborrarnas naturliga fiender
anvindas i biologiska kontrollprogram for att pa ett sdkert och hallbart sétt
reglera méngden barkborrar i véra skogar.

Flera arter av styltflugor av sldktet Medetera &ar viktiga rovdjur pa
barkborrarna. Honor av dessa flugarter attraheras av angripna trid, dir de
lagger sina dgg pa barken. Nagra dagar senare vandrar de kldckta larverna in
i skalbaggarnas géngar dir de jagar barkborrar av alla utvecklingsstadier och
vésentligen kan bidra till en hog dodlighet for barkborrarna. Mycket lite &r
dock kint om deras méngfald och ekologi, och om hur de lokaliserar
barkborreangripna trad. I den vetenskapliga litteraturen hittade jag trettio
beskrivna arter av Medetera som ar forknippade med trdddodande
barkbaggar. En del av dessa arter hittades pa granar angripna av
granbarkborren, Ips typographus, i sddra Sverige, varav M. signaticornis var
den vanligast forekommande arten. Vidare studier visade ocksa att bade
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hanar och honor av M. signaticornis anviander dofter for att hitta de angripna
trdden och att deras antenner (“ndsan”) kan upptidcka kemiska substanser
producerade av barkborrarna sjédlva, av mikroorganismer som dr associerade
med barkborrarna och av granar. Filtforsok visade att ett betydande antal M.
signaticornis, och andra Medetera-arter, effektivt kunde fangas med fallor
som betats med syntetiska blandningar bestidende av ett flertal av dessa
doftimnen. Dessa blandningar méste dock fortfarande optimeras ytterligare
innan de kan komma till praktisk anviandning i skogsindustrin.
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Many long-legged Medetera flies are natural enemies of bark beetle pests, which they detect using ol-
factory cues, likely through olfactory sensilla on the antennae and maxillary palps. Morphological
characterisation of olfactory sensilla among insects can provide a basis for future taxonomic, phyloge-
netic or electrophysiological studies. Scanning electron microscopy was used to describe the morphology
of olfactory organs and sensillar equipment of Medetera signaticornis and M. infumata. Three different
olfactory sensillum types were found in both fly species, sensilla trichodea, s. basiconica and grooved
pegs. Based on size and wall structure, s. trichodea and s. basiconica were categorised into different
subtypes. Sharp-tipped curved s. trichodea, and small, large and thin s. basiconica were found on the
antennal postpedicel of M. signaticornis adults, while grooved s. basiconica were found in M. infumata.
The density of sharp-tipped long s. trichodea was significantly higher in males compared to females, and
in M. signaticornis compared to M. infumata. Long-grooved s. basiconica were found grouped in a small
pit on the maxillary palps of both species. Comparison of our results with the limited available ecological
data suggests that differences in numbers of specific sensillum types may reflect adaptations related to
olfactory-driven behaviours such as host seeking.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Medetera (Fischer von Waldheim, 1819) is by far the genus most
rich in species within the subfamily Medeterinae (Diptera: Doli-
chopodidae). The genus includes over 300 species worldwide (Yang
et al., 2006), with approximately 190 species reported from the
Palaearctic realm, where it also reaches its highest species richness
(Bickel, 1985; Pollet, 2011). Most flies of this genus are small
(1.5—4.5 mm), and feature a metallic greenish to bluish body colour
covered with small hair-like structures. Adults are commonly found
on vertical substrates such as tree trunks, rocks or walls, while larvae
are mainly confined to subcortical galleries of dead or weakened
living trees (De Leon, 1935; Nuorteva, 1956; Pollet et al., 2011). Both
adults and larvae are predators of a wide variety of small soft-bodied
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E-mail address: maria.sousa@slu.se (M. Sousa).
1 equal author contribution.

https://doi.org/10.1016/j.asd.2022.101229

arthropods (Bickel, 1985). Several Medetera species are known to
prey on early developmental stages of tree-killing bark beetles
(Coleoptera: Curculionidae, Scolytinae) that are significant pests of
coniferous forests (Beaver, 1966). As such, these species are consid-
ered as one of the most important natural enemies of bark beetle
populations, and have the potential to be used for biological pest
management (Dippel et al., 1997; Wermelinger, 2002; Hedgren and
Schroeder, 2004). However, little is known about their life history,
ecology and how they locate their prey. Previous studies have sug-
gested that Medetera species use odorant chemical signals to locate
spruce trees attacked by Ips typographus Linnaeus, 1758 (Hulcr et al.,
2005, 2006), but the morphology of their peripheral olfactory organs
and sensillar equipment is yet to be described.

The main olfactory organs in adult insects, i.e., the antennae,
macxillary and labial palps, house various types of hair-like structures
called sensilla, which are involved in the detection of chemical,
mechanical and thermo-hygro stimuli in the environment
(Schneider, 1964; Hansson and Stensmyr, 2011). These sensilla can be
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classified into different types based on their external wall-structure,
pore density, shape, size and number of enclosed sensory neurons
(Hallberg and Hansson, 1999; Lin and Potter, 2015). The types and
abundance of these sensilla vary across insect species. Such variation
in the morphology of the olfactory organs often reflects adaptations,
both between species and sexes, to locate for example prey, habitat
or mates (Hansson and Stensmyr, 2011). The arrangement of the
olfactory organs and the diversity within the sensillar equipment can
thus be used for taxonomic, phylogenetic or evolutionary ecological
studies (Zhang et al., 2016). In addition, structural characterisation of
the olfactory organs can provide the basis for future functional
classification of olfactory sensory neurons, present within various
sensillum types (De Bruyne et al., 1999, 2001).

In this study, we used scanning electron microscopy (SEM) in or-
der to compare and describe the antennal morphology and sensillar
equipment of two bark beetle predators, Medetera signaticornis Loew,
1857 and M. infumata Loew, 1857. We focused on these two species
because they were the two most common species that were collected
from bark beetle-infested trees during our field work. We hypothe-
sized that flies of both species may display a similar morphology of
their olfactory organs and sensillar equipment. The motivation for
such hypothesis is because both species co-exist on coniferous trees,
are known to oviposit on bark beetle-infested Norway spruce trees,
and appear to be attracted by the spruce bark beetle pheromones
(Hulcr et al., 2005; Wegensteiner et al., 2015).

2. Material and methods
2.1. Field collections of adult flies

The study material, males and females of M. signaticornis and
M. infumata, was collected at two locations in Asa, Sweden
(57.150°N, 14.765°E, and 57.127°N, 14.780°E, respectively) between
May—August during 2018 and 2019. Adult flies were collected with
a mouth aspirator from bark beetle-infested Norway spruce trees
(Picea abies), and kept in individual vials with a humidified filter
paper to prevent fly tissue dehydration, until further analysis.

2.2. Scanning electron microscopy

To prepare the antennae and the makxillary palps for SEM, the
heads of the flies were detached from the bodies. Subsequently, the
heads were immersed overnight in a fixative solution (2% para-
formaldehyde, Tab Laboratory equipment, Aldermaston, UK) and
2.5% glutaraldehyde (Agar Scientific, Essex, UK), and washed in
0.1 M sodium cacodylate buffer (Agar Scientific, Essex, UK), with pH
adjusted to 7.3. After fixation, each fly head was dehydrated in a
graded series of ethanol (75%, 96% and 100% twice, for 15 min),
followed by critical-point drying (030 Bal-Tec Inc, EM-Technology
and Application, Biintle, Lichtenstein), using liquid carbon dioxide
(COy). To obtain a full three-dimensional view of the antennae and
the maxillary palps, heads were carefully affixed in frontal view on
aluminium stubs with double-sided adhesive tape. Then, to in-
crease conductivity, the dried heads were sputter-coated with gold
ions (Sputter coater 108 auto, Cressington Scientific Instruments,
Watford, UK) at 20 mA for 65 s. Imaging was performed with a
high-resolution scanning electron microscope (SU3500, Hitachi
high-tech, Tokyo, Japan) at 5 kV, at a working distance of 5—15 mm.

2.3. The antennal and maxillary palp morphology and sensillar
equipment

For morphological measurements and sensillar counts in each
species, six individuals from each sex were used. However, only the
heads of the specimens that allowed a good lateral view of the inner
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part of the antennal postpedicel (i.e., the section directed towards
the medial body plane) and the outer part of the maxillary palps
were included in the analysis, i.e., M. signaticornis: females (n = 6)
and males (n = 5); M. infumata: females (n = 5) and males (n = 4).
For each individual, the length of the arista-like stylus, and the
length and widths of the postpedicel and palp were recorded. Then,
the lateral view of the inner part of the postpedicel and outer part
of the palp was magnified, and the different morphological
sensillum types were identified and counted. Furthermore, a subset
of all sensillum types was selected for measurements of their
length and basal width. All comparisons were done with similar
magnifications.

To compare the sensillum density between adults of
M. signaticornis, which are larger in body size compared to
M. infumata, the surface area of the postpedicel and palps was
estimated, similar to Pitts and Zwiebel (2006). For each specimen,
the basic formula of an ellipse (r1*r2 *mr) was used, in order to
estimate the surface area of the inner part of the postpedicel and
outer part of maxillary palps. The largest and the smallest di-
ameters of the postpedicel or maxillary palps, respectively, were
measured and half their lengths defined as r1 and r2. Then, the
sensillum density on the postpedicel and maxillary palps was
calculated by dividing the total number of sensilla by the surface
area, in which the particular type of sensillum was found. Two-way
analysis of variance (ANOVA) was used to compare the relative
measurements of the (i) length of the arista-like stylus, (ii) the
surface area of the postpedicel and palp; and (iii) the densities of
the different sensillum types. Pairwise multiple-comparison post-
hoc tests were carried out for the multiple comparisons between
sexes, species and statistical interaction between these two vari-
ables (sex*species). Statistical analyses were performed using aov ()
and Emmeans () functions from R studio (version 3.6.1; RStudio-
Team, 2018).

3. Results

The criteria for identification and classification of the antennal
morphology and sensilla types in this study followed those of
Shanbhag et al. (1999), Hallberg and Hansson (1999) and Keil
(1999).

3.1. General morphology of the olfactory organs

3.1.1. Antennae

The antennae of adult M. signaticornis and M. infumata species
are located frontally between the large compound eyes (Fig. 1A and
B). Each antenna consists of three distinct segments: the scape, the
pedicel and the postpedicel with an arista-like stylus (Fig. 1A and
B). The postpedicel is oval in shape, and the surface area is signif-
icantly larger (F = 56.5; df = 1, 16; P < 0.001) in M. signaticornis
compared to M. infumata (Fig. 1C and D). However, no significant
differences in size are observed between sexes (F = 1.6; df = 1, 16;
P > 0.05), and neither do the variables of sex and species statisti-
cally interact (F = 1.4; df = 1, 16; P > 0.05; Table 1). The terminal
arista-like stylus is rigid and long (400 pm—480 pm), and it is
located at the end (top) of the postpedicel (Fig. 2A—C). No signifi-
cant differences are observed in the relative length of the terminal
arista-like stylus between sexes (F = 0.4; df = 1, 17; P > 0.05) or
species (F = 1.0; df = 1,17; P > 0.05), nor do the variables of sex and
species influence each other by statistical interaction (F = 0.4;
df =1,17; P> 0.05). This indicates that the lengths of the arista-like
stylus are similar between individuals of the different sexes and
species.

