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Abstract—Research on host selection by bark and wood boring insects has
concentrated on flight orientation behavior. Less is known of the factors that
govern the steps successive to host landing. Here, we discuss chemical factors
involved in host acceptance by bark beetles and a new microassay. Adult
males and females of Ips typographus were offered an artificial diet treated
with various concentrations of different plant-derived compounds (host
terpenes and nonhost compounds) in a no-choice mode. Beetles were tested
individually in a glass tube for 4 hr, and the length of feeding was measured
and compared to a control (diet with only solvent). The first effect was diet
rejection, especially when nonhost compounds were tested at high concen-
trations. Most compounds reduced feeding, in proportion to concentration.
Females fed more readily than males after addition of both host and nonhost
compounds. Diet removal was significantly affected by all the tested factors
(sex, compound, dose) as well as by their interactions. With increased
concentrations, males were more responsive than females to antifeedants, as
all compounds (except juglone) showed clear sex differences of diet
consumption. 3-Octanol, 1-hexanol, and a Green Leaf Volatile (GLV)-blend
(three C6 alcohols) showed the strongest antifeedant effects, which started at a
low dose (0.1%) and had a low Effective Dose 50 (ED50, 0.3-1%). In
contrast, host monoterpenes, limonene and a-pinene, inhibited feeding at high

* To whom correspondence should be addressed. E-mail: massimo.faccoli@unipd.it

2 Current address: Department of Environmental Agronomy and Crop Productions—Entomology,
Agripolis, Viale dell’Universita, 16/a IT-35020 Legnaro, Padova, Italy.

3 Current address: Institute of Forest Ecology, Slovak Academy of Sciences, Sturova 2 SK-96053,
Zvolen, Slovakia

745

0098-0331/05/0400-0745/0 © 2005 Springer Science +Business Media, Inc.



746 FACCOLI ET AL.

doses (10-30%) only, with ED50 > 10%. The highest Antifeedant Indexes
were shown by verbenone, carvone, and 1-hexanol (AFI = 0.90-1.00). Both
host and nonhost compounds inhibited feeding at some concentration. No
significant stimulation of feeding by any host compound at concentrations
reported in the literature as optimal were found, with the possible exception of
o-pinene at low concentrations in females.

Key Words—Host acceptance, host selection, tunneling, feeding, antifeedant,
nonhost volatiles, NHV, monoterpene, assay, coleoptera, scolytidae, AFI,
ED50, effective threshold.

INTRODUCTION

Host selection by bark beetles (Coleoptera: Scolytidae) is mainly individual and
is governed by long-range attractive signals such as host volatiles (Wood, 1982;
Schlyter and Birgersson, 1999). After a searching period, bark beetles land on a
host tree and begin feeding activity (Paynter et al., 1990). If the chosen tree is
found unsuitable, the flight is resumed and the process is repeated (Byers, 1995;
Wallin and Raffa, 2002). For many xylophagous insects, avoidance of nonhost
tree species is due either to lack of nutritional compounds or to the detection of
potentially toxic secondary metabolites (Agelopoulos et al., 1999). Decisions
regarding oviposition are often discerning and include both host species’
recognition and the assessment of the host’s defensive reactions (Safranyik et
al., 1975). Thus, the chemical composition of the medium is the last threshold to
be overcome before colonization.

During host selection, both attractive and repellent signals may be active.
The former includes pheromones and kairomones, which act in a behavioral se-
quence (Wood, 1982; Raffa et al., 1993; Borden, 1997; Schlyter and Birgersson,
1999). The latter includes verbenone and angiosperm volatiles—such as non-
host volatiles (NHV)—which inhibit attraction to pheromones and kairomones
in conifer-inhabiting Scolytidae (Borden, 1997; Zhang et al., 2000; Zhang and
Schlyter, 2004). The use of NHV protects the potential host tree from being
attacked, because the beetle does not recognize the substrate as suitable for
reproduction.

