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Comparative analysis of olfactory
sensory neurons in two Ips
species reveals conserved and
species-specific olfactory
adaptations
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Dineshkumar Kandasamy®>' and Anna JiroSova®*!

'Faculty of Forestry and Wood Sciences, Czech University of Life Sciences Prague, Prague, Czechia,
2Department of Ecosystem Management, Climate and Biodiversity, Institute of Forest Entomology,
BOKU University, Vienna, Austria, *Department of Biology, Lund University, Lund, Sweden

Introduction: Bark beetles spend most of their lives under the bark of trees,
with some species being economically significant pests that cause widespread
tree mortality. Their behavior is primarily driven by olfactory signals, with
aggregation pheromones playing a prominent role alongside volatiles from
hosts, non-host trees, and associated microbes. These signals are detected by
olfactory sensory neurons (OSNs) housed in hair-like sensilla on the antennae.
In this study, we focused on two Ips species with distinct host preferences: Ips
acuminatus, which infests pine species, and Ips cembrae, which primarily attacks
European larch. To better understand species-specific adaptations and shared
olfactory mechanisms, we compared their olfactory responses with those of Ips
typographus, a major pest of Norway spruce. By investigating the frequency,
specificity, and antennal distribution of various OSN classes, we aimed to
uncover both conserved and different olfactory mechanisms across Ips species
with different host associations.

Methods: We conducted single sensillum recordings (SSR) to examine OSN
responses in the antennal olfactory sensilla of . acuminatus and . cembrae.
The responses were compared to existing data from [. typographus to identify
potential species-specific adaptations and conserved olfactory mechanisms. A
panel of 57 ecologically relevant odorants was tested, comprising interspecific
and intraspecific pheromones, along with compounds associated with host-
and non-host trees, as well as symbiotic fungi.

Results and discussion: Based on their response profiles, we identified nineteen
OSN classes in both I. acuminatus and I. cembrae. A few selected OSN classes
were further analyzed using dose-response tests to assess their specificity
and sensitivity. Three OSN classes in I. acuminatus and four in I. cembrae were
specific to host-related compounds. Two OSN classes responded to non-host
volatiles, while one OSN class exhibited strong responses to microbial volatiles
in both species. Several OSN classes specific to pheromone compounds,
non-host, and microbial volatiles showed similar response profiles in both .
acuminatus and |. cembrae as well as in OSN classes previously reported in /.
typographus, potentially reflecting close phylogenetic relationships and shared
ecological traits among these species.

01 frontiersin.org


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2025.1588866&domain=pdf&date_stamp=2025-06-04
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1588866/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1588866/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1588866/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1588866/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1588866/full
https://orcid.org/0000-0001-8021-695X
https://orcid.org/0000-0002-5101-8302
https://orcid.org/0000-0003-1360-7680
https://orcid.org/0000-0001-7376-4878
https://orcid.org/0000-0001-9807-8524
https://orcid.org/0000-0002-5450-3231
https://orcid.org/0000-0002-5054-5821
mailto:jirosovaa@fld.czu.cz
https://doi.org/10.3389/ffgc.2025.1588866
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2025.1588866

Shewale et al.

KEYWORDS

10.3389/ffgc.2025.1588866

electrophysiology, olfactory sensory neurons, bark beetles, aggregation pheromones,
monoterpenes, semiochemicals

1 Introduction

Abiotic disturbances in forests are becoming more frequent and
severe due to climate change, leading to increased bark beetle
infestations (Jaime et al., 2024). Rising temperatures and prolonged
droughts can indirectly influence disturbances such as wildfires or
windthrow, creating more favorable conditions for bark beetles (Allen
et al., 2015; Jakoby et al., 2019; Senf et al., 2018). Warmer climates
accelerate beetle development and reproduction, resulting in
outbreaks with significant ecological and economic impacts
(Biedermann et al., 2019; Dobor et al., 2020; Sommerfeld et al., 2021;
Hlasny etal., 2021). The increasing frequency of droughts and extreme
weather events will further impact forests, making them more
vulnerable to infestations (Netherer et al., 2024; Wermelinger, 2004).
Bark beetles (Coleoptera: Curculionidae: Scolytinae) comprise more
than 6,000 species worldwide (Hulcr et al., 2015; Knizek and Beaver,
2007), including some of the most destructive conifer pests,
particularly in the northern hemisphere. Bark beetles spend most of
their life cycle under the tree bark, where many species feed and
develop in the phloem. Many bark beetle species vector symbiotic
fungi (particularly ophiostomatoid fungi), which further impair tree
defenses and contribute to tree decline and potential mortality
(Krokene, 2015).

Bark beetles rely on a diverse array of semiochemicals to
coordinate their host selection, mass attack, and regulation of
colonization density (Byers, 2007). The colonization process typically
begins with the detection of host tree volatiles, which help beetles
identify and locate suitable coniferous hosts (Jirosova et al., 2022a;
Moliterno et al., 2023). In contrast, non-host volatiles (NHVs) emitted
by deciduous trees act as repellents, helping beetles avoid unsuitable
hosts (Zhang and Schlyter, 2004). Once a host is selected, pioneer
beetles release aggregation pheromones, which attract conspecifics
and facilitate coordinated mass attacks, a crucial strategy for
overcoming tree defenses (Christiansen and Bakke, 1988; Wood, 1982;
Raffa et al, 2016; Keeling et al., 2021). As colonization progresses, bark
beetles also respond to volatiles produced by their symbiotic
ophiostomatoid fungi, which can influence both aggregation behavior
and host suitability assessment (Jirosova et al., 2022b; Kandasamy
et al., 2019, 2023). To avoid overcrowding and resource depletion,
beetles release anti-aggregation pheromones at later stages, which
regulate colonization density and promote dispersal to uncolonized
trees (Frithbrodt et al., 2024). Beyond intraspecific signaling, bark
beetles are also capable of detecting volatiles emitted by other bark
beetle species and associated fungi, suggesting a broader role for
interspecific chemical communication in mediating competition and
spatial distribution (Andersson et al., 2009; Schiebe et al., 2019
Yuvaraj et al., 2024; Zhao et al., 2019; Kandasamy et al., 2019, 2023).

The pine bark beetle, Ips acuminatus, and the larch bark beetle, Ips
cembrae, are both ecologically significant species of coniferous forests
in Europe (Papek et al., 2024; Postner, 1974). Ips acuminatus mainly
infests stressed Scots pine (Pinus sylvestris), with outbreaks increasing
due to drought and warming (Liska et al., 2021; Wermelinger et al.,
2008; Thabeet et al., 2009). It prefers the thin-barked upper trunk and
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crown, avoiding competition by I sexdentatus (Pettersson, 20005
Pfeffer, 1955; Wood and Bright, 1992), and other bark beetle species
such as Tomicus piniperda and Tomicus minor (Foit and Cermak, 2014;
Hlavkova and Dolezal, 2022). Males release a pheromone blend of
S-(—)-ipsenol, S-(+)-ipsdienol, and (4S)-cis-verbenol to attract
conspecifics (Baklke, 1978; Francke et al., 1986), with mating occurring
in a polygynous system (Kirkendall, 1989, 1990). It is associated with
ophiostomatoid fungi, including blue-stain species that may support
beetle development and survival (Francke-Grosmann, 1965; Villari
et al.,, 2012; Papek et al., 2024).

Similarly, I. cembrae primarily infests European (Larix decidua)
and Japanese larch (Larix kaempferi) but can also colonize other
conifer species (Postner, 1974). While typically a secondary pest of
weakened or felled trees, warming and drought can trigger outbreaks
(Grodzki, 2008; EFSA on Plant Health et al., 2017). It colonizes the
entire trunk (Pfeffer, 1955) and competes in the crown with bark
beetles from several genera, such as Pityophthorus, Pityogenes, and
Cryphalus (Postner, 1974). Males emit S-(—)-ipsenol, S-(+)-ipsdienol,
and 3-methyl-3-buten-1-ol to initiate aggregation (Kohnle et al., 1988;
Stoakley et al., 1978), followed by mating with 2-4 females in a
chamber (Postner, 1974). Ips cembrae also vectors Endoconidiophora
laricola, a pathogenic blue-stain fungus that contributes to tree
mortality (Redfern et al., 1987; Kirisits, 2004; Jankowiak et al., 2007).

