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Abstract
Fäldt, J. 2000. Volatile constituents in conifers and conifer-related wood-decaying fungi:
Biotic influences on the monoterpene compositions in pines. ISSN 1100-7974. ISBN 91-
7170-608-9.

The aim of this thesis was to analyze the variations of volatiles from conifers and conifer-
related wood-decaying fungi in healthy and infested tissues. Volatiles produced and
emitted from conifers and associated fungi may act as attractants or repellents for insects
breeding and feeding on those organisms. To evaluate the ecological functions of volatile
constituents, it was necessary to analyze them in relation to biotic factors, under well-
defined conditions. Thus, odor sampling techniques have been compared and evaluated.
Biologically active compounds often occur in complex mixtures. However, the insects
can react to very specific blends and distinguish among hundreds of constituents. From
such mixtures, two sesquiterpene hydrocarbons, β-barbatene and germacrene D, have
been isolated and identified. The electrophysiological response of germacrene D has been
established. The attraction of spore-eating insects to the ubiquitous fungi odor 1-octen-3-
ol, isolated from the conifer related Fomitopsis pinicola, was confirmed in field tests.

The relative and enantiomeric compositions of monoterpenes were analyzed, to provide
new information about chemotaxonomic relationships, the correlation to the susceptibility
of pines to pest-insect attack and the biosynthesis pathways. Hexane extracts and/or
headspace samples have been analyzed by using 2D-GC and GC-MS. The monoterpene
compositions in Pinus sylvestris, P. yunnanensis, P. armandii, P. nigra, P. halepensis, P.
pinaster mesogeensis, and P. pinaster maritima, have been determined and correlated to
the attack frequency of the pine shoot beetle Tomicus piniperda. The relative
compositions of monoterpenes differ among species, individuals and tissues, as well as
between uninjured and injured phloem of fungi infested pines. There is a large variation in
the enantiomeric composition of certain monoterpenes among the pine species. In P.
sylvestris, especially the enantiomers of α-pinene, limonene, camphene and β-pinene have
a large distribution both within and among tissues. Other constituents, such as (–)-
sabinene, (–)-β-phellandrene and (+)-3-carene, occur in a high enantiomeric purity.
Monoterpenes in different tissues and trees were subjected to correlation plots, indicating
large variations in biosynthesis among tissues and Pinus species.  Additionally, the
influence of fungi (vectored by T. piniperda) growth on the monoterpene composition in
phloem has been studied. The enantiomeric composition of β-pinene and limonene
increased during fungi infection, indicating induced biosynthesis of defense chemicals.

Key words: Coniferales, Pinus, bark beetles, wood-decaying fungi, monoterpenes,
sesquiterpenes, enantiomeric composition, host-odor interactions,  2D-GC, GC-MS, head
space sampling, SPME
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Appendix and papers

Appendix
I. List of Pinus taxa, common names, herbivores and associated fungi mentioned in the
text

This thesis is based on following publications and manuscripts
Methodological applications
I Comparison of headspace techniques for sampling volatile natural

products in a dynamic system. Fäldt, J., Eriksson, M., Valterová, I., and
Borg-Karlson, A.-K. Z. Naturforsch. 55c, 180-188. 2000.

II Volatiles of bracket fungi Fomitopsis pinicola and Fomes fomentarius
and their functions as insect attractants. Fäldt, J., Jonsell, M.,
Nordlander, G., Borg-Karlson, A.-K. J. Chem. Ecol. 25, 567-590.
1999*.

III The plant sesquiterpene germacrene D specifically activates a major type
of antennal receptor neurons of the tobacco budworm moth Heliothis
virescens. Røstelien, T., Borg-Karlson, A.-K., Fäldt, J., Jacobsson, U.,
and Mustaparta, H. Chemical Senses 25, 141-148. 2000.

Pine tree analysis
IV Occurrence and correlations among monoterpene hydrocarbons in Pinus

sylvestris and Picea abies. Sjödin, K., Persson, M., Fäldt, J., Ekberg, I.,
Borg-Karlson, A.-K. J. Chem. Ecol. 26, 1701-1720. 2000*.

V Correlations between selected monoterpenes in the xylem of six Pinus
(Pinaceae) species. Fäldt, J., Sjödin, K., Persson, M., Valterová, I., and
Borg-Karlson, A.-K. Submitted.

VI Host selection in Tomicus piniperda L.: Composition of monoterpene
hydrocarbons in relation to attack frequency in the shoot feeding phase.
Almquist, A.-C., Fäldt, J., Lieutier, F., and Borg-Karlson, A.-K.
Manuscript.

VII Host-plant monoterpene chemistry in pine species related to Tomicus
piniperda: Pinus yunnanensis, P. armandii and P. sylvestris. Borg-
Karlson, A-K, Persson, M., Fäldt, J., Almquist, A-C., Långström, B., Li,
L., Liu, H., Zhou, N. and Lieutier, F. Manuscript.

VIII Dynamics in absolute amounts and enantiomeric compositions of
monoterpenes as caused by fungi infestation of Pinus sylvestris phloem.
Fäldt, J., Solheim, H., Långström, B., and Borg-Karlson, A.-K.
Manuscript.

* Printed with permission from the Journal of Chemical Ecology, Kluwer Academics/Plenum Publishers



1 Terpenoid - Any of a large class of natural products based on the isoprenoid unit.

Background and aim of the thesis

Conifers and conifer related pests
Species belonging to the conifers represent only a fraction of all plant species on earth,
but have a distribution over a wide land area. Several factors contribute to their success
in the world, such as their defense mechanisms, colonization of northern hemisphere and
the ability to adapt to extreme environments, all of which serve to reduce the inter- and
intra-specific competition. Archeological discoveries show that conifer trees originate
from the meioscene era, (248 million years ago) and their long durance on earth proves
the success of the organism (Raven et al. 1992).

Conifers have an important economic value, providing paper, wood, building material and
chemicals (Kelly and Rohl 1989). Plant produced secondary compounds have a distinct
physiological or ecological function in tree development. Terpenoids1 belong to this
group of compounds and consist of a the isoprene (C5H10) unit as building block, which is
delivered from the mevalonate or mevalonate-independent pathway (Rohmer 1999).  The
“terpenoid family” consists of a large number of compounds with a high structural
variation and originates from both the plant and animal kingdoms.

Insects
Insects use trees as substrate for feeding or breeding in many kinds of tissues of the tree
(e.g. bark, xylem, phloem, needles, shoots, dead wood). For example, in P. sylvestris,
there are at least 50 insect species dependent on bark and sapwood for their life cycle (Bo
Långström, pers comm). Among these are insects that are considered as pests – i.e.
insects that have an economic impact (Berryman 1982), either by killing the trees,
reducing their carbohydrate metabolism due to the loss of photosynthetic tissues, or
preventing the flow of carbohydrates and nutritious material. During the aging and finally
dying process, the tree provides substrates of various quality for insects and fungi. Pests
that are aggressive in their behavior and attack trees that are healthy are called primary
pests. Some examples include the bark beetle species (Coleoptera: Scolytidae), aphids
(Homoptera: Aphididae), weevils (Coleoptera: Curculionidae), as well as moths
(Lepidoptera: Phyticinae). Insects that attack already weakened trees are considered
secondary pests. Several bark beetles use pheromones for the attraction of a mate or
aggregation of conspecifics, which contribute in the tree killing by overcoming the
defense system of  trees. The first evidence of a bark beetle that uses a pheromone was
described by Andersson (1948), and the pheromone complex of several bark beetles is
reviewed by Byers (1995).

In modern forestry, the use of machinery for harvesting logs can cause damage to living
trees and roots, which in turn causes primary attraction of pest insects (by enhanced
production of attractive volatiles), drought, or root fungi establishment. Trees of reduced
vigor are generally more susceptible to insect attacks. Several aggressive bark beetles are
important to the Swedish forestry, e.g. Ips typographus L. and Pityogenes chalcographus
L., which attack healthy specimens of their host tree, the Norway spruce, Picea abies L.
Karst. (Coniferales: Pinaceae). The pine shoot beetle, Tomicus piniperda (Coleoptera:
Scolytidae), belongs to the group of secondary pests – attacking trees of reduced vigor,
and subsequently killing its host tree, the Scots pine, Pinus sylvestris L. (Coniferales:
Pinaceae).



Bark beetles and associated fungi
The ambrosia beetles (Platypodidae and Scolytidae) are involved in a complex relation
among beetles, fungus and dead wood. Adult beetles excavate tunnels, predominantly in
dead wood though some beetle species attack living wood. Mines are made in the
phloem, wood, twigs, or woody fruits, which the beetles infect with ecto-symbiotic
“ambrosia” fungi, which inhabits the wood. The fungi, which come from a wide
taxonomic range, break down the wood, make it more nutritious for the beetles, and
finally kill the tree. Both larvae and adults feed on the conditioned wood and directly on
the nutritious fungi (Francke-Grosmann 1967). The fungi and beetles have a symbiotic
relationship. The beetles and the larvae do not survive the conifer defense (the resinosis)
alone. They overcome the defense of the tree by transferring the fungi, which kill the
parenchyma cells and prevent the trees from transporting carbohydrates and nutritious
material. Generally, a fungi infection often causes tree death, both in coniferous and
deciduous trees.

T. piniperda adults carry two fungi species which give the sapwood a blue staining
(Leptographium wingfieldii Morelet and Ophiostoma minus (Hedgc.) H. and P. Syd))
(Solheim and Långström 1991). One of them (L. wingfieldii) is more virulent than the
other (Solheim et al. 1992).

Ecological functions of wood decomposition
In modern forestry, economic losses result from pest-insects and wood-decaying fungi.
However, the ecological importance of these organisms is due to their contribution of
mineralization of components (cellulose and lignin), which are chemically inert and
difficult to degrade. Fungi living in dead wood are important for the succession of the
forest, and there are several insects feeding and breeding on mycelia and fruiting bodies
as well as on the decayed wood.

Monoterpene chemistry in pine-beetle-fungi complexes
Resinosis is multipurpose, e.g. by acting as chemical and physical barrier, against biotic
and abiotic damage. The impact that beetle-fungi complexes have on the production of
monoterpenes has earlier been investigated (Berryman 1972; Delorme and Lieutier 1990;
Raffa and Smalley 1995) among others). After a beetle attack and fungi infection, the tree
responds by producing copious amounts of terpenoids and phenolics, some of which are
toxic. This reaction is a qualitative as well as a quantitative alteration of the preformed
constitutive resin.

Aim of the thesis
The aim was to analyze the chemodiversity of volatiles from conifers and conifer-related
wood-decaying fungi, in healthy and infested tissues. The thesis is focused on the
chemical diversity of monoterpenes in ten pine (Pinus) species and the function of
selected constituents in insects, especially the relation to the ecology of the pine shoot
beetle (T. piniperda) and associated fungi.

To investigate these interactions accurately, important topics in ecological chemistry were
also evaluated, i.e., sampling techniques of volatile compounds, as well as techniques for
separation and identification of biologically active compounds in complex mixtures.



Ecological chemistry methodology

Collection of volatile natural products
Sophisticated methods for sampling volatiles in headspace2 are invaluable in the field of
ecological chemistry, especially when sampling living material. To detect the minute
amounts that occur naturally, an enrichment of the components is often necessary prior to
analysis. Millar and Sims (1998) have recently reviewed the use, advantages, and
disadvantages of different sampling and collection methods.

To design experimental setups appropriate for the organism and compounds studied,
several enrichment methods and sorbents as sample material must be compared. The
bioactive compounds emitted (especially from plants), are ranged from carbon dioxide to
diterpenoids, and vary in volatility and polarity. An adequate sampling method for all
different kinds of compounds has not yet been invented, but entrainment on porous
polymers and SPME (solid phase microextraction) are suitable techniques. Compared to
headspace samples, solvent extraction samples are usually more complex. This is due to
the extraction of heavier compounds such as cuticle lipids and chlorophyllous substances
(Knudsen et al. 1993). Those compounds are seldom involved in air-mediated plant-
insect or insect-insect interactions. Interestingly, the compounds that are emitted from the
plants or insects do not necessarily appear in the solvent extract, or do so at very low
concentration (Fäldt, unpubl. results on volatiles from Senecio integrifolius). However,
extraction methods have the advantages of simplicity and repeatability, offering an
opportunity to sample a large number of replicates.

The adsorption of the compounds to polymers is based on physical and chemical
parameters of compounds and adsorbents. Additionally, parameters during sampling,
such as temperature, flow rate, sampling time, and the choice of desorption conditions
have to be considered and optimized in a defined experimental setup. To mimic natural
conditions, sampling is often performed using a dynamic system  when collecting volatiles
from living material. During the past years, there have been contributions to the field in
optimization of particular sampling methods (Raguso and Pellmyr 1998; Bartelt and
Zilkowski 1999; Shirey 2000).

Purge and trap methods
Here, the expression purge and trap, refers to the process of collecting volatiles in an air
stream by trapping them on a sorbent placed in the outlet stream, then desorbing them by
a solvent. As sorption materials for trapping, a number of materials are available and used
in ecological chemistry, e.g. Porapak Q (I, II, III; Cross et al. 1976; Borg-Karlson 1990;
McPheron et al. 1997), Tenax GC (I; Cole 1980), XAD 2 (Dormont et al. 1997;
Kleinhentz et al. 1999), charcoal (I; Millar and Sims 1998), and methanol in dry ice (I;
Jursík et al. 1991).

The sampling result is related to the properties of the sorbent material and depends on the
pore size and chemical properties of the polymer. Compared to Tenax GC (2,6-diphenyl-
p-phenylene oxide polymer), Porapak Q (ethyl vinyl benzene-divinyl benzene copolymer)
can adsorb larger amounts of analyte (Raguso and Pellmyr 1998), or in different
proportions (I). In another study no difference was observed (Agelopoulos and Pickett

2 Headspace – the air above the emission source.



1998). The latter study also showed that the extraction of the trapped volatiles by thermal
or solvent desorption did not affect the composition. However, the compounds compared
were of similar volatility and polarity. Raguso and Pellmyr (1998) used a wider range of
test substances with respect to polarity and molecular weight. Three types of solvents
were evaluated to be used for extraction (diethyl ether, pentane and hexane). They found
that hexane eluted the greatest amounts of compounds; however the more polar
compounds were efficiently extracted by diethyl ether. Thus, the sorbents material and
solvents for extraction have to be optimized for each type of substance that is emitted.

SPME
Solid phase microextraction (SPME) (Zhang and Pawliszyn 1993) has efficiently been
used in several fields of research3. SPME consists of a thin polymer coated silica needle
(the fiber) attached to a modified GC syringe. Originally, it was developed for
environmental analysis of organic pollutants in water (Pawliszyn 1997). In our research
group, we have used it for monitoring biodegradation of diesel (Eriksson et al. 1998) and
PAH (polyaromatic hydrocarbon) (Eriksson et al. 2000). Additionally, the method is very
efficient in sampling volatiles in ecological chemistry studies, e.g. compounds emitted
from bracket fungi (II), plant volatiles (Schäfer et al. 1995; Agelopoulos and Pickett
1998) and insects (Malosse et al. 1995; Borg-Karlson and Mozuraitis 1996; Andersson et
al. 2000).