The secondary plant metabolites important in insect host selection include
mainly alkaloids, flavonoids, and terpenes (Frazier and Chyb, 1995), although
quinones and phenols may also be important. Terpenes can either be repellent or
attractive according to concentration or insect species. They can first increase
then inhibit feeding activity once they have reached a toxic concentration
(Reddemann and Schopf, 1996). Field bioassays indicate that different concen-
trations of bark monoterpenes (a-pinene and limonene) have different effects on
the colonization rate of Ips typographus (L.) (Reddemann and Schopf, 1996).
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Uninfested trees contained lower quantities of monoterpenes compared to
colonized trees. Trunks colonized by 1. typographus were characterized by a
concentration of o-pinene ranging between 0.08 and 0.35 nmol mg ™' of fresh
weight (Reddemann and Schopf, 1996). Similar results have also been obtained
for American bark beetle species such as 1. grandicollis (Eichhoff) for which
o-pinene was not only attractive but also enhanced response to its pheromone
(Erbilgin and Raffa, 2000). Consistent attraction to o-pinene is shown by the red
turpentine beetle, Dendroctonus valens LeConte (Erbilgin and Raffa, 2000),
although (—) a-pinene inhibits response to (+) a-pinene. Little is known about
feeding deterrents in tree-inhabiting Coleoptera (Byers, 1995). Ascher et al.
(1975) found that females of Scolytus rugulosus (Miller) [= mediterraneus
(Eggers)] were deterred from feeding on peach twigs that had been dipped in
hexa-methylditin. The number of 1. pini (Say) entering a phloem-based medium
decreases with increased concentrations of many monoterpenes (Wallin and
Raffa, 2000). Evaluation of antifeedants (e.g., carvone) against the large pine
weevil, Hylobius abietis L., has shown antifeedant effects of nonhost bark
compounds in both sexes (Klepzig and Schlyter, 1999). A higher sensitivity to
repellents, however, must be expected in the host-selecting sex. When
responding to prelanding signals, males of 1. typographus are more sensitive
to verbenone (Schlyter et al., 1989) and NHV (Zhang and Schlyter, 2004),
whereas females of S. rugulosus are more susceptible to hexa-methylditin than
males (Ascher et al., 1975). In Europe, the spruce bark beetle /. typographus is a
major mortality factor in mature spruce forests (Picea abies Karsten)
(Christiansen and Bakke, 1988). Recent research on control strategies for the
protection of conifers has focused on the use of antiattractive semiochemicals
such as NHV from nonhost trees, mainly angiosperms (Zhang and Schlyter,
2004).

The aim of the present study was to develop a protocol for testing the feed-
ing performances of bark beetles on an artificial diet, as well as the evaluation
of antifeedant effectiveness of host and nonhost compounds on 1. #ypographus.

METHODS AND MATERIALS

Insect Breeding and Handling. Adults of I. typographus were removed
daily from breeding cages kept in climatic rooms (25+1°C, RH = 70%).
Specimens having emerged from colonized spruce logs (10-cm diameter, 30 cm
long) were sexed (Schlyter and Cederholm, 1981) and starved at room
temperature for 24 hr before being tested.

Pilot Studies on Artificial Diet and Tunnels. Preliminary assays were
performed to find the best experimental protocol. Tests were carried out using
narrow strips of fresh bark, cut from spruce logs and inserted into artificial
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tunnels consisting of transparent glass tubes (3-mm diameter, 30 mm long).
Feeding activity could not be easily quantified, and bark characteristics
(thickness, moistness, age, and amount of cork) were extremely variable. Later,
an artificial agar-based diet modified from Simsek and Fiihrer (1993) (composed
of 87.6% water, 2% cellulose, 2.6% glucose, 4.3% starch, and 3.5% agar) was
tested. Cellulose was obtained from dry spruce sawdust, whereas starch was
added as reground maize flour. After a few minutes heating, the diet was poured
into Petri dishes to a thickness of 13 mm; the diet was allowed to cool down for
few minutes and was transferred by pressing the previously employed glass
tubes into the cold diet (Figure 1), where it was left to dry. A direct estimate of
the extent of adult host acceptance and feeding could be deduced from the
length of diet removed. Because tunneling and diet removal does not necessarily
mean feeding, during preliminary analyses several adults were dissected in
order to detect ingested diet. The gut of all these previously starved insects
contained diet particles.