The primary olfactory organ of bark beetles are the club-shaped
antennae (Payne et al., 1973), covered with multi-porous sensilla that
house olfactory sensory neurons (OSNs) (Hallberg, 1982a). In Ips
species, the flattened antennal club has the most olfactory sensilla
concentrated on the anterior surface, organized into three distinct
sensory bands labeled A, B, and C (Hallberg, 1982a; Shewale et al.,
2023). Most bark beetle OSNs are narrowly tuned, responding strongly
to a single or a few structurally similar compounds, while some exhibit
broader tuning (Andersson et al., 2009; Kandasamy et al., 2019, 2023).
The dendritic membrane of the OSNs contains chemoreceptor
proteins, such as odorant receptors (ORs) (Clyne et al., 1999) and
ionotropic receptors (IRs) (Benton et al., 2009), which translate odor
information of the environment into electrical signals. These signals
can be interpreted by the brain, potentially leading to behavioral
responses (Andersson et al., 2015).

Early single sensillum recording (SSR) experiments in bark beetles
investigated OSN responses to pheromones and some host volatiles in
L typographus (Tommeras, 1985). Studies on olfactory detection of
mainly pheromone compounds are also available for other Ips species,
such as Ips pini, Ips paraconfusus, and Ips grandicollis (Ascoli-
Christensen et al., 1993; Mustaparta et al., 1979; Mustaparta et al.,
1980, 1977). Ips typographus, a major pest of Norway spruce (Picea
abies), is the most well-studied Ips species in terms of peripheral odor
detection, with extensive research reporting the antennal abundance
of different OSN classes and the spatial distribution of OSNs tuned to
pheromones, host volatiles, NHVs, and microbial volatiles (Andersson
et al,, 2009; Kandasamy et al., 2019, 2023; Raffa et al., 2016; Schiebe
etal, 2019; Yuvaraj et al., 2024). The comprehensive OSN data from
I typographus allows for detailed comparison with OSN data from
other congeneric species with different host preferences to better
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understand their olfactory detection mechanisms. Although
semiochemicals are often classified as pheromones, allomones, or
kairomones, these classes might be unclear in this study, given their
overlapping ecological activities. Therefore, we classify compounds in
this study based on their biosynthetic origin, i.e., beetle-produced,
host-derived, or microbial, to maintain clarity and avoid confusion.
The chemical communication mechanisms that underlie their
behavior, including pheromone-mediated aggregation and detection
of plant and microbial volatiles, are critical for understanding their
success as pests. Addressing these knowledge gaps is especially
important given the increasing risks posed by these species under
changing environmental conditions.

This study aimed to functionally characterize the OSN classes in
two Ips species with different host preferences, specifically I. acuminatus
on pine and I cembrae on larch. By comparing our findings with
existing data for the spruce bark beetle, I. typographus, we investigated
whether the OSN frequencies and response patterns vary between
species, and which of these patterns are conserved across Ips species.
Using SSR, we examined OSN responses to 57 ecologically relevant
odorants, including pheromones and volatiles from host trees,
non-host trees, and fungi. Gas chromatography-electroantennographic
detection (GC-EAD) using essential oils was also performed to
investigate whether the antennae of the studied species respond to host
volatiles. This study advances our understanding of olfactory
adaptations in Ips species, particularly in pheromone communication
and host detection. Additionally, our findings provide new insights that
could be useful for species-specific monitoring and pest management,
essential for maintaining forest health under climate change.

2 Materials and methods
2.1 Bark beetle collection

Both bark beetle species were collected from forests near the
village of Rouchovany in central Czech Republic (49.0704°N,
16.1076°E) during late spring 2024. Species identification was
conducted directly in the field. Branches of P sylvestris (DBH
2-10 cm) infested by I. acuminatus were collected, along with logs of
L. decidua (DBH 20-50 cm) infested by I. cembrae. Infested logs were
maintained in university rearing facilities (FFWS, CULS) within insect
cages (60 x 60 x 110 cm) under controlled laboratory conditions
(25°C during the day, 19°C at night, 60% RH, and a 16:8 light/dark
photoperiod). Adult beetles began emerging three to four weeks after
field collection. The emerged beetles were collected and sexed under
a stereomicroscope based on external morphology, specifically by the
shape of elytral spines (Pfeffer, 1955; Zhang and Niemeyer, 1992).
Before use in experiments, adult beetles were individually stored in
Falcon tubes lined with moist paper at 4°C for at least 1 week. Each
adult beetle was used for ten screenings using single sensillum
recordings, whereas each beetle was used only once for dose-response
studies. To obtain enough beetles, another batch of I. acuminatus was
collected in spring 2024 from naturally infested P sylvestris in
northeastern Austria (Schonberg am Kamp; 48.5185°N, 15.7322°E)
due to unavailability at the original location. Colonized logs (60 cm in
length) were transferred to incubators at BOKU University, Vienna,
where they were maintained at 25° C with a 16:8 light/dark
photoperiod and monitored daily for newly emerged beetles. The
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emerged beetles were sexed and then express-mailed to Lund
University, Sweden, for subsequent SSR experiments.

2.2 Chemical stimuli

The odor panel included 57 ecologically relevant compounds,
including beetle pheromones, host-, non-host-, and microbial-related
volatiles (Supplementary Table 2). These compounds were selected
based on previous studies on Ips species, including I. typographus
(Andersson et al., 2009; Kandasamy et al., 2023). Stock odor solutions
(10 pg/pL) were prepared in paraffin oil and further diluted for use in
experiments. For stimulation, 10 pL of the solution was applied to a
piece of filter paper placed inside glass Pasteur pipettes. Control
stimuli consisted of paraffin oil alone. Pipettes were stored at —18°C
between experiments and replaced frequently to minimize odor
depletion (Andersson et al., 2012b). For GC-EAD experiments,
essential oils of L. decidua and P. sylvestris were purchased from
Oshadhi Ltd. (United Kingdom). Stock odor solutions (10 pg/pL)
were prepared in hexane and further diluted for use. For GC-EAD
experiments, 1 pL of the solution was directly injected into GC.

2.3 Single-sensillum recordings (SSR)

SSR was performed on live adult individuals of I. acuminatus and
I. cembrae to investigate OSN response profiles using previously
described procedures (Andersson et al, 2012a). Beetles were
immobilized in a 200 pL pipette tip, leaving the antennae and head
exposed. One antenna was carefully secured with dental wax onto a
microscope slide, ensuring optimal positioning for electrode insertion
and light penetration from below. Mounted antennae were observed
using a light microscope (Nikon Eclipse E6000FN) at X500
magnification. Electrophysiological recordings were conducted using
tungsten microelectrodes that were electrolytically sharpened with
IM KNO:;. The reference electrode was inserted into a pre-made hole
in the beetle’s pronotum, while the recording electrode was inserted
at the base of an olfactory sensillum. The recording electrode was
mounted on a Sensapex micromanipulator (uMp-3, Oulu, Finland)
for precise positioning. Signals were amplified and digitized using an
IDAC4 interface (Syntech), and real-time recordings were visualized
in AutoSpike v. 3.9 (Syntech). A continuous stream of charcoal-filtered
and humidified air (1.2 L/min) was directed onto the antenna via a
6 mm inner diameter glass tube positioned 15 mm from the antenna.
Odor stimuli were delivered as 0.5 s puffs (0.3 L/min) using a stimulus
controller (CS-02, Syntech), allowing the odorant to mix into the
continuous airflow and reach the antenna. Odor pipettes for screening
experiments were used for a maximum of two consecutive days or ten
stimulations per compound. Dose-response pipettes were freshly
prepared daily and used for a maximum of two stimulations. To
characterize OSN response profiles, a high-dose stimulus (10 pg;
10 pL of a 1 pg/pL solution) was used for initial screening. Odor
compounds were tested in random order, and OSNs were allowed to
regain basal spontaneous activity between stimulations. OSNs were
classified based on their response profiles during the screening
experiments. Additionally, five OSN classes for I. acuminatus and
three OSN classes for I. cembrae were selected for dose-response tests.
Compounds were tested in increasing concentrations (10 pg to 10 pug)
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to minimize sensory adaptation, starting with the least active
compound identified during the screening phase.

2.4 Data analysis

Neuronal responses were quantified offline in AutoSpike v3.9 by
calculating spike frequencies during the first 0.5 s of the odor response
and subtracting the pre-stimulation activity. Responses to the paraffin
oil control were also subtracted. At the screening dose, responses
below 20 Hz were considered biologically non-significant. Excitatory
responses were categorized as intermediate responses (40-60 Hz) and
strong responses (>80 Hz). Poor-quality recordings or incompletely
screened neurons were excluded. All data graphs and heatmaps were
generated using GraphPad Prism (version 10.1.2, GraphPad Software,
San Diego, CA, USA). The venn diagram was created using
InteractiVenn (Heberle et al., 2015).

