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Abstract We treated Norway spruce (Picea abies) stems
with methyl jasmonate (MeJA) to determine possible quan-
titative and qualitative effects of induced tree defenses on
pheromone emission by the spruce bark beetle Ips typogra-
phus. We measured the amounts of 2-methyl-3-buten-2-ol
and (S)-cis-verbenol, the two main components of the bee-
tle’s aggregation pheromone, released from beetle entrance
holes, along with phloem terpene content and beetle perfor-
mance in MeJA-treated and untreated Norway spruce logs.
As expected, phloem terpene levels were higher and beetle
tunnel length was shorter (an indication of poor perfor-
mance) in MeJA-treated logs relative to untreated logs. Par-
allel to the higher phloem terpene content and poorer beetle
performance, beetles in MeJA-treated logs released signifi-
cantly less 2-methyl-3-buten-2-ol and (S)-cis-verbenol, and
the ratio between the two pheromone components was sig-
nificantly altered. These results suggest that host resistance
elicited by MeJA application reduces pheromone emission
by I. typographus and alters the critical ratio between the
two main pheromone components needed to elicit aggrega-
tion. The results also provide a mechanistic explanation for
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the reduced performance and attractivity observed in earlier
studies when bark beetles colonize trees with elicited host
defenses, and extend our understanding of the ecological
functions of conifer resistance against bark beetles.
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Introduction

Conifers have evolved elaborate constitutive and inducible
defense mechanisms that are effective against a variety of
attacking organisms (Phillips and Croteau 1999; Franceschi
etal. 2005; Keeling and Bohlmann 2006). Constitutive
defenses include the secretion of chemicals such as terp-
enes and phenolics from preformed reservoirs, as well as
anatomical structures which inhibit incursion, tissue degra-
dation and ingestion by invaders (Krekling et al. 2000;
Hudgins et al. 2003; Franceschi et al. 2005). The inducible
defenses are characterized by increased production of
defensive chemicals and related changes in tree anatomy,
and include mass oleoresin secretion, increased phenolic
synthesis and a hypersensitive-like response in the phloem
surrounding the attack site (Berryman 1972; Viiri et al.
2001; Krokene et al. 2003). These temporally and spatially
overlapping defense systems are chemically toxic or repel-
lent, and may physically trap or deter insects and microbes
(Krekling et al. 2000; Hudgins et al. 2003; Franceschi et al.
2005; Raffa et al. 2008).

Bark beetles (Coleoptera: Curculionidae) are among the
most important insect pests of coniferous trees (Raffa et al.
2008). Most bark beetles feed and reproduce in recently
dead and dying trees, but a few aggressive species, primar-
ily in the genera Dendroctonus and Ips, can attack and kill
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healthy trees. Pheromones are an essential component of
the tree-killing strategies of aggressive bark beetles (Wood
1982; Raffa 2001) and regulate many aspects of the bark
beetle life cycle and its interaction with host trees, includ-
ing mass aggregation, mate finding, reproduction and niche
partitioning. Many bark beetle species use oxygenated ter-
penoids as aggregation pheromones (Wood 1982; Raffa
2001; Bearfield et al. 2009). These pheromones are pro-
duced de novo following stimulation by feeding or host
compounds, metabolized from host terpenoids, converted
from host terpenoids by beetle-associated microorganisms,
or are generated by various combinations of these mecha-
nisms (Leufvén et al. 1984; Lanne et al. 1989; Ivarsson
et al. 1993; Blomquist et al. 2010).

Several studies have reported possible interference of
bark beetle aggregation and colonization of host tissues by
host defenses (Raffa and Berryman 1983; Christiansen and
Krokene 1999; Erbilgin et al. 2006; Zeneli et al. 2006). For
example, Raffa and Berryman (1983) reported that Dend-
roctonus ponderosae Hopkins were unable to initiate
aggregation on vigorous lodgepole pine trees. It has been
speculated that this failed aggregation can be attributed to
impaired pheromone production by beetles exposed to
sticky resin and other tree defenses (Raffa and Berryman
1983; Erbilgin et al. 2006). However, very few studies have
investigated the actual mechanisms of failed aggregation,
particularly the way induced tree defenses affect the quality
and quantity of pheromone production (Birgersson and
Leufvén 1988; Birgersson 1989).