In both species, a large number of non-innervated microtrichia
(Shanbhag et al., 1999) are found on the scape, pedicel, postpedicel
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Fig. 1. Morphology of the antenna, maxillary palps and the sensillar arrangement in Medetera signaticornis and Medetera infumata. A. Frontal view of the heads of female
M. signaticornis and B. M. infumata, respectively. C. Lateral view of the inner part of the postpedicel of female M. signaticornis and D. M. infumata, respectively. Abbreviations: Sc,
scape; Pd, pedicel; PPd, postpedicel; St, arista-like stylus; Mp, maxillary palps; LB, large s. basiconica; SB, small s. basiconica; TB, thin s. basiconica and GB, grooved s. basiconica; Tr-1,
long s. trichodea; Tr-1I, short s. trichodea and Tr-III, curved s. trichodea; GP, grooved pegs; Ch, s. chaetica and Mt, microtrichia. Colored dashed lines indicate the areas where the

specific types and subtypes of olfactory sensilla are found.

Table 1

Lengths (um) of the arista-like stylus and surface areas (um?) of the inner part of the postpedicel and the outer part of the maxillary palps are shown as means + standard
errors. Data were analysed for significant differences dependent on sex or species, as well as for statistical interaction between these two variables. Different small letters (a,b,c)
following the measures of length and surface area indicate significant differences between sexes or species according to post-hoc tests following two-way ANOVA. F-values
provide a measure for variation between samples, df abbreviates the degrees of freedom and P < 0.05 provides a measure for significant difference between means.

M. signaticornis M. infumata Variables
Females Males Females Males Sex Species Sex*Species
Length of the arista-like 472.7 + 28.4 4383 +11.8 472.0 + 13.7 465.0 + 129 F=10;df=1,17; F=04;df=1,17; F=04;df=1,17;
stylus P > 0.05 P > 0.05 P > 0.05
Surface area of the 10218.1 + 932.6a 8642.8 + 457.5a 43724 +129b 44033 +92.0b F=16;df=1,16; F=56.5;df=1,16; F=14;df=1,16;
postpedicel P > 0.05 P < 0.001 P > 0.05
Surface area of the 18761.5 + 2160.2a 14789.4 + 1373.3 ab 8154.2 + 412.2bc 6329.1 + 1424c F=3.4;df = 1,14, F=339;df=1,14; F=04;df =1,14;
maxillary palps P > 0.05 P < 0.001 P > 0.05

and arista-like stylus (Fig. 1C and D; Fig. 2A—F). Besides microtrichia
no other structures are found on the scape (Fig. 2D). The pedicel is
the only antennal segment that houses mechanosensory bristles
known as s. chaetica (Ch) (Fig. 1C and D; Fig. 2 D, G, H). While, the
postpedicel features three different putative olfactory sensilla
types: s. trichodea, s. basiconica and grooved pegs (GP) (Fig. 1C and
D).

3.2. Maxillary palps

The maxillary palps in adults of M. signaticornis and M. infumata
are attached to the side of the basodorsal part of the proboscides
(Fig. 1A and B), with both species displaying a similar maxillary palp
morphology, in regards to the shape and location of the different

sensillum types (Fig. 3A and B). The palp surface area of
M. signaticornis is significantly larger (F = 33.9; df = 1,14; P < 0.001)
compared to M. infumata, and although females have a slightly
larger palp area compared to males, the difference is not significant
(F=3.4; df =1,14; P> 0.05), and no statistical interaction between
sex and species is found, i.e., the larger surface in M. signaticornis is
independent from any variation between sexes (F = 0.4; df = 1, 14;
P > 0.05) (Table 1). Each palp consists of a single oval segment, with
two different subtypes of Ch (as described below) distributed from
the centre to the distal end (Fig. 3A—D). Few microtrichia are
distributed along the proximate rim of the palp and over the edges
(Fig. 3A, B, E) and a group of long grooved s. basiconica (MpGB) are
found in a pit (Fig. 3A, B, F).
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Fig. 2. Arista-like stylus, scape and pedicel of Medetera signaticornis and Medetera infumata. A-C. Different parts (base, middle and tip, respectively) of the arista-like stylus of male
M. infumata. D-H. Pictures from female M. signaticornis. D. Lateral view of the scape and pedicel. E-F. High-resolution of microtrichia from the scape and pedicel, respectively. G-H.
High-resolution images of s. chaetica from the circumference of the pedicel. Abbreviations: Sc, scape; Pd, pedicel; PPd, postpedicel; Ch, s. chaetica; Mt, microtrichia.

3.3. Sensillum types

3.3.1. Sensilla chaetica (CH)

The Ch arise from a flexible socket, and are cylindrical at the
base, and then gradually taper into a long straight hair with a sharp
tip. The surface has prominent longitudinal grooves with no
discernible wall pores (Fig. 2G and H; Fig. 3C and D). This type of

sensillum is present in both species, and is distributed evenly
around the circumference of the pedicel (Fig. 1C and D) and from
the centre to the distal end of the outer part of the maxillary palp
(Fig. 3A and B). According to their length and position, the Ch
sensilla on the maxillary palps are classified as Ch-1 and Ch-II
(Table 2). The density of Ch on the pedicel and Ch-I on the maxil-
lary palps found in M. infumata is significantly higher than in



M. Sousa, R. Ignell, M. Pollet et al.

Arthropod Structure & Development 72 (2023) 101229

Fig. 3. Morphology of the maxillary palps of Medetera signaticornis and Medetera infumata. A-B. Lateral view of the outer part of maxillary palp of female M. signaticornis and
M. infumata, respectively. C—F. Pictures from the outer part of the maxillary palp of female M. signaticornis. C-D. High-resolution of the palpal sensilla chaetica. E. High-resolution of
microtrichia from the proximate rim of the palp. F. Pit with the long grooved s. basionica. Abbreviations: Mt, microtrichia; MpGB, long grooved s. basiconica; Ch-I, s. chaetica

subtype I; Ch-II, s. chaetica subtype II.

M. signaticornis (Ch: F = 71.4; df = 1,13; P < 0.001, Ch-I: F = 24.7;
df = 1, 11; P < 0.001), however, no significant differences are
observed between sexes (Ch: F = 0.39; df = 1, 13; P > 0.05, Ch-I:
F = 0.9; df = 1, 11; P > 0.05) and no statistical interaction is
found between the variables of species and sex (Ch: F=1.19; df =1,
13; P > 0.05, Ch-I: F = 4.5; df = 1, 11; P > 0.05) (Table 3). Only one
long Ch-II sensillum is found on each palp in both species (Fig. 3A
and B).

3.4. Sensilla trichodea

Sensilla trichodea are the most abundant sensillum type found
on the postpedicel of M. signaticornis, and the second most com-
mon type found on the postpedicel of M. infumata (Fig. 1C and D;
Table 2). According to differences in morphology and length, the
sharp-tipped s. trichodea may be sub-divided into long (Tr-I), short
(Tr-1I) and curved s. trichodea (Tr-III) (Fig. 4A—F; Table 2). The Tr-I
and Tr-II sensilla are found closely packed along the lateral
margin of the postpedicel in both species (Fig. 1 C, D). The Tr-III

subtype is only found on the postpedicel of M. signaticornis, and
is distributed diagonally over the disto-lateral part of both the inner
and outer side of the postpedicel. The size of Tr-II is intermediate
when compared to Tr-1 and Tr-II (Table 2). The cuticle of the Tr-I and
Tr-1I sensilla is relatively smooth compared to Tr-IIl, which is
characterised by elevated ridges (Fig. 4A—F). All three subtypes
have evenly distributed pores and a non-accentuated basal drum.
The density of Tr-I1 found on the postpedicel of M. signaticornis is
higher compared to M. infumata (F = 21.8; df = 1,16; P < 0.001), and
in both cases, males have more Tr-I compared to the females
(F=13.2; df = 1,16; P < 0.01) (Table 3).

3.5. Sensilla basiconica

The sensilla basiconica are the most common sensillum type
found on the postpedicel of M. infumata and second most common
found on the postpedicel of M. signaticornis. According to the
morphology and size, these sensilla can be divided into four sub-
types; large (LB), small (SB), thin (TB) and grooved (GB) (Fig. 4-G-])
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Table 2

Types, location, numbers and dimensions of sensilla found on the antenna and maxillary palps. Lengths (L) and basal widths (BW) expressed in pm were measured from
samples containing males and females and are shown as means =+ standard errors. N° represents the numbers of sensilla found on the inner part of the antenna or on the outer
part of the maxillary palps. As some types of sensilla are more common than others, different numbers (n) of sensilla were used for the evaluation of L and BW.

Sensilla Location of the sensilla M. signaticornis M. infumata
Antennae Maxillary N° of sensilla Ne of sensilla L BW n Ne of sensilla N° of sensilla L BW n
palps females males females males
S. chaetica (Ch) X 16.5+09 15.0 £ 0.6 224+1133+0115120+08 115+ 04 221+153.1+0.1 15
S. chaetica subtype I (Ch-I) X 315+ 19 275+28 31.2+163.1+011517.2+04 174 +1.2 340+ 1.127+01 15
S. chaetica subtype II (Ch- X 1.0+00 1.0+00 850+3175+045 1.0+0.0 1.0+00 775+2650+025
1n)
Long s. trichodea (Tr-I) X 69.2 + 3.2 76.6 + 3.7 233+0419+0025244+18 283 +09 212+0419+00 10
Short s. trichodea (Tr-1I)  x 202 +25 142 £20 99+05 19+001258+1.0 75+ 1.1 10.0+£032.0+005
Curved s. trichodea (Tr-1II) x 245+ 28 280+ 1.2 143 +0.6 1.8 +0.0 12
Small s. basiconica (SB) X 272 +16 210+ 36 6.7+0.2 1.8+0.0 20
Large s. basiconica (LB) X 388 +3.0 340+39 45+02 20+01 20
Thin s. basiconica (TB) X 8.7 +0.8 92+ 0.6 82+03 1.7+0.2 10
Grooved s. basiconica (GB) x 47.6 + 0.6 415+ 25 7602 1.6+0020
Long grooved s. basiconica X 312+22 255+ 15 186+03 14 +0.130195+1.1 120+ 05 125+02 1.9 +0.1 30
(MpGB)
Grooved pegs (GP) X 85+05 84+10 36+02 16+0.11050+09 23+07 35+03 20+015
Table 3

Sensilla densities (number of sensilla per pm? of surface area) found on the inner part of the postpedicel and outer part of the maxillary palps. Data were analysed for significant
differences dependent on sex or species, as well as for statistical interaction between these two variables. Different small letters (a,b,c) indicate significant differences between
sexes or species according to post-hoc tests following two-way ANOVA. F-values provide a measure for variation between samples, df abbreviates the degrees of freedom and

P < 0.05 provides a measure for significant difference between means.