2.5 Gas chromatography coupled
electroantennographic (GC-EAD)
experiments

For GC-EAD, the head of the beetle with antennae was prepared
and connected between glass microelectrodes filled with Ringer’s
solution (Olsson and Hansson, 2013). Signals from the antenna were
recorded using a Universal probe (Syntech) and integrated with
IDAC 2 (Syntech). The results were processed using the software
GcEad v. 4.6.1 (Syntech). At least five recordings were made for each
sample, and a volatile was considered active if at least two antennal
responses were recorded in I. acuminatus and I. cembrae. For the
experiments, an Agilent 7890B GC was used, equipped with an HP-5
column (Agilent Technologies, Inc), 30 m in length, 0.32 mm in
diameter, and with a film thickness of 0.25 pm, ending in a splitter.
From the splitter, 5 m of the same column was led to the FID detector
and 1 m of the column on the antenna. At the column outlet, the
chemical components were mixed with humidified air at a flow rate
of 2 L/min and blown onto the prepared antenna. Samples were
injected splitless, and the carrier gas for the GC was helium with a
constant column flow rate of 3 mL/min. The inlet temperature was
set to 250°C, the initial oven temperature was set to 40°C for 1 min,
then increased by 10°C/min to 100°C, held for 0.5 min, then
increased by 20°C/min to 150°C, and then increased by 40°C/min to
a final temperature of 300°C, with 3 min hold. The FID temperature
was set to 300°C.

3 Results
3.1 General classification of OSN types

The responses of OSNs in I. acuminatus (IAc) and I. cembrae (IC)
were examined using single sensillum recordings (SSR) from
antennal olfactory sensilla. Most sensilla housed two OSNs,
distinguishable by their spike amplitudes (A neuron: large amplitude
cell; B neuron: small amplitude cell). Some sensilla appeared to house
a single OSN, while a few seemed to house three. However, the
presence of three neurons was rare and sometimes difficult to confirm
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due to suboptimal signal quality. The OSNs frequently responded to
multiple compounds, but the primary compounds elicited the
strongest responses, frequently exceeding 80 Hz. The compounds
that triggered weaker secondary responses were often structurally
similar to the primary compounds. The OSN response activity
generally followed a phasic-tonic pattern with a sharp initial rise in
firing rate, followed by a gradual decline to baseline levels
(Supplementary Figure 1). However, most responses were rather
tonic, with increased firing well beyond stimulus offset, whereas
some neurons responded in a phasic manner, with responses quickly
returning to baseline activity. The highest response frequencies
reached 150 Hz in I. acuminatus and 200 Hz in I. cembrae. Notably,
the compounds that elicited the strongest responses at the high
screening dose (10 pg on the filter paper) were also associated with
the lowest detection thresholds.

A screening experiment using 57 ecologically relevant odorants at
10 pg revealed that 69 out of 82 contacted sensilla (~84%) in
L. acuminatus (males, n = 17; females, n = 23) and 62 out of 85 sensilla
(~73%) in L. cembrae (males, n = 28 and females, n = 18), responded
to at least one compound. The remaining sensilla (12 in I. acuminatus
and 23 in I. cembrae) did not respond to any of the tested compounds.
Additionally, a small number of sensilla (three in I. acuminatus and
two in I. cembrae) were excluded due to poor recording quality or
signal loss during the experiment, which prevented OSN classification.
OSNs responding strongly (>80 Hz) to at least one compound were
categorized into OSN classes based on their response profiles
(Figures 1, 2). In contrast, OSNs with weak to intermediate responses
(20-80 Hz) were not assigned to any OSN class because their primary
compounds were likely missing from the test odor panel
(Supplementary Table 1 shows detailed OSN responses).

3.2 Olfactory sensory neuron responses in
. acuminatus

3.2.1 OSNs responding to aggregation
pheromone components in I. acuminatus

Three OSN classes in I. acuminatus were strongly activated by its
aggregation pheromone components, with distinct ligand specificities
and dose-dependent responses. The IAc1 class (I. acuminatus OSN
class 1) responded strongly (>80 Hz) to (4S)-cis-verbenol (n = 5),
which is the major aggregation component in this species. Weaker
secondary responses (<60 Hz) were elicited by structurally similar
compounds, including (+)-trans-verbenol, (—)-trans-verbenol,
(—)-verbenone, and chalcogran. These A neuron OSNs were
co-localized with a B neuron OSN class (IAc2), which strongly
responded (>80 Hz) to 1,8-cineole, a host tree defense compound
(Figure 3A). Sensilla housing IAcl neurons were predominantly
located on the distal antennal club in the sensory band C (Figure 4A).

The TAc3 class responded primarily (>80 Hz) to S-(—)-ipsenol
(n = 6), which is the naturally occurring enantiomer of ipsenol. These
A neurons showed weak secondary responses (<60 Hz) to R-(+)-
ipsenol and ipsdienol enantiomers. Dose-response tests confirmed
the high specificity for S-(—)-ipsenol, with a response threshold as
low as 100 pg (Figure 4E). The OSNs of this class were mainly
distributed in the sensory band B (Figure 4A). The IAc4 class also
exhibited enantiomer-specific detection, responding strongly
(>80 Hz) to R-(—)-ipsdienol (n=3). These A neurons were
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FIGURE 1

while © shows the co-localization of IAc9 with IAc4 and IAc5.

IAcl A1A2® TAC3 TAc4 TAc5 1Ac6 ITAc7 TAc8 TAc9C 1Ac10 TAcll TAc12 TAc13 TAc14 TAcl5 TAcl6 TAcl7 TAc18 TAc19

Neuron type A B A A A A A B A A A A A A A A
Male-n-value 4 3 3 0 0 4 1 0 1 2 1 0 0 1 0 0 0 0
Female-n-value 1 1 3 3 7 2 2 2 1 0 0 1 1 0 1 1 1 1
L S ]
0 40 80 120

Heat map representing response profiles of identified olfactory sensory neurons classes responding strongly (>80 Hz) to one or more compounds at a
10 pg stimulus dose in Ips acuminatus. The stimulus eliciting the primary response in the 19 OSN classes are as follows: IAcl: (4S)-cis-verbenol, IAc2
1,8-cineole, IAC3: (+)-ipsenol, IAc4: R-(—)-ipsdienol, IAC5: (-)-verbenone, IAc6: a-isophorone, IAC7: (+)-isopinocamphone, IAc8: styrene, IAC9:
lanierone, 1Ac10: 2-phenylethanol, IAc1l: 2-methyl-3-buten-2-ol, IAc12: 1-hexanol, IAc13: (+)-ipsdienol, IAc14: amitinol, IAc15: (—-)-limonene, IAc16
1-octen-3-ol, IAc17: (+)-chalcogran, IAc18: y-terpinene, and IAc19: (55,7S)-trans-conophthorin. * and ® illustrate the co-localization of IAcl with IAc2,

co-localized with lanierone-responsive B neurons (IAc9 class,
described below). Weaker secondary responses were observed for the
S- (+)-enantiomer, the racemic mixture, and amitinol. This class was
distributed on the sensory bands A and B on the antennal surface
( ) and was observed only in females. In contrast to the
screening experiments, dose-response studies demonstrated the
strongest response to the other enantiomer, to S-(+)-ipsdienol, with
minimal responses to secondary compounds at lower concentrations
( ). Interestingly, during initial screening experiments,
we did not identify any sensilla that strongly responded to S-(+)-
ipsdienol. This discrepancy between the screening and dose-response
data suggests that two distinct OSN classes likely exist in
I. acuminatus, each specifically tuned to either S-(+)-ipsdienol or
R-(—)-ipsdienol.

Additionally, OSN class IAc13, (n =1, A neuron) responded
strongly (>80 Hz) to racemic ipsdienol, with intermediate secondary

Frontiers in

responses to amitinol, E-myrcenol and ipsdienol enantiomers.
Another OSN class, [Acl4 (n=1, A neuron), responded most
strongly to amitinol with weaker secondary responses to racemic
ipsdienol and its enantiomers ( ; ).