One potential problem in designing experiments target-
ing the precise effects of host defenses on bark beetle pher-
omone production is the difficulties in manipulating host
defenses. Jasmonates, endogenous plant phytohormones
involved in defense signaling (Creelman and Mullet 1997),
have been intensively studied in the context of induced
defense against herbivores (Creelman and Mullet 1997;
Thaler 1999) and has proven to be an effective tool for
manipulating conifer defenses (Franceschi et al. 2002;
Martin et al. 2002, 2003; Erbilgin et al. 2006; Zeneli et al.
2006; Zhao et al. 2010). For example, Erbilgin et al. (2006)
used methyl jasmonate (MeJA), a methyl ester of jasmo-
nate, to manipulate defenses of mature Norway spruce and
investigate how induced defenses interfere with attraction
and colonization by the spruce bark beetle Ips typographus
(L.). They found that spruce trees treated with MeJA had
significantly less beetle colonization than untreated control
trees and exhibited shorter beetle galleries with reduced
oviposition, beetle emergence, and offspring quality. Nota-
bly, they also found that fewer beetles were attracted to
cues emitted by conspecifics tunneling in MeJA-treated
spruce trees. They concluded that induced terpene produc-
tion in MeJA-treated tissues could explain the observed
decrease in beetle colonization and reproduction and specu-
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lated that induced tree defenses might also interfere with
beetle pheromone production and communication, although
they did not investigate the actual mechanisms involved.

This study is a continuation of Erbilgin et al. (2006),
with the objective to test how pheromone production by
L. typographus is influenced by induced tree defenses. Ips
typographus is the most aggressive insect pest of Norway
spruce in Europe, and has killed more than 50 million m® of
spruce trees in several outbreaks since the late 1940s
(Worrell 1983; Christiansen and Bakke 1988; Wermelinger
2004). Like many other tree-killing bark beetle species,
L typographus uses pheromones to initiate mass attacks.
We quantified the beetle’s key aggregation pheromone
components, 2-methyl-3-buten-2-ol (MB) and (S)-cis-ver-
benol (cV) (Birgersson et al. 1984; Schlyter et al. 1987a)
released from entrance holes in MeJA-treated or untreated
Norway spruce logs, as well as phloem terpene content and
beetle performance in treated and untreated logs.

Materials and methods
Experimental procedure

In early May 2009, two trees from the same clone were
selected from a plantation of 48-year-old Norway spruce at
Hogsmark, As, SE Norway. On one randomly selected tree,
a stem section between 0.8 and 3.8 m above ground was
sprayed with 100 mM MelJA in water and 0.1% Tween 20,
using a small spray gun. The bark was kept wet for a mini-
mum of 5 min by repeated application of MeJA. The other
tree, standing 2 m away, received no treatment. Trees were
felled on 3 June, and six 50-cm-long logs were cut from the
lower 0.8-3.8 m of each tree and taken to the laboratory at
the Royal Institute of Technology, Sweden, the same day.
One 40-cm-long section from the center of each of three
treated and untreated logs was covered by mesh net and 20
recently trapped I typographus beetles were introduced
into each net bag on 4 June. The logs were checked for new
beetle entrance holes for 5 days, and logs with new attacks
were targeted for volatile extraction. All logs were kept at
room temperature for the duration of the experiment. Two
months after the beetles were introduced to the logs, the
beetle galleries in the bark were exposed by removing the
outer bark. The number of maternal galleries with or with-
out a mating chamber was recorded and the length of each
maternal gallery was measured.