As for the other sampling methods, several conditions need to be considered while
sampling with SPME (I; Zhang and Pawliszyn 1993; Pawliszyn 1997; Eisert et al. 1998;
Bartelt and Zilkowski 1999). Among others, temperature (preferably 20 °C above room
temperature), agitation (dynamic conditions) and an increase of flow rate will improve
the absorption of high-molecular-weight compounds (mw: >200). Static headspace
favors low molecular weight compounds (I).

In a static system, volatile compounds present in headspace (Px) are proportional to the
amount dissolved in the liquid phase (Cx), according to Henry’s law: Px = KH * Cx,
KH is a constant and specific for each substance. In a sampling vial the compounds
equilibrate against the source (in this example an aqueous solution), the boundary layer of
the coating, the coating of the fiber and the surface of the glass vial. In static sampling
conditions, the boundary layer retards the analyte, due to diffusion and gradient effects.
However, in a dynamic system, this equilibrium is disturbed and heavier compounds are
more efficiently extracted (I; Bartelt and Zilkowski 1999).

Today, a number of fiber materials are commercially available, all of them suitable for a
diverse group of compounds. In our study, we used a dynamic system and compared two
fibers, namely PDMS (100 µm polydimethyl siloxane) and CW/DVB (65 µm carbowax /
divinyl benzene). We found that the unpolar fibers (PDMS) were more suitable for high-
temperature-boiling unpolar compounds, while the polar fibers efficiently trapped low
molecular weight and polar compounds (I). Storing of sampled SPME, when used in the
field, did not influence the composition as long as it was stored in a cooling bag (approx.
6 °C), (I).

3 approx. 1000 hits on CAS on line 2000/07/25



Purge and trap versus SPME
In a comparative study (I), we used different common volatiles to evaluate four types of
purge and trap materials and two types of SPME fibers, described above. We found that
SPME was suitable for collecting volatiles in a dynamic system (I), concerning heavier
compounds, such as ethyl hexadecanoate (I). The volatile profile of the compound
mixture, however, changed completely when static headspace sampling was performed
for a shorter time compared to a dynamic sampling for 30 min (I). SPME has the
advantage of being an easy and sensitive method for the sampling of volatiles from
complex matrices, with high repeatability and accuracy (Pawliszyn 1997). However, the
sample is consumed after injection and can not be subjected to further analysis or
physiological tests on insects.

Analysis of  phytochemicals
Volatiles emitted from plants are often in complex mixtures (Knudsen et al. 1993). In
such mixtures, only one or a few constituents may be physiologically active for an insect
(III). To evaluate the role of the entire mixture and individual components, efficient and
sensitive separation methods must be used.

Separation of complex samples at the ng level
The most efficient separation technique for volatile compounds is GC (gas-
chromatography) and its hyphenated techniques, such as GC-MS (GC-mass
spectrometry), GC-GC (2D-GC or multidimensional GC) (Millar and Sims 1998). Due to
the high resolution of the capillary column, hundreds of compounds can be separated in a
single analysis. Detection by the flame ionization detector (FID) is highly sensitive and
compounds can easily be detected at pg level. With the use of the single ion-monitoring
mode, (SIM) detection by MS can be improved, allowing detection at the femto gram
level.

Chiral separation by GC
The use of modified cyclodextrins4 as a liquid stationary phase, has widened the scope of
the enantiomeric distribution of chiral phytochemicals. Originally, unmodified
cyclodextrins were used, but they suffered from inefficiency and degradation.
Permethylated and chemically bonded cyclodextrins, however, seem to be very efficient
and temperature stable. There are commercial available cyclodextrins of different ring
sizes, α-, β-, γ-, cyclodextrins. The ring size, in combination with other modifications,
has broaden the range of components that can be resolved (König 1990). The mechanism
of the chiral separation refers to the host guest interactions of the analytes in a chiral
pocket of the modified cyclodextrins. Typically, one of two enantiomers fits better due to
stronger interactions based on hydrogen bonds (Harata et al. 1984) and electrostatic
interactions (Reinhardt et al. 1996) and thus, is more retained in the stationary phase.
In our investigations, monoterpene hydrocarbons (IV-VIII) and alcohols (II), as well as
aliphatic alcohols (II) were separated on chemically modified β- and γ-cyclodextrins.

Two-dimensional gas chromatography (2D-GC)
Two GC-ovens coupled in a series and connected by a heated interphase, are efficient
tools for the separation of enantiomers in complex mixtures, e.g. monoterpene
4 Cyclodextrins are synthesized from partially hydrolyzed starch, by enzymatic degradation (cyclodextrin
glycosyltransferase).



Figure 1. A. Germacrene D. B. β-Barbatene.

enantiomers (Kreis et al. 1990; Mosandl and Schubert 1990; Borg-Karlson et al. 1993;
Mondello et al. 1998; Mondello et al. 1999). A heart cut (a gas chromatographic
fraction) including some of the effluents was chosen in the first GC and transferred to the
second GC by pneumatic valves (Borg-Karlson et al. 1993). In this 2D-GC system, the
separation of the six chiral monoterpenes, α-pinene, camphene, β-pinene, sabinene,
limonene, β-phellandrene, which are constituents of a complex mixture (e.g. the pine
resin) can accurately be separated in one analysis (IV-VIII; Sjödin et al. 1993). In the
second GC, two columns were installed, which facilitated the separation by avoiding co-
elution of certain monoterpenes (Borg-Karlson et al. 1993). The instrument setup was
also used for separation of chiral compounds emitted from bracket fungi (Polyporaceae),
i.e. an aliphatic alcohol (1-octen-3-ol), monoterpene hydrocarbons (α-pinene, limonene
and β-phellandrene) and alcohols (cis-furanoid linalool oxide) (II). However, in the latter
case the enantiomeric analysis took place in separate analytical circuits, needed for
different optimized temperature programs (II; Valterová et al. 1992b; Borg-Karlson et al.
1996).

Sesquiterpene hydrocarbon analysis

Abundance, biochemistry, and insect physiology of sesquiterpene hydrocarbons
Sesquiterpene hydrocarbons are well distributed in nature, but in finite amounts appear in
more complex mixtures than monoterpenes, due to their constitutional composition (an
additional isoprene unit), and exist in a wide range of varieties and forms (including
acyclic, cyclic, bicyclic and tricyclic frameworks). In addition, the biosynthesis of
sesquiterpenes is more complex and highly branched, with a higher diversity of products
from one pathway (Jones and Firn 1991). Sesquiterpenes appear as insect pheromones, as
recently reviewed by Hick et al. (1999), in herbaceous plant constituents (III, (Crock et
al. 1997; Colby et al. 1998; Schmidt et al. 1998), in fungi volatiles (II), in conifer resin
constituent (Kleinhentz et al. 1999), liverwort constituent (Warmers et al. 1998), and in
marine invertebrates (Weinheimer et al. 1970).

The biochemistry of sesquiterpenes is believed to take place in the cytosol of the cell,
from the precursor farnesyl diphosphate, which is in turn synthesized via the mevalonate
pathway (see section Biosynthetic pathways…). However, it is still unclear whether the

A. B.



Figure 2. Rearrangement of germacrene D to (-)-β-bourbonene, initiated  by UV-light (Yoshihara, 1969).

biosynthesis pathways of sesquiterpenes occur through the mevalonate or the mevalonate
independent pathway. The biosynthesis of germacrene D is studied by Schmidt et al.
(1998), in Solidago canadensis, where they found two synthases, each producing one of
the enantiomers. The biosynthesis of a related component, germacrene C, was studied in
cherry tomato leaves and the synthesis was found to be rather specific. However,
germacrene A, B and D were produced in lesser amounts from the recombinant
synthases.

Germacrene D (Fig 1a) is a ubiquitous compound, found in many plant species (III;
Yoshihara et al. 1969; König et al. 1996; Schmidt et al. 1998), and elicits a specific
response in antennal receptor cells, measured by single cell recordings in the moth
Heliothis virescens (Heliothinae), a polyphagous lepidopteran insect (III). However, the
behavior elicited by the compound is at present unknown .

In our study of potential insect attractants emitted from bracket fungi (Polyporaceae), we
have separated and identified β-barbatene (Fig 1b), for the first time in fungi. Previously,
it has been found in several species of liverworts (Hepaticae) (Andersen et al. 1977;
Matsuo et al. 1985; Warmers et al. 1998) and in the herb Meum athamanticum
(Apiaceae) (König et al. 1996).

Preparative separation of sesquiterpene hydrocarbons
Sesquiterpene hydrocarbons are often in complex mixtures of constitutional isomers,
expressing similar  mass spectra. Therefore, a careful structure elucidation by NMR is
needed to assure the structure of a particular constituent. To obtain sufficient amounts
and purity of the compound in question, it must be efficiently separated and isolated.
Different chromatographic methods can be used for isolation of sesquiterpene
hydrocarbons, MPLC (medium pressure liquid chromatography, silica gel impregnated
with AgNO3 

(arginated silica gel) (III), Al2 
O3 

chromatography, preparative GC (Wassgren
and Bergström 1984; Hamilton et al. 1996; König et al. 1996), hyphenated GC-LC
techniques, cooled HPLC (reversed and normal phase), arginated preparative TLC
(Colby et al. 1998), separation after chemical modification (Nishii et al. 1997), or several
techniques used in combination (Yoshihara et al. 1969; Andersen et al. 1977).

We succeeded in isolating germacrene D (Fig 1a) from complex mixtures, i.e. a
sesquiterpene fraction of essential oil originating from Piper cubeba (III) and from
turpentine obtained from thermo mechanical pulp (TMP) of Norway spruce, (unpubl.

H

H H

H

H

H hν



result). Prior to chromatography of the hydrocarbon isomers, all oxygenated constituents
were removed with MPLC (Jirón 1996) at normal phase. Next, the hydrocarbons were
separated by using SiO2 impregnated with 5-15% AgNO3.

β-Barbatene (Fig 1b) was the major component in the hydrocarbon fraction of hexane
extract from Fomitopsis pinicola Fr. (Karst.) (Polyporaceae); thus it was isolated directly
by MPLC (SiO2), prior to NMR analysis (II). Yet, we have no data on the enantiomeric
distribution of these two interesting sesquiterpenes. However, König et al. (1996)
separated the enantiomer of β-barbatene, both from the liverwort (mainly (+)-
enantiomer) and M. athamanticum (mainly (–)-enantiomer), by using a chemically
modified β-cyclodextrin column. Additionally, Schmidt et al. (1998), have separated the
enantiomers of germacrene D on the same type of column. Sesquiterpene hydrocarbons,
with the germacrane skeleton, are elusive due to their propensity to rearrange (Yoshihara
et al. 1969; Weinheimer et al. 1970; Colby et al. 1998), by acidic rearrangements as well
as thermal, UV-light and free radical influences (Fig 2).

Evaluation of GC-data by multivariate data analysis
A typical GC-analysis of conifer tissue samples indicates over 20 monoterpene
hydrocarbons. Considering all compounds as descriptive variables, in a study comparing
the compositions of terpenes between sample tissues, all of them have to be included in
an entire comparative study. The large number of GC-data obtained in such investigations
(sample numbers >10), have been evaluated with the use of multivariate analysis (IV-VII;
Sjödin et al. 1989; Sjödin 1991; Sjödin et al. 1993; Valterová et al. 1995; Persson et al.
1996; Sjödin et al. 1996). Multivariate analysis enabled us to determine compositional
differences, variation of low-concentration constituents, and grouping of GC-peaks
(variables), as well as tissue samples. We have used Principal Components Analysis
(PCA) and Partial Least Square – Discriminant Analysis (PLS-DA)5 in our investigations.
Briefly, a PCA is a reduction of n dimensions (n equals the number of variables), to a
model with fewer components (principal components, PC) describing the highest
variation of data. In a plot between the PCs (the score plot), the objects (samples) are
grouped according to their chemical composition (variables). The relations of the
variables are presented in the projection plot (p-plot). PLS-DA refers to a method, in
which an additional Y-variable can be added (e.g. the attack rate of bark beetles) (Wold
et al. 1989). The resulting model will take into consideration how the variation in data is
related to the Y-variable, i.e. the attack rate. The plot is interpreted in the same way as a
PCA-plot. In our studies all MVDA-models (PCA and PLS) are tested by cross
validation (Wold et al. 1989) to determine the significance of the principal components.
The variation in data that is explained by the model can be determined (explained
variation).

5 PLS-DA can also be denoted as projection to latent structures, PLS-R denotes partial least squares regression,
PLS.



6 Diversity - defined as the number of different items and their relative frequency.

Monoterpene chemistry in pines
The chemistry of monoterpenes in conifers is a challenging field of research. The great
economic value of conifer as raw material in paper, construction material and bulk
chemicals (Kelly and Rohl 1989) is a matter of national and international importance.
Pine species are naturally distributed geographically all over the northern hemisphere,
successfully introduced and cultivated in the tropics, and represent an important part of
the ecosystem (Richardson 1998).

The fact that there is large chemical diversity6 of monoterpenes among the pines and their
frequent appearance in complex matrices makes them an interesting analytical chemical
problem. The volatile fraction of the resin constitutes 90% of monoterpenes. The
monoterpene composition has a well known physiological and ecological significance.
This study is focused on the chemical diversity of monoterpene in pine species (Pinus sp),
as well as the possible functions of monoterpenes in relation to the ecology of the pine
shoot beetle (T. piniperda) and associated fungi.

Monoterpene diversity in healthy trees
Basic knowledge in the chemical diversity of terpenes in wood resin of the genus Pinus is
tabled by Mirov (1961, 1967). The composition of monoterpenes (Fig 3) in pine species
without considering the enantiomeric composition of the chiral monoterpenes, has been
extensively investigated in P. sylvestris, (Hiltunen et al. 1975a; Hiltunen et al. 1975b;
Yazdani et al. 1982; Chalchat et al. 1985; Yazdani et al. 1985; Zavarin and Snajberk
1985; Yazdani and Nilsson 1986; Baradat and Yazdani 1988; Sjödin et al. 1989; Wibe et
al. 1997; Manninen et al. 1998), P. pinaster, (Bernard-Dagan 1988; Marpeau et al. 1989;
Jactel et al. 1996), P. contorta (White 1983; Paine and Hanlon 1994), P. banksiana
(Wallin and Raffa 1998), P. jeffreyi (Paine and Hanlon 1994), P. cembroides (Zavarin and
Snajberk 1985) and P. ponderosa (Sturgeon 1979; Sturgeon and Mitton 1986; Paine and
Hanlon 1994), among others, and reviewed by Hanover (1992). (For full names of the
species and species authors, see Appendix)

The enantiomeric compositions of monoterpene hydrocarbons have only been the subject
in some investigations as in P. sylvestris (IV; Sjödin et al. 1993; Hiltunen and Laakso
1995; Sjödin et al. 1996; Sadof and Grant 1997; Wibe et al. 1998), P. radiata (Cool and
Zavarin 1992), P. taeda (Phillips et al. 1999), P. strobus (Armstrong et al. 1996; Shu et
al. 1997; Wang et al. 1997), P. caribaea, P. cubensis, P. tropicalis, P. maestrensis (V;
Valterová et al. 1995), P. peuce (Hennig et al. 1994), P. yunnanensis, P. armandii (VII)
and P. contorta (Lewinsohn et al. 1993b; Savage et al. 1995). The lack of enantiomeric
analyses is partially due to the lack of efficient commercial chiral GC capillary columns,
which appeared last decade (Koscielski et al. 1983; König 1990 and references cited
therein), but are (or at least should be!) in daily use in the ecological chemistry
laboratories. 2D-GC-equipment for analyzing complex samples has been a challenging
and fruitful tool in the separation area, especially for complex biological samples (IV-
VIII; Valterová et al. 1992a; Valterová et al. 1992b; Borg-Karlson et al. 1993; Persson et
al. 1993; Sjödin et al. 1993; Valterová et al. 1993; Valterová et al. 1995; Persson et al.
1996; Sjödin et al. 1996; Valterová et al. 1997; Wibe et al. 1997; Mondello et al. 1998;
Wibe et al. 1998; Mondello et al. 1999).