Sensilla M. signaticornis M. infumata Variables
Females Males Females Males Sex Species Sex*Species
S. chaetica (Ch) 1.5x102+7.7x10°b 1.7 x 10>+ 1.8 x 107%b 28 x 10>+ 2.0 x 107%a 26 x 10>+ 58 x 10™°a F =0.39; F=714; F=1.19;
df=1,13; df=1,13; df=1,13;
P> 0.05 P < 0.001 P> 0.05
S. chaetica 1.7x102+99x 10D 1.6 x 103 £ 1.8 x 107%b 2.1 x 103 £ 7.5 x 107°a 2.5 x 10> £ 1.1 x 10~%ab F = 0.9; F=247; F=45;
subtype | df =1,11; df =1, 11; df =1, 11;
(Ch-1) P> 0.05 P < 0.001 P> 0.05
Long s. 69x103+34x10%h 89 x 103 +41x 10 % 56 x 1072 +45 x 10 % 64 x 103+ 22 x 10%b F=135; F=214; F=195;
trichodea (Tr- df =1, 16; df =1, 16; df =1, 16;
1) P < 0.01 P < 0.001 P> 0.05
Short s. 21%x103+27x107% 1.7x10%+25x107% 13x102£25x 104 1.7x107%+25x 1074  F=0.02; F=19;df=1,F=17;
trichodea (Tr- df =1, 16; 16; P> 005 df=1,16;
1) P> 0.05 P> 0.05
Curved s. 24x103£24x10% 33x103+31x10* F=401;
trichodea (Tr- df=1,9;
1) P> 0.05
Small s. 28x103+£35%x10% 26x103+58 %1074 F=0.14;
basiconica df=1,9;
(SB) P> 0.05
Large s. 40x103+£45x10% 41x103+£67x 1074 F=001;
basiconica df=1,9;
(LB) P> 0.05
Thin s. 86x107%+52x10° 1.1x1072+86x 1074 F=4.16;
basiconica df=1,9;
(TB) P> 0.05
Grooved s. 19x102£15x10% 95x103+£67 x 10 F=42;
basiconica df=1,7;
(GB) P> 0.05
Long grooved s. 1.7 x 103£26 x 1074 1.8 x103+41x10° 24x103£17x10% 19x103£89x10° F=05; F=32;df=1, F=2.1;
basiconica df =1, 14; 14;P>005 df=1,14;
(MpGB) P> 0.05 P> 0.05
Grooved pegs 87 x 1074 +83x107° 99x10%£14x10% 11x102+25x10% 53 x10%+16x10* F=095; F = 0.06; F=47;
(GP) df=1,14; df=1,14; df=1,14;
P> 0.05 P> 0.05 P =005

(Table 2). The LB, SB and TB subtypes are only found on the post-
pedicel of M. signaticornis, while the GB subtype is only found on
the postpedicel of M. infumata.

In M. signaticornis, s. basiconica are situated within a shallow
depression at the top part of the postpedicel (Fig. 1C). The LB is the
most common sensillum subtype (Fig. 4G; Table 2) and is present in

various forms, which not always end up in a rounded tip. The SB are
mostly distributed around the LB sensilla, and are considerably
longer than the LB but smaller than the TB (Fig. 4H; Table 2). Both
SB and LB sensilla have a smooth cuticular surface with a high
density of pores and a seemingly uniform distribution. The TB
sensilla are less common on the postpedicel of M. signaticornis
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Fig. 4. High-resolution scanning micrographs showing the morphologically different olfactory sensillum types. A-I All pictures from the inner part of the postpedicel of female
M. signaticornis. A-B. Long sensilla trichodea (Tr-I). C-D. Short s. trichodea (Tr-II). E-F. Curved s. trichodea (Tr-III). G. Large s. basiconica (LB) and microtrichia (Mt). H. Small s.
basiconica (SB). L. Thin s. basiconica (TB) and SB. J. Grooved s. basiconica (GB) from the inner part of the postpedicel of a male M. infumata. K. Long grooved s. basiconica (MpGB)
from the outer part of maxillary palp of a female M. signaticornis. L. Grooved peg sensillum (GP) from the postpedicel of a male M. signaticornis.

compared to the other two subtypes found in this species. This
sensillum subtype is mainly located at the narrow edges of the
shallow depression at the top medial part of the postpedicel. The TB
sensilla were the longest s. basiconica subtype detected (Table 2).
The TB sensilla have a sharp tip and a ridged cuticular surface with
sparse pores (Fig. 4I).

The GB sensilla (Fig. 4]) are uniformly distributed on both the
inner and outer sides of the postpedicel of M. infumata (Fig. 1D).
Although the M. infumata GB and M. signaticornis TB sensilla found
on the postpedicel are similar in length (Table 2), the cuticular
surface of the GB sensilla contains more prominent ridges and a
lower number of visible pores compared to the TB sensilla. Similar

GB sensilla are also found grouped in a pit on the maxillary palps of
both species (Fig. 3A, B, F). However, these sensilla are longer,
blunt-tipped and are defined as MpGB (Fig. 4K; Table 2). No sig-
nificant differences between densities MpGB on the maxillary palps
are observed between species (F = 3.2; df = 1, 14; P > 0.05) or sexes
(F=0.5; df = 1,14; P > 0.05), and the variables sex and species do
not affect each other (F = 2.1; df = 1,14 P > 0.05) (Table 3).

3.6. Grooved pegs

The GP are the smallest and least abundant sensillum type
found in both species (Table 2). This sensillum type is located
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mainly around the basal part of the postpedicel, close to pedicel.
These sensilla are characterised by finger-like processes that extend
from an otherwise smooth cuticular shaft (Fig. 4L). No significant
differences in the density of GP are observed between species
(F=0.06; df = 1,14; P> 0.05) or sexes (F = 0.95; df = 1,14; P > 0.05),
and no statistical interaction is seen between these two variables
(F=4.7,df = 1,14 P > 0.05) (Table 3).

4. Discussion

Many Medetera species are predators on bark beetles, which
they locate using olfaction. Through a comparative analysis of the
main olfactory organs of M. signaticornis and M. infumata, this study
demonstrates significant differences between species in relation to
surface areas of the postpedicel and the maxillary palps, the sub-
types of antennal sensilla (trichodea and basiconica) and the
sensillum densities on the antennae and the maxillary palps. The
olfactory system is known to reflect insect phylogeny, ecology and
ethology (Hansson and Stensmyr, 2011) and the observed differ-
ences in morphology likely reflect evolutionary adaptations related
to ecologically relevant behaviours, such as host finding and
reproduction. In contrast, the shape and location of the different
sensilla found on the maxillary palps are well conserved.

4.1. Antennal morphology

The antennae of M. signaticornis and M. infumata are composed
of three distinct segments: the scape, the pedicel and the post-
pedicel with a terminal arista-like stylus, similar to the antennal
morphology in most fly species (Diptera: Brachycera) (Cumming
and Wood, 2017). The scape and the pedicel have been suggested
to have a baroreceptor role in the majority of families of Diptera
(McAlpine, 2011). Within the genus Medetera, the scape is usually
relatively short and sometimes rudimentary, but some Medetera
species can have a more elongated scape compared to the pedicel
(Bickel, 1985). Within the Dolichopodidae, the pedicel can also be
round and laterally compressed or featuring a finger-like inner
projection (e.g., in species from the genus Syntormon Loew, 1857),
which penetrates the inner side of the postpedicel (Grichanov,
2007). The external structure of the pedicel is taxonomically vari-
able across different dipteran families (Cumming and Wood, 2017).
In more distantly-related dipteran species, the pedicel can be
enlarged (e.g., members of family Tabanidae), elongated (e.g.,
members of families Conopidae and Sciomyzidae) or it can be
marked dorsally by a longitudinal “antennal seam” (e.g., members
of families Muscidae and Calyptratae) (McAlpine et al, 1981;
McAlpine, 2011). The functional relevance for the observed
morphological variation in scape and pedicel is yet unknown. In all
cases, the pedicel connects to the third antennal segment, the
postpedicel.

As compared to other dolichopodids, both M. signaticornis and
M. infumata have a relatively small postpedicel of oval shape. Pre-
vious studies have shown that shape and size of postpedicel varies
across Medetera species from elongated triangular (e.g., M. ambigua
Zetterstedt, 1843) to large triangular (e.g., M. pinicola Kowarz, 1878
and M. melancholica Lundbeck, 1912) or quadrate of various sizes
(e.g., other species of the M. signaticornis-pinicola group) (Bickel,
1985). Postpedicel size and shape also differ substantially be-
tween genera within the same dolichopodid subfamilies (Negrobov
et al., 2015). While not observed in our study, in other fly species
representing several dolichopodid genera like e.g., Argyra Mac-
quart, 1834; Dolichopus Latreille, 1796; Rhaphium Meigen, 1803;
Syntormon and some Sybistroma Meigen, 1824, a sexual dimor-
phism can be found in the shape or size of the postpedicel (Pollet,
2000; Negrobov et al., 2015). Whether this dimorphism reflects a
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function in sexual communication remains to be determined.

The arista-like stylus has previously been described within the
Medetera genus as long, bi-segmented and borne apically in a slight
notch almost at the tip of the postpedicel (Bickel, 1985). The arista-
like stylus is bi-segmented in all dolichopodids, varies strongly in
length and can be positioned in various places along the dorsal side
of the postpedicel (from basodorsal to apical). However, in some
cases within the Dolichopodidae the second segment of the arista-
like stylus can be extended (e.g., species of the genera Chrysosoma
Guerin-Meneville, 1831 and Plagiozopelma Enderlein, 1912)
(Negrobov et al., 2015). It can also be bare (e.g., species of the genus
Tachytrechus Haliday, 1851), have short hairs (e.g., species of the
genus Medetera) or be very pilose (e.g., species of the genus Poe-
cilobothrus Mik, 1857) (Negrobov et al., 2015). Still, within the
Dolichopodidae family, some species (e.g., genus Sybistroma) show
apical and even median flags on the second segment of the arista-
like stylus (Grichanov, 2007).

