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Abstract The pine weevil Hylobius abietis (L.) is a severe
pest of conifer seedlings in reforested areas of Europe and
Asia. To identify minimally toxic and ecologically sustain-
able compounds for protecting newly planted seedlings, we
evaluated the volatile metabolites produced by microbes
isolated from H. abietis feces and frass. Female weevils
deposit feces and chew bark at oviposition sites, presumably
thus protecting eggs from feeding conspecifics. We hypoth-
esize that microbes present in feces/frass are responsible for
producing compounds that deter weevils. Here, we describe
the isolation of a fungus from feces and frass of H. abietis
and the biological activity of its volatile metabolites. The
fungus was identified by morphological and molecular
methods as Penicillium expansum Link ex. Thom. It was
cultured on sterilized H. abietis frass medium in glass flasks,
and volatiles were collected by SPME and analyzed by GC-
MS. The major volatiles of the fungus were styrene and
3-methylanisole. The nutrient conditions for maximum

production of styrene and 3-methylanisole were exam-
ined. Large quantities of styrene were produced when
the fungus was cultured on grated pine bark with yeast
extract. In a multi-choice arena test, styrene significantly
reduced male and female pine weevils’ attraction to cut
pieces of Scots pine twigs, whereas 3-methylanisole
only reduced male weevil attraction to pine twigs. These
studies suggest that metabolites produced by microbes may
be useful as compounds for controlling insects, and could
serve as sustainable alternatives to synthetic insecticides.

Keywords Penicillium expansum .Hylobius . Styrene .

3-Methylanisole . Frass . Feces . Fungal volatiles . “Green”
chemistry

Introduction

Adult pine weevils, Hylobius abietis (L.), feed on the tender
bark of a wide range of conifers. Small plants are the
preferred host in reforested areas of managed forests (Day
et al., 2004), and weevils can kill up to 80 % of planted pine
and spruce seedlings every year if no preventive measures
are taken (Petersson and Örlander, 2003). Seedlings are
protected routinely by insecticide treatment before planting,
but insecticides may contaminate soil and water and may
thus have significant adverse effects on the environment
(Peshin et al., 2009). Non-targeted organisms also may be
affected, leading to ecological disturbance. In addition, there
is a concern that insecticide-treated seedlings may affect the
health of forestry workers (Kolmodin-Hedman et al., 1995).
It is necessary to develop alternative methods of controlling
pest insects using naturally occurring and sustainable insect
repellents and anti-feedants. At present, plants are the major
source of such chemicals, but microbes including fungi and
bacteria also produce a variety of insect repellents (Daisy et
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al., 2002; Dong et al., 2007; Sun et al., 2008; Lam et al.,
2010) such as avermectin, a macrocyclic lactone isolated
from a bacterial fermentation broth that has been success-
fully used for pest control (Hotson, 1982).

We are interested in finding sustainable and ecologically
non-disruptive methods to limit pine weevil damage on
newly planted seedlings. Observations of oviposition and
egg-protecting behavior of pine weevil females reveal that
they lay their eggs in the roots of fresh conifer stumps. A
cavity is gnawed in the bark and an egg is deposited in the
cavity. After this, the female adds her feces and closes the
cavity using fresh pieces of chewed bark. It has been sug-
gested that the deposition of feces protects the eggs from
conspecific feeding (Borg-Karlson et al., 2006). Although
the function of added feces is not fully understood, it has
been shown that compounds present in feces (e.g., methyl-
anisole, p-cresol, and dihydroconiferylalcohol) have an anti-
feedant effect on pine weevils (Borg-Karlson et al., 2006).
Structure–activity studies have identified a large number of
potent antifeedants, mainly derivatives of benzoic acid
methyl esters, and various phenylpropanoids and phenyl-
propenyl esters (Legrand et al., 2004; Unelius et al., 2006;
Sunnerheim et al., 2007; Bohman et al., 2008).