The monoterpenes emitted from the pine trees are to a great extent relevant in host-insect
interactions. They are involved in processes like attraction, deterrence and host
acceptance (Langenheim 1994; Byers 1995; Wallin and Raffa 2000), but can also be toxic
to pathogens and insects (Shrimpton and Whitney 1968; Delorme and Lieutier 1990;
Paine and Hanlon 1994). The content of certain pine compounds is under strong genetic
pressure. Some of the major constituents are known to be inherited: 3-carene, limonene,
myrcene (Hiltunen et al. 1975a), and β-phellandrene in P. sylvestris (Baradat and Yazdani
1988); 3-carene in P. monticola (Hanover 1992) and in P. pinaster (Bernard-Dagan
1988); and to some extent (whether discussed as types) β-phellandrene, α-pinene and β-
pinene in P. contorta (White 1983).

The variations in monoterpene compositions among several pine species studied (IV-VI;
Bernard-Dagan 1988 and references cited therein; Valterová et al. 1995), are not
restricted to inter-specific variation. Additionally, there are geographic and/or population

tricyclene α-pinene
(-) (+)

camphene β-pinene

sabinene 3-carene

myrcene α-terpinene limonene β-phellandrene

cis-β-ocimene γ-terpinene trans-β-ocimene p-cymene terpinolene

(-) (-)

(-) (-)

(-) (-)

(+) (+)

(+) (+)

(+) (+)

2-carene
(-) (+)

Figure 3. Structures of the monoterpene hydrocarbons studied.
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variations (Yazdani and Nilsson 1986; Cool and Zavarin 1992) as well as variations
among tissues in a single specimen (within tree variations or epigenic variation) (IV;
Bernard-Dagan 1988; Hanover 1992; Sjödin et al. 1996). The complexity and variation
among the monoterpenes is believed to be one of the factors that make conifers such an
evolutionarily successful family (due to its durance on earth). By expressing such a great
variation the evolutionary uncertainties, metabolic costs as well as the selection pressures
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caused by herbivores are minimized (Sturgeon 1979; Sturgeon and Mitton 1986; Jones
and Firn 1991; Hanover 1992; Byers 1995).

Both hexane extracts and headspace volatiles of healthy pines display variations in the
monoterpene composition within and among species, but there are also chemical
similarities (IV-VIII). The use of multivariate data analysis (MVDA) has facilitated the
comparison of a great number of species/specimens/tissues, which contain many variables
(i.e. the GC-peaks of monoterpene hydrocarbons) (IV-VII; Wold et al. 1989; Sjödin et
al. 1993).

Biosynthetic pathways
Research into the biosynthesis of terpenoids has made a paradigmatic shift the last
decades. Originally, in labeling experiments, all terpenoids were believed to be
synthesized from mevalonate, via the mevalonate pathway (Dewick 1999, Fig 4).
Progress has been made, with the use of specific radio labeling of precursors, advanced
NMR correlation techniques and biochemical experiments. Today, there is agreement
about the existence of the mevalonate - independent pathway (“the Rohmer pathway”,
Fig 4, (Rohmer 1999)). Both pathways occur in the plant cell; however, it is still unclear
where in the cell the biosynthesis of terpenoids takes place. The most recent proposal is
that monoterpenoids, diterpenoids and tetraterpenoids are synthesized in the plastids
(chloro- or leucoplasts) of the cell, and that the sesquiterpenoids are synthesized in the
cytosol of the cell. Nevertheless, the common metabolites in the synthesis (IPP, GPP and
FPP, Fig 4) are being exchanged between the two pathways in the active transport
between cytoplasma and plastid (Rohmer 1999). Geranyl diphosphate (GPP), which is
the precursor of all monoterpenes in conifers, is biosynthesized via the mevalonate -
independent pathway from pyruvate and glyceraldehyde-3-phosphate via



Figure 5.
A. Correlation between (-)-α-pinene (x-axis) and (+)-α-pinene (y-axis), based on selectively normalized GC-data. The correla-
tion coefficients, R2, are shown in the plots. The R2 value for P. armandii is 0.339, if only one outlier is excluded.
B. Correlation between (-)-β-pinene (x-axis) and (+)-β-pinene (y-axis), based on selectively normalized GC-data. The correla-
tion coefficients, R2, are shown in the plots.
C. Correlation between (+)-α-pinene (x-axis) and (+)-camphene (y-axis), based on selectively normalized GC-data. The
correlation coefficients, R2, are shown in the plots.

P. s.

0

0,07

0,14

0 10 20

R2=0.995

P. y.

R2 = 0,993

0

0,1

0,2

0 15 30

P. cub.

R2 = 0,987

0

12

24

0 1000 2000

P. car.

R2 = 0,889
0

5

10

0 400 800

P. a.

R2 = 0,978

0

0,04

0,08

0 5 10

P. t.

R2 = 0,861

0

12

24

0 1200 2400

P. a.

R2 = 

0,797
0

0,01

0,02

0 0,9 1,8

outlier excluded

Fig 5C. x-axis (+)-α-pinene    y-axis  (+)-camphene

Fig 5B. x-axis (-)-β-pinene y-axis (+)-β-pinene

P. s.

0

0,06

0,12

0 1,6 3,2

P. s.

R2 = 0,902
0

0,07

0,14

0 0,13 0,26

outlier excluded

P. y.

0

0,12

0,24

0 0,5 1

P. a.

0

0,1

0,2

0 3 6

P. car.

R2 = 0,952
0

4

8

0 17 34

P. t.

0

1200

2400

0 170 340

P. cub.

0

3

6

0 40 80



0,00

0,06

0,12

0 8 16

P n 

0,00

0,01

0,02

0 1 2

P r 

0

0,05

0,1

0,15

0 10 20

P br x 

0

0,05

0,1

0 8 16

P tr x

A. (+)-a-pinene/(+)-camphene

0

0,2

0,4

0 0,06 0,12

P n

0

0,05

0,1

0 0,01 0,02 0,03

P r

0

0,05

0,1

0 0,03 0,06

P br x

0

0,05

0,1

0 0,025 0,05

P tr x

B. Tricyclene/(-)-camphene

Figure 6.
A. Correlation plots between (+)-α-pinene (x-axis) and (+)-camphene (y-axis) in P. sylvestris. Good correlation
coefficients were found in all tissues. P n =  needles, P r = resin, P br x = branch xylem, P tr x = trunk xylem.
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isopentyldiphosphate (IPP), in the plastids of the cell (Rohmer 1999). The biosynthesis of
the monoterpenes, i.e. the rearrangement of GPP to linalyl diphosphate, cyclization and
dehydration of rearrangement products, is catalyzed by monoterpene synthases, and is
described extensively for Pinus in the literature (Croteau 1987; Bernard-Dagan 1988;



Savage and Croteau 1993; Savage et al. 1995; Phillips and Croteau 1999, among others)
(Fig 4). In the family of Pinaceae, enzymes catalyzing monoterpenes have only been
isolated from Abies grandis (reviewed in Bohlmann and Croteau (1999), P. contorta
(Savage et al. 1994; Savage et al. 1995) and P. taeda (Phillips et al. 1999). Especially in
A. grandis (which has been the model for studies of induced response), some enzymes
are induced upon wounding (Gijzen et al. 1991; Katoh and Croteau 1998) (see section
Defense mechanisms in conifers). Constitutively, enzymes can produce a single
compound, such as the (+)-3-carene synthase in P. contorta (Savage et al. 1995) and two
of the monoterpene synthases in P. taeda, each of them synthesizing either (–)-α-pinene
or (+)-α-pinene (Phillips et al. 1999), or multiple products as in one of the isolated
enzymes in P. contorta, which produces (–)-β-pinene as major component, but also (+)-
3-carene and a racemate of α-pinene (Savage et al. 1995).

If two isomers catalyzed by the same enzyme are produced in a certain ratio, they are co-
variating. Therefore, a correlation between the two constituents should reflect whether
there is a biochemical relationship or not. Correlations between the proportions, which
are the basis of inferences about biosynthetic pathways and their genetic control, do not
have simple interpretation (Birks and Kanowski 1993). The production of two
constituents from a single precursor is always in the same ratio (Birks and Kanowski
1988); however, Birks and Kanowski (1993), emphasize the importance of data
treatment. Based on the literature, our assumption is that correlations between two
constituents in a number of individual trees could give a clue about the biosynthetic
pathways of these constituents (V). The outcome of the assumption, although not
confirmed by biochemical investigations of the species in vitro, resulted in enantiomers of
chiral compounds not often being correlated [(+)-α-pinene and (–)-α-pinene, Fig 5a and
b, V] but some of the isomers were strongly correlated [(+)-α-pinene and (+)-camphene,
Fig 6, V]. Furthermore, correlations between constituents can give a clue about species
specific patterns in closely related genera (V).

According to our investigations, the biosynthesis for some constituents seems to differ in
tissues of varying developmental origin and age as is seen in the correlation between
tricyclene and (–)-camphene in P. sylvestris tissues (IV, Fig 6). Other constituents (e.g.
(+)-α-pinene and (+)-camphene correlated well in all tissues studied. Especially the resin
(from apical buds) differed from the other tissues (branch and stem xylem and needles)
(Fig 7). Branch and stem xylem of P. yunnanensis trees, appeared in two separate
groups, in a PLS-plot based on their monoterpene composition (VII). Variations of
biosynthetic processes among tissues is consistent with what is found in the literature
(Bernard-Dagan 1988).

Within tree variation
The biosynthesis of monoterpenes differs in tissues of separate developmental origin,
which will reflect the monoterpene composition. For example in P. pinaster, the
chlorophyllous tissues are vary in the relative amount of myrcene, limonene and 3-carene
(Bernard-Dagan 1988), whereas cambium tissues are unable to elaborate these
compounds and produce only α and β-pinene that are accumulated in secondary resin
ducts. This seems to be somehow simplified, and in our study we have not seen such
distinct differences in tissues (Fig 7).
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The relative amounts of monoterpenes in Scots pine resin differed significantly from the
other tissues studied (needles, branch- and trunk xylem) (IV; Sjödin et al. 1996). This
was obvious, since higher relative amount of (–)-β-phellandrene and lower relative
amount of (+)-α-pinene were found in the resin compared to the other tissues (Fig 7).
(Needles from high/low-3-carene Scots pine and Norway spruce were more clearly
grouped than the branch samples). The diversity of the monoterpene compositions among
tissues is palpably visualized by correlations between constituents (IV). Presenting
relative amounts as correlations gives us the information about minute changes in the
monoterpene compositions of constituents in low amounts e.g. the correlation between (–
)-camphene and tricyclene in P. sylvestris (IV, Fig 6b). In Scots Pine we also found that
the enantiomeric compositions differed among the tissues, e.g. there was a higher ratio of
(–)-enantiomer of α-pinene, β-pinene and limonene in the resins, compared to the xylems
(IV). Armstrong et al. (1996) found the opposite of the enantiomeric composition of α-
pinene in P. strobus; i.e. higher (+)-α-pinene ratio in the resin than in bark and needles. In
their investigation they also found high variations in the enantiomeric ratio of (–)/(+)-α-
pinene in bark and needles in several pine species (P. thunbergii, P. sylvestris, P.
banksiana and P. mugo). Unfortunately, Armstrong et al. (1996) analyzed only one
sample for each tissue, which meant that no conclusion could actually be drawn, since
there are also large variations within the tissues (IV; Bernard-Dagan 1988; Sjödin et al.
1996). Trunk and shoot xylems of P. yunnanensis (VII; Borg-Karlson et al. 1999), were
grouped in a PLS-DA plot according to higher relative amount of (–)-α-pinene, (+)-β-
pinene, (–)-β-pinene, (–)-camphene and (+)-limonene in the trunk xylem (VII). In P.
taeda, Phillips et al. (1999) found differences in relative amounts as well as in
enantiomeric compositions among phloem, xylem and needle tissues and in P. radiata



there were differences between main constituents in wood, namely, (–)-β-pinene, (–)-α-
pinene and (+)-α-pinene) and foliage, namely, (–)-β-pinene, limonene, (–)-α-pinene, (–)-
β-phellandrene) (Cool and Zavarin 1992). Correlation between constituents also shows
the differences in relative amounts among tissues (Fig 6), which can be explained by the
variations of biosynthesis pathways.

Geographical and population variations
Hiltunen et al. (1975a) found large variations among P. sylvestris trees, and established
the two chemotypes designated as high and low 3-carene trees growing in the north of
Finland (high 3-carene) and in the south of Finland (low 3-carene). By contrast,
populations of P. sylvestris in the south of Sweden were found to belong to the high-3-
carene  chemotypes, which additionally have low relative amount of limonene and β-
pinene (Yazdani et al. 1985). Yazdani et al. (1985) also found geographical variations
between the limonene chemotype in the north-central part of Sweden and the sabinene
chemotype in the south of Sweden. However, Hiltunen et al. (1975a) claimed that there
are strong environmental factors that affect the monoterpene composition, except 3-
carene and terpinolene which are strongly correlating. The lack of strong correlation
between constituents probably relates to the analytical performance since the chiral
stationary phases were not invented at that time. Only the (+)-enantiomer of 3-carene
was found in P. sylvestris (IV; Sjödin et al. 1993; Sjödin et al. 1996) and in P. contorta
(Savage and Croteau 1993). The low-3-carene-containing group could be divided in to
two groups, containing high and low enantiomeric ratio of (–)-limonene, at least in xylem
and needles of Scots pine trees (VI) (grafts representing trees that originate from the
north to the south of Sweden), which is consistent with previous results (Sjödin et al.
1996).