Collection of aggregation pheromone components
A total of 20 entrance holes (7 on control and 13 on MeJA

treated logs) on three different logs per treatment were
used for chemical analyses. A 200-ul pipette tip (Fisher
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Scientific, UK) was fixed above each entrance hole to col-
lect volatiles. The gap between the cork bark and the base
of the tip was sealed by aluminum foil, and a 65-pm poly-
dimethylsiloxane/divinylbenzene (PDMS/DVD) SPME
fiber (Supecol, PA, USA) was placed inside the pipette tip
for 2 h to collect/trap volatiles. The same collection proto-
col was repeated with a conditioned SPME fiber and a new
pipette tip from the same entrance hole for 6 days or until
neither MB nor ¢V was detected for two consecutive days.
The SPME fiber with trapped volatiles was injected into the
GC-MS for chemical analyses.

Extraction of phloem terpenes

Three samples of intact phloem, each consisting of two
bark plugs, were collected using a 5-mm cork borer from
the remaining three MeJA-treated and untreated logs on 3
June 2009. The samples were extracted in 1.0 ml hexane
containing 0.08 mg pentadecane as an internal standard for
48 h at room temperature. To quantify the chemical
response to mechanical wounding, we wounded a
6 x 6 mm bark area 15-20 times with a push pin on five
MeJA-treated and three untreated logs. Twenty-four hours
after wounding, we removed the wounded phloem and
extracted the samples individually as described above. The
extracts were placed in 2-ml glass vials and stored at
—25°C until chemical analyses. After extraction, the bark
plugs were dried at 60°C for 48 h and weighed by a Sarto-
rius electronic balance for absolute amount calculation.

Chemical analyses

All samples were separated, identified and quantified using
a Varian 3400 Gas Chromatography (GC) equipped with a
DB-wax capillary column (30 m x 0.25 mm x 0.25 pm;
J&W Scientific, CA, USA) and connected to a Finnigan
SSQ 7000 Mass Spectrometer (MS). A split/splitless injec-
tor was used with a 30-s splitless injection at 225°C. The
SPME samples were injected into the GC-MS manually,
and the fiber was kept in the injector for 5 min to fully des-
orb the compounds. Compounds were analyzed using the
following temperature program: 40°C for 3 min, increased
at 4°C min~! to 160°C, then at 20°C min~"! to 230°C, and
kept constant at 230°C for 3 min. The phloem hexane
extracts were introduced to the injector by a Finnigan
A200S autosampler and analyzed by the following temper-
ature program: 40°C for 3 min, increased to 230°C at 4°C
min~"', and kept constant at 230°C for 19 min. The enantio-
meric composition of o-pinene and limonene in phloem
extraction was analyzed in the same GC-MS with a Var-
ian CP-Chirasil-DEX CB column (25 m x 0.25 mm x
0.25 pm) using a temperature program of 60°C for 1 min,

increased to 90°C at 0.5°C min_l, and then to 180°C at
20°C min~!. The compounds were identified by comparing
retention times and mass spectra with available authentic
standards, or by comparing retention indexes and mass
spectra with Massfinder 3.0 and the NIST MS library. The
absolute amounts of terpenes in hexane extracts were calcu-
lated relative to internal standards and expressed as mg g~ !
dry weight equivalent to pentadecane. The relative propor-
tions of terpenes were calculated as the ratio of the area of
each peak to the sum of the total area of all terpene hydro-
carbons in a defined GC fraction, and expressed as percent-
age.

Quantification of MB and ¢V was done by comparison
with response curves derived from collection of volatiles
from synthetic reference compounds (MB: Aldrich, 98%
purity; c¢V: KTH, 99.5% purity). A hole was made
through the bark of a fresh log by removing a bark plug
using a 5-mm cork borer, and a similar sized piece of
paper foil was placed carefully at the bottom of the hole
to prevent chemicals from being absorbed into the sap-
wood. A pipette tip was fixed above the hole, sealed to
the cork bark by foil paper as described above, and 1 pl
of MB or ¢V diluted in pentane to different concentra-
tions was carefully applied to the foil paper using a 5-pl
syringe (Hamilton, Switzerland). The same type of
SPME fiber described above was placed inside the pipette
tip for 2 h to extract the mixture of host volatiles and syn-
thetic chemicals. The calibration curve for MB was made
using seven concentrations ranging from 0.0001 to 20 pg
ul~!, and that for ¢V using six concentrations ranging
from 0.0001 to 0.1 pg pl~".