Our hypothesis is that compounds responsible for anti-
feedant and repellent effects on pine weevils originate from
microbes present in frass and feces of ovipositing females.
These microbes grow in the humid environment around the
eggs and produce compounds that repel weevils continu-
ously. A similar observation also has been made by Lam et
al. in 2010: the volatiles produced by a fungus growing on
chicken feces were found to repel domestic house files and
decrease their oviposition rate. Identification of insect-
controlling chemicals produced by microbes and a clear
understanding of how these natural products function may
lead to the development of alternatives to insecticides.

We describe the isolation and identification of the fun-
gus Penicillium expansum Link ex. Thom associated with
pine weevil frass and feces. The fungus was cultured on
its natural medium (i.e., pine weevil frass) and volatiles
released by the fungus were collected by SPME and
analyzed using GC-MS. Various culture media were used
to compare the production of the major fungus volatiles,
which were identified as styrene and 3-methylanisole.
Styrene and 3-methylanisole were tested for biological
activity against pine weevil using a multi-choice laboratory
bioassay.

Methods and Materials

Chemicals (+)-α-pinene, (+)-3-carene, (+)-β-pinene, (+)-lim-
onene, octanal, styrene, and 3-methylanisole (all 99 % GC-
purity), dimethyl sulfoxide, potato dextrose agar, glucose and

yeast extract were purchased from Sigma-Aldrich, Sweden;
agar was purchased from Fisher Scientific, Sweden.

Collection of Pine Weevil Frass and Feces Pine weevils (H.
abietis) of both sexes were collected in the field and starved
for 24 h; water was provided by placing a sterilized wet filter
paper in the container. Two hundred starved weevils, includ-
ing both sexes, were placed for 2 d in a sterilized container
with a sieve at the bottom, which fit into another sterilized
container. The weevils were provided with fresh Pinus syl-
vestris twigs obtained from a single healthy tree. The15-
30 mm diam, 100 mm long twigs were surface sterilized in
70 % ethanol, and excessive ethanol was evaporated asepti-
cally before feeding them to weevils. The pine weevil frass
(mixture of feces and pine bark particles chewed by weevils)
fell through the sieve into the container below for aseptic
collection and storage at 5 °C in a sterilized glass vial.

Fully fed weevils were placed in sterilized and dried glass
Petri plates, where they were kept for 24 h. After removing
the weevils, their feces were collected with the aid of a razor
blade and aseptically transferred to a glass vial for storage at
5 °C. Frass and feces collection was repeated three times
using fresh P. sylvestris twigs that were picked on different
dates in the autumn from three self-regenerated, healthy
trees that were about 10 y-old, located in the Lunsen forest
south of Uppsala, Sweden (59o 46′N, 17o 40′E).

Isolation of Fungus from Pine Weevil Frass We prepared
pine weevil frass agar (WFA) in 90 mm Petri plates using
200 mg weevil frass, 300 mg agar, and 20 ml distilled water,
autoclaved for 45 min at 121 °C and 20 psi. Pure fungal
strains were isolated according to methods described previ-
ously (Peterson et al., 2009; Lam et al., 2010). Aseptically
collected pine weevil frass (5 g) was wet with 25 ml steril-
ized water in a 100 ml glass beaker and incubated at room
temperature (22 °C±2); two replicates were prepared at a
time. The surface of the frass was inspected daily over a
period of 25 d. Newly emerging fungus was inoculated onto
fresh WFA plates. Isolated fungal strains were maintained
on WFA in Petri plates and in 100 ml glass Erlenmeyer
flasks at 5 °C. The fungal isolation process was repeated
three times on separate occasions using three different sam-
ples of aseptically collected weevil frass.

