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Abstract

Four-eyed bark beetles of the genus Polygraphus have been involved in large bark beetle outbreaks in different parts of the
world, resulting in major economic losses. A striking example is the invasive species Polygraphus proximus which is a pest on
Abies sibirica in Russia. In Sweden, Polygraphus poligraphus has been involved in bark beetle outbreaks on Norway spruce,
Picea abies, together with the European spruce bark beetle Ips typographus. Two related species, Polygraphus punctifrons
and Polygraphus subopacus are also present in Sweden. Recently, aggregation pheromones or pheromone components have
been identified for these four Polygraphus species. However, questions remain regarding the complete composition of their
pheromones, particularly for P. subopacus and P. proximus, whose aggregation pheromones appear to be very similar. In
an attempt to better understand the chemical communication of these species, additional studies were conducted on P. pol-
igraphus, P. punctifrons and P. subopacus using solid phase microextraction coupled with gas chromatography and mass
spectrometry (SPME-GC-MS), electroantennography (EAG) as well as SPME-GC-MS and GC-MS with electroanten-
nographic detection (EAD). Field experiments were also conducted. In P. punctifrons, some male-specific compounds were
found in addition to those previously identified. In EAG and SPME-GC-MS/EAD studies, all three Polygraphus species
responded strongly to grandisol. Using a chiral column, GC-MS/EAD revealed that they were able to detect both enantiomers
of grandisol. In summary, this work presents our current understanding of the aggregation pheromones in four Polygraphus
species and the challenges we have met in identifying species-specific pheromone blends for some of these species.

Keywords Bark beetles - SPME - EAG - GC-MS/EAD using chiral column - Field studies - Interactions

Introduction

Bark beetles are part of the weevil family (Coleoptera: Cur-
culionidae) and belong to the subfamily Scolytinae. Of more
than 6000 species worldwide, only a minority are able to
attack and kill healthy trees. However, these species can have
a profound economic and environmental impact (Raffa et al.
2015). In Europe, an average of 23 million m? of timber
was damaged annually by bark beetles between 2010-2019,
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reaching 70 million m? in 2019 and the trend kept increas-
ing during 2020 and 2021 (Patacca et al. 2022). The impact
of bark beetle outbreaks is expected to continue increas-
ing due to climate change with annual damage in central
Europe projected to be nearly six times higher in 2021-2030
as compared to 1971-2010 (Hlasny et al. 2021). Worldwide,
some of the most economically important species of bark
beetles are the mountain pine beetle, Dendroctonus pon-
derosae, in North America, the European spruce bark beetle,
Ips typographus, in Europe (Grégoire et al. 2015) and the
four-eyed fir bark beetle, P. proximus, in Russia (Krivets
et al. 2019). Secondary pest species can also be economi-
cally important, such as Polygraphus rufipennis in North
America which can kill trees weakened by other pests, and
speed up the deterioration of wood in dying trees (Bowers
et al. 1996).

The largest bark beetle outbreak ever documented in Swe-
den started in 2018 after an exceptionally warm and dry
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summer. Approximately 33 million m? of Norway spruce
(Picea abies) was killed in southern Sweden between
2018-2023 (Schroeder and Kdrvemo 2022; Wulff and Rob-
erge 2023). The European spruce bark beetle, 1. typogra-
phus, was the dominating species in this outbreak, but P.
poligraphus was also commonly found under the bark of
killed trees (Schroeder 2023; Wulff and Roberge 2023).
In previous bark beetle outbreaks in central Sweden, Pol-
ygraphus species (mainly P. poligraphus) have caused an
unexpected amount of damage, but their role in bark beetle
outbreaks is not completely understood (Wulff and Hansson
2013). There are three species of Polygraphus in this part
of Sweden; P. poligraphus, P. punctifrons and P. subopa-
cus. The flight of these three species generally starts after
the onset of flight of I. typographus, and peaks during July
and August (Ehnstréom and Axelsson 2002; Viklund et al.,
unpublished results). The invasive four-eyed fir bark beetle
P. proximus, which has caused extensive damage to forests
of Abies sibirica in Russia, is likely to spread to Sweden and
the rest of the European Union in the near future, where it
threatens to attack species of the genera Abies, Pinus, Picea,
Larix and Tsuga (EPPO 2014; De la Pefia et al. 2020).

Tree-killing bark beetles use aggregation pheromones in
order to communicate with each other and to initiate mass
attacks on their host trees. Pheromone production in the pio-
neering sex is usually induced by feeding and the aggrega-
tion pheromone is attractive to both sexes. Sometimes both
sexes can contribute to pheromone production. Pheromones
can be produced de novo by the beetles, by derivatization of
host tree precursors or possibly by beetle-associated bacteria
or fungi (Blomquist et al. 2010). Once aggregation phero-
mones are identified and synthesized, they may be used as
baits in traps in order to monitor beetle populations and
investigate flight activity patterns, and to manage infesta-
tions by mass trapping or baiting of trap trees (Fettig and
Hilszczanski 2015).

P. poligraphus, P. punctifrons and P. subopacus are
polygamous species and the male initiates the colonisation
of host trees by creating a nuptial chamber in the bark and
by producing aggregation pheromones. Males are the pio-
neering sex also in P. proximus although it is a monogamous
species (Kerchev 2014). Male-specific compounds that are
part of the aggregation pheromones have been identified in
these four species. The aggregation pheromone of P. poligra-
phus, (-)-(R)-terpinen-4-ol (Schurig et al. 1985), is emitted
by males in high enantiomeric purity (>96.3% ee) which
decreases after mating to 67.7% ee (Rahmani et al. 2015).
The (+)-(S)-enantiomer acts as a repellant for the beetles.
When the enantiomeric purity of (-)-(R)-terpinen-4-ol is
50% ee or less, it is no longer attractive unless it is combined
with racemic frontalin, even though frontalin is not emit-
ted by P. poligraphus (Viklund et al. 2019; Rahmani et al.
2015). P. punctifrons males produce (+)-(/R,2S)-grandisol
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and (-)-(R)-terpinen-4-ol, but both sexes can be efficiently
caught in traps baited with racemic grandisol. If (-)-(R)-
terpinen-4-ol is combined with rac-grandisol, catches of P.
punctifrons increase and P. poligraphus is also caught in the
traps (Rahmani et al. 2019). In P. subopacus, several male-
specific compounds have been found but so far, only (Z)—2-
(3,3-dimethylcyclohexylidene)-ethanol [(Z)-DMCHE] has
been proven attractive. Baiting traps with this compound
alone results in by-catches of P. poligraphus (Viklund et al.
2021). P. proximus males appear to produce a nearly identi-
cal blend of compounds as P. subopacus males, where (Z)-
DMCHE and 3-methyl-2-buten-1-ol are attractive to the
beetles (Viklund et al. 2022). If (Z)-DMCHE is used as bait
for P. proximus, with or without the addition of 3-methyl-2-
buten-1-ol, P. subopacus is also caught in the traps, indicat-
ing that this is not a complete aggregation pheromone. Thus,
efficient species-specific pheromone baits for P. subopacus
and P. proximus have not yet been developed.