Data analyses

The relative proportions (normalized to 100%) of individ-
ual terpenes in intact and wounded phloem from MeJA-
treated and untreated logs were subjected to principal com-
ponents analysis (PCA) using the multivariate data analysis
software Canoco 4.5 (Biometris Plant Research Interna-
tional, The Netherlands). One-way ANOVA was used to
test for differences in individual terpenes between wounded
and intact phloem in MeJA-treated and control logs. If
treatments were significantly different (P < 0.05), means
were separated using LSD at P = 0.05 (Statistica 6.0; Stat-
soft, USA). Data were arcsin-transformed before ANOVA
to correct for unequal variance and departures from normal-
ity. Levels of MB, ¢V and individual terpenes, the ratio of
MB:cV during the study period, and tunnel length were
compared in MeJA-treated and untreated logs by Mann—
Whitney U test. The frequency of galleries in MeJA-treated
and control logs with and without a nuptial chamber was
compared by Fisher’s Exact Test.
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Results
Methyl jasmonate elicited host defenses in P. abies

To quantify the induced defenses in the experimental trees,
we measured terpene concentrations in intact and wounded
bark of MeJA-treated and untreated logs, and evaluated the
performance of I. typographus in the bark. Beetles per-
formed much better on untreated logs than on MeJA-treated
logs. All the seven gallery systems exposed in untreated
logs contained a mating chamber, compared to only 38.5%
of the gallery systems in MeJA-treated logs (Table 1). In
addition, beetles excavated 3.4-fold longer galleries in
untreated logs than in MeJA-treated logs (Table 1).

As expected, MeJA treatment also induced terpene accu-
mulation in the bark. The concentration of mono-, sesqui-
and diterpenes in intact phloem were 2.4, 3.2 and 2.8-fold
higher, respectively, in MeJA-treated bark than in untreated
bark (P =0.07, 0.10 and 0.08, respectively) (Fig. 1). The
relative proportions of these compounds did not differ
between treatments (Fig. 1).

Overall, phloem that had been mechanically wounded
24 h previously had higher terpene levels than intact
phloem, and MeJA-treated logs showed a much stronger
quantitative response to wounding than untreated logs
(Fig. 1). In wounded phloem, all terpene classes were sig-
nificantly more abundant in MeJA-treated than in untreated
phloem (U test, P = 0.012-0.023), and diterpenes showed a
particularly strong response. Consequently, MeJA-treated
logs had higher diterpene (U test, P =0.031) and lower
monoterpene proportions (U test, P = 0.022) than untreated
logs (Fig. 1). For individual terpenes, the relative propor-
tion of thunbergol, neoabienol, abienol and methyl dehy-
droabietate was significantly higher in MeJA-treated
phloem after wounding, whereas that of o-pinene and some

Table 1 Pheromone production detected by SPME-GC-MS and
colonization success of Ips typographus in control logs and methyl
jasmonate-treated Norway spruce logs (MB: 2-methyl-3-buten-2-ol,
cV: (S)-cis-verbenol)

Control Methyl Pe
jasmonate
n=17) (n=13)
Entrance hole with MB (%) 100 46.2 0.045
Entrance hole with cV (%) 100 61.5 0.113
Tunnels with mating chamber (%) 100 38.5 0.015
Mean tunnel length (cm)? 79+1.6° 23+04 <001

# Data are expressed as mean + SE

"n=6

¢ Percentage data were compared by Fisher’s exact test and tunnel
lengths were compared by Mann—Whitney test