Isolation of Fungus from Weevil Feces A small amount of
aseptically collected pine weevil feces was spread on a WFA
Petri plate without adding water and was incubated at room
temperature. Fungal strains growing on or beside the fecal
pellets were transferred to fresh WFA plates. Fungal isola-
tion was repeated three times using feces collected on three
different occasions. Isolated fungal strains were grouped by
comparing their morphology and volatile metabolites after
culturing them on weevil frass (WF) medium.
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Identification of Fungal Strain Pure fungal strains produc-
ing styrene and 3-methylanisole as major volatile organic
compounds were streaked on potato dextrose agar (PDA)
and yeast extract agar (YEA) media. Using seed cultures
from PDA and YEA, fungus was grown for 2 d in liquid
medium containing 2 % glucose and 0.5 % yeast extract.
The culture was centrifuged to remove the supernatant, and
DNA was extracted from the pellet (Müller et al., 1998;
Adams and Frostick, 2009). The cells were suspended in
phosphate buffer, and an equal weight of glass beads was
added. A mixture of phenol, chloroform, and isoamyl alco-
hol in the ratio 25:24:1 (v/v/v) was added, and the mixture
was vortexed for 2 min before centrifugation at 7,500 x g;
the supernatant was collected in a fresh tube. The extraction
procedure was repeated, and the supernatants were pooled.
An equal volume of polyethylene glycol (30 %) was added
and the resulting mixture was centrifuged at 7,500 x g. The
pellet was suspended in Tris-EDTA (TE) buffer (pH 8.0),
reprecipitated with cold ethanol and sodium acetate at −20 °C
overnight, centrifuged at 10,000 x g, and the pellet was
washed with 70 % ethanol in water before drying and sus-
pending in TE buffer. The concentration of DNA was deter-
mined by electrophoresis on 1 % agarose gel with GelRed
staining.

The internal transcribed spacer (ITS) of the nuclear DNA
was used for the identification of fungus by the polymerase
chain reaction (PCR), using universal primers ITS1 (TCC
GTA GGT GAA CCT GCG G) and ITS4 (TCC TCC GCT
TAT TGA TAT GC) (White et al., 1990; Cardoza et al.,
2006; Geib et al., 2008). The reaction conditions were as
follows: initial denaturation at 98 °C for 2 min, followed by
98 °C for 10 sec, 55 °C for 30 sec, and 72 °C for 45 sec for
30 cycles, with final extension at 72 °C for 7 min. The
reaction product was analyzed by electrophoresis on 1 %
agarose gel, and the bands were stained with GelRed and
imaged with Gel-Doc (Bio-Rad, USA). The PCR product
was sequenced by KTH Genome Center, Biotechnology
School, and the sequence was compared by using a Blast
search in the NCBI database. Culture identity was con-
firmed at Centraal Bureau voor Schimmelcultures (CBS),
the Netherlands.

Optimization of Volatile Collection by Solid Phase Micro
Extraction (SPME) The collection time for headspace (HS)
volatiles was optimized using equal amounts of the major
compounds produced by the fungus. Standard mixtures of
0.5 μg/μl styrene and 3-methylanisole were prepared using
1:3 (v/v) dimethyl sulfoxide (DMSO) and water, and 30 μl
aliquots of these standard solutions were diluted with water
in a 250 ml flask to achieve a final concentration of 15 μg of
each compound in 50 ml water. The flask was covered with
aluminum foil and equilibrated for at least 15 min prior to
collection of the HS volatiles with an SPME fiber (65 μm

polydimethylsiloxane/divinylbenzene coating on a stable
flex fiber, Supelco, USA), which was conditioned at 250 °C
for 30 min before its first use. The SPME needle was intro-
duced into the flask through a pin hole in the aluminum foil,
and the fiber was exposed to the HS volatiles for 5, 10, 15, 20,
or 30 min at room temperature without shaking; after collec-
tion, the fiber was retracted into the needle and injected
immediately into the gas chromatograph (GC) at 225 °C.
The SPME fiber was cleaned at 225 °C under a stream of
helium gas for 5 min before each collection of volatiles.
Collection of HS volatiles was repeated in triplicate for each
collection time by preparing fresh standard solutions. Based
on this study, we selected 15 min as the optimum time for
the collection of HS volatiles from inoculated and uninocu-
lated media.