Independent of which of the tissues is investigated, high (+)-3-carene chemotypes of P.
sylvestris were obviously grouped in a PCA-plot and PLS-plot (Fig 7 and 8, IV). In these
trees (i.e. the high (+)-3-carene), the enantiomeric composition of (–)-sabinene were
found to be close to 100%, compared to low-3-carene trees that express <90% (–)-
sabinene, in a plot based on the enantiomeric ratio of the six chiral monoterpenes (IV).
Furthermore, these two chemotypes could be visually separated in a PLS-plot on the
enantiomeric ratio of the six monoterpenes, i.e. (–)-α-pinene, (–)-β-pinene, (–)-limonene,
(–)-sabinene and (–)-β-phellandrene (IV Fig 8). This result contributes to the importance
of regarding both enantiomers as individual constituents of a chiral component in
chemotaxonomical studies.

Cool and Zavarin (1992) showed in P. radiata (wood and foliage) that (–)-β-pinene was
the main component at constant ratio and (–)-α-pinene increased from north to south.
Here, multivariate analysis (canonical discriminant analysis) showed good separation
among the populations (95% of the trees were perfectly grouped), and received the same
results, using data from enantiomeric analysis results and non-enantiomeric analysis
results (regarding both enantiomers as a single component). In the same study, the
composition of P. radiata foliage changed in monoterpene composition from north to
south, i.e. lower amount of (–)-β-phellandrene and (–)-limonene and higher amount of
(–)-α-pinene in the south population.
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Two populations of the Cuban pine P. caribaea, did not separate clearly in a PCA (based
on the relative composition regarding both of the enantiomers), indicating a large
variation within the population, or lack of population specificity (Valterová et al. 1995).
In another pine species,  P. ponderosa, two populations expressed high variation in
monoterpene composition (disregarding the enantiomeric composition) both within and
between populations (Sturgeon 1979; Sturgeon and Mitton 1986).

Interspecific variation
The gum turpentine compositions (essential oils)7 of the genus Pinus show great variation
in terpene composition among the pine species (Mirov 1961)8, but a complete
chemotaxonomical comparative study of monoterpenes (including the enantiomeric
composition) is lacking. Scots pine trees in comparison to two pine species growing in
China (P. yunnanensis and P. armandii) have a much higher amount of (+)-3-carene,
whereas both Chinese species have a higher relative amount of (–)-α-pinene and P.
armandii has a higher amount of (–)-β-pinene (VII).

Volatiles emitted by P. nigra, P. halepensis, P. pinaster mesogeensis, P. pinaster
maritima and P. sylvestris standing in pots differed obviously, due to their absolute
amounts of monoterpenes (VI). Large amounts (–)-α-pinene and (–)-β-pinene were
characteristic for P. nigra, P. pinaster maritima, P. pinaster mesogeensis, whereas large
amounts of (+)-α-pinene and (+)-3-carene were characteristic for P. sylvestris, and P.
halepensis. Differences in chemical composition between Cuban pines P. cubensis, P.
tropicalis and P. maestrensis were clearly separated from P. caribaea in a PCA –plot (Fig
9, V; Valterová et al. 1995). It is encouraging to speculate whether the differences in
monoterpene compositions are limited to geographically isolated species. However, the
endemic species P. yunnanensis (originating in South-West China) and the Caribbean
species P. tropicalis both belonging to the same subsection (taxonomical group) were not
distinguishable in a PCA plot based on the monoterpene composition (Fig 9).

Stereochemical implications
Some enantiomers are produced by different enzymes (Savage et al. 1995; Phillips et al.
1999). Additionally, the perception or behavioral response of two enantiomers could
differ highly, both in the insect ecology and fungicidal/anti microbial studies. In our study,
we have shown that 1) enantiomeric composition differs between preformed resin and
unwounded resin after inoculation of P. sylvestris by L. wingfieldii (Fig 10, VIII). 2) Two
enantiomers do not necessarily correlate among individual trees (Fig 5a and b, V). 3) The
enantiomeric compositions differ among individuals of the same species, but are restricted
to chemotaxonomical groups. (Fig 8, IV). 4) Among pine species, there is also a
variation in the enantiomeric composition, e.g. (–)-α-pinene, which has not been studied
before. The distribution might affect host orientation of the shoot feeding of the pine
shoot beetle T. piniperda (VI).

Defense mechanisms in conifers
Biotic stress, in terms of herbivoric attack or/and fungi development, affects the health of
the tree negatively. Nevertheless, a sub-lethal challenge by fungi can also be beneficial to
the tree, by enhancing the resistance (Krokene et al. 2000b). Herbivores are attracted to
pines as substrates for feeding and breeding, partly by the monoterpenes that are emitted.
However, when the herbivores start to chew, bore, or suck, or fungi mycelia starts to
7 Essential oil: the oil that is extracted or distilled from several tissues.
8 By this time, there was a poor resolution of the monoterpene hydrocarbons, due to inefficient packed columns.



grow in the plant’s tissue, there is a chemical response that is not necessarily beneficial
for the infesting organism.

The chemical response is an induced response, and since the chemical composition is not
the same before (preformed or constitutive chemical composition) as after an infection
(i.e. wounding, insect boring and fungi infection), it enhances the defense of the tree
against pathogens and herbivores. An induced response in plants includes lignification of
the cell wall (which results in a waterproof layer), nutrition removal, physical wound
sealing, and production (biosynthesis) of toxic compounds. The chemical induced
response (de novo synthesis or neosynthesis) appears as a local hypersensitive reaction
(reaction zone) or a systemic reaction, far from an injured area (IV; Berryman 1988).
Direct accumulation of resin is called primary resin, whereas compounds produced with a
time delay by the hypersensitive tissues is called the secondary resin. Plant produced
compounds that are de novo synthesized by the plant cells which are toxic to the
pathogen are called phytoalexins (Harborne 1989, among others). In conifers, toxic
phenols and terpenes that are synthesized de novo and often recognized upon fungi
infection could therefore be considered as phytoalexins. At elevated concentrations, these
compounds are self-toxic to plant cells and only appear locally to avoid widespread cell
death or cell disruption.

Today, the dogma of tree-resistance theory is that trees tend to be more resistant to a
herbivore/fungi/elicitor attack after a non-destructive experience of such organisms. This
has been studied in the Norway Spruce (Christiansen et al. 1987; Christiansen et al.
1999; Krokene and Solheim 1999; Evensen et al. 2000; Krokene et al. 2000a), Scots
pine (Krokene et al. 2000b), P. radiata (Reglinski et al. 1998) among others (Johnson
and Croteau 1987; Lieutier and Berryman 1988b; Dicke 1995). In herbaceous plants,
induced resistance is more studied and established (summarized in Chadwick and Goode
1999).

As mentioned in the background of the thesis, there is a complex ecological relationship
among bark beetles, their associated fungi and host tree species; i.e. several bark beetles
carry symbiotic fungi, whose spores they efficiently distribute, while tunneling in the
phloem. The interactions among the rate of beetle entry, (determined by the number of
entered beetles, local density of flying beetles), content of constitutive resin and the
intensity of induced host response (determined by the tree age, vigor, and heredity),
largely depend on the outcome of colonization attempts (Raffa 1991).

Physical response
Plant cells in conifers, adjacent to resin ducts, are provoked by elicitors produced by the
fungi cells, e.g. the cell wall fragment chitosan or a pectic fragment PIIF (Miller et al.
1986; Lesney 1989). The construction of the influenced parenchyma cells is evidently
under a differentiating process. For example, latent plastids develop into active
leucoplasts, (where the induced synthesis of monoterpenes takes place), and new resin
ducts are formed. In pines, simple wounding causes a primary response, a reactivation of
quiescent cells and resin ducts (Cheniclet 1987), and a localized accumulation of copious
oleoresin due to the disruption of the resin ducts. Preformed resin flows to the wound
site, forming a barrier against the desiccation and repelling pest and pathogens
(Lewinsohn et al. 1991b). However, the resin duct system varies among conifer taxa, and



in  conifers such as true firs (e.g. A. grandis), there is no well-developed resin duct
system. In the wounded tissues, a de novo synthesis of monoterpene takes place in resin
blisters (Lewinsohn et al. 1991a). A. grandis has been used as a model in the biosynthetic
regulation of terpenes in conifers (Gijzen et al. 1991; Lewinsohn et al. 1993a; Funk et al.
1994; Bohlmann et al. 1997; Bohlmann et al. 1998; Katoh and Croteau 1998; Steele et
al. 1998; Bohlmann et al. 1999). In particular, cDNA cloning and functional expression
of the genes responsible for encoding the enzymes catalyzing the processes has been
studied (Bohlmann et al. 1999).

Contrary to the issue of wounding (which causes no induction in pines), pines have the
ability to synthesize monoterpenes de novo due to elicitor9 recognition. Croteau et al.
(1987) found that the activity of monoterpene cyclases increased in hypersensitive
tissues. After fungi inoculation cell free extracts (presumably containing the enzyme)
treated by the elicitor, produced an enhanced amount of cyclic monoterpenes. In the
review by Johnson and Croteau (1987) it is claimed that fungi infection increased
monoterpene cyclase activity threefold, yet the enzymes responsible have not been
isolated, and still the biochemists suggest a generally enhanced production of constitutive
resin in pines upon wounding (Lewinsohn et al. 1991a; Savage et al. 1994; Phillips and
Croteau 1999). By contrast, our results show that the biosynthesis can be specifically
induced, as typical patterns for this are found in fungi elicited response in P. sylvestris
(VIII, see section Functions of monoterpene productions …). Additionally, wounded
tissues did not react as much as the fungi infected ones. Sjödin et al. (1993) found that
trees wounded by top cutting increased their enantiomeric composition of (–)-β-pinene.
These findings are in accordance with our results, where stressed trees (however by
fungi), contained elevated amounts of (-)-β-pinene.

During fungi mycelia growth (or injection of specific elicitors), the anatomy of phloem,
cambium and sapwood undoubtedly alters, which provokes the plant cells to produce
large amounts of resin and finally lyse. Fungi inoculation causes severe damage in the
organelles of the cell. After a month of fungi development, the resin channels are
completely disorganized and decayed, and parenchyma and sieve cells lose their rigidity
and rupture (Bernard-Dagan 1988; Cheniclet et al. 1988; Lieutier and Berryman 1988a).
As indicated by a decrease of absolute amounts in healthy tissues (VIII), the cell
destruction probably makes the resin flow irregular in hypersensitive tissues, compared to
healthy tissues.

Functions of monoterpene productions in beetle-fungi interactions
The fact that pine species have high constitutive (preformed) resin production
(Lewinsohn et al. 1991a) (i.e. high tolerance against aggressors) is an evolutionary
strategy against insects and fungi attack (Berryman 1988). Enhanced and induced
production of resin takes place upon injury (VIII; Lieutier et al. 1991), insect attack
(Långström et al. 1992) and fungal growth (VIII; Johnson and Croteau 1987; Lieutier et
al. 1991). The monoterpene content in phloem/bark samples of pine trees that are
infected by fungi associated with bark beetle (Scolytidae), is altered compared to
uninjured phloem and preformed resin content (VIII; Raffa and Berryman 1982b, 1983a,
b).

9 Elicitor- a compound that induces a plant defense response, and which may be derived from a plant pathogenic
microorganism (a biotic elicitor).



Figure 10. Enantiomeric composition of (-)-α-pinene (A), (-)-β-pinene (B) and (-)-limonene (C) in phloem
samples taken at distance >20 cm from the hypersensitive reaction (2) (for description see fig 1, VIII),  Day 0
(preformed resin), Day 28 (28 days after pretreatment and the day of mass inoculation), Day 124 (after fungal
growth by mass inoculum of L. wingfieldii). Pretreatment designations: LW=Leptographium wingfieldii,
W=sterile agar, TC=True controls ( trees without any pretreatment Day 0 and sampling started Day 28). c desig-
nates extra controls and c0 designates reference trees, for further discriptions see VIII.
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In Maritime pine (P. pinaster), it was shown that the hypersensitive response upon
wounding after the first week, resulted in a twofold increase in the synthesis of
monoterpenes (Cheniclet 1987; Cheniclet et al. 1988). In Scots pine, we found an
increase of primary resin already after one day (VIII). Monoterpene production in tissues
inoculated by fungi (caused by the blue-stain fungus Ophiostoma clavigerum10) increased
60fold after 28 days (Cheniclet 1987; Cheniclet et al. 1988). The relative composition of
terpenes (disregarding the enantiomeric composition), was not found to be altered, either
in the reaction zone tissues or in the uninjured phloem. On the other hand, Delorme and
Lieutier (1990) found that the composition of monoterpenes (disregarding the
enantiomeric composition) was altered in the reaction zone in Scots pine phloem
inoculated by L. wingfieldii (a blue-stain fungus associated with T. piniperda),
Ophiostoma brunneo-ciliatum and Ophiostoma ips (both of which are blue staining
fungi, associated with Ips sexdentatus). The induced resin in the reaction zone differed
from the preformed resin, but there were no distinct variations of the induced resins
caused by different fungi. However, since they inoculated the same entire tree, the effects
of the different fungi species were not distinguishable, since all three fungi species
influence the response of the tree. Myrcene, terpinolene and 3-carene were extracted
from reaction zone phloem in smaller amounts than from the preformed resin, and
camphene in larger amounts. α-Pinene and β-pinene were not always produced in the
same relative amount as in the preformed phloem. A closer examination of their results
revealed that the composition varied between preformed and unwounded phloem: α-
pinene decreased after a month, whereas myrcene, terpinolene, β-pinene, 3-carene and
limonene increased in the three trees studied (Delorme and Lieutier 1990).

10 synonym for Ceratocystis clavigerum



This is consistent with our results (VIII), where Scots pine trees were inoculated by L.
wingfieldii. Relative amounts of (+)-α-pinene and 3-carene decreased or remained
unchanged in uninjured phloem, whereas there was an increase of minor constituents, e.g.
(–)-β-pinene and (–)-limonene. The most obvious result in our study was found by
comparing the enantiomeric composition of chiral monoterpenes. We obtained consistent
results of the changes in the constituents during fungi growth. The ratio of (–)-
enantiomers tended to be elevated, which was especially pronounced for β-pinene and
limonene (VIII, Fig 10).

In Pinus taeda Paine et al. (1987), observed no change in monoterpene composition after
fungi inoculation according to classification of tree size, but a significant difference was
found between the content of  individual monoterpene among trees standing on dry or
wet sites, as well as between xylem and hypersensitive tissues. Upon fungi injury, the
resin flow was also affected, since Popp et al. (1991) could distinguish typical flow rates
before (higher) and after (lower) fungi inoculation in Pinus elliotti and P. taeda. Cook
and Hain (1987) found changes in flow rate, especially an increase in June, followed by a
decrease in July (after a fungal inoculation in June). This is consistent with our results,
since we found high levels of monoterpenes before fungi inoculations, compared to
tissues (uninjured by the fungi) after fungal growth. However, the resin and
monoterpenes were evidently accumulated in the reaction zone of the phloem (VIII).
According to qualitative changes, the reaction resin (hypersensitive tissues) in P. contorta
contained a higher percentage of α-pinene than did the uninjured phloem resin (Raffa and
Berryman 1982a). In our study (VIII), (+)-α-pinene increased 700 fold and (–)-α-pinene
200 fold in the reaction zone upon fungal inoculation.