Feeding Tests. Compounds used were grouped into two sets: those from
nonhost trees, such as juglone, 3-octanol, 1-hexanol, and a blend of GLV, and
those host compounds normally present in low (verbenone and carvone) or high
(limonene and a-pinene) quantities in healthy host tissues (P. abies), (Table 1).
Different concentrations of each compound, diluted in ethyl acetate, were tested
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FIG. 1. Experimental protocol of adding treatment solutions to artificial diet in the
glass tube “galleries”.
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TABLE 1. CHEMICAL AND COMMERCIAL PROPERTIES OF THE TESTED COMPOUNDS

Tested concentrations Purity
Compound Origin (% of applied solution) (% by GC) Supplier

(*)-a-Pinene Host 0.01-0.05-0.1-0.5 97.4 Acros, USA

(low concentration)
(+)-0-Pinene Host 1-5-10-30 97.4 Acros, USA

(high concentration)
S-(—)-Verbenone Host 0.1-1-3-5-10 75.2 Bedukian, USA
R-(+)-Limonene Host 1-3-5-10 95.5 Aldrich, USA
R-(—)-Carvone Host 1-3-5-10 99.7 Aldrich, USA
Juglone (5-Hydroxy- Nonhost 0.1-1-3-5-10 ca 97 Aldrich, USA

p-naphtoquinone)
(+)-3-Octanol Nonhost 0.1-1-3-5-10 96.4 Acros, USA
1-Hexanol Nonhost 0.1-1-3-5-10 96.4 Aldrich, USA
GLV-blend Nonhost 0.1-1-3-5-10 86.8 (30:29:27)  Aldrich, USA

(1:1:1 of 1-hexanol,
(Z)-3 Hexen-1-ol, and
(E)-2-Hexen-1-ol)

on adults of 1. typographus (Table 1). Each concentration was tested
individually on 20 adults (10 males and 10 females). A 10-ul solution of each
compound (Table 1) or the solvent (blank) was added separately to the tube.
The latter was kept open for 1 hr at 21°C for ventilation, thus allowing the
solvent to completely evaporate (Figure 1). Subsequently, one beetle was
inserted into each tube, closed with a plastic cap, and was allowed to feed on the
diet for 4 hr under illumination. Previous tests have shown that 4 hr are
sufficient for insects to tunnel through a diet. Each beetle was used only once.
The amount of diet consumed was measured (mm) by using a graduated
stereoscope. For each compound, 20 adults (10 males and 10 females) feeding
in tubes containing only diet (solvent blank) were used as control.

Statistical Analysis. Data were analyzed by ANOVA to find differences
between sexes, compounds, and their concentrations. Homogeneity of variance
was tested using Cochran’s test, and when necessary, data were log-transformed
[X" =log (x + 1)] or arcsin-transformed (X’ = arcsinyP,) to obtain homogeneous
variances. Wherever significant differences occurred, Tukey’s honestly signif-
icant difference (HSD) multiple comparison test was applied for mean
separation (Zar, 1984). Differences at P < 0.05 were considered significant for
ANOVA and for the Effective Threshold (ET) concentration, at which the
amount of eaten diet becomes statistically lower than the control. For each
compound and concentration, an Antifeedant Index (AFI) varying between —1
(attraction) and 1 (repulsion) (Klepzig and Schlyter, 1999) was calculated as
follows: AFI = (C — T)/(C + T), where T = amount of diet consumed in the
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tested treatment and C = amount of diet consumed in the control. In order to
compare the effect of active compounds, Effective Dose 50 (ED50) was cal-
culated. The ED50 concentration was obtained from the linear regression of AFI
against the concentration.

RESULTS

Most tested chemicals decreased the feeding activity of adults of I typo-
graphus, with an effect that was concentration-dependent. Sex was a factor both
in diet acceptance and in feeding.

Diet Acceptance. Nonhost compounds had a strong effect on diet accept-
ance, showing a high level of rejection. At high concentrations, a variable
percentage of specimens did not feed at all (Figure 2), whereas in the controls
(solvent blanks), all insects feeding. Independently from compound and
concentration, diet acceptance was always higher in females than in males
(Figure 2). In several cases, males showed a concentration dependence trend
similar to that of females, although male rejection started at lower concen-
trations compared to females. Host compounds, such as a-pinene and limonene,
always showed a high feeding frequency (Figure 2), and reduction in feeding
started only at very high doses (30% and 10%, respectively).