Identification of Volatiles Volatiles were separated and iden-
tified by GC-mass spectrometry (GC-MS) using a Varian
3,400 GC connected to a Finnigan SSQ 7,000 quadrupole
MS. The GC was equipped with a split/splitless injector
(splitless mode 30 sec), the carrier gas was MS-grade helium
with a constant pressure of 10 psi and the column was a
SPB-1 capillary (30 m, 0.25 mm ID, and 25 mm film
thickness, Supelco USA). The temperature profile was:
40 °C for 30 sec, followed by an increase in temperature
of 11 °C/min up to 84 °C for 0.01 min, then an increase of
25 °C/min up to 234 °C, and maintenance at 234 °C for
1.5 min. The injector temperature was set isothermally at
225 °C, and the transfer line connecting the GC to the MSwas
set to 240 °C throughout the analysis. The filament off time
was 0.5 min. The MS ion source temperature was 150 °C;
mass spectra were obtained at 70 eV with a mass range of
30 m/z to 600 m/z. Mass spectra of unknown compounds
were compared initially to NIST-08 (National Institute of
Standard and Technology, USA) MS library. Major com-
pounds were authenticated by analyzing authentic standards
on GC-MS using the same parameters as for samples of
fungus, and minor compounds were identified by comparing
mass spectra and Kovats indexes to published data.

Production of Volatiles from Fungus Growing on Weevil
Frass (WF) and Grated Pine Bark (GPB) Broths To study
the profile of the volatiles of isolated fungus, 1 % WF broth
was prepared in a 250 ml flask by adding 0.5 gWF to 50ml of
distilled water, and autoclaving for 45 min at 121 °C and
20 psi pressure before inoculation. Three replicates were
inoculated with 100 μl spore suspension that was prepared
by adding 3 ml sterilized water to fully grown P. expansum on
WFA in a Petri dish, followed by mixing and collecting the
suspension in a sterilized vial. Three control WF broth repli-
cates were inoculated with 100 μl sterilized water. Similarly,
GPB broth was prepared by adding 0.5 g GPB to 50 ml of
distilled water in 250 ml flasks, sterilizing, and inoculating as
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for the WF broth. All flasks were covered with aluminum foil
and incubated at room temperature without shaking. Head-
space volatiles were collected with SPME for 15 min and
analyzed by GC-MS 4, 8, 12, 16, and 20 d after inoculation.

Production of Volatiles from the Fungus Growing on Glucose
Yeast Extract (GYE), Grated Pine bark Yeast Extract
(GPBYE) and Yeast Extract (YE) Broths In order to study
the effect of additional nutrients on the production of vola-
tiles from the fungus, yeast extract (YE) broth was prepared
by adding 5 g YE to 1,000 ml distilled water and distribut-
ing 50 ml portions of the broth to 250 ml flasks to which
0.5 g glucose or 0.5 g GPB were added before autoclaving
for 15 min at 121 °C and 20 psi. Three flasks from each type
of broth culture were then inoculated with 100 μl of fungal
spore suspension or sterilized water. Sample and control
replicates were incubated at 22 °C (± 2) without shaking.
Headspace volatile analysis was carried out using SPME
and GC-MS as described above.

Calibration Curve for Styrene and 3-Methylanisole Quanti-
fication To construct standard calibration curves for the
quantification of styrene and 3-methylanisole in the HS of
fungal inoculated media, a 1:3 solvent mixture of DMSO
and water was used to prepare 0.5 μg/μl stock solutions of
styrene and 3-methylanisole. Using distilled water and these
stock solutions, 50 ml solutions containing 2–20 μg of
styrene or 5–45 μg 3-methylanisole were prepared in
250 ml flasks that were covered in aluminum foil and
maintained at room temperature for 15 min before collecting
and analyzing HS volatiles as described above. The standard
curve equation for styrene was y=2E+07x with R2=0.9525,
and the standard curve equation for 3-methylanisole was y=
1E+07x with R2=0.9918 based on triplicate determinations
for 5 concentrations of each compound.