@ Springer

MT ST DT

30

25

20

15

10

Amount (mg g dry wt)

—

60

40 1

Relative amount (%)

20 A

. m N

Control MeJA Control MeJA

Control MeJA

Fig. 1 Absolute and relative amounts (normalized to 100%) of mono-
terpenes (MT), sesquiterpenes (S7) and diterpenes (D7) in intact (white
bars) and wounded (black bars) phloem of control logs and methyl
jasmonate (MeJA)-treated Norway spruce logs. Error bars 1SE.
Wounded phloem was intensively wounded using a push pin 24 h be-
fore sampling. n = 3 logs, except for wounded phloem in MeJA-treated
logs where n =5

other monoterpenes was significantly lower (Table 2). The
wounded phloem samples were well separated from the
other samples in the PCA plot based on relative amounts of
the terpenes (Fig. 2).

Induced tree resistance reduced pheromone emission
by I. typographus

Volatiles released from 13 I. typographus entrance holes in
MeJA-treated Norway spruce logs and 7 entrance holes in
untreated logs were extracted and analyzed by SPME-
GC-MS. MB and cV were detected from all entrance holes
in untreated logs, but from only 46.2 (MB) and 61.5% (cV)
of the holes in MeJA-treated logs (Table 1). Furthermore,
MeJA treatment significantly reduced the quantity of MB
and cV emitted by the beetles. Over the 6-day collection
period, beetles tunneling in untreated logs produced 35.9-
fold more MB and 13.9-fold more cV than beetles tunneling
in MeJA-treated logs (Utest, P=0.023 for MB and
P <0.01 for cV). The strongest reduction in MB and ¢V
emissions from MeJA-treated logs was observed 3 (MB)
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E;?;:E; (ﬁzﬁi‘;;zglzlrllgog) Compounds Intact phloem Wounded phloem

in intact and wounded phloem of CT MeJA CT MeJA

control logs (CT) and methyl

jasmonate (MeJA)-treated 1 (—)-a-Pinene 16624+279a  1432+232a 1501 +£283a 7.86 £0.55b

Norway spruce logs 2 (+)-a-Pinene 1283+£2.18a 11.86+198a 11.17+2.12a  7.18+0.62b
3 Camphene 053+£020ab  025+0.16a 0.99 £0.59b 0.16 +0.01 a
4 p-Pinene 2287+ 154a 21.60+264ab 2052+4.63ab 17.00 £ 0.88 b
5  Sabinene 0.62+0.26a 0.59+033a 0.20 £ 0.06 b 0.19£0.01b
6  (+)-3-Carene 0.31£0.10 0.54 £0.14 0.42 £ 0.06 0.48 & 0.02
7 Myrcene 246 4+ 0.10 2.14 + 0.40 1.66 + 0.44 1.26 £0.10
8  Limonene 1.58 £ 0.26 1.63 4+ 0.27 1.52 4+ 0.37 0.88 £ 0.11
9  f-Phellandrene 951+ 0.79 8.85 + 1.67 7.37 £ 2.02 6.13 £ 0.36
10 Terpinolene 0.30 = 0.06 0.16 £ 0.03 0.19 £ 0.02 0.19 £ 0.01
11 1,8-Cineole 035+ 0.12 0.52 £0.14 0.49 £ 0.13 0.38 & 0.09
12 Bornyl acetate 0.11 £ 0.08 0.15 £ 0.08 0.24 £0.11 0.12 £ 0.05
13 Other monoterpenes 0.51 £0.07 0.56 = 0.08 0.47 £0.08 0.35 +£0.03
14 o-Longipinene 0.17 £ 0.01 0.20 £ 0.05 0.20 £ 0.09 0.18 £ 0.01
15 o-Gurjunene 0.73 £ 0.07 1.03 £ 0.37 1.07 £ 0.39 0.73 £ 0.03
16 Longifolene 0.17 £ 0.11 0.37 £ 0.12 0.48 £ 0.14 0.54 £ 0.05
17 Bergamotene 0.40 £ 0.11 0.16 & 0.08 0.27 £ 0.06 0.19 £ 0.02
18 (—)-Germacrene D 3.82+0.76 3.39 £0.27 2.97 £0.54 2.61 £0.22
19 $-Cadinene 1.27 £ 0.10 1.96 £ 0.70 1.80 =+ 0.80 1.32 4 0.08
20 Germacrene D 4-ol 0.75 £0.12 0.51 £0.11 0.63 +£0.22 0.79 £ 0.04
21 Cubenol 0.40 =+ 0.06 0.53 £ 0.33 0.64 £ 0.35 0.41 £ 0.02
22 Other sesquiterpenes 248 £0.23 3.13 £0.55 3.16 £0.10 3.26 £0.15