The total monoterpene concentration in the phloem of Scots pine trees, not subjected to
fungi inoculation, decreased during the summer season (May, June and September). The
relative composition altered somehow (Fig 11, VIII), whereas the enantiomeric
composition did not alter (Fig 10). Scots pine resin flow changed during the spring
season (Schroeder 1990), and differed among individuals as well as among different
levels on the same trunk.

The response of pines to various fungi species has been discussed and  there exist two
hypotheses: (1) the more pathogenic a fungus species is, the more response would be
elicited in the pine tissues (Paine and Stephen 1987; Popp  et al. 1995) among others),
and (2) pine tree response is non-specific to the aggression (Lieutier  et al. 1991).
However, our results seem to show a combination of these two hypotheses, since the
response of two different fungi inoculations (the virulent L. wingfieldii and the avirulent
Ophiostoma canum) in P. sylvestris was non-specific in the uninjured phloem, but specific
in the reaction zone, due to the monoterpene composition (VIII). The hypersensitive
response caused by the trees’ induced reaction to L . wingfieldii, resulted in a 400-folded
and 700-folded increase of (+)-3-carene and (+)-α-pinene, respectively. The other
monoterpene hydrocarbons increased in a range from 100-200-fold. In O. canum the
increase of those components was around 30-fold (VIII). Therefore, we suggest that the
response is highly specific according to aggressor species (VIII).

The death of sapwood parenchyma, caused by fungal toxin or destruction by self-
produced toxins, will obviously limit the resin production (Johnson and Croteau 1987).
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Figure 11. Seasonal changes in  relative and absolute  amounts of (-)-α-pinene (+)-α-pinene (-)-β-pinene (+)-3-
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Some fungi (a myngangial unnamed Basidiomycete, a variety of Ophiostoma minus),
carried by the bark beetle Dendroctonus frontalis do not induce the hypersensitive
response of the tree, and are thus thought to be responsible for killing the tree (Paine and
Stephen 1987).

Terpene toxicity towards pathogens and insects
The fact that individual terpenes, as well as pine oleoresin, are toxic towards fungi has
been studied in a number of investigations (Cobb et al. 1968; Shrimpton and Whitney
1968; De Groot 1972; Delorme and Lieutier 1990; Paine and Hanlon 1994; Klepzig et al.
1996). They showed that the volatiles produced by the tree and induced by blue-stain
fungus associated with a bark beetle, were responsible for the inhibition of fungal growth.
They also showed the difference in inhibition of fungal growth between non-resinous
sapwood and resinous sapwood, and concluded the important fungicidal properties of
resinous terpenoids. It would be of evolutionary interest if the fungi could adapt to a
specific chemical composition, as some bark beetle populations adapted to a specific
monoterpene blend and expressed more susceptibility to another chemical composition
(Sturgeon 1979).

Pinus ponderosa resin was toxic to Heterobasidion annosum11 (a root fungus) and four
Ophiostoma12 species (Cobb et al. 1968), as measured by the linear growth of fungi.
Terpenes, in a saturated atmosphere, inhibited linear growth but not the spore
germination, and continued to grow after terpene removal. Cobb et al. (1968) suggested
that terpenes in conjunction with phenols were responsible for the active defense of
conifers. Bois and Lieutier (1999) found that some phenols produced in the reaction zone
of P. sylvestris were inhibiting the growth of L. wingfieldii.

Paine and Hanlon (1994) showed that the growth of an unnamed fungus (a mycangial
fungus) and Ophiostoma clavigerum (associated with the monophagous beetle D.
jeffreyi) and Leptographium terebrantis (associated with a polyphagous beetle, D.
valens), was reduced under saturated atmosphere. The (–)-enantiomers of α-pinene, β-
pinene and limonene were not growth inhibitory for the mycangial fungus (neither for O.
clavigerum), when presented on the medium, whereas (+)-α-pinene were growth
inhibitory, and racemic α-pinene did not differ from the untreated control. Additionally,
for O. clavigerum, the racemic mixture enhanced the growth. β-Pinene and both
enantiomers of limonene were somewhat inhibitory, when presented in saturated
atmosphere. There was no typical pattern of difference in toxicity between the
enantiomers, and other constituents i.e. 4-allylanisole, p-cymene and terpinolene inhibited
fungal growth extensively. L. terebrantis was associated with a beetle species that does
not usually kill the trees; however, the fungus was highly pathogenic (Paine and Hanlon
1994). The same pattern was found for L. wingfildii, a virulent pathogen, associated with
T. piniperda but not capable of killing healthy trees (Lieutier 1994).

Reaction phloem inhibited the growth more than the unwounded phloem (Delorme and
Lieutier 1990). Authentic monoterpenes were therefore tested and all terpenes inhibited
growth. Specifically, limonene inhibited fungal growth more in L. wingfieldii than in O.
brunneo-ciliatum and O. ips when added in the growth medium (Delorme and Lieutier
1990). The germination of L. terebrantis and L. proceurum spores was reduced, due to

11 synonym for Fomes annosus
12 synonym for Ceratocystis



α- and β-pinene concentration (no enantiomer specification) (Klepzig et al. 1996).
Interestingly, we found that two of the phloem constituents, (–)-limonene, (–)-β-pinene,
increased (in relative amounts) in uninjured tissues of fungi-infested trees (VIII). In
fungus species associated with other conifers, e.g. A. grandis, Raffa et al. (1985) found
that limonene inhibits the growth of the fungus Trichosporium symbioticum (associated
with the beetle Scolytus ventralis, a pest on A. grandis). The enzyme catalyzing the
limonene synthesis was found at elevated levels upon injury (Bohlmann et al. 1997).

All monoterpenes express some toxicity or repellency towards invading bark beetles
(Bordasch and Berryman 1977; Raffa et al. 1985; Everaerts et al. 1988 and refs cited
therein). Generally, the most toxic allelochemicals are the most repellent (Bordasch and
Berryman 1977; Raffa et al. 1985). Everaerts et al. (1988) investigated several
monoterpene constituents from the Norway spruce, and found the majority to be toxic or
repellant towards a number of insect species. As expected, bark beetles were more
resistant toward host monoterpenes than the control insects. However, adult
Dendroctonus micans beetles were resistant to all monoterpenes tested, but their progeny
suffered some mortality.

The ecology and life history of the insect influenced their choice between extracts of
healthy versus diseased phloem, in a two-choice bioassay. Klepzig et al. (1996) showed
that a root boring bark beetle (Hylastes porculus) and a stem-infesting bark beetle (Ips
pini) were affected differently by tree tissues infested by two root pathogens on P.
resinosa (L. terebrantis and L. procerum). The root insect did not display any particular
preference between healthy and infected tissues, whereas the stem insect preferred the
extracts from constitutive tissue from healthy trees. On the other hand, the beetle spent
more time in tissues inoculated with fungi. This phenomenon is probably caused by a
different chemical composition in uninjured tissues and reaction zone tissues, which has
been shown in P. sylvestris phloem inoculated by L. wingfieldii (Fig 10, VIII).

Gallery excavation (by Ips pini) was inhibited by β-pinene, whereas limonene inhibited
host entry and within host orientation in postlanding behavior (Wallin and Raffa 2000).
However, the total concentration of monoterpenes seemed to have more influence than
the composition of monoterpene in postlanding behavior (Wallin and Raffa 2000). The
biological activity of β-pinene and limonene in pine-bark beetle-fungi interaction is
relevant, since we have found that these two components change in relative and
enantiomeric composition in phloem after fungi growth (VIII). In addition, the relative
amount of (–)-β-pinene differs in shoot xylem of infested (by T. piniperda) and uninfested
P. yunnanensis (VII). In the Yunnan province, P. armandii growing in the same stand as
P. yunnanensis is less attacked, and has another chemical profile, due to elevated
amounts of (–)-limonene and (–)-β-pinene (VII).

Limonene has ubiquitous functions in insect ecology. For example, in populations under
predation pressure, Sturgeon (1979) found more limonene than in populations without
predation pressure. In another study, limonene was the most poisonous to beetles (Smith
1966). However, oxidation products of limonene might have affected the results, since
those are found to be much more toxic to cells than limonene itself. Finally, limonene
reduces the attraction effect of pine weevils (Hylobies abietis) in field tests. Adding



limonene to the host odor attractant α-pinene (Nordlander et al. 1986), significantly
reduced the trap catches (Nordlander 1990).

Bark beetle attraction to monoterpenes
The survival success of the bark beetle and the progeny depends largely on their ability to
tolerate the tree defense, and likewise the survival of the tree relies on the defense against
the bark beetle attack and fungi development (often mutually correlated).
The attraction of bark beetles towards their hosts is governed by a complex integration of
chemical, acoustic and visual cues (Raffa 1991 and refs cited therein). The importance of
chemical cues of bark beetles’ recognition, attraction and acceptance of a host plant is
widely understood and reviewed by Byers (1995). The monoterpene bouquet emitted can
either be a function of acceptance of the host tree for species monophagous on a plant,
but also a rejection or deterrant to an unsuitable individual. The bark beetle’s olfaction
system has several functional cells. Generally, the beetle neuron cells are highly
specialized, but there are also cells found to respond, by single cell recordings, to several
components (Wibe et al. 1997). Some bark beetles use the host odor constituents as
precursors in their pheromone biosynthesis (Hendry et al. 1980). Since the
stereochemistry is conserved throughout the biosynthesis, and the production of
pheromone constituents depends on the enantiomeric ratio of the precursor (Klimetzek
and Francke 1980; Lindström et al. 1989), scientists have proposed that host choice and
suitability depends on the proportion of the appropriate monoterpene enantiomer.

Enantiospecificity of bark beetle host odor attractants
Bark beetles are found, both by physiological experiments as well as field tests, to
discriminate between the two enantiomers. For example, in D. valens, (–) and (+)-α-
pinene showed a different activity of attraction, whereas (–)-α-pinene alone did not.
Adding the (–)-enantiomer interrupted the attraction to (+)-α-pinene (Hobson et al.
1993). (Additionally, (–)-β-pinene was the most attractive.) The antennae of the same
insect (physiological response recorded by GC-EAG) responded mainly to (–)-β-pinene.
In addition, a different response was observed to (–) and (+)-α-pinene and (–) and (+)-
limonene (White and Hobson 1993). Contrary to the field test, they found higher
recording amplitudes for (–)-α-pinene than (+)-α-pinene. (However, antennae recordings
do not have to be equivalent to attraction – a physiological response is not necessarily a
cause of the attraction). The pine weevil, Hylobius abietis, has receptor neurons that are
enantioselective for the enantiomers of limonene as well as α-pinene. Unfortunately, this
discrimination has not yet been shown in bioassays. The enantiomeric and relative
composition in pine species varies (V), which is argued to be beneficial for the tree
(Sturgeon 1979). A pest-insect foraging for a suitable tree recognizes the host according
to the volatile composition. If the beetle prefers a similar composition (possibly the one
that the beetle emerged from), the insect might avoid a new chemical composition
(Sturgeon 1979; Gollob 1980).

In our studies, we found a large diversity in the range of monoterpene enantiomers,
especially the enantiomers of α-pinene, camphene, β-pinene and limonene in P.
yunnanensis (Borg-Karlson et al. 1999), P. sylvestris (IV), but also in P. armandii (V).
The enantiomeric composition was also different in tissues of the same tree with a higher
ratio of (–)-enantiomer in twig xylem than trunk xylem (Borg-Karlson et al. 1999). The



Figure 12. Score-plot (A) and loading-plot (B) of Principal Component Analysis (PCA) based on the absolute
amounts monoterpene hydrocarbons emitted form five pine species growing in Europe. A total of 58% of the
variance in the data is explained by the first and the third principal components, (PC 1: 44 %, PC 3: 14%), all
which were found to be significant as judged by cross-validation. S = P. sylvestris, N = P. nigra, A = P. pinaster
maritima, E = P. pinaster mesogeensis, H = P. halepensis. Headspace samples were taken before the release of
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difference might be of importance for the attraction of T. piniperda in the shoot feeding
phase, because T. piniperda was more attracted to species with high levels of emitted (–)-
α-pinene and (–)-limonene, namely P. nigra and P. pinaster maritima (VI).

Enantiospecificity of pheromones
Several aggregation pheromones in bark beetles are chiral and the enantiomers elicit
different behavior (Seybold 1993; Byers 1995; Francke et al. 1995). Some bark beetles
use the monoterpene constituents as building blocks for their pheromone synthesis, and
might therefore be attracted more to individuals that have the appropriate composition.
Host tree originating constituents, myrcene and α-pinene, are building blocks in the
biosynthesis in some Ips species (I. typographus, I. pini and I. paraconfusus). Myrcene
has been regarded as the precursor of ipsenol and ipsdienol (Hendry et al. 1980) and (–)-
α-pinene has been found to be the precursor of (–)-(1S,4S,5S)-cis-verbenol (Renwick et
al. 1976; Klimetzek and Franke 1980). However, I. pini and I. paraconfusus were able to
synthesize ipsenol and ipdienol, de novo, via the mevalonate biosynthetic pathway, in an
experiment where they were fed synthetic, deuterium-labeled acetate as feeding substrate
(Seybold et al. 1995). De novo synthesis is also shown in I. duplicatus, by inhibiting
experiments (Ivarsson et al. 1993; Ivarsson and Birgersson 1995). The amounts of (–)-α-
pinene (exposed to the beetle) was found to be correlated to the amount of cis-verbenol
in the hind gut of the bark beetle Ips typographus (Klimetzek and Franke 1980;
Lindström et al. 1989). Therefore, I. typographus may be more attracted to the host
species P. abies, which contains high amounts of (–)-α-pinene (Persson et al. 1996). The
beetles may also have the ability to distinguish between the two conifer species common
in Sweden (Norway spruce and Scots pine) by olfactory orientation, since (+)-α-pinene is
the dominant in P. sylvestris (IV).

Chemical communication in Tomicus piniperda
In early spring, the beetles emerge from the bottom of the bolts and fly directly to a warm
place on the stem. The female and male, both of which are attracted by the host odor of
the pine, mate on the bark of the trunk. The female bores into the phloem and oviposits,
while the male shovels the dust. Following the pupation stage, the adults emerge and
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Figure 13. PLS-DA based on the relative amounts of monoterpene hydrocarbons shoot xylem of P. yunnanensis
(healthy and insect damaged (by T. piniperda) shoots) and P. armandii, visualized in a score plot (A) and a
loading plot (B). The first and the second component was found to be significant as judged by cross-validation
and explained 22% of the variance in the GC data and 77% of the variance in the dummy variable Y.

disperse to the foliage for feeding on the nutritive medulla in the shoots. Host attraction
is divided in two phases during a season (in Sweden): 1) attraction to the pine bolts in
breeding phase (early spring) 2) attraction to the shoots in the feeding phase (summer).