Similar arista-like stylus morphology, as observed in both of the
studied Medetera species, has been described in members of other
Diptera families, such as species of genera Callomyia Meigen, 1804
(Diptera: Platypezidae) (Cumming and Wheeler, 2016), Mac-
alpinomyia Li and Yeates, 2018 (Diptera: Ironomyiidae) (Li and
Yeates, 2019), Megaselia Rondani, 1856 (Diptera: Phoridae) and
Pseudacteon Coquillett, 1907 (Diptera: Phoridae) (Pfeil et al., 1994;
Sukontason et al., 2005; Chen and Fadamiro, 2008; Lu, 2012).
However, other dipteran species can have a subterminal or terminal
stylus, which usually is short (e.g., Mallophora ruficauda Wiede-
mann, 1828 (Diptera: Asilidae) (Groba et al., 2014) and Rhampho-
myia bhagati sp. nov. (Diptera: Tabanidae) (Bartdk et al., 2021)).
Alternatively, dipteran species can have a bristle-like arista, which
originates from the inner or outer surface, near the lateral edge, of
the postpedicel (e.g., Gymnosoma rotundatum Linnaeus, 1758
(Diptera: Tachinidae) (Roh et al., 2020)) or from the dorso-proximal
end of the postpedicel (e.g., species of genus Drosophila Fallén, 1823
(Diptera: Drosophilidae) (Shanbhag et al., 1999; Gao et al., 2020)).
In Drosophila melanogaster Meigen, 1830 (Diptera: Drosophilidae),
the arista has been demonstrated to play a role in both humidity
(Sayeed and Benzer, 1996; Ji and Zhu, 2015) and auditory sensing
(Yorozu et al., 2009). However, the function of the arista-like stylus
of Medetera and other flies remains to be understood.

4.2. Antennal sensillar equipment

In both Medetera species, the sensilla of type Ch are found to be
organized in a ring around the pedicel. This is similar to that
described for most members of the Dolichopodidae family
(Grichanov, 2007), with the exception of the M. aberrans Wheeler,
1899 group, which has a reduced number of this sensillum type
(Bickel, 1985), likely rendering them less capable of detecting
mechanosensation, i.e., the sensory modality conveyed by these
sensilla (Shanbhag et al., 1999).

In comparison with other families of flies, the distribution of this
sensillum type varies considerably. The distribution can be
confined to only the scape or the pedicel (e.g., G. rotundatum (Roh
et al., 2020)) or both the scape and the pedicel can have this
sensillum type. Examples of the latter can be found in species such
as M. ruficauda and Eupeodes corollae Fabricius, 1794 (Diptera:
Syrphidae) and in species of the genera Tabanus Linnaeus, 1758
(Diptera: Tabanidae) and Simulium Latreille, 1802 (Diptera: Simu-
liildae) (Mercer and Mclver, 1973; Parashar et al., 1994; Groba et al.,
2014; Jia et al, 2019). In Simuliidae, the arrangement of sensilla
type Ch around the distal boundary of the scape and pedicel sug-
gests that they may detect the direction and degree of bending of
the scape and pedicel, emphasizing a role in assessing air move-
ment over the antenna (Mercer and Mclver, 1973).
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Sensilla trichodea are one of the most abundant sensillum type
found in both M. signaticornis and M. infumata. This is similar to
other fly species (e.g., species from genus Pseudacteon (Chen and
Fadamiro, 2008; Lu, 2012), E. corollae (Jia et al., 2019) and
M. ruficauda (Groba et al., 2014)). Similar to Medetera, the abun-
dance of this sensillum type has been observed to increase from the
base to the distal end of the postpedicel in species of genera
Pseudacteon, Megaselia and Apystomyia Melander, 1950 (Diptera:
Apystomyiidae) (Chen and Fadamiro, 2008; McAlpine, 2011; Lu,
2012). Based on their ultrastructure, s. trichodea have been attrib-
uted an olfactory function, and shown to respond to chemical sig-
nals used for e.g., foraging, oviposition and mate seeking by
dipterans (De Bruyne et al., 2001; Qiu et al., 2006; Hill et al., 2009;
Siju et al., 2010). Given the higher abundance of s. trichodea on the
postpedicel in males of both studied Medetera species, it is a pos-
sibility that this sensillum type may be tuned to detect phero-
mones, as in D. melanogaster (Clyne et al., 1997), although
pheromone compounds are yet to be identified in Dolichopodidae.

Sensilla basiconica are another sensillum type found with uni-
form distribution on the postpedicel of M. infumata, and are
concentrated in a shallow depression at the top part on the post-
pedicel of M. signaticornis. Morphologically, similar subtypes of s.
basiconica have been described in Pseudacteon tricuspis Borgmeier,
1925 (Diptera: Phoridae) (Chen and Fadamiro, 2008), M. ruficauda
(Groba et al., 2014), and G. rotundatum (Roh et al., 2020). However,
the density and distribution of this sensillum type in members of
these and other families of flies differs from the two studied
Medetera species (Shanbhag et al., 1999; Chen and Fadamiro, 2008;
Groba et al., 2014; Roh et al.,, 2020). Functional analysis of s. basi-
conica in other species has demonstrated that this sensillum type
responds to a variety of odorants, including those involved in the
detection of food and oviposition sites (De Bruyne et al., 1999, 2001;
Elmore et al., 2003). The differences we found in relation to the
number and subtypes of s. basiconica between the two Medetera
species, might reflect species-specific habitat preference.
M. signaticornis is mainly known to be associated with coniferous
forests where bark beetle damage occurs. In contrast, M. infumata
belongs to a species group that is not confined to tree trunks but
also occurs on dry sandy soils (Bickel, 1985; Pollet et al., 2011).
Recently, M. infumata has been recorded from wooded habitats
with coniferous trees, where it is found on both tree trunks and
rocky substrates (Pollet, pers. comm.). Accordingly, in slight dif-
ference to our hypothesis, the olfactory organs and sensillar
equipment show dissimilarities, which might reflect adaptations in
relation to species-specific ecology and behaviours, despite com-
mon coexistence in coniferous forest, egg-laying on bark beetle-
infested trees and attraction to bark beetle pheromones. Future
functional analysis is required to assess a possible correlation be-
tween this sensillum type, specific chemosensory stimulants and
behavioural preference.

The GP described in both M. signaticornis and M. infumata have
previously been found in both members of closely and distantly-
related families of dipteran flies, such as Megaselia scalaris Loew,
1866 (Diptera: Phoridae) (Sukontason et al., 2005), P. tricuspis (Chen
and Fadamiro, 2008), Trichopoda pennipes Fabricius, 1781 (Diptera:
Tachinidae) (Giangiuliani et al., 1994), Haematopota pandazisi
Krober, 1936 (Diptera: Tabanidae) (Pezzi et al, 2018),
D. melanogaster (Shanbhag et al., 1999), Culicoides obsoletus Meigen,
1818 (Diptera: Ceratopogonidae) (Isberg et al., 2013; Urbanek et al.,
2014) and Anopheles stephensi Liston, 1901 (Diptera: Culicidae) (Boo
and Mclver, 1976; Hempolchom et al., 2017). This type of sensillum
is ancestral and seems to be conserved through hundreds of mil-
lions of years of insect evolution as it can be found in many, if not in
all, insect orders (Steinbrecht, 1997; Yao et al., 2005). However, the
distribution of this sensillum type on the antenna varies greatly
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across insect families. Most of the work on the GP has been done in
D. melanogaster showing that it is tuned to carboxylic acids and
amines, expresses olfactory receptors of the ionotropic receptor
family but also plays a role in other sensory modalities (Meijerink
et al., 2001; Yao et al., 2005; Ghaninia et al., 2008).

4.3. Maxillary palp

The maxillary palp of both M. signaticornis and M. infumata
consists of one small, flat and oval segment. This seems to be
similar for the majority of the species of Medetera genus (Bickel and
Arnaud Jr, 2011). In other genera, within the Dolichopodidae family,
the shape of maxillary palps varies substantially e.g., it can also be
subquadrate with rounded corners (e.g., Chrysotus Meigen, 1824),
or rather narrow and pointed apically (e.g., Amblypsilopus Bigot,
1888) (Grichanov, 2007). The size also varies from small (e.g.,
Sympycnus Loew, 1857) to large (e.g., Tachytrechus) (Brooks and
Cumming, 2008) or extended (e.g., Chrysotus) (Capellari, 2015;
Runyon and Capellari, 2018). Compared to other fly families, the
morphology of the maxillary palp varies in relation to the number
of palpal segments, orientation (e.g., arched, straight, curved or C-
shaped), length and attachment (e.g., connected directly to stipes,
separated from stipes, connected to an external sclerite or palpifer)
(Sinclair and Cumming, 2006). Additionally, although not observed
in our study, sexual dimorphism can be found in relation to the
length and shape of the maxillary palps (Runyon, 2020; Pezzi et al.,
2021).

4.4. Palpal sensillar equipment

On the macxillary palps of both Medetera species, two subtypes of
sensilla Ch were found, differentiated based on their size and po-
sition. The small Ch-I were distributed from the centre to the distal
end of the maxillary palp, while only one long Ch-II was found in
the medial part of the palp. In the descriptions of Medetera species,
the maxillary palp has been mentioned as bearing apical small hairs
on the outer side and one long bristle at the apex (Bickel, 1985;
Grichanov, 2007). Apical hairs, and one or several long bristles, are
also common in distantly-related species such as D. melanogaster
(Shanbhag et al., 1999) and Bactrocera dorsalis Hendel, 1912
(Diptera: Tephritidae) (Liu et al., 2021).

In addition to Ch-I and II, the maxillary palps of both Medetera
species carry the sensilla MpGB grouped in a pit. Similar sensory
pits can be found in closely-related families of predatory and
parasitoid flies (e.g., Hilara maura Fabricius, 1776 (Diptera: Empi-
didae), Stenopogon inquinatus Loew, 1866 (Diptera: Asilidae) and
Lomatia belzebul Fabricius, 1794 (Diptera: Bombyliidae) (Yeates,
1994; Sinclair and Cumming, 2006), and in distantly-related flies
(e.g., species within the genus Culicoides Latreille, 1809 (Diptera:
Ceratopogonidae) (Isberg et al., 2013). Single sensillum recordings
of the papal s. basiconica in different mosquito species (e.g., species
within the genera Anopheles Meigen, 1818; Culex Linnaeus, 1758
and Culicoides) have shown that this sensillum type detects carbon
dioxide (CO,), which is a generic cue shared by all vertebrate hosts
(Grant and Kline, 2003; Grant et al., 1995). Similarly, CO, might be a
cue used for example by predatory flies to detect small soft-bodied
arthropods that they feed on.