Wounded phloem was sampled o3 pergene 0.73 + 0.30 1.17 £ 0.17 1.05 + 037 1.47 +£0.11

24 h after intensive wounding

using a push pin. Data are 24 Thunbergol 831+291a 1018 +£260a 978 +284a  17.714+081b

presented as means + SE, n =3, 25 Abienol 222+031a 2.89+023a 6.19 +2.12b 11.89 +£ 091 ¢

except for wounded phloem in 26 Neoabienol 1.14 £ 0.07 1.80 £0.26 1.54 £0.08 2.50 +£0.24

MeJA logs where n =5 27 Unknown diterpene 128 +0.18 1.79 +1.28 0.98 £+ 0.52 1.99 £ 0.37

Means followed by different .

letters in a row are significantly 28 Unknown diterpene 137+ 0.18a 122 +0.17a 1.08 £ 0.09 a 1.95+0.16b

different at P < 0.05, based on 29 Abietadienal 0.26+£0.13a 0.63+0.09ab 0764+020ab 097 +£0.10b

LSD test following ANOVA 30 Dehydroabietal 02940.12a 0.434+0.28a 0.82+0.33ab  1.20£0.15b

Compounds with statistically 31 Methyl dehydroabietate  0.18 £0.12a 022+0.11a 049 +£031ab  0.73£0.05b

significant treatment differences 3, (o diterpenes 7.46 +2.32 7.59 + 0.68 5.64 £ 0.39 8.10 + 0.46

are in bold

and 4 (cV) days after beetle entry, when 60.2-fold more
MB and 20.7-fold more ¢V was emitted from untreated
logs (Fig. 3).

Induced tree resistance altered the ratio between MB
and cV

The ratio of MB to cV was generally higher in untreated
than in MeJA-treated logs during the 6-day study period
(U test, P =0.037), except for the first day after gallery ini-
tiation (Fig. 4). In MeJA-treated logs, the highest ratio
occurred at day 1, while the highest ratio in untreated logs
occurred at days 3 and 4. The ratio increased steadily dur-
ing the first 3—4 days after gallery initiation in control logs,

whereas it remained constant or decreased slightly over
time in MeJA-treated logs.

Discussion

This study clearly showed that exogenous application of
MeJA to Norway spruce stems reduced pheromone emis-
sion by I. typographus and altered the ratio between MB
and cV, the two major components of its aggregation pher-
omone. In addition, MeJA-treated stem sections had higher
terpene levels in the phloem, much stronger terpene accu-
mulation in response to mechanical wounding, fewer
galleries with a mating chamber, and shorter beetle galler-
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Fig. 2 PCA plot based on the relative proportion of terpenes from in-
tact and wounded Norway spruce phloem in control logs and methyl
jasmonate (MeJA)-treated logs. Each symbol represents one sample:
intact phloem from control (crosses) and MeJA-treated logs (filled cir-
cles); wounded phloem from control (plus symbols) and MeJA-treated
logs (filled triangles). The first and second principal components
explained 54.9 and 17.7%, respectively, of the sample variation
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Fig. 3 Amounts of 2-methyl-3-buten-2-ol and (S)-cis-verbenol emit-
ted from Ips typographus entrance holes in control logs (CT, n=7
holes) and methyl jasmonate treated (MeJA, n =13 holes) Norway
spruce logs the first 6 days after beetle entry. Error bars 1SE
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ies than untreated Norway spruce stem sections. These
results confirm that MeJA induces defenses in Norway
spruce in a similar way as reported by Erbilgin et al. (2006)
and Zeneli etal. (2006), and suggest that the induced
defenses negatively affect host colonization and reduce
pheromone production by 1. typographus. To the best of our
knowledge, this is the first report explicitly comparing
pheromone emission by bark beetles in trees with or with-
out induced defenses.