3.2.2 OSNs responding to other beetle-produced
compounds in I. acuminatus

Five OSN classes were tuned to additional beetle-produced
compounds. The IAc5 class responded strongly (>80 Hz) to
(—)-verbenone (n = 7) and exhibited weaker secondary responses to
a-isophorone, (+)-trans-verbenol, and (—)-trans-verbenol. These A
neurons, primarily distributed across the sensory bands A and B,
mostly in the middle region of the antennal club, displayed dose-
dependent responses with a response threshold at ~1 ng ( ).
This was the most abundant OSN class in this species ( )
and was found exclusively in females (n = 7). The IAc6 class showed
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Ic2® 13 1c4 1cs 166° 1c7  Ics

Ethanol
Neuron type A B A A A B A A A A A B A A A A A
Male-n-value 4 3 7 2 3 4 1 1 4 2 | 1 1 1 1 1 0 0
Female-n-value 2 2 2 1 1 1 2 2 0 0 1 1 1 0 0 0 1 1
L : )
0 40 80 120 160

Heat map showing response profiles of identified OSN classes responding strongly (>80 Hz) to one or more compounds at the 10 pg stimulus dose in
Ips cembrae. The stimulus eliciting the primary response in the 19 OSN classes are as follows: IC1: (45)-cis-verbenol, IC2: 1,8-cineole, IC3: (+)-ipsenol,
IC4: R-(—)-ipsdienol, IC5:S-(+)-ipsdienol, IC6: amitinol (B neuron), IC7: (+)-exo-brevicomin, IC8: 1-hexanol, IC9: (+)-camphor, IC10: (-)-a-pinene,
IC11: styrene, IC12: 2-phenylethanol, IC13: 1-octen-3-ol, IC14: lanierone, IC15: (+)-chalcogran, IC16: amitinol (A neuron), IC17: a-isophorone, IC18:
p-cymene, and IC19: estragole. * indicates IC1 co-localized with IC2, B illustrates IC2 co-localized with IC1 and IC10, € represents IC5 co-localized with

19 ICl0 IC11 Ic12 1c13 IC14° [c15 Ic16 IC17 IC18

high specificity (>80 Hz) to a-isophorone (n = 6). These A neurons
did not respond to verbenone or any other compounds from the
odor panel, and dose-response tests revealed an exceptionally low
response threshold at 10 pg, indicating high sensitivity ( )
This OSN class was distributed mainly in the sensory band B on the
antennal club ( ). Additional pheromone-responsive OSN
classes included IAc9, a B neuron class strongly responding (>80 Hz)
to lanierone (n = 2, both females), with one B neuron co-localized
with an R-(—)-ipsdienol-responsive A neuron and the other
B neuron with a non-responsive A neuron. The IAc10 class, also an
A neuron, responded strongly (>80 Hz) to 2-phenylethanol (n = 2).
Another OSN class, IAcll, a B neuron, strongly responded to
2-methyl-3-buten-2-ol (n = 2, both males) with secondary responses
to 3-methyl-3-buten-1-ol ( ). These OSNs were co-localized
with non-responsive A neurons ( ). Most of these
pheromone-sensitive OSN classes were distributed in all three
). Another A
neuron class, IAcl7, showed a strong response (>80 Hz) to

sensory bands on the antennal surface (

chalcogran followed by intermediate secondary responses (>50 Hz)

Frontiers in

to (+)-exo-brevicomin and weaker responses (<40 Hz) to (58,75)-
trans-conophthorin ( ).

3.2.3 OSN classes responding to host, non-host,
and microbial volatiles in I. acuminatus

We observed three OSN classes with strong primary responses
(>80 Hz) to host volatiles. OSN class IAc2 was a B neuron, which
showed strong responses to only 1,8-cineole. OSN class IAc15 was
an A neuron, which responded strongly (>80 Hz) to (—)-limonene
and (+)-limonene followed by intermediate (>50 Hz) secondary
responses to myrcene, p-cymene, terpinolene, and A-3-carene,
and weak responses (<40 Hz) to (+)-terpine-4-ol and (—)-f-
). OSN class (IAc18) was an A neuron, which
primarily responded strongly (>80 Hz) to y-terpinene and

pinene (

secondarily to (+)-isopinocamphone, (—)-isopinocamphone,
). Most of
the OSN classes responding to host volatiles were distributed on

(+)-pinocamphone, and racemic camphor (

the sensory band B ( ). Notably, pheromone-sensitive

and host-specific OSN classes were generally not spatially
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Single sensillum recordings from Ips acuminatus reveal co-localization of OSN classes with different spike amplitudes and response profiles. (A) The
response pattern of the large-spiking A neuron with primary response to (4S)-cis-verbenol, co-localized with a small-spiking B neuron responding
primarily to 1,8-cineole (n = 3 sensilla). Response frequencies (Hz) to the 10 pg compound dose are shown as mean + the standard error of the mean
(SEM). Representative action potential traces display the A neuron responses to (4S)-cis-verbenol and the B neuron responses to 1,8-cineole.

(B) Responses of B neurons to both 2-methyl-3-buten-2-ol and 3-methyl-3-buten-1-ol (10 ug), co-localized with an unresponsive A neuron in the
same sensillum (n = 3 sensilla). Representative action potential traces show the B neuron responses to these compounds.

segregated across the antennal surface, with the exception of
(4S)-cis-verbenol-responsive neurons, which were exclusively
localized within sensory band C (Figure 4A).

Three OSN classes, all A neurons, exhibited strong responses
(>80 Hz) to non-host volatiles. OSN class IAc12 responded strongly
to 1-hexanol. Secondary responses (<50 Hz) were observed for other
compounds, such as racemic 1-octen-3-ol and chalcogran. OSN class
IAcl16 displayed strong responses to racemic 1-octen-3-ol and weak
responses to racemic 3-octanol (Figure 1). Another OSN class, IAc19,
responded strongly (>80 Hz) to the bicyclic ketal (5S,7S)-trans-
conophthorin (n = 1). Two OSN classes exhibited strong responses
(>80 Hz) to microbial volatiles (Figure 4B). The IAc7 class was an A
neuron, which responded strongly to (+)-isopinocamphone (1 = 3).
Secondary responses (60-80 Hz) were observed to related oxygenated
monoterpenes  from  trees and  microbes, including
(—)-isopinocamphone, (+)-pinocamphone, (—)-pinocamphone, and
racemic camphor. These responses suggest broad tuning to
structurally similar oxygenated host monoterpenes (Figure 4D). The
TAc8 class was an A neuron specific to styrene, with secondary

responses to benzaldehyde and racemic camphor (n = 3).
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3.3 Olfactory sensory neuron responses in
I. cembrae

3.3.1 OSN classes responding to aggregation
pheromone components of . cembrae

We identified two OSN classes specific to the aggregation
pheromone components of I. cembrae. OSN class IC1 was an A neuron
(n = 6), which responded primarily (>80 Hz) to (4S)-cis-verbenol with
dose-dependent responses and a response threshold of 100 pg. Weaker
secondary responses (40-60 Hz) to (+)-trans-verbenol and (—)-trans-
verbenol were observed (Figure 5E). Five out of six of these (45)-cis-
verbenol-responsive OSNs were co-localized with IC2, which was a B
neuron responding to 1,8-cineole (Figure 6A). The distribution was
mostly in the distal antennal club region on sensory band C, while few
were located on sensory band B (Figure 5A). (4S)-cis-Verbenol is a
male-produced aggregation pheromone component in both
I typographus and I. acuminatus but not reported as an aggregation
pheromone component in I. cembrae.

The OSN class IC3 (A neuron) was the most frequently observed
class (found in ~14% of the responding sensilla), responding strongly
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(A) Distribution of identified olfactory sensory neuron classes in Ips acuminatus on the antennal surface with three sensory bands A, B, and C. (B) Total
number of each of the 19 OSN classes identified in . acuminatus, with primary responses to compounds from different ecological origins. (C) Total
number of OSN that were only found in one of the sexes of . acuminatus. (D) Mean response (Hz) of the different OSN classes, including their
secondary responses; from left to right: OSN classes IAc7: (+)-isopinocamphone (n = 3), IAc3: S-(-)-ipsenol (n = 6), IAc1l: 2-methyl-3-buten-2-ol

(n = 3), IAC5: (—=)- verbenone (n = 6), IAcl: (4S)-cis-verbenol (n = 3), IAc4: R-(—)-ipsdienol (n = 3), and IAc8: styrene (n = 3). Error bars indicate standard
error of the mean (SEM). (E) Dose—response curves of five OSN classes in . acuminatus; IAc3 class: S-(=)-ipsenol (n = 4); IAc5 class: (-)-verbenone