We hypothesized similarity in the morphology of the olfactory
organs and sensillar equipment between M. signaticornis and
M. infumata, as based on their close phylogenetic relation and
overlap in their ecology and behaviour. In conclusion of our study,
we found that the general morphology of the antennae and
maxillary palps, in relation to the shape, size and position is similar
between M. signaticornis and M. infumata, but the antennal sensillar
equipment varies across species. Different sensillum subtypes and
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distributions might indicate that M. signaticornis and M. infumata
process different environmental cues or process the same cues in a
different way. However, future studies need to be done to gain a
better understanding of the diversity, physiological function and
evolution of sensilla types within this taxonomic group. In-
vestigations of the sensorial structures in the Medetera genus may
establish a base for studies that aim at understanding how these
predators find their hosts, mates and oviposition sites. Better un-
derstanding of the host finding behaviour might advance the
development of biological control of bark beetles with Medetera
flies.
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Abstract

Predatory long-legged flies of the genus Medetera are important, but currently understudied, natural enemies of Scolytinae
bark beetles such as Ips typographus. Medetera flies lay eggs on beetle-infested trees, where the developing larvae find their
prey, but the chemical cues used by Medetera to locate infested trees are currently unknown. To identify odors attracting
Medetera signaticornis, a species in Europe, headspace samples were collected at several time-points through different stages
of I. typographus attacks on logs of Norway spruce (Picea abies). The headspace samples were analyzed using combined
gas chromatography and mass spectrometry (GC-MS), and gas chromatography coupled with electroantennographic detec-
tion (GC-EAD) to determine compounds that stimulate M. signaticornis antennae. Antennae of M. signaticornis males and
females were found to detect (—)-cis-verbenol, (+)-trans-verbenol and myrtenol, which are known to be produced by bark
beetles. Antennal responses were also observed for verbenene, isoterpinolene, a-pinene oxide, camphor, pinocamphone,
terpinene-4-ol, myrtenal, borneol, a-terpineol, geranyl acetone, and verbenone, which are primarily produced by microorgan-
isms, and a-pinene, a-fenchene, B-pinene, camphene, 3-carene, limonene, y-terpinene, and terpinolene, known spruce tree
compounds. In field experiments testing two synthetic blends containing 18 antennal active and two additional compounds
2-methyl-3-buten-2-ol and ipsdienol we observed significant attraction of M. signaticornis within 24 h. These attractive
blends can form the basis for development of Medetera monitoring lures for use in future forest and pest management.

Keywords Biocontrol - Electrophysiology - Host location - Kairomone - Predator—prey interaction - Sustainable forestry

Introduction

Norway spruce (Picea abies (L.) Karst.), an ecologically
and economically important conifer species, is increasingly
being threatened by fungal disease (e.g., root and butt rot
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disease caused by Heterobasidion spp.) (Gunulf et al. 2013;
Gomez-Gallego et al. 2022) and insect pests (Hannerz et al.
2002; Romashkin et al. 2020; Hlasny et al. 2021). One of
the most severe pests on Norway spruce is the Eurasian
eight-spined spruce bark beetle (Ips typographus Linnaeus)
(Coleoptera: Curculionidae, Scolytinae) (Grégoire et al.
2015). Within the coniferous forest ecosystem, 1. typogra-
phus feeds on dead or dying spruce trees and contributes to
recycling of nutrients (Edmonds and Eglitis 1989). However,
weather conditions such as strong wind, warm temperature
and low rainfall can cause mass development of 1. typogra-
phus in windthrown or draught-stressed spruce trees, and in
consequence of a high beetle abundance even healthy trees
get attacked (Rouault et al. 2006; Kédrvemo and Schroeder
2010; Stadelmann et al. 2014). When colonizing living
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spruce trees, . typographus uses an aggregation pheromone
that facilitates mass attack (Birgersson et al. 1984; Schlyter
et al. 1987) and introduces a blue-staining symbiotic fun-
gus that metabolizes tree defense compounds toxic to the
beetle (Hammerbacher et al. 2013; Wadke et al. 2016; Zhao
et al. 2019). In addition, 1. typographus performs better in
warm temperatures, and physiological models predict more
frequent outbreaks in European Picea forests due to cli-
mate change (Marini et al. 2017; Bentz et al. 2019). There
is therefore a pressing need to find efficient and sustainable
methods to control bark beetles.

Understanding chemo-ecological aspects underlying host
finding and infestation of trees by the beetles as well as sub-
sequent trophic interactions might facilitate the development
of pest management methods by use of semiochemicals or
natural enemies. Tree volatiles serve as signals in host rec-
ognition of bark beetles (Seybold et al. 2006). In coniferous
trees, terpenoid compounds (primarily volatile mono- and
sesquiterpenes or less-volatile diterpenes) are characteris-
tic constitutive or inducible defense chemicals, respectively
(Keeling and Bohlmann 2006; Martin et al. 2003). The emis-
sion of these compounds can increase as response to biotic
and abiotic stress such as the attack by wood boring insects,
high temperature or mechanical damage (Ghimire et al.
2016; Juran et al. 2017; Holopainen et al. 2018).

Several natural enemies of bark beetle, such as parasi-
toids and predators, are attracted to bark beetle-infested trees
by volatile chemical cues that originate from the host tree
(e.g., mono- and sesquiterpenes), from bark beetles them-
selves (e.g., I. typographus produced oxygenated hemi- and
monoterpene alcohols), and/or from associated microorgan-
isms which the beetles transfer to the host trees and their
offspring developing inside the galleries (e.g., oxygenated
monoterpenes) (Leufvén et al. 1984; Leufvén and Birgers-
son 1987; Pettersson 2000; Kandasamy et al. 2016, 2021).
Natural enemies can significantly reduce bark beetle popu-
lations and are considered to be environmentally safe and
sustainable control agents (Wermelinger 2002; Kenis et al.
2007; Wegensteiner et al. 2015).

An important group of predator species of bark beetles
are flies of the genus Medetera (Diptera: Dolichopodidae).
At present these are not actively applied or considered as
biocontrol agents in forest management. Medetera adults
feed on a wide array of small invertebrates (Ulrich 2004),
but the larvae of most tree trunk-dwelling Medetera spe-
cies depend on bark beetles for their development. The adult
long-legged flies can be observed on tree trunks from early
spring throughout the whole summer and up to the first
frost. Medetera females have been observed to oviposit in
newly infested trunks shortly after infestation by bark bee-
tles (Nicolai 1995; Wermelinger 2004). On infested trees,
females inspect the bark surface with their ovipositor and lay
their eggs near the entrance of bark beetle galleries. A few
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days later, the newly emerged larvae migrate into the galler-
ies and start feeding on beetle eggs and larvae, and on pupae
or newly emerged, callow bark beetle adults that are still
concealed in the galleries and pupal chambers (Beaver 1966;
Bickel 1985). To locate bark beetle-infested trees, the adult
flies use volatile chemical cues (Hulcr et al. 2005, 2006).
Information on the specific compounds required for host
detection is scarce, but it is known that some Medetera spp.,
such as M. setiventris Thuneberg and M. melancholica Lun-
dbeck, are attracted to the I. typographus aggregation phero-
mone, which consists of a mixture of (-)-cis-verbenol and
2-methyl-3-buten-2-ol (Huler et al. 2005, 2006). According
to Hulcr et al. (2006), the number of M. setiventris attracted
to traps increases when 1. typographus aggregation phero-
mone is combined with ipsdienol. Furthermore, M. signati-
cornis Loew has been shown to be attracted to a mixture of
host tree compounds such as a-pinene, f-pinene, camphene,
and limonene dissolved in ethanol (Rudinsky et al. 1971),
while a-pinene has been shown to stimulate oviposition in
females of M. aldrichii Wheeler and seems to guide newly
emerged larvae to prey gallery entrances (Fitzgerald and
Nagel 1972).

Medetera signaticornis is described as one of the most
common /. typographus predators in Europe (Ounap 2001;
Wermelinger 2002), which makes it a good candidate spe-
cies for use in a future biocontrol strategy. In this study,
we tested the hypothesis that M. signaticornis adult flies
use multiple semiochemicals to detect bark beetle-infested
Norway spruce trees. In order to identify key compounds
that attract M. signaticornis to infested spruce, we: i) com-
pared the volatilome of bark beetle-infested standing trees,
bark beetle-infested cut trees and non-infested spruce trees
over time; ii) identified odor compounds from infested trees
eliciting electroantennographic responses on the antennae
of M. signaticornis adults; and iii) tested the effectiveness
of synthetic olfactory-active compound blends under field
conditions.

Material and Methods

Insects Males and females of M. signaticornis were col-
lected with a mouth aspirator from bark beetle-infested
spruce trees (Picea abies) at two different sites (1 and 2,
57.150°N, 14.765°E and 57.127°N, 14.780°E, respectively)
close to the SLU field research station in Asa, Smaland
province, Sweden, between May and August during 2018
and 2019. The average of the daily maximum tempera-
ture between May and August 2018 and 2019 at Asa was
243 +4.5 °C and 20.6 +3.5 °C, respectively, while the
average daily precipitation during the same period was
1.65+4.6 mm and 3.55+ 8.1 mm (more detailed weather
data can be accessed from the Asa weather station, Anon
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(2023)). Collected flies were placed individually in glass
vials with humidified filter paper and transported to the
laboratory, where they were kept starved at 4-8 °C until
electrophysiology studies, which were carried out within a
week collection of the flies.

Volatile Collection Odor samples for chemical and electro-
physiology analysis were collected from non-infested stand-
ing trees, infested standing trees, and infested cut trees at the
two sites during 2018. A total of 11 healthy mature standing
spruce trees, approximately 40—-60 years age, were randomly
selected at the two sites. Four of these trees were cut with
a chainsaw (three at site 1 and one at site 2), and the fallen
trunks and two standing trees at each site were baited with
synthetic I. typographus pheromones (see below) to induce
controlled 1. typographus attacks. The remaining three trees
(one from site 1 and two from site 2) were left without pher-
omone bait and used as controls.

The bait used to attract bark beetles to both cut and standing
trees consisted of single dispensers containing the synthetic
1. typographus aggregation pheromone (Pheroprax®, BASF,
Limburgerhof, Germany). The dispensers were suspended
at 3 m height (measured from the bottom of the tree) on the
bark of the standing trees, and cut trees. Once 1. typographus
beetles had started excavating galleries in the baited trees,
the dispensers containing synthetic bark beetle pheromones
were removed and headspace collection was started.