1) Attraction to the pine bolts in the breeding phase
T. piniperda is attracted to (+)-3-carene and both enantiomers of α-pinene, which have
the same trap catches as their host material (P. sylvestris bolts). The enantiomers alone
were not trapped in higher excess (Byers et al. 1985). Attraction of T. piniperda was
enhanced by adding ethanol to traps baited with host monoterpenes, indicating that T.
piniperda prefer stands that are already attacked or infested by wood-decaying fungi
(Vité et al. 1986). However, the emission rate of ethanol plays a major role in beetle



catches. At a certain concentration, there was an inhibition of attraction (Klimetzek et al.
1986). On the contrary, a possible oxidation product of α-pinene, verbenone, emitted in
elevated amounts at the entrance hole (and in gut extracts), was found to be a deterrent
to T. piniperda, suggesting that the bark beetles use this compound as a dispersal
pheromone (Byers et al. 1989). These oxidation products also indicate the degree of the
microbial activity, i.e. reflecting the host vigor and suitability, as well as evidence of
decaying material (Gara et al. 1993). Traps baited with attractants for T. piniperda also
trap other species, such as predators and antagonists, indicating a multitrophic-interaction
mediated by the monoterpenes released by pine bolts (Schroeder and Weslien 1994).

2) Attraction to the shoots in the shoot-feeding phase
T. piniperda is not regarded as an aggressive species, but the shoot feeding of T.
piniperda causes growth losses, due to the reduction of photochemical metabolism.
Remarkably, the Chinese population of T. piniperda seem to be more aggressive than the
European population. In the Yunnan province, the Yunnan pine (P. yunnanensis) suffers
more from heavy attacks by the beetle than trees of P. armandii do (Li et al. 1993).
While in flight, the T. piniperda beetles can select between several pine species, as found
in a multi choice test. The most attractive species was P. nigra, among P. pinaster
maritima, P. pinaster mesogeensis, P. sylvestris, and P. halepensis (ordered in highest to
lowest number of entrance holes made by T. piniperda). Absolute amounts of (–)-α-
pinene and (–)-β-pinene were characteristic for P. nigra, P. pinaster maritima, P. pinaster
mesogeensis, whereas large absolute amounts of (+)-α-pinene and (+)-3-carene were
characteristic for P. sylvestris, and P. halepensis (Fig 12, VI).

Relative amounts of monoterpenes in healthy shoot xylem of P. yunnanensis differed
from those of P. armandii. Compared to the European species, the relative amount of
(–)-β-pinene and (–)-limonene was higher in the unattacked species (i.e. P. armandii)
than the attacked species (P. yunnanensis) (Fig 13, VII). These preliminary results show
that the olfactory recognition of host species is important in the host choice in the shoot-
feeding phase.

Induced resistance
Plant resistance refers to the ability of the plant to evolve a defense mechanism, to kill or
reject a herbivore or a pathogen (Berryman 1972, 1988; Boland et al. 1999; Tumlinson et
al. 1999, among others). Berryman (1988) hypothesized about plant durance and defense
system: at one extreme they found the short-lived species with no constitutive defense,
which had a secondary induced response (opportunistic species), but responded strongly
to foreign attack. At the other extreme, he observed the long-lived species (e.g. the
pines), which had evolved a constitutive high defense (primary response) and a lesser
secondary response.

Generally, plants have the ability to develop an induced systemic resistance, whether or
not they are resistant or susceptible towards pathogens. Phytoalexins, which have a broad
antifungal activity spectrum, are produced in addition to several plant defense compounds
upon elicitation by pathogens. Before a challenge infection, induced systemic resistance
elevates the levels of some defense compounds and sensitizes the plant to rapidly produce
the same or other compounds after infection (reviewed by Kuc 1995).



Trees that had been challenged by a sub-lethal infection by pathogens were found to be
more resistant to subsequent massive inoculation (Christiansen and Krokene 1999). The
induced resistance triggered by the pathogen might function as potential vaccinate against
that pathogen (Dietrich et al. 1999 among others).

Scots pine phloem, at > 20 cm from challenge fungal inoculation, responded by
producing elevated (–)-enantiomer proportion (compared to the (+)-enatiomer) of α-
pinene, β-pinene, and limonene. It was shown for the first time in Pinus, that the
uninjured phloem (not the reaction zone phloem) was qualitatively changed, probably due
to enzyme activation and de novo synthesis (VIII). Unfortunately, there was no
biosynthetic evidence that pine species respond by synthesizing an enzyme, specific for
wound response (Lewinsohn et al. 1991a; Phillips and Croteau 1999). Qualitative,
quantitative and non (species)-specific hypersensitive response, as measured by
monoterpene production, has been well investigated through the years (Lieutier F. et al.
1991; Klepzig et al. 1995; Wallin and Raffa 1999). However, none of them has
investigated the enantiomeric composition of monoterpene in phloem, infected by fungi.
Hitherto, systemic induced defense has not been established in the sense of biochemical
evidence in Pinaceae.

Resistant pine individuals exuded more resin around the inoculation site than susceptible
ones (Raffa and Berryman 1982a). The secondary wound response appeared to be the
most important defense mechanism of P. contorta to the Dendroctonus ponderosa-
Erophium clavigerum complex. There were qualitative changes: the reaction resin
contained a higher percentage of α-pinene than did the uninjured phloem resin (Raffa and
Berryman 1982a).

In P. caribaea (V), there was a shift of correlation between (+)-β-pinene and (+)-α-
pinene in the insect-attacked trees and healthy trees. We found a change in monoterpene
composition and suggest the activity of a monoterpene synthase is induced upon insect
damage. Some trees seem to be more susceptible to insect attack, e.g. P. yunnanensis
trees in China, where some trees appear to be more attacked by T. piniperda than others.
Monoterpene composition in samples from both classes, healthy shoots from healthy and
attacked P. yunnanensis shoots, differed in a PLS-plot (Fig 13, VII) based on the relative
amount of the monoterpenes.



Ecological chemistry of wood-decaying fungi

Ecology and biodiversity in modern forestry
Wood-decaying fungi are considerably important organisms in the forest ecosystem
(Harmon et al. 1986). They contribute to the mineralization of wood, by making the
wood more available for other insects and organisms, as well as well as being the food
source themselves. There are several vulnerable insect species that are dependent on such
substrates (Berg et al. 1994; Angelstam and Petterson 1997). In modern forestry, most
trees are removed from the forest before they are allowed to decay, which reduces the
probability for an insect to find host substrates (since the substrates are patchily
distributed in a given area) (Esseen et al. 1997). In non-protected forests in Sweden, the
average amount of dead wood is 6 m3 / ha (Fridman and Walheim 2000), while natural or
old-growth forests contain about 60-120 m3 dead wood / ha (Siitonen et al. 2000).
Cisid beetles (Cisidae), monophagous in F. pinicola, are strongly orientated to the
particular host odor (II; Jonsell and Nordlander 1995), but are not able to orient to their
hosts at long distance (Jonsell  et al. 1999). Therefore, interruptions in the distribution of
fruiting bodies in a given place (e.g. a clear cut) may disturb the natural abundance of the
insect. Obviously, this is an example of the importance of knowledge about chemical
orientation, not only on an individual level but also in a larger perspective.

Volatiles from fruiting bodies of Polyporaceae
Volatiles emitted from fruiting bodies of the bracket fungi Fomitopsis pinicola and Fomes
fomentarius efficiently attract insects that breed and feed in the fruiting bodies, and
insects associated with decaying wood (Jonsell and Nordlander 1995). However, the
main constituents, which are common fungal odors, i.e. emitted from several fungi
species, were not attractive for the monophagous beetles living in those two bracket
fungi. Probably, the combination of general fungal odor, decaying material, and typical
sesquiterpenes (however, only one sesquiterpene was unambiguously identified) and
monoterpenes, are needed to guide the insect to its host. Interestingly, entire fruiting
bodies of F. fomentarius emit some compounds common in flower fragrances, e.g.
monoterpene hydrocarbons (myrcene and β-phellandrene) and oxygenated monoterpenes
(cis-furanoid linalool oxide) (Borg-Karlson et al. 1996), showing the complexity of odor
release in these organisms. Volatiles emitted from fruiting bodies of polypore species
were investigated for the first time; however, the functions of volatiles in hexane extracts
from a polypore Cryptoporus volvatus (Pk.) Hubb. were strongly attractive to three
beetles breeding in the fungus (Hayashi et al. 1996).



Concluding discussions and future research

Ecological chemistry is to a high degree an inter-disciplinary science. This is also true of
my studies, in which I have studied technical applications, such as evaluation of
headspace sampling techniques and separation of terpene hydrocarbons. Further, I have
conducted investigations into the composition of monoterpenes in the pine species,
particularly the enantiomeric composition.

The main attempt has been to investigate the compositions of volatiles (both constitutive
and headspace) in conifers of different developmental stages. In the range of natural
sources and substrates, the volatile constituents vary quantitatively and qualitatively. By
the use of sophisticated analytical, separation and sampling techniques, I have been able
to measure significant differences and similarities in a natural material. These results
contribute to new information about chemo-communication among insects/fungi/tree
complexes.

In insect – plant interactions, released volatiles as well as plant tissue resins have strong
ecological impacts, by semiochemical release or a direct physiological response. Sampling
or screening volatile semiochemicals or constitutive phytochemicals requires careful
planning and performance, since the method of choice (variables such as polymer,
temperature, flow rate, solvent etc) strongly affect the results. There is no optimal
method for sampling the “true odor” or composition, but a combination of dynamic and
static methods, as well as extraction, would provide sufficient coverage.

An example of a research approach in ecological chemistry is the chemocommunication
of the oligophagous Lepidopteran species Heliothis virescens. By sampling headspace
volatiles from hosts and non-hosts, chromatographic fractionation and subsequent testing
of the odor mixtures by physiological tests, a conifer related constituent was found to be
highly active. After isolation and identification, the compound was found to be a rather
commonly occurring sesquiterpene hydrocarbon. The compound is chiral and therefore,
in the future, the activity and behavioral studies have to be considered for each of the
enantiomers. Additionally, we intend to do further studies on the biochemistry,  the
rearrangement and constitutional isomers of this plant compound.

Perennial wood-decaying bracket fungi are inhabited by several types of insects by
providing a natural source for feeding and breeding. Earlier results showed that several of
those insects were found to orient to the odor of the host. In a field test, the identified
general fungal components attracted the spore eating polyphagous beetles, insects living
in dead wood, and a leaf-mining moth. The composition of volatiles emitted by the fungi
were complex and the two related species emitted different mixtures of terpenoids and
aliphatic constituents.

Specific systemic de novo synthesis of terpenoid defense compounds in plants has been
extensively studied earlier. However, in pines, there is no evidence of an induced systemic
biosynthesis. By investigating the monoterpene composition of the constitutional resins in
different tissues and comparing them to resins in insect-attacked and fungi-infested trees,
I have shown that the monoterpene compositions differ among those types of samples.



Since the resin composition has a probable effect on 1) the attraction or deterrence of
(pest) insects and 2) the level of defense, I hypothesize that the change of composition is
functionally derived. Additionally, pine species that have a co-evolutionary history
(species growing in the same geographic area), differ highly in their monoterpene
composition. The function of chemical diversity has to be further investigated and
discussed. From genetic studies, it is known that polymorphism and genetic plasticity
represent an evolutionary success in species. The odor composition or chemical defense
can be considered as a property based on gene expression that the tree or plant uses
under given circumstances to adapt to the environment (i.e. defense against a herbivore
or fungus). Therefore, terpenoid chemistry in pine tree has a large impact on tree defense
against pest insects and pathogens.

To test the hypothesis, the biosynthesis of the monoterpene production has to be studied
from an evolutionary and functional point of view. To date, there is a lack of evidence
from elicitor- mediated responses correlated to relative and enantiomeric composition of
the monoterpenes. To clarify pine trees’ response, one of the main goals in the future is to
do further comparative studies on pine tree clones with defined chemical composition,
with different fungal elicitors and correlate the biosynthetic activity to enantiomeric
composition of monoterpenes. Further, it will be important to elucidate to some extent
the probable interaction and synergistic effects of monoterpenes and phenols. The
enantiomeric composition seems to be central in those studies.

Additionally, the ecological functions of host tree monoterpenes have to be studied more
extensively in relation to pest insects, i.e. the orientation in flight towards specific
mixtures. Furthermore, the induced response of terpene production in certain trees,
elicited by fungal growth in the phloem, would be interesting to measure in the emission
from other tissues, such as the foliage.



References
Agelopoulos NG and Pickett JA (1998). Headspace analysis in chemical ecology: effects

of different sampling methods on ratios of volatile compounds present in
headspace samples. J Chem Ecol 24:1161-1172

Andersen NH, Bissonette P, Liu C-B, Shunk B, Ohta Y, Chia-Li WT, Moore A and
Huneck S (1977). Sesquiterpenes of nine European liverworts from the
genera, Anastrepta, Bazzania, Jungermannia, Lepidozia, Scapania.
Phytochemistry 16:1731-1751

Andersson J, Wiklund C and Borg-Karlson A-K (2000). Sexual cooperation and conflicts
in butterflies - a male-transferred anti-aphrodisiac reduces harassment of
recently mated females. Proc R Soc Lond B 267:1-5

Andersson RF (1948). Host selection of pine engraver. J Econ Entomol 41:596-602
Angelstam P and Petterson B (1997). Principles of present Swedish forest biodiversity

management. Ecol Bull 46:
Armstrong DW, Zhou EY, Zukowski J and Kosmowska-Ceranowics B (1996).