(n = 6); IAc? class: S-(+)-ipsdienol (n = 3)[the IAc? OSN class was observed only in dose—response tests and not while screening]; IAcl class: (4S)-cis-
verbenol (n = 4), and IAc6 class: a-isophorone (n = 4). Mean response values are shown, with error bars indicating the standard error of the mean
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FIGURE 5
(A) Distribution of identified olfactory sensory neuron classes in the three sensory bands (A, B, C) on the antennal surface of Ips cembrae. (B) Total
number of each of the 19 OSN classes identified in |. cembrae, with primary responses to compounds from different ecological origins (C) Total
number of OSNs that were only found in males of I. cembrae. (D) Mean responses (Hz) of different OSN classes, including their secondary responses;
from left to right: OSN classes IC8: 1-hexanol (n = 4), IC3: S-(=)-ipsenol (n = 9), IAc7: (+)-exo-brevicomin (n = 3), IC1: (4S)-cis-verbenol (n = 4), IC5:
S-(+)-ipsdienol (n = 4), and IC4: R-(—)-ipsdienol (n = 3). Error bars indicate the standard error of the mean (SEM). (E) Dose—response curves of three
pheromone-specific OSN classes in . cembrae; IC3 class: S-(—)-ipsenol (n = 4); IC5 class: S-(+)-ipsdienol (n = 4), and IC1 class: (4S)-cis-verbenol
(n = 3). Mean response values are shown, with error bars indicating the standard error of the mean (SEM).

(>80 Hz) to racemic ipsenol and S-(—)-ipsenol (n = 9) (Figure 5B).
Ipsenol is the major component of the aggregation pheromone in
I. cembrae. The response threshold of these OSNs was around 100 pg
(Figure 5E). R-(+)-ipsenol elicited minimal responses in this OSN
class, consistent with its absence in the natural pheromone blend
(Stoakley et al., 1978). This OSN class was uniformly distributed
across sensory bands A and B (Figure 5A). The OSN class IC4, which
was an A neuron, responded strongly to R-(—)-ipsdienol (n = 3) and

Frontiers in Forests and Global Change 09

weaker to the S-enantiomer and the racemic mixture (Figure 5D).
However, we did not find this OSN class during dose-response tests.
Additionally, OSN class IC5 (n = 4), also an A neuron, responded
specifically to S-(+)-ipsdienol, with a response threshold of 1 ng
(Figure 5E). Another OSN class, IC6, was a B neuron responding
strongly to amitinol (n = 5); this class was always co-localized with
OSN class IC5 (Figure 6B). The S-(+)-ipsdienol-specific OSN class and
R-(—)-ipsdienol-specific OSN class were distributed across the sensory
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Single sensillum recordings from Ips cembrae, demonstrating co-localization of large spiking (A cell) and small-spiking (B cell) olfactory sensory
neurons (OSNs) with responses to various pheromone compounds, volatiles from host- and non-host plants, as well as fungal symbionts (10 pug
stimulus dose). (A) The response of A neurons primarily to (4S)-cis-verbenol, co-localized with B neurons that respond to 1,8-cineole (n = 3 sensilla).
The representative action potential traces show A neuron response to (4S)-cis-verbenol and B neuron response to 1,8-cineole. (B) The response profile
of A neurons responding to S-(+)-ipsdienol, which are co-localized with B neurons responsive to amitinol (n = 3). Representative action potential
traces showing A neuron response to S-(+)-ipsdienol and B neuron response to amitinol. Response frequencies (Hz) are displayed as mean + standard

band C on the antennal club surface and rarely on sensory band B
(Figure 5A). It is noteworthy that during our screening, we did not
detect neurons that responded to 3-methyl-3-buten-1-ol, which is a
pheromone component of I. cembrae.

3.3.2 OSNs responding to other beetle-produced
compounds in I. cembrae

We observed four additional OSN classes strongly responding to
different beetle-produced compounds. The OSN class IC7 (A neuron)
strongly responded (>80 Hz) to (+)-exo-brevicomin (n = 3), with
secondary responses to chalcogran and (5S,7S)-trans-conophthorin
(Figure 5D). Another OSN class, IC14, a B neuron, responded strongly
to lanierone (n = 2). These neurons were co-localized with OSN class
IC9 or a non-responsive A neuron. Additionally, OSN class IC12 class
(A neuron) responded strongly (>80 Hz) and specifically to
2-phenylethanol (n = 2) with no secondary responses. OSN class IC15
was an A neuron primarily tuned to chalcogran with secondary
responses to 1-hexanol, 1-octen-3-ol, and (58,7S)-trans-conophthorin
(n=1). OSN class IC16 (A neuron) displayed strong responses
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(>80 Hz) to amitinol with secondary responses to racemic ipsdienol
(n =1). Lastly, OSN class IC17 was an A neuron, which responded
strongly to a-isophorone followed by secondary responses to
(—)-verbenone, (+)-trans-verbenol, and (—)-trans-verbenol (n = 1).
These OSN classes were mostly found in the distal region of the
antennal surface (Figure 5A).

3.3.3 OSN classes responding to host, non-host,
and microbial volatiles in I. cembrae

Five OSN classes were specifically tuned to host volatiles,
including OSN class IC2, a B neuron specific for 1,8-cineole. The OSN
class IC9 showed strong responses (>80 Hz) to camphor (1 = 3), with
strong secondary responses to (+)-isopinocamphone (>80 Hz) and
weaker secondary responses to other related oxygenated
monoterpenes, such as (—)-isopinocamphone, (+)-pinocamphone,
(—)-pinocamphone, and borneol (Figures 4, 5D). This IC9 A neuron
was co-localized with B neurons responding specifically (>80 Hz) to
lanierone (IAc14). Additionally, the OSN class IC10 was an A neuron

specific for (—)-a-pinene (n = 4, all males). This class also showed
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weak to intermediate (20-40 Hz) secondary responses to (4S)-cis-
verbenol, (+)-a-pinene, (—)-f#-pinene, and (+)-trans-verbenol.
Another OSN class, IC18 (A neuron), showed strong responses
(>80 Hz) to p-cymene (n=1). Lastly, OSN class IC19 strongly
responded (>80 Hz) to estragole (n=1). The OSN classes
corresponding to host volatiles were distributed on the sensory bands
B and C on the antennal surface (Figure 5A).

Two OSN classes responded to non-host volatiles. The OSN class
IC8 (A neuron) responded primarily to the green leaf volatile
1-hexanol (n=4). This class also showed weak to intermediate
secondary responses (<50 Hz) to other compounds, including
chalcogran, racemic 1-octen-3-ol, and 2-phenylethanol. The IC13
class was also an A neuron responding to racemic 1l-octen-3-ol
(n = 2), with weaker secondary responses to racemic 3-octanol. These
OSN classes were observed on sensory bands B and C on the antennal
surface (Figure 5A). Additionally, the OSN class IC11 (A neuron)
responded to microbial volatile styrene (n = 2, both males) (Figure 4),
with weak secondary responses (<40 Hz) to benzaldehyde.

3.4 Comparative analysis of OSN profiles
and distribution among I. acuminatus and
I. cembrae with previously characterized
I. typographus

Our comparative analysis revealed that I. acuminatus, I. cembrae,
and I. typographus show both conserved olfactory adaptations and
species-specific differences (Table 1, Supplementary Figure 2). Of the
23 OSN classes identified in I. typographus (Andersson et al., 2009;
Kandasamy et al., 2019, 2023; Yuvaraj et al., 2024) and the 19 OSN
classes found in both I. cembrae and I. acuminatus, 11 were shared
among all three species based on similarities in response profiles.
These shared OSN classes were tuned to beetle-produced compounds,
host or non-host tree, and microbial volatiles (See Table 1 for details
on OSN classes). Four OSN classes, specific to 2-methyl-3-buten-2-ol,
(—)-verbenone, a-isophorone, (+)-isopinocamphone, and (58,75)-
trans-conophthorin, respectively, were found exclusively in
I typographus and I. acuminatus (Andersson et al., 2009; Kandasamy
et al, 2019, 2023), while two OSN classes tuned to p-cymene and
estragole were shared between I. typographus and I cembrae
(Andersson et al., 2009; Raffa et al., 2016). Additionally, OSN classes
specific to racemic chalcogran and a-isophorone were shared between
I acuminatus and I. cembrae. Species-specific OSN differences were
particularly evident in responses to host and fungal volatiles.
I. cembrae had four unique OSN classes tuned to amitinol (B neuron),
racemic camphor, racemic exo-brevicomin, and (—)-a-pinene,
respectively, whereas I. acuminatus had two unique OSN classes tuned
to (—)-limonene and y-terpinene (Supplementary Figure 2).