Bioassay of Pine Weevil Response to Fungal Volatiles The
behavioral responses of both sexes of H. abietis to the fungal
volatiles, styrene and 3-methylanisole, were examined in an
open multi-choice test arena with 16 odor-baited traps. Vola-
tiles were presented both singly and in combination with
conifer host odor (fresh pine twigs). Each of the following four
treatments was assigned randomly to four of the 16 traps: (1)
pine twig, (2) pine twig + dispenser with tested volatile, (3)
dispenser with tested volatile, and (4) empty dispenser. The
same treatments were assayed simultaneously in two identical
arenas with 50 female weevils in one arena and 50 males in the
other. The bioassay was replicated five times for each of the
two volatiles and for each sex, a total of 20 separate runs with
50 new weevils each time. Each run lasted 18 h: 9 h light+6 h
dark+3 h light (fluorescent light from above). The two arenas
were kept together in a quiet room with no other activity; the
temperature was 20 °C.

The multi choice test arena was made of dark grey Perspex;
it was circular in shape with a 1 m diam, and with 10 cm
high sides. The sides of the arena were painted with liquid
Teflon, Fluon RAD 6 (AG Fluoropolymers, Thornton, Lan-
cashire, UK), which hardens in air to a chemically inert
waxy-smooth surface that the insects are unable to climb
(Radinovski and Krantz, 1962). In order to eliminate visual
cues from the surrounding environment, a 38 cm high wall
of brown cardboard, covered with a thin nylon net, sur-
rounded the arena. The 16 traps were uniformly distributed
in a circle with a minimum distance of 6.5 cm between traps
and 11.5 cm between traps and the side of the arena
(Fig. 1a). The traps consisted of slightly conical plastic jars
fitted into holes (6 cm diam.) in the floor of the arena, so that
the jars extended 3 cm above the arena floor (Fig. 1b). Each
jar was capped with a plastic lid under which the dispenser
and a piece of pine were suspended out of reach of the
weevils. Eight holes (14 mm diam.) with their lower edge
5 mm above the floor of the arena were equally spaced in
each jar. Thus, the weevils in the arena had to climb up
5 mm to enter a hole before falling into the trap. The weevils
entering a trap fell through a funnel attached to the open
bottom of the jar and into a container 40 cm below the arena.
Preliminary tests demonstrated that captured weevils did not
affect the likelihood of additional weevils entering the traps.
The traps were coated with Fluon inside to ensure that all
weevils entering the trap slipped down into the container
below, where they were collected and counted after each
run.

Pine weevils used for the bioassay were collected
from sawdust heaps during the migration period in June.
Females and males were separated, and weevils were
provided with fresh Scots pine bark as food until they
were used in the bioassay. Each individual was used only
once. At the start of the bioassay, 50 weevils were
placed in the center of the arena inside a “release cham-
ber”, a 14 cm diam jar with eight exit holes uniformly
spaced along the lower rim. After 15 min the release
chamber was carefully lifted out, and the arena was
covered with nylon net.

The dispenser used to release the volatiles consisted of a
500 μl Eppendorf tube with a pinhole made with a syringe.
Each dispenser was filled with 50 μl of either styrene or 3-
methylanisole and was kept at room temperature for 24 h to
ensure a constant release rate before use in the orientation
bioassay. The release rates were approximately 5 mg of
styrene and 1 mg of 3-methylansiole per d. The Scots pine
twigs used as the source of natural host odor were collected
from a single tree, and the pieces used were of equal size
(length 20 mm, 8 mm diam).

Statistical Analyses Analysis of variance (ANOVA) with
Duncan’s post-hoc tests were used to compare the amount of
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styrene detected in the HS over fungus cultured on various
media (WF, GPB, YE, GYE, and GPBYE). Comparisons
were made only between treatments analyzed on the same
day, using Statistica 10 (Statsoft Inc. USA). Similar compar-
isons also were made separately for 3-methylanisole produc-
tion from fungus on various culture media.