Erbilgin et al. (2006) reported that fewer I. typographus
were attracted to beetles tunneling in MeJA-treated Norway
spruce phloem compared to beetles tunneling in untreated
phloem, but did not explain the underlying mechanism of
lower beetle attraction. Our results provide a reasonable
explanation for their observation. We speculate that
increased levels of mono-, sesqui-, and diterpenes in MeJA-
treated Norway spruce phloem interfere with host coloniza-
tion and establishment by 1. typographus. Bark beetles that
have to deal with induced defences while tunneling in an
elicited tree are likely to be under severe physiological
stress and this may interfere with their ability to produce
sufficient aggregation pheromones. Parallel to this expecta-
tion, work on a congeneric Ips species has demonstrated
that increased quantities of host allelochemicals reduced
beetle establishment (Wallin and Raffa 2000). In addition to
the direct impact of induced tree defenses on beetle gallery
establishment, increased terpenoids could also reduce bee-
tle colonization success indirectly by inhibiting the growth
of the beetle’s phytopathogenic fungal associates which
help in overcoming tree resistance during host colonization
(Kozlowski et al. 1999; Franceschi et al. 2002; Schmidt
et al. 2005; Zeneli et al. 2006).
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The reduced pheromone emission from MeJA-treated logs
may also be a result of less extensive beetle feeding and/or
lower quantities of precursors for pheromone production in
induced bark tissues. Ips typographus uses ingested (—)-o-
pinene as a precursor to synthesize cV (Klimetzek and Fran-
cke 1980). Highly reduced beetle tunneling activity, and
lower relative amounts of (—)-o-pinene in MeJA-treated
stem bark after mechanical wounding, suggest that male
1. typographus entering MeJA-treated logs ingested less (—)-
o-pinene and thus produced less cV. MB appears to be syn-
thesized de novo by the beetles under strict hormonal control
(Lanne et al. 1989), but MB production is stimulated by tun-
neling and feeding, and depends on the beetle’s physiological
condition (Birgersson et al. 1988). Reduced tunneling and
feeding, probably in response to increased quantities of terpe-
noids (Berryman 1972; Cates and Alexander 1982; Cook and
Hain 1988; Raffa 2001), could thus have led to the observed
reduction in MB production. A negative effect of reduced
beetle feeding on pheromone production is also supported by
a pilot study, where I. typographus males placed in pre-made
holes in the bark released 87% less MB and cV than males
that had excavated their own entrance holes (T. Zhao et al.,
unpublished data).

Ips typographus releases MB in very high quantities
compared to the other pheromone components, and the
mass of MB produced by male I. typographus in the first
week of an attack may constitute 3.3% of the mass of an
individual beetle (Birgersson and Bergstrom 1989). Thus,
MB synthesis represents a huge metabolic load for the bee-
tles and is probably particularly vulnerable to physiological
stress. The cytochrome P450 enzyme group provides a
likely metabolic link between physiological stress and
reduced pheromone synthesis in I. typographus and other
bark beetles, as cytochrome P450s among many other func-
tions are involved in insect pheromone biosynthesis (Sand-
strom et al. 2006) and detoxification of host plant chemicals
(Feyereisen 1999). A large family of cytochrome P450
genes has recently been characterized in Ips paraconfusus
(Huber et al. 2007). Most of these genes are strongly upreg-
ulated after feeding, particularly in the pheromone-produc-
ing males, suggesting that they play a role in male-specific
aggregation pheromone production in at least some Ips spe-
cies. By quantifying transcript patterns of P450s in bark
beetles that have been exposed to, e.g., MeJA-treated or
untreated Norway spruce phloem, we may determine how
host defenses affect the expression of these genes.
Improved knowledge about the interaction between tree
defenses and bark beetle pheromone biosynthesis may in
the long term provide new management tools against these
important conifer pests.