When bark beetle pheromones were first investigated, the
pheromone of a species was often thought to consist of a
single compound. More recently, it is clear that most bark
beetle pheromones consist of two or more compounds and
that single component pheromones are very rare (Birgers-
son et al. 2012; Tillman et al. 1999; Silverstein & Young
1976). Aggregation pheromone components often overlap
significantly among species, genera and tribes (Raffa et al.
2015). Species-specificity and reproductive isolation may
be achieved by differences in semiochemical blends, enan-
tiomeric composition and ratios of pheromone components
as well as host species fidelity, niche-separation within the
same host, temporal and geographic isolation or behavioral
and physiological incompatibility. Responses to pheromones
and host tree volatiles within a species may vary during the
season and between different geographic locations (Raffa
et al. 2015). Bark beetles can also communicate by acoustic
signals and species-specific differences have been found in
Polygraphus species (Kerchev 2020).

In addition to pheromones, bark beetles are often attracted
to host tree volatiles and compounds which indicate stress,
decay or microbial infections in their host trees (Raffa et al.
2015). Most bark beetles seem to be closely associated with
symbiotic fungi which may help the beetles overcome tree
defences by metabolizing toxins, or may serve as a source
of nutrition (Raffa et al. 2015; Kandasamy et al. 2016).
Volatiles from symbiotic fungi can function as synergists
of bark beetle attractants, whereas other fungal volatiles
can synergize the effects of repellant or anti-attractant com-
pounds (Kandasamy et al. 2016). Anti-aggregation phero-
mones or repellants, which can be produced by the beetles,
by non-hosts or by beetle-associated microorganisms as they
degrade host tree materials, can be used to protect individual
trees or forest stands. They can also be used in push—pull
strategies where repellants are combined with attractants in
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order to divert beetles from high-value stands to traps or trap
trees (Fettig and Hilszczaniski 2015).

Because Polygraphus species in Sweden and Russia share
pheromone components, have overlapping flight periods
(Viklund et al. 2022; Viklund et al., unpublished results),
are partially sympatric, and share some host species, it is
likely a species-specific pheromone blend exists for each
species. Solid-phase microextraction has previously been
used together with gas chromatography and mass spectrom-
etry (SPME-GC-MS) to identify sex-specific compounds
emitted from P. poligraphus, P. punctifrons, P. subopacus
and P. proximus (Rahmani et al. 2015, 2019; Viklund et al.
2021, 2022). However, in P. poligraphus and P. punctifrons
only a few emitted compounds have been identified and it
seems likely that these do not constitute the complete aggre-
gation pheromones of these species. As our methods and
selection of GC-columns have been refined over the years,
we decided to conduct some additional studies on these
two species to try to identify additional sex-specific com-
pounds. For P. subopacus and P. punctifrons, we decided
to use SPME-GC-MS with electroantennographic detec-
tion (EAD) to further investigate the composition of their
pheromones and to search for compounds which P. poligra-
phus could detect and possibly be repelled by. Grandisol has
previously been identified as a male-specific volatile in both
P. punctifrons and P. subopacus and is a pheromone com-
ponent in other species of weevils (Bandeira et al. 2021).
As there are two enantiomers of grandisol, we also used
GC-MS/EAD with a chiral column to determine whether the
antennae from each Polygraphus species could detect both
enantiomers or just one, and whether there were any quanti-
tative differences in their responses. Electroantennography
(EAG) has previously been used to identify antennally active
sex-specific compounds in P. poligraphus and P. subopacus
(Viklund et al. 2019, 2022). Additional EAG studies, mainly
with P. punctifrons, were conducted as a complement to the
other studies and the results could be used to guide us in
compound selection for field experiments.

In summary, we herein present our current knowledge of
the chemical composition of the aggregation pheromones
of the four aforementioned Polygraphus bark beetles, as
determined by SPME-GC-MS studies, EAG studies, stud-
ies using SPME-GC-MS/EAD, GC-MS/EAD with a chiral
column and field studies. We also discuss the function of
sex-specific compounds in the pheromones of each species.

Methods and Materials

Origin of Insects and Stem Sections Used in Laboratory Stud-
ies Beetles were caught in the field in pheromone-baited
traps which were emptied weekly. For P. poligraphus, traps
were baited with 50 mg of (-)-(R)-terpinen-4-ol 50% ee

and 50 mg of rac-frontalin dissolved in 8 mL of n-nonane
and contained in a 12 mL glass vial with a drilled hole in
the lid. The compounds were allowed to evaporate through
a teflon tube (8 cmx 1.5 mm i.d.) lined with cotton yarn.
n-Nonane was used as solvent to control the evaporation
rate. The average evaporation rate measured in a fume hood
over 15 days (22-25 °C, air flow 0.5-0.6 m/s) was 0.75 mg/
day for each compound (Viklund et al. 2019). For P. punc-
tifrons, wick-baits were constructed in the same way but
loaded with 50 mg of rac-grandisol dissolved in 8§ mL of
n-nonane. Beetles were identified and sexed according to
the methods described by Lekander (1959) using a stereomi-
croscope with 14-90 X magnification. Live beetles were kept
in plastic jars with damp paper and holes in the lid in 8 °C
for 1-7 days before they were used for experiments. Stem
sections (diameter 10—15 cm, length 50-60 cm) were taken
from felled Norway spruce (Picea abies) and were stored
in a freezer (— 18 °C) for 1-3 months until they were used.