3.5 Antennal responses of pine and larch
essential oils in I. acuminatus and
I. cembrae using GC-EAD

Since only a few OSN classes specific to host monoterpenes were
identified in I. acuminatus (OSN classes IAc2, IAc15, and IAc18) and
1. cembrae (OSN classes IC2 and IC9, IC18, and IC19), we further
evaluated the antennal responses of both species to monoterpenes
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using GC-EAD analysis. We tested the antennae of I. acuminatus with
pine essential oil and I. cembrae with larch essential oil, both with
known chemical compositions, to assess their olfactory sensitivity to
host-related compounds. GC-EAD analyses with pine essential oil
revealed four potential chemical cues that elicited antennal responses
from I. acuminatus, whereas I. cembrae responded to five potential
cues in the larch essential oil (Figure 7). The EAD active compounds
that elicited antennal response in I. acuminatus were identified as
a-pinene, limonene, linalool, and isobornyl acetate (Figure 7A) while
I. cembrae responded to f3-pinene, p-cymene, linalool, terpinen-4-ol,
and camphor (Figure 7B). Surprisingly, no EAD responses were
observed in I. acuminatus to highly abundant pine host volatiles, such
as 3-carene, terpinolene, and p-phellandrene. Similarly, I. cembrae
showed no responses to key larch volatiles, including a-pinene,
limonene, f-phellandrene, and myrcene.

4 Discussion

This study provides the first electrophysiological characterization
of olfactory sensory neuron (OSN) responses in I. acuminatus and
I cembrae. By testing a comprehensive panel of ecologically relevant
compounds, including pheromones, volatiles from the hosts and
non-host trees, and associated microbes, we identified 19 OSN classes
in both species. Most OSN classes exhibited narrow tuning,
responding strongly to only one or a few structurally similar
compounds, while fewer were broadly tuned. Furthermore, several of
our dose-response tests in both species revealed greater OSN
specificity at lower doses, consistent with findings in L. typographus,
where OSNs exhibited high specificity to either pheromones or to
compounds from the host or non-host trees and microbes (Andersson
et al., 2009; Kandasamy et al., 2019, 2023).

Ips acuminatus and I. cembrae have several OSNs tuned to the
enantiomers of ipsenol and ipsdienol, their key aggregation
pheromone components (Francke and Vité, 1983; Renwick and
Dickens, 1979). Interestingly, the ipsenol-responsive OSNs were
highly specific, showing the strongest responses to the naturally
occurring enantiomer, S-(—)-ipsenol, the main pheromone
component in both species. This finding is consistent with previous
studies in I. typographus and other Ips species such as I. pini and
L pamconfusus (Mustaparta et al., 1979; Mustaparta et al., 1980;
1985).  Also, the OSNs
demonstrated enantiomer-specific tuning, suggesting two distinct

Temmeras, ipsdienol-responsive
OSN classes responding to R-(—)-ipsdienol and S-(+)-ipsdienol,
respectively, in both species. In I. acuminatus, initial screenings
identified only one OSN class primarily tuned to R-(—)-ipsdienol.
However, dose-response tests revealed a stronger response to S-(+)-
ipsdienol, suggesting the presence of distinct OSN classes tuned to
each ipsdienol enantiomer. In I. cembrae, screenings identified
distinct OSN classes specifically tuned to each ipsdienol enantiomer.
However, dose-response testing was conducted only for S-(+)-
ipsdienol, which exhibited high sensitivity. These results align with
earlier reports of two enantiomer-specific ipsdienol-responsive
OSN classes in I. typographus and other Ips species (Mustaparta
et al., 1980; Tommeras, 1985). Behavioral studies in I. acuminatus
suggest that S-(+)-ipsdienol and S-(—)-ipsenol function as
attractants, while R-(—)-ipsdienol likely serves as an attraction
inhibitor in field (Bakke, 1978; al., 1986).

Kohnle et
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TABLE 1 Olfactory sensory neurons (OSNs) classified based on their response profiles at a 10 ;g screening dose in Ips acuminatus and Ips cembrae and

comparison to previously characterized OSN classes in Ips typographus.

I. acuminatus (I1Ac) . cembrae (IC)

Biological origin OSN class|/Species—

I. typographus (IT)

Beetle (4S)-cis-Verbenol /0 v

Beetle S-(+)-Ipsdienol v v v
Beetle R-(—)-Ipsdienol v v v
Beetle S-(—)-Ipsenol v v v
Beetle R-(+)-Ipsenol - - -
Beetle Amitinol s v v/ (A and B neuron)
Beetle 2-Methyl-3-buten-2-ol v (B neuron) v (B neuron) -
Beetle 3-Methyl-3-buten-1-ol - - -
Beetle Lanierone v¢(B neuron) v (B neuron) v (B neuron)
Beetle (+)-Chalcogran - v v
Beetle a-isophorone - v v
Beetle/fungi (—)-Verbenone v v -
Beetle/ fungi (£)-exo-Brevicomin - -

Beetle/fungi 2-Phenylethanol Ve v

Host (+)-3-Carene /P - -
Host Myrcene vebe - -
Host (+)-a-Pinene v - -
Host (—)-a-Pinene - -

Host p-Cymene /e -

Host (—)-Limonene - v -
Host y-Terpinene - v -
Host 1,8-Cineole v#(B neuron) v (B neuron) v (B neuron)
Host/fungi (+)-Camphor - - v
Host/fungi (+)-Isopinocamphone v v -
Host/fungi Estragole Ve - 4
Host/fungi (+)-trans-4-Thujanol A - -
Non-host 1-Hexanol 4 v v
Non-host/fungi (£)-3-Octanol v - -
Non-host/fungi (£)-1-Octen-3-ol s v v
Non-host/fungi Geranyl acetone Ve - -
Non-host/fungi (58,7S)-trans-Conophthorin Ve -
Fungi Styrene /e v

v OSN class identified; — OSN class not found yet.
*Andersson et al. (2009).

bSchiebe et al. (2019).

‘Kandasamy et al. (2019).

dKandasamy et al. (2023).

*Yuvaraj et al. (2024).

fTommeras (1985).

8Raffa et al. (2016).

(4S)-cis-Verbenol elicited strong responses in an OSN class in both
I. acuminatus and I. cembrae. While this compound serves as a key
aggregation pheromone component in I. acuminatus, it does not
play a similar role in I. cembrae, despite the detection of trace
amounts in this species (Kohnle et al., 1988). Interestingly, the
presence of (4S)-cis-verbenol disrupts I. cembrae aggregation in
field studies, possibly serving as an interspecific signal from
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I typographus, which relies on this compound as a key aggregation
pheromone (Schlyter et al., 1989).

A few examples of OSN co-localization were observed in both
I acuminatus and I. cembrae. The co-localization patterns of ipsdienol-
responsive OSNs differed between the two species. In I. cembrae,
S-(+)-ipsdienol-responsive A neurons were co-localized with
amitinol-responsive B neurons. In contrast, in I acuminatus,
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GC-EAD antennal responses at 10 ug of essential oil. (A) lps acuminatus responses to pine essential oil, with peaks 1, 2, 3, and 4 corresponding to
a-pinene, limonene, linalool, and isobornyl acetate, respectively (n = 2). (B) Responses of Ips cembrae to larch essential oil, with peaks 1, 2, 3, 4, and 5
corresponding to -pinene, p-cymene, linalool, camphor, and terpinen-4-ol, respectively (n = 4).