Enantiomeric composition and prevalence of some bicyclic
monoterpenoids in amber. Chirality 8:39-48

Baradat PH and Yazdani R (1988). Genetic expression for monoterpenes in clones of
Pinus sylvestris on different sites. Scand J For Res 3:25-36

Bartelt RJ and Zilkowski BW (1999). Nonequilibrium quantitation of volatiles in air
streams by solid-phase microextraction. Anal Chem 71:92-101

Berg Å, Ehnström B, Gustavsson L, Hallingbäck T, Jonsell M and Weslien J (1994).
Threatened plant, animal, and fungus species in Swedish forest:
distribution and habitat associations. Conserv Biol 8:718-731

Bernard-Dagan C (1988). Biosynthesis of lower terpenoids: genetic and physiological
controls in woody plants. in Hanover JW and Keathly DE Genetic
manipulation of woody plants. Plenum. New York. 329-351

Berryman AA (1972). Resistence of conifers to invasion by bark beetle-fungi
associations. BioScience 22:598-602

Berryman AA (1982). Biological control, thresholds, and pest outbreaks. Environ
entomol 11:544-549

Berryman AA (1988). Towards a unified theory of plant defense. in Mattson WJ, Levieux
J and Bernard-Dagan C Mechanisms of woody Plant defenses against
Insects: Search for pattern. Springer. New York. 39-56

Birks JS and Kanowski PJ (1988). Interpretation of the composition of coniferous resin.
Silvae Genetica 37:29-39

Birks JS and Kanowski PJ (1993). Analysis of resin compositional data. Silvae Genetica
42:340-350

Bohlmann J, Steele CL and Croteau R (1997). Monoterpene synthases from grand fir
(Abies grandis): cDNA isolation, characterization and functional
expression of myrcene synthase, (-)-4S-limonene synthase and (-)-1S,5S-
pinene synthase. J Biol Chem 272:2184-2192

Bohlmann J, Crock J, Jetter R and Croteau R (1998). Terpenoid-based defenses in
conifers: cDNA cloning, characterization, and functional expression of
wound-inducible (E)-α-bisabolene synthase from grand fir (Abies
grandis). Proc Natl Acad Sci USA 95:6756-6761

Bohlmann J and Croteau R (1999). Diversity and variability of terpenoid defenses in



conifers: molecular genetics, biochemistry and evolution of the terpene
synthase gene family in grand fir (Abies grandis). In Chadwick DJ and
Goode JA. Symposium on Insect-plant interactions and induced plant
defence. Novartis Foundation, London: 13-15 October 1998. John Wiley
& Sons Ltd, Chichester. 132-145

Bohlmann J, Phillips MA, Ramachandiran V, Katoh S and Croteau R (1999). cDNA
cloning, characterization, and functional expression of four new
monoterpene synthase members of the Tpsd gene family from grand fir
(Abies grandis). Arch Biochem Biophys 368:232-243

Bois E and Lieutier F (1999). Bioassays on Leptographium wingfieldii, a bark beetle
associated fungus, with phenolic compounds of Scots pine phloem. Eur J
For Path 105:51-60

Boland W, Koch T, Krumm T, Piel J and Jux A (1999). Induced biosynthesis of insect
semiochemicals in plants. In Chadwick DJ and Goode JA. Symposium
on Insect-plant interactions and induced plant defence. Novartis
Foundation, London: 13-15 October 1998. John Wiley & Sons Ltd,
Chichester. 110-125

Bordasch RP and Berryman AA (1977). Host resistance to the fir engraver beetle,
Scolytus ventralis, (Coleoptera:Scolytidae). 2. Repellency of Abietis
grandis and some monoterpenes. Can Entomol 109:95-100

Borg-Karlson A-K (1990). Chemical and ethological studies of pollination in the genus
Ophrys (Orchidaceae). Phytochemistry 29:1359-1387

Borg-Karlson A-K, Lindström M, Persson M, Norin T and Valterová I (1993).
Enantiomeric composition of monoterpene hydrocarbons in different
tissues of Norway spruce Picea abies (L.) Karst. A multidimensional gas
chromatography study. Acta Chem Scand  47:138-144

Borg-Karlson A-K and Mozuraitis R (1996). Solid phase microextraction technique used
for collecting semiochemicals. Z Naturforsch 51 c:599-602

Borg-Karlson A-K, Unelius CR and Nilsson LA (1996). Floral fragrances chemistry in
the early flowering shrub Daphne mezereum. Phytochemistry 41:1477-
1483

Borg-Karlson A-K, Persson M, Christiansson Å, Fäldt J, Långström B, Li L, Liu H,
Zhou N and Lieutier F (1999). Relative and enantiomeric composition of
monoterpene hydrocarbons in Pinus yunnanensis Fr. and Pinus sylvestris
L. In Lieutier F, Mattson WJ and Wagner MR. Physiology and genetics
of tree-phytophage interactions. Gujan: Aug. 31- Sept. 5. 1997. INRA,
Les colloques 90, Paris. 101-110

Byers JA, Lanne BS, Schlyter F, Löfquist J and Bergström G (1985). Olfactory
recognition of host-tree susceptibility by pine shoot beetles.
Naturwissenschaften 75:324-326

Byers JA, Lanne BS and Löfqvist J (1989). Host tree unsuitability recognized by pine
shoot beetles in flight. Experientia 45:489-492

Byers JA (1995). Host-tree chemistry affecting colonization in bark beetles. in Cardé RT
and Bell WJ Chemical ecology of insects. Chapman and Hall. New York.
154-213

Chadwick DJ and Goode JA (1999). Symposium on Insect-plant interactions and induced
plant defence. Novartis Foundation, London. 13-15 October 1998.
Chichester: John Wiley & Sons Ltd



Chalchat J-C, Garry R-P, Michet A and Remery A (1985). The essential oils of two
chemotypes of Pinus sylvestris. Phytochemistry 24:2443-2444

Cheniclet C (1987). Effects of wounding and fungus inoculation on terpene producing
systems of maritime pine. J Exp Bot 38:1557-1572

Cheniclet C, Bernard-Dagan C and Pauly G (1988). Terpene biosynthesis under
pathological conditions. in Mattson WJ, Levieux J and Bernard-Dagan C
Mechanisms of woody Plant defenses against Insects: Search for pattern.
Springer. New York. 93-116

Christiansen E, Waring RH and Berryman AA (1987). Resistance of conifers to bark
beetle attack: searching for general relationships. For Ecol Manage
22:89-106

Christiansen E and Krokene P (1999). Can Norway spruce trees be vaccinated against
attack by Ips typographus? Agric For Entomol 1:185-187

Christiansen E, Krokene P, Berryman AA, Franceschi VR, Krekling T, Lieutier F,
Lönneborg A and Solheim H (1999). Mechanical injury and fungal
infection induce acquired resistance in Norway spruce. Tree Physiol 399-
403

Cobb JFW, Krstic M, Zavarin E and Barber JHW (1968). Inhibitory effects of volatile
oleoresin components on Fomes annosum and four Ceratocystis species.
Phytopathology 58:1327-1335

Colby SM, Crock J, Dowdle-Rizzo B and Lemaux PG (1998). Germacrene C synthase
from Lycopersion esculentum cv. VFNT Cherry tomato: cDNA isolation,
characterization, and bacterial expression of the multiple product
sesquiterpene cyclase. Proc Natl Acad Sci USA 95:2216-2221

Cole RA (1980). The use of porous polymers for the collection of plant volatiles. J Sci
Food Agric 31:1242-1249

Cook SP and Hain FP (1987). Wound response of loblolly and shortleaf pine attacked or
reattacked by Dendroctonus frontalis Zimmermann (Coleoptera:
Scolytidae) or its fungal associate, Ceratocystis minor (Hedgecock)
Hunt. Can J For Res 18:33-37

Cool LG and Zavarin E (1992). Terpene variability of mainland Pinus radiata. Biochem
Syst Ecol 20:133-144

Crock J, Wildung M and Croteau R (1997). Isolation and bacterial expression of a
sesquiterpene synthase cDNA clone from peppermint (Mentha x
piperita, L.) that produces the aphid alarm pheromone (E)-b-farnesene.
Proc Natl Acad Sci USA 1997:12833-12838

Cross JH, Byler RC, Cassidy RF, Silverstein RM, Greenblatt RE, Burkholder WE,
Levinson AR and Levinson HZ (1976). Porapak-Q collection of
pheromone components and isolation of (Z)- and (E)-14-methyl-8-
hexadecenal, sex pheromone components, from the females of four
species of Trocoderma (Coleoptera: Dermestidae). J Chem Ecol 2:457-
468

Croteau R (1987). Biosynthesis and catabolism of monoterpenoids. Chem Rev 87:929-
954

Croteau R, Gurkewitz S, Johnson MA and Fisk HJ (1987). Biochemistry of
oleoresinosis. Monoterpene and diterpene biosynthesis in lodgepole pine
saplings infected with Ceratystis clavigera or treated with carbohydrate
elicitors. Plant Physiol. 85:1123-1128



De Groot, RC (1972). Growth of wood-inhabiting fungi in saturated atmospheres of
monoterpenoids. Mycologia 64: 863-870

Delorme L and Lieutier F (1990). Monoterpene composition of the preformed and
induced resins of Scots pine, and their effect on bark beetles and
associated fungi. Eur J For Path 20:304-316

Dewick PM (1999). The biosynthesis of C5-C25 terpenoid compounds. Nat Prod Rep
16:97-130

Dicke M (1995). Integrating biological control and host plant resistance. In CTA/IAR/
IIBC seminar. Addis Ababa, Ethiopia: Technical centre for agricultural
and rural cooperation ACP-EU.

Dietrich RA, Lawton K, Freidrich L, Cade R, Willits M and Maleck K (1999). Induced
plant defence responses: scientific and commercial development
possibilities. In Chadwick DJ and Goode JA. Symposium on Insect-plant
interactions and induced plant defence. Novartis Foundation, London:
13-15 October 1998. John Wiley & Sons Ltd, Chichester. 205-222

Dormont L, Roques A and Malosse C (1997). Efficiency of spraying mountain pine cones
with oloeresin of swiss stone pine cones to prevent insect attack. J Chem
Ecol 23:2261-2274

Eisert R, Pawliszyn J, Barinshteyn G and Chambers D (1998). Design of automated
analysis system for the determination of organic compounds in
contnuous air stream using solid-phase microextraction. Analytical
communication 35:187-189

Eriksson M, Swartling A, Dalhammar G, Fäldt J and Borg-Karlson A-K (1998).
Biological degradation of diesel fuel in water and soil monitored with
solid-phase micro-extraction and GC-MS. Appl Microbiol Biotechnol.
50:129-134

Eriksson M, Fäldt J, Dalhammar G and Borg-Karlson A-K (2000). Determination of
polyaromatic hydrocarbons in old creosote contaminated soil using
headspace solid phase Microextraction and GC-MS. Chemosphere in
press:

Esseen P-A, Ehnström B and Ericsson L (1997). Boreal forests. Ecol Bull 46:16-47
Evensen PC, Solheim H, Hoiland K and Stenersen J (2000). Induced resistance of

Norway spruce, variation of phenolic compounds and their effects on
fungal pathogens. For Path 30:97-108

Everaerts C, Gregoire J-C and Merlin J (1988). The toxicity of Noway spruce
monoterpenes to two bark beetle species and their associates. in Mattson
WJ, Levieux J and Bernard-Dagan C Mechanisms of woody Plant
defenses against Insects: Search for pattern. Springer. New York. 335-
358

Francke W, Bartels J, Meyer H, Schröder F, Kohnle U, Baader E and Vité JP (1995).
Semiochemicals from bark beetles: new results, remarks, and reflections.
J Chem Ecol 21:1043-1063

Francke-Grosmann H (1967). Ectosymbiosis in wood-inhabiting insects. in SM H
Symbiosis. Academic Press. New York. 141-205

Fridman J and Walheim M (2000). Amount, structure, and dynamics of dead wood on
managed forestland in Sweden. For Ecol Managem 131:23-36



Funk C, Lewinsohn E, Vogel BS, Steele CL and Croteau R (1994). Regulation of
oleoresinosis in grand fir (Abies grandis): Coordinate induction of
monoterpene and diterpene cyclases and two cytochrome P450-
dependent diterpenoid hydroxylases by stem wounding. Plant Physiol
106:999-1005

Gara RI, Littke WR and Rhoades DF (1993). Emission of ethanol and monoterpenes by
fungal infected lodgepole pine trees. Phytochemistry 34:987-990

Gijzen M, Lewinsohn E and Croteau R (1991). Characterization of the constitutive and
wound-inducible monoterpene cyclases of grand fir (Abies grandis).
Arch Biochem Biophys 289:267-273

Gollob L (1980). Monoterpene composition in bark beetle resistant loblolly pine.
Naturwissenschaften 67:409-410

Hamilton JGC, Dawson GW and Pickett JA (1996). 9-Methylgermacrene-B; prpopsed
structure for novel momosesquiterpene from the sex pheromone glands
of Lutzomyia longipalis (Diptera: Psychodidae) from lapinha, Brazil. J
Chem Ecol 22:1477-1491

Hanover JW (1992). Application of terpene analysis in forest genetics. New Forests
6:159-178

Harata K, Uekema K, Otagiri M and Hirayama F (1984). Chrystal structures of
cyclodextrin complexes with chiral molcules. J Incl Phenom 2:583-594

Harborne JB (1989). Introduction to ecological biochemistry. San Diego: Academic press
Harmon ME, Franklin JF, Swanson FJ, Sollins P, Gregory SV, Lattin JD, Anderson NH,

Cline SP, Aumen NG, Sedell JR, Lienkaemper GW, Cromack K and
Cummins KW (1986). Ecology of coarse woody debris in temperate
ecosystems. Adv Ecol Res 15:133-302

Hayashi N, Honda K, Idzumihara H, Mikata K and Komae H (1996). The chemical
relationship between fungus and beetles on Ponderosa pine. Zeitschrift
für Nturfoschung 51 c:813-817

Hendry LB, Piatek B, Browne LE, Wood DL, Byers JA, Fish RH and Hicks RA (1980).
In vivo conversion of a labelled host plant chemical to pheromones of the
beetle Ips paraconfusus. Nature 284:485

Hennig P, Steinborn A and Engewald W (1994). Investigation of the composition of
Pinus peuce neddle oil by GC-MS and GC-GC-MS. Chromatographia
38:689-693

Hick AJ, C. LM and Pickett JA (1999). Volatile isopreniods that control insect behavior
and development. Nat Prod Rep 16:39-54

Hiltunen R, Juvonen S and Tigerstedt PMA (1975a). Geographical variation in some
monoterpenes in Scots Pine (Pinus sylvestris). Farm Aikak 84:73-82

Hiltunen R, Tigerstedt PMA, Juvonen S and Pohjola J (1975b). Inheritance of 3-carene
quantity in Pinus sylvestris L. Farm Aikak 84:69-72

Hiltunen R and Laakso I (1995). Gas chromatographic analysis and biogenetic
relationships of monoterpene enantiomers in Scots pine and Juniper
needle oils. Flav Fragr J 10:203-210

Hobson KR, Wood DL, Cool LG, White PR, Ohtsuka T, Kubo I and Zavarin E (1993).
Chiral specificity in responses by the bark beetle Dendroctonus valens to
host kairomones. J Chem Ecol 19:1837-1846



Ivarsson P, Schlyter F and Birgersson G (1993). Demonstration of de novo biosynthesis
in Ips duplicatus (Coleoptera: Scolytidae): inhibition of ipsdienol and E-
myrcenol production by compactin. Insect Biochem Molec Biol 23:655-
662

Ivarsson P and Birgersson G (1995). Regulation and biosynthesis of pheromone
componenets in the double spined bark beetle Ips duplicatus
(Coleoptera: Scolytidae). J Insect Physiol 41:843-849

Jactel H, Kleinhentz M, Marpeau-Bezard A, Marion-Poll F, Menassieu P and Burban C
(1996). Terpene variations in maritime pine constitutive oleoresin related
to host tree selection by Dioryctria sylvestrella Ratz. (Lepidoptera:
Pyralidae). J Chem Ecol 22:1037-1050

Jirón Z (1996). Thesis: Approaching optimal conditions for running liquid adsorption
column chromatography using simple computional models. Royal
Institute of Technology. Stockholm.