SPME-GC-MS/EAD Studies of P. punctifrons, P. poligraphus,
and P. subopacus Feeding on Stem Sections of Norway
Spruce In 2016 and 2018 we placed individual males and
females of P. poligraphus on stem sections of Norway spruce
(Picea abies). In 2021, we did the same thing but with P.
punctifrons. Volatiles were collected and analyzed with
SPME-GC-MS. Eppendorf tubes, with the bottom and lid
cut off, were pinned to the stem sections. One beetle was
introduced into each Eppendorf tube and the open end was
covered with aluminium foil. There were 12 Eppendorfs
pinned to each stem section and volatiles were sampled
3-7 days after the beetles had started boring into the bark.
The most active individuals, determined by the amount of
frass they produced, were chosen for SPME sampling. The
spruce tree background was sampled from an empty Eppen-
dorf tube where a hole (2.5 mm diameter) had been drilled
manually in the bark. Boring insects were sampled for 1 h
with a pink SPME fiber (65 pm polydimethylsiloxane/divi-
nylbenzene, 57,293-U, Supelco, Bellefonte, PA, USA) which
was introduced into the Eppendorf tube through the alu-
minium foil, and the collected volatiles were desorbed in
the GC inlet for 5 min (250 °C, splitless injection, flow rate
1 ml/min with helium as the mobile phase). Compounds
were separated on an HP5-MS column (30 mx0.25 mm i.d.,
0.25 pm film thickness; Agilent J&W Scientific, Folsom,
CA, USA) with a temperature program starting at 50 °C for
2 min, then increasing by 10 °C per min up to 250 °C, where
it was held for 5 min. The GC was a Hewlett-Packard 6890
N (Agilent Technologies, Santa Clara, CA, USA) equipped
with an HP 5973 mass spectrometer (MS) operating in elec-
tron impact (EI 70 eV) ionisation mode. Transfer line was
set to 250 °C. Raw MS data was analyzed using the Work-
station 7.0.0 (Agilent) software. Compounds were initially
identified by comparing their mass spectra with the NIST 14
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library followed by final identification when comparing the
mass spectra and the retention times with those of synthetic
references (Viklund et al. 2021, 2022).

In 2021, males of P. subopacus and P. punctifrons were
sampled with SPME as described above, but with a collec-
tion time of 30 min and the collections were now analyzed
with GC-MS/EAD. The collected volatiles were tested for
activity on the antennae of the same species and also on
antennae of P. poligraphus, to identify compounds the lat-
ter species could detect and possibly be repelled by. The
antenna responses were recorded with glass electrodes filled
with Beadle-Ephrussi Ringer Solution (Ephrussi and Bea-
dle 1936). The probe, micro manipulators, Probe Amp and
CS-55 stimulus controller were all from Ockenfels SYN-
TECH GmbH, Buchenbach, Germany. The signal from the
probe was connected through the Probe Amp to an Agilent
7890B GC (Agilent Technologies, Santa Clara, CA, USA)
equipped with an Agilent 5977B mass spectrometer (MS).
The MS was operating in electron impact (EI 70 eV) ionisa-
tion mode using helium as mobile phase (flow rate 1 mL/
min), with the inlet set to 250 °C. The MS transfer line was
set to 250 °C and the EAD transfer line to 200 °C. An HP-
SMS column (30 m X 0.25 mm i.d., 0.25 pum film thickness;
Agilent J&W Scientific, Folsom, CA, USA) was used, with
a temperature program starting at 50 °C and increasing by
20 °C per min up to 250 °C. The collected volatiles on
the SPME fiber were desorbed for 5 min in the inlet, with
a split setting of 1:20. The raw data was analyzed using
Agilent ChemStation software. The reference electrode
was connected to the decapitated head of the insect and
the recording electrode to the tip of one of the antennae. A
constant flow of humified air (50 mL/min) was applied 1 cm
above the antenna. 10 pl of a control substance (the main
pheromone component of the species, diluted in n-hexane to
100 ng/pl) was applied to a piece of 00A grade filter paper
(1 cm?) that was folded and inserted to a Pasteur pipette.
The pipette tip was inserted into the stream of humified
air from the stimulus controller and a short air puff (0.5 s)
through the pipette delivered the substance to the antenna.
This was done at the start and end of each run to monitor
the condition of the antenna. There was a 3.5 s time lag
between the MS signal (TIC) and the antenna response.
The signals were edited in OpenChrom (Lablicate GmbH)
where the time difference was adjusted and the signal from
the antennae was inverted, making Fig. 3-7 easier to read
and interpret.

GC-MS/EAD Using a Chiral Column Antennal responses were
recorded in the same way as described above, but using a
different GC column. A Beta DEX™ 225 chiral column
(30 mx0.25 mm i.d. and 0.25 pm film thickness, Supelco,
Bellefonte, PA, USA) was used, with a temperature pro-
gram starting at 50 °C and increasing by 2 °C per min up to
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130 °C. We injected 1 pl of a standard solution of racemic
grandisol (100 ng/ul) in splitless mode. Due to the long anal-
ysis time and the short lifespan of the antenna after decapita-
tion, the head was mounted 8§—10 min before the grandisol
peaks eluted.

EAG Studies of P. poligraphus, P. punctifrons and P. subopa-
cus Several compounds were tested for antennal response of
P. punctifrons males and females (Table 1). We also deter-
mined responses of P. poligraphus and P. subopacus anten-
nae to compounds that had not previously been tested by
Viklund et al (2019, 2021). P. proximus is classified as a quar-
antine species in the European Union (De la Pefia et al. 2020)
and thus could not be brought into Sweden for EAG studies.
Antennal responses were recorded with the same equipment
as we used for our EAD studies. The compounds to be tested
were diluted in n-hexane to concentrations of 100 ng/ul. 10 pl
of each test solution was applied to a 00A grade filter paper
(1 cm?) that was folded and inserted to a Pasteur pipette. The
filter paper was dried for at least 5 min before the experiment
started. The pipette was inserted to the stream of humified air
from the stimulus controller and a short air puff through the
pipette delivered the substance to the antenna. n-Hexane was
used as a blank and (Z)-DMCHE, rac-grandisol or (-)-(R)-
terpinen-4-ol were used as a control of the response of the
antenna. All compounds could not be tested on all species
with EAG, due to the availability of insects and compounds
as well as difficulties in measuring antennal responses for
some individuals, in particular for P. punctifrons.