R-(—)-ipsdienol-responsive A neurons were co-localized with
lanierone-responsive B neurons, corresponding to the observations in
L typographus (Yuvaraj et al., 2024). Additionally, in both species,
(4S)-cis-verbenol- and 1,8-cineole-responsive OSNs were co-localized
within the same sensilla, consistent with the co-localization pattern
previously reported in I typographus (Andersson et al., 2009). In
I typographus, such co-localization is thought to enhance the ability
to differentiate odors based on spatial and temporal cues. It may also
improve sensitivity to ecologically relevant odor blends by detecting
specific ratio differences and regulating olfactory signaling at the
peripheral level (Andersson et al., 2010; Baker et al., 1998; Binyameen
etal, 2014; Bruce et al,, 2005). Similar mechanisms may play a role in
I. acuminatus and I. cembrae. Although the OSN responses in our
study were characterized using pure compounds, it is well established
that most insect semiochemicals function as multicomponent blends,
with specific behavioral roles determined by the precise ratio and
combination of constituents (Silverstein and Young, 1976). Such
blends can activate distinct combinations of neurons depending on
the ecological context, ultimately shaping behavioral outcomes.
Additionally, several OSN classes in I. cembrae and I. acuminatus
responded to pheromone components produced by other Ips species,
suggesting conserved detection mechanisms (Andersson et al., 2009;
Tommeras, 1985; Yuvaraj et al., 2024). Amitinol is not an aggregation
pheromone component in either I acuminatus (Bakke, 1978; Francke
et al,, 1986) or I. cembrae (Kohnle et al., 1986; Stoakley et al., 1978),
despite one earlier report mentioning its presence in I. cembrae
(Kohnle et al., 1986). Amitinol-responsive OSNs were identified in
both species, exhibiting strong secondary responses to racemic
ipsdienol, likely due to structural similarity and the presence of trace
amounts of amitinol in the ipsdienol stimulus, corresponding to OSNs
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observed in L. typographus (Andersson et al., 2012b; Andersson et al.,
2009). Interestingly, field studies indicate that amitinol enhances
aggregation in I cembrae but reduces attraction in I. acuminatus,
potentially mediating interspecific interactions (Francke et al., 19865
Kohnle et al., 1986). Lanierone-responsive OSNs were identified in
both species studied here, but the frequency of these OSNs was low.
This is in absolute contrast to I. typographus, in which lanierone-
specific OSNs represent the most abundant of all OSN classes (Yuvaraj
etal, 2024). In I acuminatus, OSN B neurons responsive to 2-methyl-
3-buten-2-ol occurred at relatively low abundance, similar to
observations in I typographus (Kandasamy et al., 2019, 2023).
Although this compound serves as an aggregation pheromone
component in I. typographus (Lanne et al., 1989), its ecological role in
I. acuminatus remains uncertain.

The OSN class responsive to (—)-verbenone, a known bark beetle
anti-attractant (Frithbrodt et al., 2024), was the most abundant in
I. acuminatus. Notably, we observed this OSN class only in female
I. acuminatus and not at all in I. cembrae. Ips typographus possesses
fewer (—)-verbenone-responsive OSNs than I. acuminatus; however,
it exhibits strong behavioral avoidance in both sexes in laboratory
assays (Yuvaraj et al,, 2024) and in field studies (Schlyter et al., 1989).
In L typographus, (—)-verbenone-responsive neurons also show
secondary responses to a- and f-isophorone, of which the latter
compound was reported from hindguts of mated females (Birgersson
etal, 1984). However, dose-response tests indicate that this OSN class
is sensitive to a-isophorone (Kandasamy et al., 2023). In contrast,
I. acuminatus possesses two distinct OSN classes: one specifically
tuned to (—)-verbenone and another primarily responding to
a-isophorone, with weak secondary responses to (—)-verbenone.
Similarly, in I. cembrae, an OSN class specific to a-isophorone was also
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observed, exhibiting secondary responses not only to (—)-verbenone
but also to trans-verbenol enantiomers, corresponding to an OSN
class previously observed in I typographus (Kandasamy et al., 2023).
The behavioral role of a- and -isophorone remains unclear.

Ips acuminatus and 1. cembrae exhibited OSN responses to
pheromones produced by non-Ips bark beetles, differing from OSN
responses in I typographus. Both species had an OSN class highly
responsive to chalcogran, a pheromone of many Pityogenes species
(Francke, 1977; Francke et al, 1995). Additionally, I. cembrae
possessed a separate OSN class tuned to (+)-exo-brevicomin, which is
a pheromone of Dendroctonus species and is also produced by a beetle
symbiotic fungus (Zhao et al., 2019). This broader heterospecific
pheromone detection in I. cembrae may reflect its ability to colonize
different hosts, including Abies, Picea, and Pinus trees and frequent
interactions with bark beetles from other genera such as Pityophthorus,
Pityogenes, and Cryphalus (Postner, 1974; Pfeffer, 1955). In contrast,
I typographus OSNs primarily responsive to the non-host volatile
(5S,7S)-trans-conophthorin exhibit strong secondary responses to
both chalcogran and exo-brevicomin, likely due to structural
similarities (Andersson et al., 2009).

Major monoterpene hydrocarbons such as a-pinene, f-pinene,
limonene, and myrcene are key volatiles in coniferous trees, the
primary hosts of Ips bark beetles (Wajs et al., 2007). However, OSN
classes responding to monoterpenes were relatively rare in both
species. In I acuminatus, one OSN class responded mostly to
(—)-limonene, with secondary responses to myrcene, p-cymene,
terpinolene, and p-pinene. Another distinct OSN class was tuned
specifically to y-terpinene. Notably, we did not identify OSN classes
for key pine volatiles such as a-pinene, 3-carene, p-pinene, and
myrcene. In contrast, I. cembrae had an OSN class that responded
primarily to (—)-a-pinene, with weak secondary responses to
fB-pinene. Another OSN class was specifically tuned to p-cymene.
However, no OSN class was identified for major larch volatiles such as
f-pinene, 3-carene, limonene, and myrcene. Given the suggested role
of monoterpenes in bark beetle behavior (Erbilgin et al., 2007),
we conducted GC-EAD analyses using pine and larch essential oils.
Ips acuminatus antennae exhibited weak responses to a-pinene,
limonene, linalool, and isobornyl acetate, whereas I cembrae
responded to f-pinene, p-cymene, linalool, and terpinen-4-ol. The
absence or inconsistency of responses to major host volatiles,
combined with the finding that I. acuminatus does not exhibit
attraction to host trees in field studies (Brattli et al., 1998), suggests
that these compounds may not play a primary role in host tree
attraction for these species. Volatile compounds produced in minor
amounts by Norway spruce, such as 1,8-cineole (Jirosova et al., 2022a;
Schiebe et al,, 2019) and estragole (Moliterno et al., 2023; Joseph et al.,
2001), elicit antennal responses in I. typographus and function as anti-
attractants. In this study, we identified OSNs specifically responsive to
1,8-cineole in both I. acuminatus and I. cembrae, while estragole-
responsive OSNs were observed only in I cembrae. Given that
1,8-cineole has been previously linked to conifer resistance against
I typographus attack (Schiebe et al., 2012), its detection by OSNs in
the two species examined here suggests a similar ecological role in
their host interactions.

Low-abundance oxygenated host monoterpenes, whose
concentrations increase in stressed or fungus-infected conifers, likely
play a crucial role in beetle discrimination of suitable hosts
(Lehmanski et al., 2023). Although present only in trace amounts,
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these metabolites of monoterpene hydrocarbons can be produced via
microbial activity or the tree’s own metabolism and may significantly
influence bark beetle host selection and colonization strategies
(Moliterno et al., 2023; Kandasamy et al., 2023). In our study,
I acuminatus exhibited strong OSN responses primarily to
(+)-isopinocamphone and secondarily to structurally similar
pinocamphone and camphor, closely resembling the OSN responses
described in I typographus (Kandasamy et al., 2019, 2023). In contrast,
I. cembrae had OSNs primarily responsive to racemic camphor, with
secondary responses to pinocamphone and isopinocamphone
enantiomers. Isopinocamphone, an oxygenated metabolite of pinene
(the main component of pine resin), and camphor, an oxidized
metabolite of borneol from larch-derived bornyl acetate, are produced
by beetle-symbiotic fungi (Kandasamy et al., 2023), which can also
be associated with stressed host trees (Schiebe et al., 2019).

Ips acuminatus and I. cembrae vector different ophiostomatoid
fungi (Papek et al, 2024; Jankowiak et al., 2007), whose volatile
profiles have not yet been characterized but are likely to differ. Both
species exhibited strong OSN responses to fungal volatiles
(58,78)-trans-
conophthorin-responsive OSNs were detected only in I. acuminatus.

(2-phenylethanol, styrene, 1-octen-3-ol), while
These OSN classes have previously been identified in I. typographus
(Andersson et al, 2009; Kandasamy et al., 2019, 2023). trans-
Conophthorin has been shown to disrupt aggregation pheromone
activity in conifer-infesting bark beetles, including I. typographus, in
field studies (Huber et al., 2000; Zhang et al., 2002; Zhang and Schlyter,
2004). These compounds, along with oxygenated host monoterpenes
(Kandasamy et al., 2023) and (+)-exo-brevicomin (Zhao et al., 2019),
are also produced by fungi. They likely indicate fungus-colonized or
weakened host trees, potentially guiding beetles towards suitable
hosts. Additionally, fungi may produce volatiles that elicit a positive
response from beetles, as they potentially act as nutritional resources
for bark beetles (Kandasamy et al., 2019, 2023). However, further
research is needed to clarify their precise ecological roles and the
mechanisms by which beetles interpret these chemical cues. Both
species exhibited OSN responses to NHVs, helping conifer-feeding
bark beetles avoid unsuitable angiosperm trees. OSNs in I. acuminatus
and I cembrae responded selectively to 1-hexanol, a known anti-
attractant emitted by green leaves of non-host trees (Schlyter et al.,
1989, 2000; Zhang et al., 1999).