A curved aluminum grid (area 32 cm X 32 cm, with
1.5 cm distance between grid and bark) was attached to
each tree at specific collection points between 1.5 and
2 m tree height (measured from the bottom of the tree), to

Fig.1 Setup used for headspace collections from logs of Norway
spruce trees (Picea abies) through the different stages of Ips typogra-
phus attack. A) three sampled standing trees in one of the field sites;
B) metal grid covered with a polyester roasting bag that was wrapped
around the tree bark forming an enclosure for odor collections; C)

provide an open space for volatile release (Fig. 1A-C). For
the eight infested cut or standing trees, the aluminum grid
was affixed to cover the entrance hole(s) of one or two bark
beetle galleries. To collect the volatiles emanating from the
bark surface, the aluminum grid was covered with a polyes-
ter roasting bag (Toppits®, Cofresco Frischhalteprodukte
GmbH, Minden, Germany) wrapped around the tree bark,
giving an open bark surface area for volatile release of ~9
dm?. Nylon wire was used to tie the upper and lower edges
of the polyester bag to the tree (Fig. 1B). The released
volatiles were collected through an adsorbent column
(3% 55 mm PTFE Teflon® tube, inner diameter 3.0 mm,
outer diameter 4.0 mm, filled with ~30 mg of Porapak Q
(mesh 50/80, Waters, Milford, MA, USA)) that had been
placed in the open space under the grid before wrapping
with the polyester bag. The absorbent column was con-
nected by silicone tubing to a battery-driven membrane
pump (KNF NMP830KNDC, KNF, Sursee, Switzerland)
and the air drawn through each column was adjusted to
a flow rate of 150 mL'min~! for 3 h. An additional Pora-
pak Q column was connected to the pump for sampling
potential contamination from the air outside the enclosed
aluminum grid. Compared to the samples from the bark
inside the grid, amounts of compounds trapped outside the
grid were neglectable (data not shown). After headspace
collection, the polyester bag was cut open and the column
was transferred to a clean glass vial. All vials were sealed
and transported to the laboratory in a container with ice. In
the laboratory, each column was eluted with 500 pL of pen-
tane (puriss p.a, Sigma-Aldrich, Saint Louis, MO, USA)
and the eluate was stored at -20 °C. Headspace collections
from the same collection points on the same experimental

material used: 1. battery; 2. sucking air pump; 3. adsorbent columns
(3% 55 mm); 4. air splitter; 5. Silicone tubing; 6. Cables to connect
the battery to the air pump; 7. aluminum grid (area 32x32 cm); 8.
polyester roasting bag
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trees (C1-C7) were made approximately every 10-15 days
over a period of two months (from 10" May for site 1 or
25" May for site 2 up to 25" July), until the new generation
of bark beetles began to emerge. The starting time of head-
space collections between sites differed slightly because
bark beetles were active earlier at site 1 compared to site
2. However, collections C1 to C6 from sites 1 and 2 corre-
spond to similar stages of bark beetle attack. Details about
collection dates and climatic conditions can be found in the
Supplementary Table 1. In total, we were able to collect
and analyze 12 samples from non-infested Norway spruce
trees, 26 samples from infested standing trees, and 25 sam-
ples from infested cut trees.

Analysis by Gas Chromatography Coupled to Mass Spec-
trometry (GC-MS) All odor samples were concentrated to
100-150 uL and combined with 10 pL of heptyl acetate
(100 ng pL™") as internal standard. Then 2 pL of each sam-
ple were injected by auto-injector (G4567A) into a gas chro-
matograph (7890B, GC) with mass spectrometry detection
(5977A MS) (all Agilent Technologies, Santa Clara, CA,
USA). The GC was equipped with a 60 m X 0.25 mm fused
silica column coated with DB-Wax (polyethylene glycol,
df=0.25 pm, Agilent Technologies). Helium was used as
the mobile phase, with a constant flow rate of 35 cms™!. The
temperature program increased from 40 °C (3 min hold) at
8 °C'min~! to 225 °C, which was held for 10 min. Electron
impact mass spectra were obtained at 70 eV. All compounds
were tentatively identified by comparison of the mass spec-
tra obtained against: i) reference mass spectra from our cus-
tom library (based on spectra of standards analyzed on our
GC-MS devices), supplemented with commercially avail-
able MS libraries (NIST, Wiley), and ii) Kovéts retention
index (RI) with reference to public RI libraries (PheroBase)
(El-Sayed 2016).

Insect Preparation and Analysis by Gas Chromatography
Coupled to Electroantennographic Detection (GC-EAD) To
identify odor compounds from infested trees eliciting elec-
troantennographic responses on antennae of M. signati-
cornis adults, the flies were gently inserted into a dispos-
able plastic pipette tip with the narrow opening cut wider
to let the fly’s head pass through while retaining the thorax
and abdomen inside the tip. A piece of glass wool was
stuffed into the tip behind the insect body to immobilize the
fly. Two glass electrodes were filled with Beadle-Ephrussi
Ringer solution and one was inserted into one of the fly’s
eyes (indifferent electrode), while the other electrode was
connected to a fly’s antenna and mounted on a 10 X pre-
amplifier probe (Ockenfels Syntech GmbH, Buchenbach,
Germany) attached to an Intelligent Data Acquisition Con-
troller (IDAC-2, Ockenfels Syntech).
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For each GC-EAD analysis, 2 pL of odor sample with
internal standard were used (five replicates per fly sex). The
GC column and temperature program applied were similar
to those used for GC-MS analysis. Hydrogen was used as
a mobile phase, at 45 cms™!. At the GC effluent, 4 psi of
nitrogen was added and split 1:1 in a Gerstel 3D/2 low dead
volume four-way cross (Gerstel GmbH & Co KG, Miilheim,
Germany) for simultaneous flame ionization detection and
EAD recording of the separated compounds. The compounds
eluting from the effluent capillary for EAD were mixed with
charcoal-filtered humidified air (1.5 L'min~") ina glass tube
(length 10 cm, inner diameter 6.7 mm) and released close
to the prepared fly antenna. A compound was categorized
as biologically active if it elicited a reproducible response
in the fly antenna. All flies used for the electrophysiological
studies were transferred from the plastic pipette tips to vials
with 76% ethanol for subsequent confirmation of species
identity by morphological analysis.

Field Trapping Experiments To investigate whether M. sig-
naticornis adults can be effectively attracted and collected
using volatiles released by infested trees, we performed a
study with available synthetic chemicals comprising 18
compounds categorized as active in GC-EAD and two
additional compounds, 2-methyl-3-buten-2-ol and ipsdi-
enol, reported to be involved in attraction of Medetera spp.
(Hulcr et al. 2005, 2006).

For potential pest management application in the future
it might be beneficial to attract Medetera flies to infested
trees at the early stage of the beetle attack. We therefore
selected synthetic mixtures of volatiles related to an early
infested spruce tree for our trapping experiments. Two dif-
ferent quantitative compositions of the synthetic chemicals
were tested: i) a 1:1 mix in which GC-EAD active and addi-
tional compounds were prepared in equal proportions, and
ii) a natural mimic in which GC-EAD active and additional
compounds were prepared according to the amounts released
from 1 000 dm? of an early infested standing Norway spruce
tree (Table 1). Hexane (>97%, Merck, Germany) was used
as diluting solvent and as control.

Trapping experiments were carried out between June and
August 2019 at two different locations in Sweden affected
by continuous spruce bark beetle outbreaks. These were
Perstorp in Halland County (56.494°N, 13.210°E) and Asa
(57.150°N, 14.765°E). At both locations, we used sticky
traps that consisted of cardboard rectangles (90 cm x 30 cm)
with a printed spruce bark pattern covered with transpar-
ent sticky plastic foils and fixed vertically 30-40 cm above
the ground on a wooden stick (Supplementary Fig. 1). The
distance between traps was around 10 m. We used two traps
per synthetic mixture, with three replicate sets during the
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Table 1 Purity and amounts of

. X Compounds CAS number Purity % Amount of compound in bait (ug/
synthenc compounds used in 2 mL; wiv)
the field traps
Mix 1:1 Natural mimics
2-methyl-3-buten-2-ol 115-18-4 >97% 100 8
(#)-a-pinene 80-56-8 >98% 100 3432
(18)-(-)-p-pinene 18,172-67-3 >99% 100 3462
camphene 79-92-5 >95% 100 181
terpinolene 586-62-9 >90% 100 129
(+)-camphor 76-22-2 >95% 100 8
(—)-terpinen-4-ol 20126-76-5 >95% 100 12
(1R)-(-)-myrtenal 57526-63-3 >98% 100 3
(—)-cis-verbenol 18881-04-4 >95% 100 12
(+)-trans-verbenol 473-67-6 50% 100 16
(-)-borneol 507-70-0 >97% 100 5
(15)-(-)-verbenone 1196-01-6 >99% 100
(1R)-(-)-myrtenol 19894-97-4 >97% 100 6
geranyl acetone 3796-70-1 >98% 100 4
a-terpinene 99-86-5 >94% 100 13
y-terpinene 99-85-4 >98.5% 100 10
(R)-(+)-limonene 5989-27-5 >98% 100 252
(S)-(-)-limonene 5989-54-8 >92% 100 252
a-terpineol 10482-56-1 >98% 100 34
ipsdienol 35628-00-3 >90% 100 2

experimental period. The traps were baited with dispensers
consisting of a roll of dental cotton (0.5 cm outer diameter,
3.5 cm length; 2.75 cm3; DAB Dental, Upplands Visby,
Sweden) that was impregnated with 2 mL of a synthetic
blend and sealed inside a low-density polyethylene sachet
(LDPE; 60x 60 mm; thickness 50 um) (Rajapack, Goth-
enburg, Sweden). The dispensers were fixed in the center
of the sticky traps. After 24 h, the traps were checked and
the numbers of Medetera flies and I. typographus beetles
were counted. Medetera flies were separated by sex based
on the hypopygium (male genital apparatus) (Supplementary
Fig. 2). The Medetera flies were transferred to vials with
76% ethanol for subsequent identification.

Statistical Analysis All statistical analyses were performed
in R studio (version 1.3.959) (Team 2020). Square roots of
mean amounts of compounds were plotted in a heatmap
using the function ggplot from the package ggplot2. To
test for significant qualitative and quantitative differences
between: i) volatile profiles collected from the different
treatments (non-infested, infested cut, and infested standing
trees); and ii) overall volatile profiles from infested samples
over time, we used Permutational Multivariate Analysis of
Variance (PERMANOVA, based on Bray-Curtis distances
calculated from amount of compounds, 999 permutations)
and pairwise PERMANOVA with Bonferroni correction for
multiple testing, using the functions adonis and pairwise.

factorfit from the vegan package in R (Oksanen et al. 2014).
To visualize the differences in overall data collected, we
used two different ordination methods: non-metric multidi-
mensional scaling (NMDS, based on Bray—Curtis distances)
from the package vegan with the function metaMDS (Biih-
ler 2012) and principal component analysis (PCA) from the
package ade4 with the function fviz_pca_ind (Oksanen et al.
2015). To identify groups of compounds found more often
in one treatment or at one site compared with another, we
applied multi-level pattern analysis with the multipatt func-
tion from the indicspecies package (De Caceres et al. 2010).

‘We used one-way analysis of variance (ANOVA) with the
function aov to compare the number of flies collected in the
traps with synthetic blends. We performed post-hoc tests
with emmeans for pairwise multiple comparisons.