Chemicals (-)-(R)-Terpinen-4-ol (50% ee) was purchased
from TCI (Portland, OR, USA) and rac-frontalin was from
Synergy Semiochemicals Corp (Burnaby, BC, Canada). (2)-
and (E)—2-(3,3-dimethylcyclohexylidene)-ethanol [(Z)- and
(E)-DMCHE; Grandlure II and (E)-isomer of Grandlure II],
racemic grandisol (Grandlure I) and a 1:1 mixture of (Z)-
and (E)-2-(3,3-dimethylcyclohexylidene)-acetaldehyde [(Z)-
and (E)-DMCHA; Grandlure III and IV] were from Bedouk-
ian Research (Danbury, CT, USA). Geraniol was bought
from Acros Organics (Geel, Belgium) whereas benzalde-
hyde, benzyl alcohol and 2-phenylethanol were purchased
from Sigma-Aldrich (Schnelldorf, Germany). n-Nonane 99%
was bought from Alfa Aesar (Heysham, Lancashire, UK).
(-)-(R)-Terpinen-4-ol (99% ee) was purified by recrystal-
lization of its 3,5-dinitrobenzoyl derivative, according to
a method described previously (Viklund et al 2019). (2)-
and (E)-DMCHA were separated by flash chromatography
using methods described by Viklund et al. (2022). Papayanol
was synthesized in our laboratory from racemic grandisol
according to the method described by Zarbin et al. (2010).
Grandisyl acetate and fragranyl acetate in a ratio of 70:30
were also synthesized at our laboratory (see details in the
Supplementary Information).
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Field Trapping Studies to Investigate Chemical Communica-
tion Interactions Between the Species Ficld studies were
conducted in 2017-2018 to investigate pheromone-mediated
interactions among the Polygraphus species in Sweden. All
experiments were conducted in spruce dominated forests at
locations around Sundsvall in central Sweden. GPS coordi-
nates of these locations can be found in the Supplementary
Information, Table S1. Additional field experiments were
conducted in 2019-2021 to further investigate the phero-
mone of P. subopacus and P. poligraphus. These experi-
ments are described in the Supplementary Information.

“Wick-baits” were used as dispensers. 12.5 mg of a test
compound was dissolved in 4 mL of n-nonane in a 4 mL
glass vial, from which it was allowed to evaporate through
a teflon tube (6 cm X 1.5 mm i.d.) lined with cotton yarn
and inserted through a drilled hole in the lid of the vial
(Birgersson et al. 2012; Viklund et al. 2021). The expected
release rate, based on previous studies with compounds of
similar molecular weights in a fume hood at the laboratory
(22-25 °C, air flow 0.5-0.6 m/s) was 0.46 mg/day (Viklund
et al. 2019).

Traps were set up along lines (replicates) with 30 m
between the traps and 50 m between the lines. All traps
were positioned at least 20 m into the forest. Black Ecotraps
(Fytofarm Ltd., Bratislava, Slovak Republic) were used with
collection jars for dry catches of living insects, and dispens-
ers were hung just above the collection jars. The dispens-
ers were in this way positioned around 80-90 cm above the
ground. Treatments were randomly assigned to their posi-
tions within each replicate line in a randomized complete
block design. In the 2017 experiment, traps were emptied
once per week and treatments were not rotated among posi-
tions within each line. In the 2018 experiment, traps were
checked and emptied twice per week and treatments rotated
among trap positions within lines each time. Captured bee-
tles were stored in a freezer (— 18 °C) until the insects could
be counted and identified. Due to the large numbers of bee-
tles collected in 2017, all Polygraphus beetles were counted
but only a subsample of 50 individuals per trap per week
was processed to determine species and sex. In the 2018
field experiment all specimens of Polygraphus were counted
and identified to species and sex. Species identification and
sex determination were done using a stereomicroscope with
14-90 x magnification, according to the methods described
by Lekander (1959).

In 2017, we tested five treatments: (1) (Z)-DMCHE, (2)
rac-grandisol, (3) (—)-(R)-terpinen-4-ol (99% ee), (4) (Z)-
DMCHE combined with (=)-(R)-terpinen-4-ol (99% ee) and
(5) (2)-DMCHE combined with rac-grandisol. Treatments
were replicated 10X in randomized complete blocks with
a different location for each block. The field experiment
was conducted from 29 June until 8 August 2017 but due
to the large number of beetles collected in some locations

we stopped collecting beetles after: 1 week at one loca-
tion, 2 weeks at four locations, 4 weeks at one location and
5 weeks at another location. Three locations were excluded
from the analysis due to missing data. Thus, data from seven
blocks were used in the analysis.

In 2018, we tested four treatments: (1) rac-grandisol, (2)
(-)-(R)-terpinen-4-ol (99% ee), (3) rac-grandisol in com-
bination with (-)-(R)-terpinen-4-ol (99% ee) and (4) con-
trol (n-nonane) to confirm previous results that indicated
the combination of both compounds increased catches of
P. punctifrons and P. poligraphus compared to either com-
pound by itself (Rahmani et al. 2019). Treatments were rep-
licated in three lines at one site. The traps were emptied
twice per week and treatments rotated among positions each
time. The field experiment was conducted from 2 August
until 7 September 2018.

Statistical Analysis All statistical analysis was conducted in
R Studio (v.2024.09.0 + 375). The number of beetles caught
in traps with different treatments were analysed using gener-
alized linear mixed-effects models (GLMMs, package glm-
mTMB, Brooks et al. 2017). Treatments were designated
as fixed effect while blocks (in 2017) and date of emtpy-
ing (in 2017 and 2018) were designated as random effects
to account for pseudo-replicated sampling design. Blocks
were not included in the 2018 models since all replicates
were at the same location. Separate models were created
for P. poligraphus, P. punctifrons and P. subopacus. The
baseline treatment was set to: (—)-(R)-terpinen-4-ol (99%
ee) for P. poligraphus, rac-grandisol for P. punctifrons
and (Z)-DMCHE for P. subopacus. These compounds are
known attractants for each of the three species, and the mod-
els could thus be used to compare if other treatments were
more or less attractive.