Some OSN classes were only found in one of the sexes of
L. acuminatus and 1. cembrae, which may suggest differences in
olfactory-driven behaviors between males and females. In
I acuminatus, OSN classes for (—)-verbenone, R-(—)-ipsdienol, and
lanierone were observed in females, whereas 2-methyl-buten-2-ol
OSNs were found in males. These female-biased responses may
be associated with the species’ polygynous mating system, where
males form large harems (2-12 females per male), and pseudogamous
females breed independently (Kirkendall, 1989, 1990). Thus, these
olfactory cues may help females to avoid overcrowded trees and
reduce interspecific competition with other conifer bark beetle species
(Papek et al., 2024). In I cembrae, OSN classes specific to (—)-a-
pinene and styrene were found in males, suggesting a role in host
location. However, further recordings from additional sensilla and
behavioral experiments are needed to determine whether these OSN
classes are sex-specific, sex-biased, or simply missed during sampling.

The antennal distribution of OSNs varies among species. Ipsenol-
responsive OSNs in I. cembrae were located mainly in sensory bands
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A and B, similar to I typographus (Andersson et al., 2009), but
restricted to band B in I. acuminatus, unless we failed to find them in
OSNs
predominantly in bands B and C in I. cembrae, while in I. acuminatus

band A. Conversely, ipsdienol-responsive occurred
they were distributed across bands A and B, resembling the
distribution reported in I. typographus (Andersson et al., 2009). OSNs
responding to (4S)-cis-verbenol are predominantly located in band C
in all three species. These differences in OSN distribution may reflect
species-specific olfactory adaptations related to their pheromone
detection, distinct host selection, and chemical communication within
their distinct ecological contexts. While our study was confined to
OSNs housed in the antennae, it is noteworthy to point out that Ips
beetles also possess chemosensory sensilla on the maxillary palps
(Hallberg, 1982b; Hallberg et al., 2003), potentially capable of
detecting less volatile or contact-mediated compounds, a subject of
interest, which needs further investigation.

The olfactory responses we observed in I acuminatus and
I cembrae are consistent with broader insect patterns, where selective
olfactory systems are shaped by evolutionary pressures. OSNs are
frequently specifically tuned to ecologically important stimuli also in
non-beetle species, such as moths and Drosophila, whereas other
neurons may be more broadly tuned (Hallem et al., 2004; de Bruyne
and Baker, 2008; Andersson et al, 2015). Additionally, other
congeneric species often share several conserved OSN classes, and
display a few species-specific ones. This has been shown, for example,
in beetles from other families, such as clover seed weevils (Apionidae)
in the Protapion genus (P, fulvipes and P. trifolii) and scarab beetles
(Scarabaeidae) in the Pachnoda genus (P, interrupta and P. marginata)
(Bengtsson et al., 2011; Andersson et al., 2012a; Carrasco et al., 2019).
At a molecular level, 12 odorant receptors (ORs) have been
functionally characterized in L. typographus (Hou et al., 2021; Roberts
et al, 2021, 2022; Yuvaraj et al., 2021, 2024; Biswas et al., 2024), with
responses resembling several of the OSN responses observed in this
study. While many OSN classes identified here exhibit response
patterns similar to I typographus, it remains unknown whether
conserved ORs are responsible. Given that I typographus and
I duplicatus share numerous conserved OR orthologs (Johny et al.,
2024), similar conservation is likely in I. acuminatus and I. cembrae.
Further OR characterization and comparative genomic analyses across
Ips species could provide deeper insights into OSN specificity and
pheromone detection mechanisms.

Overall, our findings provide valuable insights for improving bark
beetle management by refining pheromone-based strategies. Although
the pheromone-baited “trap and kill” approach has shown limited
success due to spillover infestations and low overall efficacy (Jakus
et al., 2003), pheromone traps remain useful for monitoring beetle
activity. Cross-attraction among Ips species has been observed (Byers,
1989; Etxebeste et al., 2012), emphasizing the need for species-specific
approaches. Several anti-aggregation compounds show potential for
spruce protection, including verbenone (Frithbrodt et al., 2024),
spruce volatiles like trans-4-thujanol and 1,8-cineole (Andersson
etal, 2010; Jirosova et al., 2022a), and others such as hexanol, 1-octen-
3-ol, and trans-conophthorin (Schicbe et al., 2011; Zhang and Schlyter,
2004; Unelius et al., 2014). These have been repeatedly tested in
various combinations against I. typographus (Schiebe et al., 2011;
Zhang and Schlyter, 2004; Unelius et al., 2014; Jaku$ et al., 2024),
though they also suffer from spillover effects due to their repellent
nature (Jakus et al., 2003; Schiebe et al., 2011). Push-pull strategies,
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which combine anti-attractants with pheromone traps (Jakus et al.,
2022) or baited trap trees (Lindmark et al., 2022), offer a potential
improvement. However, their effectiveness decreases under high
beetle population density and severe tree stress (Deganutti et al.,
2024). The use of anti-attractants for I. acuminatus and 1. cembrae
remains untested (Frithbrodt et al., 2024), highlighting the need for
further behavioral studies with compound combinations designed
according to this study to evaluate their field efficacy.

5 Conclusion

This is the first electrophysiological study to functionally
characterize OSNs in I. acuminatus and I. cembrae, identifying 19
OSN classes in each species. These OSNs exhibited distinct tuning to
aggregation pheromones, host monoterpenes, NHVs, and fungal-
derived odors, highlighting their crucial role in bark beetle ecology.
Comparative analysis with I. typographus revealed both conserved and
species-specific OSN response patterns. While certain OSN profiles
were shared across Ips species, suggesting common olfactory strategies
for aggregation and host detection, species-specific differences likely
reflect adaptations to their respective host tree preferences. The
detection of heterospecific pheromones, along with fungal volatiles,
further supports the role of multiple chemical cues in species
coexistence and host colonization. Although OSN response profiles
were generally similar between sexes, further research is needed to
determine whether subtle differences influence mate and host
selection behaviors. From an applied perspective, our findings support
the use of specific compositions of ipsenol and ipsdienol mixtures,
including their enantiomeric ratios, in combination with other
detected compounds for species-specific Ips beetles monitoring and
pest management. Integrating NHV's and host volatiles into conifer
tree protection strategies could enhance its efficiency. Furthermore,
future studies should explore a broader range of volatile compounds
to identify additional OSN classes and incorporate molecular analyses
of olfactory receptor function to refine our understanding of olfactory
coding mechanisms in bark beetles. A deeper disentangling of these
mechanisms could enable targeted interventions by disrupting the
detection of key compounds by beetles at the gene level. This study
lays the groundwork for further exploration of bark beetle olfactory
systems, offering insights into ecological interactions and improved
pest management strategies.
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SUPPLEMENTARY FIGURE 1

Different olfactory sensory neurons (OSNs) showing unique response
patterns when stimulated with 10 ug of each compound. The excitatory
responses were predominantly phasic-tonic, although the extent of tonic
firing varied among neurons. Typically, two OSNs (A,B neurons), with
different spike amplitude were observed within the same sensillum. Panel
(A) illustrates the responses of OSNs in I. acuminatus to a-isophorone,
lanierone, (+)-chalcogran, 1-octen-3-ol, 2-phenylethanol, and
(+)-isopinocamphone, whereas panel (B) shows the responses of OSNs in /.
cembrae to a-isophorone, 2-octen-3-ol, (+)-isopinocamphone, and
(+)-chalcogran.

SUPPLEMENTARY FIGURE 2

Venn diagram illustrating the overlap in detected OSN classes among the
three Ips species (. typographus, I. acuminatus, and |. cembrae). The blue
circle represents I. typographus, the orange circle represents I. acuminatus,
and the green circle represents |. cembrae. Overlapping regions indicate
OSN classes shared between two or more species, while unique sections
represent species-specific OSN classes. The numbers within each region
correspond to the number of OSN classes detected in that category. Data for
I. typographus OSNs was sourced from Andersson et al. (2009); Schiebe et al.
(2012); Kandasamy et al. (2019, 2023).
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