Results

Volatile Collection and Analysis A total of 118 compounds
were found in 63 headspace collections from non-infested
trees, infested standing trees, and infested cut trees (Supple-
mentary Table 2). Figure 2 shows 56 of these compounds, 37
that were tentatively identified and 19 that were effectively
identified. The overall volatile profiles differed significantly
between non-infested and infested samples (PERMANOVA,
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Fig.2 Abundance (square root of the mean amount released per surface
area and time (ng(dmz's)")) of compounds detected in the headspace
samples collected from cut Norway spruce trees (Piceae abies) infested
by spruce bark beetles (Ips typographus), standing infested or non-
infested trees. Odors were sampled from trees at two forest sites (S1 and
S2) in up to seven sequential collections (C1 to C7) from 10" May (for
S1) or 25" May (for S2), respectively, to 25" July 2018. The dates for
the first headspace collections C1 differed slightly between sites as bark
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beetles were earlier active at S1 compared to S2. However, collections
Cl1 to C6 from sites 1 and 2 correspond to similar stages of bark bee-
tle attack. The compounds are listed in the order of their GC retention
time. Asterisks (*) indicates significant differences in the abundance of
compounds between the treatments (Multipatt, *P<0.05; **P<0.01;
##%P <0.001); n describes the number of trees used in each site per
treatment. Compounds in bold have been effectively identified with syn-
thetic standards
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P=0.001). Within the samples from infested trees, the over-
all volatile profiles also differed between standing and cut
trees (pairwise PERMANOVAs, all Bonferroni-corrected,
P=0.01) and changed significantly over time (PERMANOVA,
P=0.001). In contrast, volatile profiles of samples from non-
infested trees did not differ over time (PERMANOVA, P>0.1).
When represented with NMDS, the overall headspace sam-
ples from non-infested trees were clearly separated from those
from infested trees, while the samples from infested stand-
ing and infested cut trees were grouped together (Fig. 3A).
This indicates that headspace samples collected from infested
standing and cut trees were more similar, both qualitatively
and quantitatively, than headspace samples collected from
non-infested trees. Similar results were obtained in the PCA
plot (Fig. 3B). However, principal component 1 (PCI), which
discriminated between the treatments (42.9%), also showed
that headspace samples grouped at the left-hand side of PC1
(mainly samples of from infested cut trees) displayed much
higher amounts of compounds than samples grouped at the
right-hand side of PC1 (Figs. 2 and 3B).

The overall volatile profile for non-infested trees, compared
with infested trees differed in terms of amounts of released
compounds (e.g., camphene, cumene, a-terpinene, p-cymene,
a-terpineol, terpinen-4-ol, camphor, pinocamphone, borneol,
and verbenone) (Fig. 2).

Among the headspace samples from infested trees, sam-
ples from cut trees contained significantly more hydrocar-
bon monoterpenes (e.g., camphene, isoterpinolene, and
a-terpinene), oxygenated monoterpenes (e.g., camphor, bor-
neol, fenchone, pinocamphone, terpinen-4-ol, pinocarvone,
myrtenal, and frans-pinocarveol), and aldehydes (e.g., nona-
nal) compared with samples from standing trees (Multipatt,
P <0.05) (Fig. 2, Supplementary Table 3). Volatile com-
pounds such as fenchol, bornyl acetate, and geranyl acetone
were only found in samples collected from standing trees,
while caryophyllene oxide and cis—trans carveol were only
found in samples collected from cut trees (Fig. 2).

Pairwise comparisons of infested samples collected at dif-
ferent time-points showed that samples collected during late
bark beetle attack phases (C5-C7) differed significantly from
samples collected during earlier attack phases (C1-C2) (pair-
wise PERMANOVA, all Bonferroni-corrected, P=0.01). This
was confirmed by the NMDS and PCA plots (Fig. 3A, B), with
samples collected at the beginning of the attack (C1-C2) mainly
situated in the lower, negative part of both NMDS2 (Fig. 3A)
and PC2 (Fig. 3B). On the other hand, samples collected later
during the attack (C5-C7) clustered more in the upper positive
part of both NMDS?2 (Fig. 3A) and PC2 (Fig. 3B).

The variable correlation plot resulting from the PCA
(Fig. 3C) illustrates the contribution of each compound
to the variation in overall dataset (including all samples
collected from non-infested and infested trees at different

time-points). Compounds in the lower part of PC2 (brown
in Fig. 3C), such as « and B-caryophyllene, a-thujene,
B-myrcene, and p-phellandrene, were emitted in larger
amounts at the beginning of bark beetle attack, while com-
pounds in the upper part of PC2 (green in Fig. 3C), such
as pinocarvone, myrtenal, fenchone, B-pinone, and ver-
benone, were emitted in larger amounts at the end of the
attack (Multipatt, both P <0.05). This indicates that emis-
sion of hydrocarbon monoterpenes was high at the begin-
ning of bark beetle attack and that emission of oxygenated
monoterpenes was high at the end of the attack (Fig. 2;
Supplementary Table 3). The shift in the overall volatile
composition of infested trees seemed to occur during the
first 30—40 days after bark beetle attack was initiated.

We also found a significant interaction between treatment
and site (PERMANOVA, P=0.02). The reason was that odor
samples from infested cut trees collected at Site 1 contained
higher amounts of hydrocarbon and oxygenated monoterpe-
nes than samples from infested cut trees at Site 2 (Multipatt,
P <0.05) (Fig. 2, Supplementary Table 3).

GC-EAD Responses by Medetera signaticornis to
Early-infested Standing Spruce Odor Samples GC-EAD
analysis revealed that 22 active compounds from early-
infested spruce trees elicited similar antennal responses
in both M. signaticornis males and females. The active
compounds were identified and divided into three groups
according to their primary source of origin (Fig. 4A, B).
The first group comprised (-)-cis-verbenol, (+)-trans-
verbenol, and myrtenol, which are known as compounds
produced by 1. typographus (Birgersson et al. 1984; Birg-
ersson 1989). The second group comprised isoterpinolene,
o-pinene oxide, camphor, pinocamphone, terpinen-4-ol,
myrtenal, borneol, a-terpineol, verbenone and geranyl
acetone, all of which except verbenene are oxygenated
monoterpenes that are known to be primarily produced by
microorganisms associated with 1. typographus (Leufvén
et al. 1984, 1988; Kandasamy et al. 2021). The third group
comprised a-pinene, a-fenchene, p-pinene, camphene,
3-carene, limonene, y-terpinene and terpinolene, which
are hydrocarbon monoterpenes produced by the spruce
host tree (Phillips and Croteau 1999; Keeling and Bohl-
mann 2006). We found that a-terpinene elicited antennal
responses in some female M. signaticornis, but not consist-
ently in all replicates. However, the antennal activity of
this compound was confirmed later with a synthetic stand-
ard (data not shown).

Field Trapping Experiments Traps with either of the two
synthetic blends of chemicals (mix 1:1 and natural mimic)
caught significantly more Medetera flies than the hexane
control (F=4.3; df=2, 18; P<0.05) (Table 2). The number
of flies trapped was similar for the two synthetic blends.
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Fig. 3 Comparison between the overall volatile profiles found in the head-
space samples collected from cut Norway spruce trees (Piceae abies)
infested by bark beetles (Ips typographus) (c), standing infested (s) or
non-infested trees (u) over time. A) Non-metric multidimensional scal-
ing (NMDS) with two synthetic axes and a stress value lower than 0.09.
B and C) Principal component analysis (PCA) with PCI and PC2 sum-
marizing 56.1% of the variance of the dataset. Individual samples from
the differently treated trees illustrated in A and B are labeled with different
colors representing bark beetle-infested cut trees (blue, n=25), bark beetle
infested standing trees (yellow, n=26) and non-infested trees (grey, n=12).
Numbers on the color-labeled points C1-7 designate the order of individual
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collections within the three treatments. Samples that are positioned close
to each other have similar volatile profiles. The variable plot C) represents
the contribution of individual compounds to the main variance in the data-
set. Positively correlated compounds are grouped in the same quadrant;
negatively correlated compounds are grouped in opposite quadrants. Com-
pounds with long distance from the origin (long arrows) strongly contrib-
ute to the samples loaded in the same quadrant. Compounds represented
in brown contribute significantly to the overall odor profiles at the begin-
ning of the bark beetle attack (C1-C2) and compounds represented in green
contribute significantly to the overall odor profiles at the end of bark beetle
attack (C5-C7) (Multipart, *P <0.05; **P<0.01; ***P <0.001)
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Approximately 71% of the flies identified from traps with
synthetic blends were M. signaticornis females, 27% were
M. signaticornis males, and 2% were M. ambigua Zetterstedt
(Table 2).

The number of I. typographus beetles was also signifi-
cantly higher for both synthetic blends compared with the
control (F=9.8; df=2,18, P <0.005). The traps baited
with natural mimic collected slightly more bark beetles
than the traps with the 1:1 mix, but the difference was not
statistically significant.

Discussion

Our aim in this study was to identify key compounds that
attract the bark beetle predator M. signaticornis to bark
beetle-infested Norway spruce trees. In field trials, we dem-
onstrated that M. signaticornis females and males were
attracted to synthetic blends of compounds associated with
bark beetles, their symbiotic microorganisms, and host trees.
Analyses of headspace samples from infested Norway spruce
trees showed that headspace composition and compound
concentration varied depending on the time-point of col-
lection, apparently following different stages of bark beetle
attack (early, late).

More specifically, our analyses revealed that headspace
samples from early-infested trees contained high amounts of
hydrocarbon monoterpenes such as a and pB-caryophyllene,
o-thujene, B-myrcene, and p-phellandrene, while headspace
samples from late-infested trees were mainly dominated by
oxygenated monoterpenes such as pinocarvone, myrtenal,
fenchone, B-pinone, and verbenone. Previous studies have
also found that headspace samples from bark beetle-infested
logs contain a complex mixture of volatiles that changes
both qualitatively and quantitatively over the different
stages of bark beetle attack (Birgersson et al. 1984; Birg-
ersson and Bergstrom 1989; Pettersson and Boland 2003).
At early stages, we found that headspace samples from
infested Norway spruce trees consisted mainly of hydro-
carbon mono- and sesquiterpenes, which are released as a
result of bark beetle tunneling (Phillips and Croteau 1999;
Keeling and Bohlmann 2006), while in late stages of attack
release of oxygenated monoterpenes increased, due to the
establishment of symbiotic microorganisms such as yeasts
(Birgersson et al. 1984; Leufvén et al. 1984; Leufvén and
Birgersson 1987) and fungi introduced by the bark beetles
(Kandasamy et al. 2016, 2021). For example, Ophiostoma-
toid fungi (Endoconidiophora polonica, Grosmannia peni-
cillata, Leptographium europhioides, Ophiostoma bicolor,
O. piceae) lining the gallery walls in bark beetle-infested
trees contribute to the release of oxygenated monoterpenes
such as camphor, pinocamphone, borneol, and terpinen-4-ol

(Kandasamy et al. 2016, 2021). In agreement with our
findings, Pettersson and Boland (2003) observed that the
maximum ratio of oxygenated monoterpenes occurs in later
stages of beetle attack, which coincides with the presence of
late instar bark beetle larvae and appears to be an important
cue for parasitoids that attack bark beetles (Pettersson 2001).
In our study, we also found that infested cut trees emitted
significantly higher amounts of certain volatile compounds
compared to infested standing trees. According to the lit-
erature, cutting induces changes in the volatile composi-
tion, such as increased release of oxygenated monoterpe-
nes (Stromvall and Petersson 1991; Pettersson and Boland
2003). Mechanical damage increases the release of volatile
terpenes from host trees that can auto-oxidize when exposed
to the air generating more oxygenated monoterpenes (Keel-
ing and Bohlmann 2006; Benoid et al. 2021). In addition,
exposed wounds can be contaminated with various types of
microorganisms that can contribute to the emission of com-
pounds from cut trees. In our study, we have not measured
and compared the volatiles from non-infested cut trees and
for this reason it is not possible to conclude which com-
pounds are being produced as a direct result of the mechani-
cal damage.