The models were fit using negative binomial error distri-
bution to improve the model fit and compliance with resid-
ual diagnostics (compared to the Poisson distribution). The
model assumptions were tested with quantile residual plots,
dispersion and zero-inflation tests (package DHARMa, Har-
tig 2024). The models were further compared using Akaike
Information Criterion (AIC). The model for P. subopacus
(but not the other species) showed evidence of zero-inflation
(P=0.008). Fitting a zero-inflated model for P. subopacus
solved the problem and resulted in a slightly better fit (lower
AIC value).

Estimated marginal means (the predicted mean for each
treatment group adjusted for random effects) were derived
from the model coefficients (emmeans package, Lenth 2024)
and are presented in Tables 2-3 with 95% confidence inter-
vals. In some cases, the models could not properly estimate
parameters for specific treatment groups due to a lack of
variability within these groups (i.e. non-attractive treatments
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with all-zero trap catches). In these cases, results were inter-
preted qualitatively and no confidence intervals are given for
these treatment groups in the tables.

Results

Newly Identified Compounds Emitted by P. punctifrons The
SPME-GC-MS studies of P. punctifrons resulted in the
identification of some new compounds which had previ-
ously not been found to be emitted by this species (Table 1).
Unless otherwise indicated, identifications were made by
matches of mass spectra and retention times with commer-
cially-obtained or laboratory-synthesized standards. Three
females and five males of P. punctifrons started boring into
the bark. Several male-specific compounds were identified
in addition to the two compounds which have previously
been reported, (+)-(/R,2S)-grandisol and (-)-(R)-terpinen-
4-ol (Rahmani et al. 2019). The novel compounds were fra-
granol, geraniol, two isomers of papayanol, grandisyl acetate
and a compound which was not identified (Fig. 1). Benzyl
alcohol and bezaldehyde were also found to be emitted by
P. punctifrons males. The stereochemistry of the papayanol
isomers and grandisyl acetate were not determined. All these
compounds were seen emitted from at least three males and
not from any of the females or from the background samples
collected from manually drilled holes in the spruce bark.
Terpinen-4-ol was present in SPME samples from males
as previously shown (Rahmani et al. 2019) although in this
study, it was also seen in small amounts in samples from the
background and consequently also from the females. The
amount of terpinen-4-ol was many times larger in samples
from the males based on GC peak areas. Another compound

N tg___\,_,u s

which generated a larger GC peak in SPME samples from
males compared to females was a-terpineol, although the
difference was not as large as for terpinen-4-ol.

For P. poligraphus, only two males and one female started
boring into the bark. 2-phenyl ethanol, benzyl alcohol and
benzaldehyde were observed from the males in addition to
compounds which have previously been identified from P. pol-
igraphus. However we could not really confirm whether these
compounds were sex-specific since the replicates were too few.

Unidentified Compounds in P. punctifrons and P. subopa-
cus The male-specific GC peak at retention time 11.86 min
(Fig. 1) which was observed in SPME collections from P.
punctifrons, could not be identified as there were no sugges-
tions from the MS library which seemed plausible. The mass
spectrum of this compound can be seen in Fig. 2, together
with the two unidentified compounds which were found pre-
viously in P. subopacus (Viklund et al. 2021).

SPME-GC-MS/EAD Analyses A representative chromato-
gram and EAD response from P. subopacus is shown in
Fig. 3. P. subopacus responded to the insect-produced gran-
disol, (Z)-DMCHE and a host tree compound with a mass
spectrum similar to longicyclene according to the NIST 14
MS library.

Antennae of P. punctifrons exposed to SPME collections
were also investigated in SPME-GC-MS/EAD analyses,
although this species was difficult to analyze since the EAD
baseline was somewhat noisy and unstable. However, in
some individuals, antennal responses to the insect-specific
(+)-(IR,2S)-grandisol, the main pheromone compound,
could be seen (Fig. 4).
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Fig.1 Chromatograms showing a) a representative P. punctifrons
male, b) a representative P. punctifrons female, c) a synthetic refer-
ence of geraniol, d) a synthetic reference containing two diastereom-
ers of papayanol and e) a synthetic reference of grandisyl acetate and
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fragranyl acetate, at a ratio of 70:30. Insects were sampled for 1 h
with a pink SPME fiber. The dotted lines represent (from left): gran-
disol, fragranol, geraniol, two isomers of papayanol, grandisyl acetate
and a compound which was not identified
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Fig.2 Unidentified compounds in P. subopacus (Unknown 1 and 2 with retention times 6.72 min and 6.74 min) and P. punctifrons (Unknown 3
with retention time 11.86 min). The GC program was 50(2)—10—250(5) and the column was an HP5-MS
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Fig.3 GC-EAD analysis: the SPME sampling of a P. subopacus male
boring into the bark of a Norway spruce (TIC, upper trace) and the
response from a P. subopacus female antenna (lower trace). Antennal
stimulants were grandisol (1), (Z)-DMCHE (2), and a host tree com-

pound (3) longicyclene, according to the NIST14 MS library. Grandi-
sol and (Z)-DMCHE are produced by males of P. subopacus (Viklund
et al. 2021) and longicyclene is a known volatile of Norway spruce
(Wajs et al. 2007)

Fig.4 GC-EAD analysis: the
SPME sampling from a P.
punctifrons male boring into
the bark of a Norway spruce
(TIC, upper trace) and the
response from a P. puncifrons
male antenna (lower trace). The
antenna responded to the male-
specific compound (+)-(/R,2S5)-
grandisol (1)
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Fig.5 GC-EAD analysis: the
SPME sampling of a P. subopa-
cus male boring into the bark of
a Norway spruce (TIC, upper
trace) and the response from

a P. poligraphus male antenna
(lower trace). The antenna
responded to the male-specific
compounds grandisol (1), (Z)-
DMCHE (3) and in some cases, |
fragranol (2) / |I f’\
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Fig.6 GC-EAD analysis: the
SPME sampling of a P. puncti-
frons male boring into the bark
of a Norway spruce (TIC, upper
trace) and the response from a
P. poligraphus female antenna
(lower trace). The antenna
responded to (-)-(R)-terpinen-
4-o0l (1), a-terpineol (2) and