Diet Consumption. Diet removal was affected by all three of the considered
factors: sex, dose, and compound (Table 2). Interactions among these factors
were significant, indicating differences in concentration—response slopes due to
both sex and compound.

Sex. Sex was the most important factor affecting consumption (Table 2).
Males were more susceptible to antifeedants than females, and all compounds
showed clear statistical differences between sexes, with the highest feeding re-
sponses found in females (Figure 3). Different compounds and doses had dif-
ferent effects on feeding responses of males and females (Table 2 and Figure 3).
ED50 was always significantly higher in females, indicating that both host and
nonhost compounds had a greater effect on male feeding (Table 3). Feeding
performed on control (concentration = 0) showed no consistent difference be-
tween sexes (Figures 2 and 3).

FIG. 2. Diet acceptance frequency in the sexes, estimated as the proportion of insects
showing >0 mm removal of diet (feeding) in glass tubes after 4 h. Binomial 95%
Confidence Intervals. Females: —e— and males: - - -O- - -. Tree symbols, dark or pale,
indicates compound origin from gymnosperm host or angiosperm non-hosts, respectively.
Only x- axis values common to all tested compounds are plotted (i.e., values like 0.1%
are not plotted).
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TABLE 2. ANOVA OF FACTORS COMPOUND, DOSE, AND SEX AND THEIR INTERACTIONS
IN THEIR EFFECT ON THE LENGTH OF DIET REMOVED IN TUNNEL FEEDING BY

Ips typographus

Factor Df effect Df error F value P level”
Compound 7 732 136.06 *
Dose 4 732 286.82 *
Sex 1 732 685.63 *
Compound x dose 28 732 14.05 *
Compound x sex 7 732 8.69 *
Dose x sex 4 732 47.11 *
Compound x dose X sex 28 732 5.86 *

“The ANOVA was applied on log(x + 1) transformed data in order to approach normal distributions.
The homogeneity of variances was tested using Cochran’s test (Zar, 1984).
*P < 0.001.

Dose. Concentration was the second most important factor affecting diet
removal (Table 2). In general, all compounds showed an antifeedant effect that
increased with dose, although this was always stronger in males (Figure 3). In
some cases [e.g., (—)-carvone, (—)-verbenone, and GLV-blend], differences
between sexes disappeared at high concentrations, as the effects were strong
enough to reduce even female feeding activity (Figures 2 and 3). Compounds
and dose showed a significant interaction (Table 2), thus establishing that
different compounds are active at different concentrations (Figure 3). Further-
more, I typographus showed a variable sensitivity to compounds, which
became effective (ET) at different concentrations (Table 3). For males, the ET
was reached at the lowest dose (0.1%) of many compounds.

Compound. Host compounds always had higher ET and ED50 values than
nonhost compounds, indicating lower antifeedant activity. Host monoterpenes,
such as a-pinene and limonene, showed low activity as antifeedants; a-pinene at
low doses (<1%) acted as a weak stimulus for females (Figure 3), whereas
limonene affected diet consumption in females at the highest concentrations
only. Oxygenated host monoterpenes (carvone and verbenone) showed similar
trends (Figure 3), both having a strong antifeedant effect with a relatively high
AFI (Table 3), which depended upon concentration (Figure 4). Nonhost com-
pounds were the more active (Table 3 and Figure 2), with the strongest effect by
3-octanol, which showed both the lowest ED50 value (1.2%) and the highest
mean AFI (0.6). Moreover, feeding inhibition caused by nonhost compounds
increased rapidly and in a nonlinear way with increasing concentrations, es-
pecially for males (Figure 3).