The response of female and male pine weevils (total num-
ber of weevils captured per treatment and run) to different
treatments in the multi-choice bioassay were analyzed sepa-
rately for each set of 5 experimental runs per tested volatile,
using a logistic regression. This was performed by fitting a
generalized model (distribution = binomial, link function =
logit) to each data set using the procedure PROC GENMOD
in SAS® (SAS Institute, version 9.2). In each run, the propor-
tion of weevils captured (= responding) per treatment in
relation to the total number of weevils was used as the re-
sponse variable. To account for over dispersion, the PSCALE
option was used in all tests (this fixes the scale parameter to 1
in the estimation process and then assumes the exponential
distribution parameter based on the square root of Pearson’s
Chi-square statistics/degrees of freedom, df=16 in all tests).
The statistical differences between treatment levels were esti-
mated based on differences in Least Square Means and the
corresponding Chi-square statistics. The treatment pine twig
was used as treatment reference category.

Results

Isolation and Identification of the Fungal Strain To isolate
the fungal strain present in the frass of H. abietis, moist WF
was incubated at room temperature to mimic the natural con-
ditions at oviposition sites. Under these conditions, the fungi
growing on the frass surface became visible after 3 d. Fungus
that produced styrene and 3-methylanisole was isolated from
both frass and feces. By examining its morphology and se-
quencing DNA in the ITS1 and ITS4 regions, the fungus was

identified as Penicillium expansum Link ex. Thom. Identifi-
cation was confirmed by the CBS-KNAW Fungal Biodiversi-
ty Center using ITS1 & ITS2 and the BT (partial fragment of
the beta-tubulin gene) region. The strain showed 100 % se-
quence identity with P. expansum based on comparisons to
Genbank and CBS databases.

Optimum Collection Time for HS volatiles The optimum
collection time for the SPME fiber was evaluated using
standard solutions of styrene and 3-methylanisle. The
amount of styrene and 3-methylanisole adsorbed onto the
SPME fiber increased linearly during 15 min of exposure to
HS volatiles. After this time, the amount of styrene adsorbed
onto the SPME fiber decreased gradually whereas 3-
methylanisole continued to be adsorbed in a linear fashion
(Supplementary Fig. 1).

Fungal Volatiles Analysis Headspace analysis of the flask
containing the WF broth that had not been inoculated (control
broth) demonstrated the presence of α-pinene, β-pinene, 3-
carene, o-cymene, m-cymene limonene, heptanal, 1-octene-3-
one, octanal, octenal, and nonanal (Fig. 2). The HS of P.
expansum cultured on WF broth contained large amounts of
styrene and 3-methylanisole and a very small amount of
anisole. Although the HS of the inoculated broth contained
the monoterpenes found in the control, none of the aldehydes
or ketone found in the HS of the control were found in the HS
of the WF medium inoculated with fungus (Fig. 2). The HS
analyses of fungus grown on GPB and GPBYE media were
similar to the HS for fungus grown on WF (Fig. 2) with the
exception of anisole, which was observed only in the HS of
fungus grown on the WF medium.

Styrene and 3-Methylanisole Production from P. expansum
Cultures The P. expansum strain isolated from weevil frass
produced styrene and 3-methyanisole as major volatile com-
pounds when cultured on various media containing different
nutrients and toxic compounds (Figs. 3 and 4). Production of

Fig. 1 Multi choice arena for testing the response of pine weevils (Hylobius abietis) to volatiles a Arena from above (1 m diam.) b One of the 16
odor traps viewed from the side
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styrene and 3-methylanisole was compared over 20 days by
culturing the fungus on wood related waste material and
glucose e.g., WF, GPB, GPBYE, GYE, and YE liquid culture
media. The amount of styrene and 3-methylanisole produced
by the fungus differed according to the substrate used (Figs. 3
and 4). The amount of styrene produced was highest for
fungus cultured on grated pine bark in combination with
0.5 % nutrient rich yeast extract (GPBYE). The amount of
styrene produced by the fungus grown on GPBYE was slight-
ly (1.5 times) higher than from YE alone, 5 times higher than
from GYE, 10 times higher than from GPB, and 2.5 times
higher than from fungus grown on the WF medium (Fig. 3).
Similarly, the amount of 3-methylanisole produced by the
fungus cultured on GPBYE was also highest compared to
fungus cultured on all other media used in this study

(Fig. 4). In total, fungus grown on GPBYE produced 56 times
higher amounts of 3-methylanisole than from fungus on GPB,
2.3 times higher than from WF, 1.9 times higher than from
GYE and 1.4 times higher than from fungus on YE medium
(Fig. 4).