()-(1R,28)-grandisol (3) | A e
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When P. poligraphus antennae were tested with SPME
collections from P. subopacus males boring into a Norway
spruce stem, responses could be seen for the male-specific
compounds grandisol, (Z)-DMCHE, and in some cases,
fragranol (Fig. 5). The antennal response to grandisol was
nearly as strong as the response to (Z)-DMCHE, although
the latter appeared to be present in much larger quantities in
the SPME sample, based on GC peak areas (TIC). P. poligra-
phus antennae were also tested with SPME collections from
P. punctifrons males, where they responded to the male-
specific compounds (-)-(R)-terpinen-4-ol, (+)-(/R,2S)-
grandisol and the host tree compound a-terpineol (Fig. 6).

GC-MS/EAD Analyses Using a Chiral Column Good qual-
ity responses were obtained from one male and four

@ Springer

females of P. poligraphus, two males and four females
of P. punctifrons and two females of P. subopacus. Rep-
resentative chromatograms and GC-EAD responses are
shown in Fig. 7. All three species responded to both
enantiomers of grandisol. In P. poligraphus, the response
was equally strong for both enantiomers, whereas in P.
punctifrons and P. subopacus, the antenna response was
strongest for the first eluting enantiomer. According to
previous studies, the enantiomer which elutes first on a
Beta DEX™ 225 column is the (-)-(/S,2R)-enantiomer
(Rahmani et al. 2019).

Sex-Specific Compounds Emitted from Swedish Polygra-
phus Species and Russian P. proximus Compounds which
have been identified in P. poligraphus, P. punctifrons, P.



Journal of Chemical Ecology (2025) 51:25

Page9of14 25

Fig.7 GC-EAD analyses of racemic grandisol (TIC, upper trace) with responses from female Polygraphus spp. antenna (lower trace). A: P. pol-

igraphus, B: P. punctifrons, C: P. subopacus

subopacus and P. proximus are summarized in Table 1,
along with the EAG response for each species (if available).

Field Studies to Investigate Semiochemical Interactions
Between the Species In 2017 (Table 2), traps baited with
rac-grandisol caught 100% P. punctifrons and traps baited
with (-)-(R)-terpinen-4-ol caught 100% P. poligraphus,
which reflects previous studies (Rahmani et al. 2019;
Viklund et al. 2019). However, traps baited with (Z)-
DMCHE were not species-specific as the catches consisted
of both P. subopacus (91%) and P. poligraphus (9%). This
also reflects previous results (Viklund et al. 2021). For all
three species, the baseline treatment significantly influenced
beetle catches (P <0.001). For P. punctifrons, the addition
of (Z)-DMCHE to rac-grandisol resulted in significantly
lower trap catches when compared to rac-grandisol alone
(P <0.001). In fact, (Z)-DMCHE reduced trap catches of
P. punctifrons to near-zero and thus acted as a repellant for
P. punctifrons (Table 2). For P. poligraphus, the addition of
(Z)-DMCHE to (-)-(R)-terpinen-4-ol increased trap catches
significantly (P <0.001). For P. subopacus, the addition of
rac-grandisol to (Z)-DMCHE reduced trap catches signifi-
cantly (P=0.007) while the addition of (-)-(R)-terpinen-4-ol
did not significantly affect the trap catches.

In 2018 (Table 3), the results from previous studies
(Rahmani et al. 2019) could be confirmed, since the com-
bination rac-grandisol and (-)-terpinen-4-ol (99% ee)
increased the trap catches of P. punctifrons compared to
rac-grandisol alone (P <0,001). The combination was also
more attractive to P. poligraphus than (-)-terpinen-4-ol
(99% ee) alone (P <0.001).

Discussion

Our novel SPME-GC-MS studies of P. punctifrons
revealed male-specific compounds which have previously
not been reported. These were benzaldehyde, benzyl alco-
hol, fragranol, geraniol, grandisyl acetate, two isomers of
papayanol and an unidentified compound. SPME samples
from P. punctifrons males also reveled that a-terpineol
generated a larger GC peak compared to samples from the
background or the females. Novel SPME-GC-MS studies
of P. poligraphus revealed 2-phenyl ethanol and benzyl
alcohol in the emissions from two males.

To evaluate the bioactivity of male-specific com-
pounds emitted by P. subopacus and P. punctifrons,
SPME-GC-MS/EAD was used and revealed antenna
responses to grandisol, fragranol, (Z)-DMCHE, and (R)-
(-)-terpinen-4-ol. However, (E)-DMCHE and (Z)-DMCHE
coeluted for the GC-column and temperature program
used. Two host tree compounds, a-terpineol and longicy-
clene based on their mass spectra, also produced responses
from the antennae of P. poligraphus and P. subopacus
respectively. As the response to grandisol was particularly
strong in all three Polygraphus species, GC—-MS/EAD with
a chiral column was performed and we could show that
all three species were able to detect both enantiomers of
grandisol.

EAG studies of P. poligraphus and P. subopacus were
used to further assess the bioactivity of male-specific com-
pounds and the results gave that the antenna of these species
could not detect geraniol, geranial, 3-methyl-3-buten-1-ol,
3-methyl-2-buten-1-ol and 3-methyl-2-butenal, which are
male-specific compounds emitted by P. subopacus and/or P.