Relative Feeding (AFI). In general, with the exception of o-pinene at low
concentrations, mean AFI was always positive, indicating overall feeding
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FIG. 3. Linear regressions of Ips typographus feeding activity for each tested compound.
Females: o, males: 0. ED50: Effective Dose halving the feeding performances of the
insects (indicated only for Verbenone as an example, see Table 3). For overall means per
compound and sex, see Table 2. Data points with the same letter are not different by
ANOVA on log(x + 1) followed by the Tukey’s honestly significant difference post hoc

test at a = 0.05.
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TABLE 3. EFFECTIVE THRESHOLD (ET), EFFECTIVE DOSE 50 (ED50), AND ANTIFEEDANT
INDEX (AFI) VALUES CALCULATED PER EACH TESTED COMPOUND

Compound ET“ males ET females ED50” males ED50” females AFI®
o-Pinene (low conc.) - - - - —0.002
o-Pinene (high conc.) 1 30 6.4 34.7 0.21
S-(—)-Verbenone 0.1 10 0.2 6.4 0.39
R-(+)-Limonene 5 - 8.7 17.4 0.09
R-(—)-Carvone 1 5 0.6 4.8 0.56
Juglone 0.1 5 0.4 7.4 0.31
3-Octanol 0.1 1 0.001 1.2 0.61
1-Hexanol 0.1 3 0.02 22 0.59
GLV-blend 0.1 5 0.0002 4.9 0.50

“Effective Threshold: compound concentrations at which the feeding performances of Ips
typographus become significantly lower than control (P < 0.05) by ANOVA test on log(x + 1)
applied to diet removal.

b Effective Dose 50: compound concentrations (%) at which the feeding performances of Ips
typographus become half than control (Figure 2).

“Mean of all concentrations of the Antifeedant Index calculated as (T — C)/(T + C) (Klepzig and
Schlyter, 1999).

inhibition (Table 3). AFI increased with compound concentration (Figure 4).
High concentrations of carvone, verbenone, and 1-hexanol gave the highest AFI
values (= 1), meaning total inhibition of feeding. In contrast, a-pinene and limo-
nene showed low antifeedant indexes even at high concentrations. The mode-
rately negative AFI values reported for o-pinene at several low concentrations
(Figure 4) indicate a weak stimulating effect on feeding, especially females
(Figure 3). At high concentrations (10% and 30%), most compounds showed
strong antifeedant effects (AFI > 0.5), whereas at low concentrations (1-3%),
strong effects were obtained only for 1-hexanol, GLV-blend, and 3-octanol.

DISCUSSION

Several studies have demonstrated that conifer phloem contains extractable
compounds that elicit feeding behavior in bark beetles. Ips paraconfusus Lanier
recognizes susceptible ponderosa pines after having entered the phloem
(Elkinton et al., 1981). Outer bark extracts of the host pine species stimulate
feeding behavior in both the southern pine beetle, Dendroctonus frontalis
Zimmermann (Thomas et al., 1981), and the mountain pine beetle, D.
ponderosa Hopkins (Raffa and Berryman, 1982). Feeding stimulants have been
identified also for bark beetles attacking angiosperms such as Scolytus
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multistriatus (Marsham) and S. rugulosus (Doskotch et al., 1970; Levy et al.,
1974). Literature data suggest that phloem metabolites are mainly responsible
for feeding stimulation (Bedard, 1966; Elkinton et al., 1981; Byers, 1995).
McNee et al. (2003) reported that several chemicals extracted from ponderosa
pine phloem, such as stilbenes, ferulic acid gluciside, and sugars, neither
stimulated nor reduced male feeding activity in 1. paraconfusus. Nevertheless,
few studies have tested the possible antifeedant effect of host extracts on bark
beetles. In the present study, an antifeedant effect, strongly dependent on sex,
concentration, and origin (host or nonhost) of the compound, was established.

No significant differences between sexes in antennal responses to NHV
have been recorded previously (Zhang and Schlyter, 2004), although a higher
antennal sensitivity (lower response threshold) would be expected for the host-
selecting sex (the males in the case of 1. fypographus). In this respect, Dickens
(1981) reported that the male antennae of 1. fypographus were 10 times more
sensitive to a-pinene than females. Rudinsky et al. (1971) reported that o-
pinene and limonene attracted /. typographus adults in a ratio that favored
males. High concentrations of verbenone and NHV skew the sex ratio of
1. typographus trap samples towards females (Schlyter et al., 1989; Zhang and
Schlyter, 2004), being more repellent to males. It was thought that the
verbenone released by tunneling males could counteract the effect of the
aggregation pheromone and shift the attack to uninfested neighboring trees
(Schlyter et al., 1989). Comparing male and female feeding responses, controls
did not generally show significant differences between sexes. However, when
exposed to nonhost compounds, male feeding was inhibited at relatively low
doses, ranging between 1 and 3%. Nevertheless, high doses of verbenone,
carvone, and 1-hexanol decrease female feeding responses as well.