According to Hedgren et al. (2004), differences in the
release rates and composition of volatiles from infested
standing and infested cut trees seem to affect attraction of
different Medetera species, with the total number of Mede-
tera species emerging from bark beetle-infested standing
Norway spruce trees being 10 times higher than the number
emerging from infested cut trees. Moreover, some Medetera
species were present in both standing and cut Norway spruce
trees, while other species only occurred in standing or in cut
infested trees. In addition to the composition and release
rates of compounds from infested cut or infested standing
trees, the number of prey beetles, nutritional quality of the
bark and visual cues such as tree orientation, bark texture,
and hardness may also influence host location and ovipo-
sition by Medetera flies (Lawson et al. 1996; Goyer et al.
2004).

Previous studies have shown that M. setiventris and M.
melancholica are attracted to components of 1. typographus
aggregation pheromone and that the attraction increases if
aggregation pheromone is combined with host tree monoter-
penes (a-pinene, B-pinene, and limonene) (Rudinsky et al.
1971; Huler et al. 2005, 2006). However, logs from infested
trees have been found to be more attractive to M. bistriata
Parent adults than a mixture of bark beetle aggregation
pheromone and tree monoterpenes, indicating that addi-
tional cues, such as volatile organic compounds produced
by microbial bark beetle symbionts, might play a role in
host location (Williamson 1971). Medetera signaticornis
adults arrive at freshly attacked trees almost simultaneously
with bark beetles, but have also been found on attacked trees
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Fig.4 GC-EAD responses of
M. signaticornis fly antennae
stimulated with odors collected
from early infested Norway
spruce tree. A) Chromatogram
and electroantennograms show-
ing the antennal stimulation of
a female and a male fly antenna
in response to compounds elut-
ing from the GC. Dotted lines
connect antennal responses with
chromatogram peaks of active
compounds. B) Mean response
(mV + SE) to the active com-
pounds organized according

to their source. Compounds
represented in brown font are
produced by the bark beetle

Ips typographus, compounds

in black font are produced by
the I. typographus associated
microorganisms and compounds
in green font are produced by
the Norway spruce tree (Picea
abies). (F) females and (M)
males
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Table 2 Total number of

. Control Mix 1:1 Natural mimics P value
Medetera species and I.
typographus collected in Total number of 540 158 132% F=4.3;df=2,18; P<0.05
the field traps during a 24 h Medetera
trapping experiment M. signaticornis 23F;7M 80F; 32 M 73F; 26 M
M. ambigua 2F; 1M IF
Unidentified 24 43 32
Total number of Scolytidae
1. typographus 2b 77 106* F=9.8; df=2,18; P<0.005

Different small letters (a,b) within a row indicate significant differences between the total number of Mede-
tera species or I. typographus individuals found in traps with the three different baits according to post-hoc
tests following one-way ANOVA. F-values provide a measure for variation between samples, df abbreviates
the degrees of freedom and P <0.05 provides a measure for significant difference between means. Note that
not all specimens could be identified to species level due to body damage caused from the sticky traps. (F)
Females or (M) males refers to the total number of specimens collected from each sex

after emission of bark beetle pheromone has ceased (Lawson
et al. 1997). Like M. bistriata, M. signaticornis adults may
use other reliable host cues besides bark beetle aggregation
pheromone and tree compounds.

Odors emitted from microorganisms living in symbiosis
with bark beetles have been shown to impact the behavior of
some unidentified Medetera species, which are more attracted
to logs colonized by fungi (e.g., Ophiostoma ips) or a bacterial
strain (Burkholderia sp.) than to uncolonized logs (Boone et al.
2008). Individuals of M. signaticornis are commonly found on
Norway spruce trees infested with 1. typographus, but have also
been reported on other Picea and Pinus tree species infested
with bark beetles from the genera Dendroctunus, Dryocoetes,
Scolytus, and Pityogenes (Coleoptera: Curculionidae, Scolyti-
nae) (Bickel 1985). Many of these bark beetle species, if not
all, are associated with Ophiostomatoid tungi (Klepzig and Six
2004). Thus, volatiles from Ophiostoma fungi combined with
tree-produced compounds may provide reliable cues for the
predatory M. signaticornis to detect hosts throughout a bark
beetle attack, even after pheromone production by the bark
beetle has ceased. Microbial odors are important components
of tritrophic interactions and may contribute to the attraction
or repellence of predators and parasitoids to food sources or
oviposition sites (Davis et al. 2013; Kandasamy et al. 2016).

Our GC-EAD studies on odors collected from freshly attacked
spruce logs revealed that M. signaticornis males and females
were able to detect several compounds produced by the host
trees, bark beetles, and bark beetle associated microorganisms.
The flies responded to (-)-cis-verbenol, (+)-trans-verbenol, and
myrtenol. These three compounds are produced by the bark
beetle 1. typographus (Birgersson et al. 1984; Birgersson 1989)
and are detoxification products from (+)-a-pinene (i.e. (—)-(4S)-
cis-verbenol from (-)-a-pinene, (+)-(4S)-trans-verbenol from
(+)-a-pinene, and myrtenol from both (+) and (—)-a-pinene),
but only (-)-cis-verbenol is known as a pheromone component by
I typographus (Renwick et al. 1976; Wood 1982; Lindstrom et al.

1989; Blomquist et al. 2010). The flies also responded to isoterpi-
nolene, a-pinene oxide, camphor, pinocamphone, terpinen-4-ol,
myrtenal, borneol, a-terpineol, verbenone and geranyl acetone.
These compounds are known to be primarily produced by micro-
organisms associated with 1. typographus (Leufvén et al. 1984,
1988; Kandasamy et al. 2021). However, some compounds (e.g.,
terpinen-4-ol, camphor, borneol, o-terpineol and verbenone) can
also be found in small amounts in the different parts (e.g., nee-
dles, bark, roots) of a healthy Norway spruce tree (Duan et al.
2020) or in other plants species (e.g., pinocamphone, camphor,
borneol, a-terpineol, verbenone and geranyl acetone) (Knudsen
etal. 1993). Verbenone can also be produced by many species of
Dendroctonus. However, Ips beetles in general, and 1. typogra-
phus in particular, does not produce verbenone (Francke and
Vité 1983). Therefore in this case microorganisms are the most
probable source of this compound. Verbenene also included in
this group is not oxygenated per se, but may be a deoxidized
product of verbenone as both compounds have a similar chemi-
cal structure and according to Blomquist et al. (2010) verbenol,
verbenone and verbenene are all produced from hydroxylation
of a-pinene. In addition, verbenene has not been found produced
by L typographus or the host tree and therefore the most probable
source is microbial.

Interestingly, many of these GC-EAD active compounds
are also known to be detected by other natural enemies of
I. typographus (see Supplementary Table 4). For example,
the predatory clerid beetle Thanasimus formicarius Lin-
naeus (Coleoptera: Cleridae) is attracted to bark beetle
aggregation pheromone and tree monoterpenes, and possesses
olfactory receptors for oxygenated monoterpenes produced by
symbiotic microorganisms (e.g., camphor and pinocamphone)
(Hansen 1983; Temmeras 1985). Similarly, the Pteromalid par-
asitoid species Rhopalicus tutela Walker, Roptrocerus mirus
Walker, and Roptrocerus xylophagorum Ratzeburg (Hymenop-
tera: Pteromalidae) respond to tree-produced compounds, but
seem to be more attracted to oxygenated monoterpenes (e.g.,
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camphor and pinocamphone) primarily produced by symbiotic
fungi of the bark beetle (Pettersson 2001; Pettersson et al. 2001;
Pettersson and Boland 2003). The detection of such microbial
odors by different classes of natural enemies indicates that these
may be crucial for location of bark beetles as prey. Therefore,
further studies need to be performed to determine whether spe-
cific fungal compounds are necessary or sufficient to attract
natural enemies such as Medetera flies.

Our field experiments with traps baited with synthetic blends
of potential host cues revealed attraction for both sexes of M.
signaticornis. Unsurprisingly, females, which use spruce trees
for oviposition, were attracted in higher numbers than males. It
is unclear why males are attracted to bark beetle-infested trees,
but they are possibly used as meeting and mating sites by both
sexes of M. signaticornis (Hopping 1947). Individuals of M.
ambigua were also found in the traps, indicating that attraction
was not limited to M. signaticornis. In the future, we will exam-
ine in more detail the attractiveness of synthetic blends for M.
signaticornis and other Medetera species.

In this study, we tested and confirmed the hypothesis that M.
signaticornis adult flies use multiple semiochemicals to detect
bark beetle-infested Norway spruce trees throughout infestation.
Male and female flies responded both electrophysiologically and
behaviorally to several compounds emitted from host trees, bark
beetles, and symbiotic microorganisms. Besides tree-produced
compounds, oxygenated monoterpenes produced by symbiotic
microorganisms may be a reliable cue for the predatory M. sig-
naticornis, especially in the later stages of bark beetle attack
when production of bark beetle pheromone has declined. Thus,
the multitrophic interaction between predatory M. signaticornis,
bark beetle, host tree, and microorganisms needs to be assessed
in future studies on management and ecology of bark beetles and
their natural enemies. The present study provides a sound foun-
dation for further field work aiming to adjust the attractiveness
of the synthetic blend to mimic relevant host cues. Such a blend
could be used to monitor Medetera flies or to attract more flies to
newly infested areas, increasing biological control and reducing
the number of bark beetles emerging from infested trees, which
in turn would reduce the economic losses to the forest sector.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10886-023-01405-6.
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