@ Springer



25 Page 10 of 14 Journal of Chemical Ecology (2025) 51:25

Table 1 Compounds identified from volatiles emitted by P. poligra- sent in females. EAG responses: 0 =none, X =weak, XX =strong,—
phus, P. punctifrons, P. subopacus and P. proximus colonising stem Not determined. 0/X, X/XX =response varies. *Denotes data which
sections, together with EAG responses to these compounds if avail- has been reported previously (Viklund et al. 2019, 2021, 2022)

able. M =present in males. F=present in females/(F)=possibly pre-

Sex-specific compounds EAG response

P. poligraphus  P. punctifrons  P. subopacus  P. proximus  P. poligraphus  P. punctifrons  P. subopacus

3-Methyl-3-buten-1-ol M* M* 0* - 0*
3-Methyl-2-buten-1-ol M* M* 0 - 0*
3-Methyl-2-butenal M* M* 0 0 0*
1-Hexanol F* 0* - X*
Unknown 1 M* - - -
Unknown 2 M* - - -
Benzaldehyde Mf(F) M M(F)* MF* - - 0*
Benzyl alcohol Mmf M M* M* - - 0/X*
2-Phenyl ethanol Mmf X - -
(-)-(R)-Terpinen-4-ol M* M#* XX* X X
(+)-(S)-Terpinen-4-ol M* XX* X X
cis-Sabinene hydrate M?* - - -
trans-Sabinene hydrate ~ M™* 0/Xe* - 0°
Grandisol M* M* X/XX¢ XX¢ XXe*
Fragranol M? M?* M?* (e X¢ 0/X°*
vy -Isogeraniol M#* M* - - 0*
(2)-DMCHE M* M* X XXX XX*
(E)-DMCHE M* 0 XXX X/IXX*
Geraniol M M* 0 0 0*
(2)-DMCHA M* M* X - 0/X*
(E)-DMCHA M* M* 07X - X*
Geranial M* M#* o¢ 0¢ 0ds
Papayanol M M - - -
Grandisyl acetate M? - - -
Unknown 3 M - - -

2 The chirality of the insect-specific compound was not determined. ® Two isomers of papayanol were seen in P. punctifrons, whereas only one
could be seen in P. proximus. € Racemic compounds were used in the EAG analyses. ¢ Citral was used for the EAG analysis. © (+)-trans-sabinene
hydrate was used in the EAG analysis. f Based on two male individuals only

Table 2 Results from the field study in 2017 that investigated semiochemical interactions among the Polygraphus species in Sweden

Treatment Total number of  Species in subsample Estimated number of insects
Polygraphus (50 individuals) Mean per trap per week, (95% CI)

P. punctifrons P. poligraphus P. subopacus

Racemic grandisol 9622 100% P. punctifrons 373 (156,890) O 0
(-)-Terpinen-4-ol (99% ee) 3722 100% P. poligraphus 0(0,0) 197 (114, 338) 0
(Z)-DMCHE 1786 91% P. subopacus, 9% P. poligraphus 0 (0, 0) 8 (5,14) 67 (39, 114)
Racemic grandisol 1032 79% P. subopacus, 16% P. poligraphus, 2 (1, 5) 8(4,14) 33 (19, 57)
+(2)-DMCHE 6% P. punctifrons

(-)-Terpinen-4-ol (99% ee) 14,263 94% P. poligraphus, 6% P. subopacus 0 744 (444, 1246) 39 (23, 68)
+(Z2)-DMCHE

This study was conducted from 29 June until 8 August 2017. There were seven blocks in the experiment. For each treatment, the estimated mar-
ginal mean per trap per week (adjusted for random effects) is shown with a 95% confidence interval (95% CI)
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Table 3 Results from the field study in 2018, aimed at investigating interactions between pheromone components of P. punctifrons and P. pol-

igraphus

Treatment Total number of beetles

Mean per trap per rotation, (95% CI)

P. punctifrons P. poligraphus

P. subopacus P. punctifrons P. poligraphus P. subopacus

Racemic grandisol 1455 2
(-)-Terpinen-4-ol (99% ee) 0 950
Racemic grandisol 2649 3148
+ (—)-terpinen-4-ol (99% ee)

Control (n-nonane) 0 3

0 19 (7, 56) 0(0,0) 0
0 0 20 (8, 46) 0
0 41 (14, 120) 73 (32, 169) 0
0 0 0(0,0) 0

This study was conducted from 2 August until 7 September 2018. Traps were emptied and rotated twice per week. There were three replicates of
each treatment and all traps were at the same location. For each treatment, the estimated marginal mean per trap per rotation (adjusted for ran-

dom effects) is shown with a 95% confidence interval (95% CI)

proximus. P. punctifrons antennae could not detect geraniol,
geranial and 3-methyl-2-butenal however, this species was
also the most difficult to conduct EAG and EAD studies
on. These compounds could thus be excluded from further
studies, as they were considered not to be bioactive in the
Polygraphus species which are present in Sweden. Benzyl
alcohol and benzaldehyde were seen in emissions from
all four Polygraphus species investigated in this work and
previous work (Viklund et al. 2022, 2021), and were thus
considered to not play a role in the species-specificity of
their aggregation pheromones. Benzaldehyde is known as
a host tree volatile in Norway spruce (Wajs et al. 2007) and
benzyl alcohol may be emitted by bark-beetle related fungi
(Kandasamy et al. 2016). Polygraphus spp. have been asso-
ciated with several species of fungi (Pashenova et al. 2018;
Jankowiak et al 2014; Rollins et al. 2001; Krokene & Sol-
heim 1996; Baranchikov et al. 2017). It has been suggested
that geraniol and also y-isogeraniol (which was seen in emis-
sions from P. proximus and to some extent also from P. sub-
opacus males) are biosynthetic precursors of (Z)-DMCHE,
(E)-DMCHE and grandisol (Byers et al. 2013; Thompson
and Mitlin 1979).

All three Swedish species could, however, detect grandi-
sol, fragranol, the enantiomers of terpinen-4-ol and one or
both stereoisomers of DMCHE. Both DMCHA stereoiso-
mers could be detected by the two species which they were
tested on, ie P. poligraphus and P. subopacus. Additionally,
P. subopacus could detect 1-hexanol and P. poligraphus
could detect 2-phenyl ethanol. Thus, all these compounds
were candidates for use in field studies. Stereoisomers of
DMCHE and DMCHA as well as grandisol are known to be
pheromone components in many other species of weevils
(Ambrogi et al. 2012; Booth et al. 1983; Byers et al. 2013;
Hedin et al. 1997; Hibbard and Webster 1993; Innocenzi
et al. 2001; Marques et al. 2011; Rodriguez-Saona et al.
2020; Szendrei et al. 2011).