MeJA application significantly altered the ratio of the
two essential components of I. typographus’ aggregation
pheromone. This is an important result since the beetle’s

response to MB and cV is concentration-dependant (Dick-
ens 1981; Schlyter et al. 1987a, b). Quantitative and quali-
tative changes in MB and cV emission after MeJA
application may therefore reduce the number of beetles
attracted to a tree and could ultimately result in a failed
mass attack. In addition, MB and cV have different roles in
the aggregation behavior of 1. typographus; cV is used for
long-range orientation towards an attacked forest stand,
whereas MB is as short-range orientation or arrestment sub-
stance which concentrates beetles to an attacked tree (Dick-
ens 1981; Birgersson et al. 1984; Schlyter etal. 1987a).
The MB:cV ratio emitted by I. typographus colonizing liv-
ing spruce trees ranges from 25:1 to 125:1 during the first
6 days after attack (Birgersson and Bergstrom 1989), which
is close to that of 22:1-93:1 observed from untreated con-
trol logs in the current study. In contrast, we found much
lower MB:cV ratios (ranging from 16:1 to 39:1) released by
beetles tunneling in MeJA-treated spruce logs. The low
MB:cV ratios released from MeJA-treated trees suggests
that induced tree defenses may influence beetle landing
more than long-range orientation, as speculated by Erbilgin
et al. (2006).

Like other Ips bark beetles, 1. typographus produces ips-
dienol and ipsenol in the gut after mating. Ipsdienol is
slightly attractive to I. typographus (Schlyter et al. 1987a)
and ipsenol acts as an anti-aggregation pheromone to regu-
late attack densities and reduce intraspecific competition
(Bakke 1981). However, in this study, we only detected
ipsenol and ipsdinol from one entrance hole.

MeJA treatment in itself induced only a moderate
increase in terpene levels in the bark, but MeJA-treated
trees responded much more strongly to mechanical wound-
ing than untreated trees. This appears to be an example of
defense priming, i.e. a process in which responses to a chal-
lenge (i.e. MeJA treatment, pathogen infection or herbivore
infestation) are accelerated, enhanced, or potentiated by
prior stimulation (Engelberth 2006). The strong priming
response suggests that bark beetles boring into MeJA-
treated bark rapidly become exposed to very high terpene
concentrations, further explaining the poor performance of
1. typographus in MeJA-treated trees. Priming and wound-
ing appeared to activate all terpene biosynthetic pathways,
but particularly those enzymes leading to production of
diterpenes, such as GGPP (geranylgeranyl diphosphate)
synthase and specific diterpene synthases. Although the
first molecular and chemical responses in Norway spruce to
elicitation by MeJA or other stimuli may occur within
hours or days, trees typically need 2-3 weeks to become
resistant to beetle or fungus attack under Scandinavian field
conditions. Once activated, they may remain in an activated
or primed state for at least 1 year following a single induc-
tion event (Christiansen et al. 1999; Krokene et al. 2003;
Erbilgin et al. 2006; Zhao et al. 2010).
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In conclusion, we have demonstrated the potential influ-
ence of induced host defenses on pheromone emission by a
tree-killing bark beetle. Although we realize that the num-
ber of trees per treatment used in the study may limit our
conclusions, the similarity of our results with other studies
(particularly Erbilgin et al. 2006) suggests that our results
are representative for the 1. typographus—Norway spruce
interaction and thus extend our understanding of the eco-
logical functions of conifer resistance against bark beetles.
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