Response of the Pine Weevils to Styrene and 3-Methylaniso-
le Styrene clearly reduced the attractiveness of pine twig
odor to both female and male pine weevils (Fig. 5). About
twice as many weevils entered traps with only pine twigs
compared to traps containing both pine and styrene; this
difference was significant for both sexes (χ2=12.88, df=1,
P=0.001 for females, χ2=15.89, df=1, P<0.001 for males).
There was no difference in response between styrene alone
and the control (Fig. 5).
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In contrast to styrene, 3-methylanisole only reduced
attraction to pine odor in males, but this reduction was
as high as 63 % (Fig. 6). Thus, in males, the pine twig
treatment differed significantly from pine plus 3-
methylanisole (χ2=17.17, df=1, P<0.001) and also from
the other two treatments. For females, the pine treatment
only differed significantly from 3-methylanisole alone
(χ2=4.09, df=1, P<0.043) and the empty control
(χ2=5.98, df=1, P<0.015). There was no effect of pure
3-methylanisole odor on weevil attraction compared to
the control (Fig. 6).

Discussion

Plants and microbes produce a variety of chemicals that
potentially could serve as ecologically sustainable alterna-
tives to synthetic insecticides. In this study we examined the
volatile metabolites of a fungus present in H. abietis feces
and frass in order to identify compounds that repel the
insects. A strain of P. expansum was isolated from the
frass/feces that H. abietis deposit at the oviposition site,
presumably thus protecting their eggs from feeding conspe-
cifics (Nordlander et al., 1997). The fungus produced large
amounts of styrene and 3-methylanisole when cultured on
its natural medium, weevil frass. Styrene was detected in the
weevil frass medium 4 d after fungal inoculation, and the
production lasted for more than 20 d at 20 °C. This should
be enough time to protect pine weevil eggs until larval
hatching, which takes 1–4 wk at temperatures between 20
and 10 °C (Eidmann, 1974). Weevil frass culture medium
inoculated with fungus provides conditions similar to those
occurring naturally around the oviposition site.

SPME is a technique for collecting a wide range of volatile
and semi-volatile compounds without the laborious work of
solvent extraction and concentration, which may result in the
loss of very volatile compounds (Zhang and Pawliszyn,
1993). The SPME fiber has a number of binding sites that
have different affinities for different compounds. The opti-
mum time required to collect HS volatiles by SPME depends
on many factors, including the nature of the compound to be
collected (Agelopoulos and Pickett, 1998), the type of fiber,
the adsorption time, and the temperature (Barua et al., 2008).
Under the conditions used here, at concentrations of com-
pounds similar to those present in the natural samples, the
optimum adsorption time for the major volatile metabolites of
P. expansum, namely styrene and 3-methylanisole, was
15 min. In 2008, Barua et al. presented similar results for
styrene in serum and blood samples.

Penicillium expansum usually is found on decomposing
material in soil, but also has been reported in rodent feces
(Stejskal et al., 2005). Styrene and 3-methylanisole are
produced by P. expansum and a number of other fungal
species that were isolated from a compost facility, and
cultured on yeast extract sucrose agar media (Fischer et
al., 1999). Styrene and 3-methylanisole in the HS of samples
of spoiled apples were associated with the toxic compound
patulin produced by P. expansum (Karlshoj et al., 2007).
Similarly, Sagi-Kiss and Fodor (2011) reported the presence
of styrene and 3-methylanisole as a P. expansum infection
marker for plums, and studied their production over a period
of 4 days using plum agar and malt extract agar media.