A major finding of our field trapping studies was that
(Z)-DMCHE repels P. punctifrons from traps baited with

racemic grandisol. This may explain why P. punctifrons is
not attracted by the aggregation pheromone of P. subopacus,
although males of both species emit grandisol. For P. sub-
opacus, no species-specific lure composition could be found,
although several male-specific compounds and combinations
of compounds were tested in field studies (Supplementary
Information, Tables S2—-S4). All the combinations which
were attractive to P. subopacus were also attractive to P.
poligraphus. There still might be an unidentified compound
in P. subopacus’ aggregation pheromone which would repel
P. poligraphus, making the aggregation pheromone of P.
subopacus species-specific, but this needs to be investigated
further. The low chemical stability of (Z)- and (E)-DMCHA
(Henson et al. 1976) caused these aldehydes to degrade
quickly in our field study in 2020, making the results some-
what questionable. However, in 2021, the two aldehydes
still did not affect the by-catch of P. poligraphus in the field
despite addition of BHT as a stabilizer. For P. poligraphus,
the only compounds which increased the attraction of the
aggregation pheromone (—)-(R)-terpinen-4-ol were unex-
pectedly found to be (Z)-DMCHE and grandisol — the main
pheromone components of P. subopacus and P. punctifrons
respectively. 1-Hexanol, which is emitted by P. proximus
females, also increased trap catches of P. poligraphus in our
2019 field study. However, considering the overall small trap
catches in 2019 together with the fact that P. poligraphus
could not detect 1-hexanol in EAG studies, these results
should be interpreted with caution.

When analysing males of P. punctifrons, we registered
(-)-(R)-terpinen-4-ol as well as (+)-(/R,2S)-grandisol, but
these two compounds in combination are also attractive to P.
poligraphus. (-)-(R)-terpinen-4-ol is a host tree compound
which we could see in small amounts in SPME samples
from the spruce tree background and from boring P. puncti-
frons females. However we identified much higher amounts
from boring P. punctifrons males based on GC peak area
and this leads to that (—)-(R)-terpinen-4-ol is indeed pro-
duced by the males. As the combination of rac-grandisol and
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(-)-(R)-terpinen-4-ol is attractive to both P. punctifrons and
P. poligraphus, we hypothesize that an additional compound
is required to make the aggregation pheromone of P. puncti-
frons species-specific. In light of our new SPME-GC-MS/
EAD studies, the results indicate that this compound may
be a-terpineol. a-Terpineol is, like (-)-(R)-terpinen-4-ol,
present in small amounts in the spruce background (Wajs
et al. 2007) but in larger amounts in our SPME samples from
males of P. punctifrons. We know from previous studies that
a-terpineol is a repellant for P. poligraphus (Viklund et al.
2019). Different Polygraphus species are occasionally found
on the same host and whether cross-attraction between spe-
cies is present in the Polygraphus genus may be investigated
in future studies.

P. proximus was not directly included in this work;
however, we hypothesize that there should be a compound
emitted by P. proximus which would repel P. subopacus
as (Z)-DMCHE is the main component of the aggregation
pheromone of both species. 1-Hexanol which is emitted by
females of P. proximus did not repel P. subopacus in the
field (Supplementary Information, Table S2). It is possible
that papayanol is a repellent for both P. poligraphus and
P. subopacus, which may prevent the attraction of these
species to the aggregation pheromone of P. proximus and
perhaps P. punctifrons. Unfortunately, we were not able to
test papayanol on EAG or in field studies. It is also possible
that the stereochemistry of papayanol, fragranol and gran-
disol differ between the Polygraphus species. Investigating
the stereochemistry of these compounds would thus be an
interesting objective for future studies. Efforts should also
be made to identify the three unidentified compounds in P.
subopacus and P. punctifrons. However, the lack of antennal
response during SPME-GC-MS/EAD studies at the GC-
retention time of these compounds may indicate that they
are not biologically active. Although P. poligraphus and P.
subopacus could not detect 3-methyl-2-buten-1-ol in EAG
studies, P. proximus likely can sense it as they were attracted
to it in previous field studies (Viklund et al. 2022). In the
related species Polygraphus rufipennis, a similar compound,
3-methyl-3-buten-1-ol has been identified as an aggregation
pheromone (Bowers et al. 1991).

In conclusion, species-specific pheromone baits exist for
P. poligraphus and P. punctifrons, as (-)-(R)-terpinen-4-ol
catches P. poligraphus and racemic grandisol catches P.
punctifrons. Since there are other male-specific compounds
present in the volatiles emitted from these two species
and as aggregation pheromones rarely consist of only one
compound, it is likely that these pheromone baits can be
made more effective. For P. subopacus, no species-specific
pheromone blend has yet been developed, despite the sev-
eral field studies in this paper and its Supplementary Infor-
mation, as well as in previous work (Viklund et al. 2021,
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2022). The large number of male-specific compounds
which have been identifed in this species contribute to
the complexity of this problem. In Siberia, a blend of (Z)-
DMCHE and (E)-DMCHE in a ratio of 10:1 can be used to
catch P. subopacus specifically (Viklund et al. 2022) but if
this blend is used in traps in Sweden, P. poligraphus is also
caught in the traps. For P. proximus, the composition of
its aggregation pheromone has not been completely deter-
mined. (Z)-DMCHE appears to be the major pheromone
component, but baiting traps with this compound alone
results in large by-catches of P. subopacus. 3-Methyl-2-
buten-1-ol appears to attract P. proximus specifically, but
if it is combined with (Z2)-DMCHE, P. subopacus is also
caught in the traps (Viklund et al. 2022). In the light of
our new SPME-GC-MS, EAG and SPME-GC-MS/EAD
studies, we believe that the key to species-specificity of
the aggregation pheromones in P. subopacus and P. proxi-
mus may involve papayanol, fragranol or grandisol. In that
case, the stereochemistry of these compounds needs to be
considered as different enantiomers may be used by dif-
ferent species.
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tary material available at https://doi.org/10.1007/s10886-025-01577-3.
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