Terpenoids play a fundamental role in host acceptance by conifer-
inhabiting bark beetles (Byers, 1995). Limonene, a-pinene, and B-pinene are
involved in preexisting and induced defenses against bark beetles (Baier et al.,
1999). Compared to many other insects, conifer bark beetles are relatively
immune to toxic terpenes, although they can still be lethal at high doses
(Everaerts et al., 1988). Some experiments suggest that some monoterpenes are
still sufficiently toxic to bark beetles as to significantly influence their ecology.
Studies by Sturgeon (1979) of the P. ponderosal/D. brevicomis LeConte as-
sociation suggest that tree resistance is linked to higher limonene contents.
In a study similar to ours, Wallin and Raffa (2000) found that the number of
1. pini that entered a phloem-based medium decreased with increased con-
centrations of most monoterpenes. In particular, the total length of tunnels ex-
cavated in the medium decreased with increasing concentrations of a-pinene
and limonene (Wallin and Raffa, 2002). Regarding host-tree status, high
monoterpene concentrations correspond to trees that have begun to respond to
an attack, whereas lower concentrations likely represent constitutive phloem



FEEDING RESPONSE TO HOST AND NONHOST COMPOUNDS 757

from unattacked trees (Erbilgin and Raffa, 2000). Long exposure to a-pinene-
and limonene-saturated vapors can also be lethal for /. typographus adults
(Everaerts et al.,, 1988). Smelyanets and Vasechko (1973), studying the
chemotaxis of I typographus to terpenoids, found a-pinene to be repellent at
concentrations higher than 3%, whereas limonene was attractive only at con-
centrations of 0.2-0.6% and repellent above 3—4%. Verbenone, which in many
bark beetle species is usually released by tunneling males as a repellent for
colonizing adults, shows a concentration-dependent repellence pattern (Schlyter
et al., 1989). No previous studies concerning the antifeedant characteristics of
verbenone has been conducted. We observed a strong repellent effect at high
concentrations, especially to males.

In general, compounds from nonhost trees have strong antifeedant effects.
Green leaf volatiles (GLVs) are aliphatic 6-carbon primary alcohols, aldehydes,
and acetates found in broad-leaved trees (Visser, 1986). In our experiment, the
GLV-blend showed an effective threshold starting at low concentrations.
Moreover, 1. typographus antennae strongly respond to 1-hexanol (Zhang and
Schlyter, 2004). Similar responses have also been found in D. ponderosae,
Tomicus piniperda (L.), T. minor (Hartig), I. duplicatus (Sahlberg), and I.
sexdentatus (Boerner) (Zhang and Schlyter, 2004). In our experiment, males of
L typographus were strongly affected by hexanol and GLV, indicating a
possible sex-specific effect of one or more of these compounds. Among the
tested nonhost chemicals, 3-octanol is an 8-carbon alcohol extracted from the
bark of European birch species (Betula pendula and B. pubescens) and aspen
(Populus tremula) (Zhang et al., 2000). This alcohol showed the strongest effect
on the feeding responses of I. typographus, being active at low concentrations
(0.1%). Finally, juglone is a quinone derivative (5-hydroxy-1,4-naphthoqui-
none) already known to inhibit the feeding activity of Periplaneta americana
(L.) and S. multistriatus by reacting with aminoacids, especially cysteine
(Ferkovich and Dale, 1971). In our study, however, juglone only showed a
moderate antifeedant effect. Following starvation, the need for water induces
beetles to ingest nonhost or neutral diet, thus masking low antifeedant properties
of some compounds. As we found some antifeedant activity in all compounds,
the optimal starvation period before test might be longer than that applied in our
study. Raffa (1988) hypothesized that phloem colonization does not continue in
the presence of repellents, but progresses in the absence of stimulants. This
would indicate repellents as the key factor influencing tree colonization. Our
results support that hypothesis.
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