The production of styrene and 3-methylanisole is depen-
dent on the availability of suitable food and culturing con-
ditions. In a study involving the cultivation of two strains of
P. expansum, styrene and 3-methylanisole were found only
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Fig. 5 Mean number of pine weevils (Hylobius abietis) captured in
traps with different baits in a multi choice bioassay, examining the
effect of styrene. Columns with different letters are significantly dif-
ferent to each other when comparison was employed between treat-
ments for male and female weevils independently. Error bars = SE
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traps with different baits in a multi choice bioassay, examining the
effect of 3-methylanisole. Columns with different letters are signifi-
cantly different to each other when comparison was employed between
treatments for male and female weevils independently. Error bars = SE
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when malt extract agar and yeast extract glucose chloram-
phenicol agar were used as the culture media; the fungal
strains did not produce these compounds when grown on a
broth made from wood material (Fiedler et al., 2001). In a
previous study, P. expansum was reported to produce iso-
butanol, isopentanol, α-bergamotene and a small amount of
3-methylanisole when grown on yeast extract sucrose agar
medium (Larsen and Frisvad, 1995). Penicillium sp. isolated
from cinnamon samples converted cinnamon related com-
pounds to styrene (Lafeuille et al., 2009). Styrene is also
produced by other fungal species such as Penicillium case-
ifulvum (Larsen, 1998) and Trichoderma on potato dextrose
broth with aromatic cinnamic acid added (Pinches and
Apps, 2007).

The P. expansum strain used in this study did grow on
wood bark, and produced styrene and 3-methylanisole.
When we added YE as a supplement, the strain produced
rather large amounts of styrene and 3-methylansisole com-
pared to all other tested media. Both aromatic amino acids
and various sugars can be used by microbes as a source for
biosynthesis of the volatiles (Pagot et al., 2007; Pinches and
Apps, 2007). The readily available free aromatic amino
acids might be converted first to volatiles, which would
explain why the fungus grown on GPBYE medium pro-
duced a 10–50 times more of the volatiles compared to the
fungus on GPB, in which most of the sugars and aromatic
precursors are bound to lignin. Furthermore, GPB medium
contains a large amount of terpenoids and phenolics that
may inhibit the fungal growth. In the case of GPBYE,
readily available nutrients from YE could help the fungus
to grow and overcome the potential toxicity of terpenoids
and phenolics from the bark. In a previous study, conditions
for the production of styrene by Fusarium oxysporum
grown on potato dextrose were optimized, and it was sug-
gested that glucose was the precursor and central to the
biosynthetic scheme for styrene production (Beck et al.,
2008).

The volatiles (+)-α-pinene, (−)-α-pinene, and (+)-3-
carene (Wibe et al., 1997) are emitted by pine, and are
highly attractive to the pine weevil (Nordlander, 1990).
Styrene masked the attractive odor of freshly cut pine
twigs for both sexes of pine weevil. 3-Methylsanisole
had a similar effect, but only for male pine weevils; the
reason for this difference in response between the sexes
is unknown. Many insects are deterred from interacting
with fungal infected food (Rayamajhi et al., 2006).
Most commonly, insects detect fungal infection in foods
by chemical signals as well as via visual cues (Röder et
al., 2007). The alpine leaf beetles, Oreina elongata and
O. cacaliae avoid feeding and ovipositing on host plants
with clear patches of fungal infection as well as on
infected plants without any clear sign of infection.
Chemical signals involved in this communication have

not yet been studied (Röder et al., 2007). Fungi produce
toxins and insects might identify toxin containing or
spoiled food by detecting volatiles produced by fungi.

Waste material from the forestry industry mainly consists
of material similar to grated wood bark and could be a
valuable source for producing both pine weevil repellent
and the monomer styrene for sustainable styrene polymer
production. This fermentation process could be conducted
before forest waste materials are used as biofuel. From the
present investigation, it is clear that there is potential for the
production of important insect controlling compounds using
“green chemistry” alternatives.
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