Johnson MA and Croteau R (1987). Biochemistry of conifer resistance to bark beetles
and their fungal symbionts. in Fuller G and Nes WD Ecology and
metabolism of plant lipids. American Chemical Society. Washington DC.
76-91

Jones CG and Firn RD (1991). On the evolution of plant secondary chemical diversity.
Phil Trans R Soc Lond 333:273-280

Jonsell M and Nordlander G (1995). Field attraction of Coleoptera to odours of the
wood-decaying polypores Fomitopsis pinicola and Fomes fomentarius.
Ann. Zool. Fennici 32:391-402

Jonsell M, Nordlander G and Jonsson M (1999). Colonization patterns of insects
breeding in wood-decaying fungi. J Insect Conserv 3:145-161

Jursík T, Stránski K and Ubik K (1991). Trapping system for trace organic volatiles.
Journal of Chromatography 286:313-322

Katoh S and Croteau R (1998). Individual variation in constitutive and induced
monoterpenes biosynthesis in grand fir (Abies grandis). Phytochemistry
47:

Kelly MJ and Rohl AE (1989). Pine oil and miscellaneous uses. in Zinkel DF and Russel
J Naval stores: Production, Chemistry, Utilazation. Pulp Chemicals
Association. New York. 560-572

Kleinhentz M, Jactel H and Menassieu P (1999). Terpene attractant candidates of
Dioryctria sylvestrella in Maritime Pine (Pinus pinaster) oleoresin,
needles, liber, and headspace samples. J Chem Ecol 25:2741-2756

Klepzig KD, Kruger EL, Smalley EB and Raffa KF (1995). Effects of biotic and abiotic
stress on induced accumulation of terpenes and phenolics in red pines
inoculated with bark beetle-vectored fungus. J Chem Ecol 21:601-626

Klepzig KD, Smalley EB and Raffa KF (1996). Combined chemical defenses against an
insect-fungal complex. J Chem Ecol 22:1367-1388

Klimetzek D and Franke W (1980). Relationship between enantiomeric composition of
α-pinene in host trees and the production of verbenols in Ips species.
Experientia 36:1343-1345

Klimetzek D, Köhler J, Vité JP and Kohnle U (1986). Dosage response to ethanol
mediates host selection by “secondary” bark beetles.
Naturwissenschaften 73:270-272



Knudsen JT, Tollsten L and Bergström LG (1993). Floral scents - a checklist of volatile
compounds isolated by head-space techniques. Phytochemistry 33:253-
280

Koscielski T, Sybilska D and Jurczak J (1983). Separation of α- and β-pinene into
enantiomers in gas-liquid chromatography system via a-cyclodextrin
inclusion complexes. J Cromatogr 280:131

Kreis VP, Hener U and Mosandl A (1990). Chirale inhaltsstoffe ätherischer öle. Deutsche
Apotheker Zeitung 130:985-988

Krokene P and Solheim H (1999). What do low-density inoculations with fungus tell us
about fungal virulence and tree resistance? In Lieutier F, Mattson W and
Wagner M. Physiology and genetics of tree-phytophage interactions.
Gujan (France): Aug.31-Sept.5 1997. INRA, Les Colloques 90. 353-362

Krokene P, Solheim H and Christiansen E (2000a). Necrotizing fungi effective inducers
of disease resistance in Norway spruce. Accepted:

Krokene P, Solheim H and Långström B (2000b). Fungal infection and mechanical
wounding induce disease resistance in Scots pine. Eur J For Path
Submitted:

Kuc J (1995). Induced systemic resistence - an overview. in Hammerschmidt R and Kuc J
Induced resistance to disease in plants. Kluwer Academic Publisher.
Dordrecht. 169-175

König WA (1990). Modifizierte cyclodextrine als chirale trennphasen in der
gaschromatographie. Kontakte 2:3-14

König WA, Riek A, Saritas Y, Hardt IH and Kubeczka K-H (1996). Sesquiterpene
hydrocarbons in the essential oil of Meum athamanticum.
Phytochemistry 42:461-464

Langenheim JH (1994). Higher plant terpenoids - a phytocentric overview of their
ecological roles. J. Chem. Ecol. 20:1223-1280

Lesney MS (1989). Growth responses and lignin production n cell suspensions of P.
eliotti “elicited” by chitin, chitosan or mycelium of Cronartium quercum
f. sp fusiforme. Plant cell, tiss. and org. cult. 19:23-31

Lewinsohn E, Gijzen M and Croteau R (1991a). Defense mechanisms of conifers:
Differences in constitutive and wound-induced monoterpene biosynthesis
among species. Plant Physiol 96:44-49

Lewinsohn E, Gijzen M, Savage TJ and Croteau R (1991b). Defense mechanisms of
conifers: Relationship of monoterpene cyclase to anatomical
specialization and oleoresin monoterpene content. Plant Physiol 96:38-
43

Lewinsohn E, Gijzen M, Muzika RM, Barton K and Croteau R (1993a). Oleoresinosis in
grand fir (Abies grandis) saplings and mature trees. Modulation of this
wound response by light and water stress. Plant Physiol. 101:1021-1028

Lewinsohn E, Savage TJ, Gijzen M and Croteau R (1993b). Simultaneuos analysis of
monoterpenes and diterpenes of conifer oleoresin. Phytochem. Anal.
4:220-225

Li L, Wang HL, Chai XS, Shu NB and Yang DS (1993). Study on the biological
charecteristics of T. piniperda and its damage. Forest Research 6:14-20.
(Reprinted in 1997)



Lieutier F and Berryman AA (1988a). Preliminary histological investgations of the
defense reactions of three pines to Ceratocystis clavigera and two
chemical elicitors. Can. J. For. Res. 18:1243-1247

Lieutier F and Berryman AA (1988b). Elicitation of defensive reactions in conifers. in
Mattson WJ, Levieux J and Bernard-Dagan C Mechanisms of woody
Plant defenses against Insects: Search for pattern. Springer. New York.
313-319

Lieutier F, Berryman AA and Millstein JA (1991). Preliminary study of the monoterpene
response of three pines to Ophiostoma clavigerum. Ann. Sci. For.
48:377-388

Lieutier F (1994). Associated fungi, induced reaction and attack strategy of Tomicus
piniperda (Coleoptera: Scolytidae) in Scots pine. In Hain FP, Salom S,
Ravlin WF, Payne TL and Raffa KF. Behavior, population dynamics and
control of forest insects. IUFRO-Meeting. Maui, Hawaii:

Lindström M, Norin T, Birgersson G and Schlyter F (1989). Variation of enantiomeric
composition of α-pinene in Norway spruce, Picea abies, and its
influence on production of verbenol isomers by Ips typographus in the
field. J Chem Ecol 15:541

Långström B, Hellqvist C, Ericsson A and Gref R (1992). Induced defence reaction in
scots pine following stem attacks by Tomicus piniperda. Ecography
15:318-327

Malosse C, Ramirez-Lucas P, Rochat D and Morin J-P (1995). Solid-phase
microextraction an alternative method for the study of airborne insect
pheromones (Metamasius hemipterus, Coleoptera, Curculionidae). J.
High Resol. Chromatogr. 18:669-670

Manninen A-M, Vourinen M and Holopainen JK (1998). Variation in growth, chemical
defense, and herbivore resistance in Scots pine provenances. Journal of
Chemical Ecology 24:1315-1331

Marpeau A, Walter J, Launay J, Charon J and Baradat P (1989). Effects of wounds on
terpene content of twigs of maritime pine (Pinus pinaster Ait.). Changes
in the volatile terpene hydrocarbon composition. Trees 4:220-226

Matsuo A, Nakayama N and Nakayama M (1985). Enantiomeric type sesquiterpenoids of
the liverwort Marchantia polymorpha. Phytochemistry 24:777-781

McPheron LJ, Seybold SJ, Storer AJ, Wood DL, Ohtsuka T and Kubo I (1997). Effects
of enantiomeric blend of verbenone on response of Ips paraconfusus to
naturally produced aggregation pheromone in the laboratory. J Chem
Ecol 23:2825-2839

Millar JG and Sims JJ (1998). Preparation, cleanup and preliminary fractionation of
extracts. in Millar JG and Haynes KF Methods in chemical ecology.
Chemical methods. Kluwer. Norwell. 1-31

Miller RH, Berryman AA and Ryan CA (1986). Biotic elicitors of defense reactions in
lodgepole pine. Phytochemistry 25:611-612

Mirov NT (1961). Composition of gum turpentines of pines. Technical bulletin, United
StatesDepartment of Agriculture 1239. Washington.

Mirov NT (1967). The genus Pinus. New York: The Ronald Press Company



Mondello L, Catalfamo M, Proteggente AR, Bonaccorsi I and Dugo G (1998).
Multidimensional capillary GC-GC for the analysis of real complex
samples. 3. Enantiomeric distribution of monoterpene hydrocarbons and
alcohols of mandarine oils. J. Agric. Food Chem. 46:54-61

Mondello L, Catalfamo M, Cotroneo A, Dugo G, Dugo G and McNair H (1999).
Multidimensional capillary GC-GC for the analysis of real complex
samples. 4. Enantiomeric distribution of monoterpene hydrocarbons and
alcohols of lemon oils. J. High Resol. Chromatogr. 22:350-356

Mosandl A and Schubert V (1990). Stereoisomeric flavor compounds XXXVII:
Enantiomer separation of 1-alken3-yl esters and their chirality evaluation
from essential oils using multidimensional gas chromatography (MDGC).
J. Ess. Oil. Res. 2:121-132

Nishii Y, Yoshida T and Tanabe Y (1997). Enantiomeric resolution of a germacrene-D
derivative by chiral high performance liquid chromatography. Biosci.
Biotech. Biochem. 61:547-548

Nordlander G, Eidmann HH, Jacobsson U, Nordenheim H and Sjödin K (1986).
Orientation of the pine weevil Hylobius abietis to underground sources
of host volatiles. Entomol Exp Appl 41:91-100

Nordlander G (1990). Limonene inhibits attraction to α-pinene in the pine weevils
Hylobius abietis and H. pinastri. J Chem Ecol 16:1307-1320

Paine TD, Blanche CA, Nebeker TE and Stephen FM (1987). Composition of loblolly
pine resin defense: Comparison of monoterpenes from induced lesion
and sapwood resin. Can J For Res 17:1202-1206

Paine TD and Stephen FM (1987). Fungi associated with the southern pine beetle:
avoidance of induced defense response in loblolly pine. Oecologia
74:377-379

Paine TD and Hanlon CC (1994). Influence of oleoresin constituents from Pinus
ponderosa and Pinus jeffreyi on growth of mycangial fungi from
Dendroctonus jeffreyii. J Chem Ecol 20:2551-2563

Pawliszyn J (1997). Solid phase microextraction. Theory and practice. New York: Wiley-
WCH

Persson M, Borg-Karlson A-K and Norin T (1993). Enantiomeric composition of the six
main monoterpene hydrocarbons in different tissues of Picea abies (L.)
Karst. Phytochemistry 33:303-307

Persson M, Sjödin K, Borg-Karlson A-K, Norin T and Ekberg I (1996). Relative
amounts and enantiomeric compositions of monoterpene hydrocarbons
in xylem and needles of Picea abies. Phytochemistry 42:1289-1297

Phillips MA and Croteau R (1999). Resin-based defenses in conifers. Trends in Plant
Science. 4:184-190

Phillips MA, Savage TJ and Croteau R (1999). Monoterpene synthases of loblolly pine
(Pinus taeda) produce pinene isomers and enantiomers. Arch Biochem
Biophys 372:197-204

Popp MO, Johnson JD and Massey TL (1991). Stimulation of resin flow in slash and
loblolly pine by bark beetle vectored fungi. Can J For Res 21:1124-1126

Popp MP, Johnson JD and Lesney MS (1995). Characterization of induced response of
slash pine to inoculation with bark beetle vectored fungi. Tree
Physiology 15:619-623



Raffa KF and Berryman AA (1982a). Physiological differences between lodgepolepine
resistant and susceptible to the mountain pine beetle and associated
microorganisms. Environ Entomol 114:797-810

Raffa KF and Berryman AA (1982b). Accumulation of monoterpenes and associated
volatiles following fungal inoculation of grand fir with a fungus vectored
by the fir engraver Scolytus ventralis (Coleoptera: Scolytidae). Can
Entomol 114:797-810

Raffa KF and Berryman AA (1983a). The role of resistance in the colonization behavior
and ecology of bark beetles. Ecol Monogr 53:27-49

Raffa KF and Berryman AA (1983b). Physiological aspects of lodgepole pine wound
responses to a fungal symbiont of the mountain pine beetle, Dedroctonus
ponderosae (Coleoptera: Scolytidae). Can Entomol 115:723-734

Raffa KF, Berryman AA, Simasko J, Teal W and Wong BL (1985). Effects of grand fir
monoterpenes on the fir engraver, Scolytus ventralis (Coleoptera:
Scolytidae), and its symbiotic fungus. Environmental entomology
14:552-556

Raffa KF (1991). Induced defenses in conifer-bark beetle systems. in Tallamy DW and
Raupp MJ Phytochemical induction by herbivores. Academic Press. New
York. 245-276

Raffa KF and Smalley EB (1995). Interaction of pre-attack and induced monoterpene
concentrations in host conifer defense against bark beetle-fungal
complexes. Oecologia 102:285-295

Raguso RA and Pellmyr O (1998). Dynamic headspace analysis of floral volatiles:
acomparison of methods. OIKOS 81:238-254

Raven PH, Evert RF and Eichorn SE (1992). Biology of plants. New York: Worth
Publishers

Reglinski T, Stavely FJL and Taylor JT (1998). Induction of phenylalanine ammonia lyase
activity and control of Sphaeropsis sapinea infection in Pinus radiata by
5-chlorosalisylic acid. Eur J For Path 28:153-158

Reinhardt R, Richter M, Mager PP, Hennig P and Engewald W (1996). Investigation of
gas chromatographic interaction mechanism on permethylated
cyclodexteins by molecular modelling. Chromatographia 43:187-194

Renwick JAA, Hughes PR and Krull IS (1976). Selective production of cis- and trans-
verbenol from (-)- and (+)-α-pinene by bark beetle. Science 191:199-201

Richardson DM (1998). Ecology and biogeography of Pinus. Cambridge: Cambridge
University Press

Rohmer M (1999). The discovery of a mevalonate-independent pathway for isoprenoid
biosynthesis in bacteria, algae and higher plants. Nat Prod Rep 16:565-
574

Sadof CS and Grant GG (1997). Monoterpene compostion of Pinus sylvestris varieties
resistant and susceptible to Dioryctria zimmermani. J Chem Ecol
23:1917-1927

Savage TJ and Croteau R (1993). Biosynthesis of Monoterpenes: Regio- and
Stereochemistry of (+)-3-carene Biosynthesis. Arch Biochem Biophys
305:581-587

Savage TJ, Hatch MW and Croteau R (1994). Monoterpene synthases of Pinus contorta
and related conifers: A new class of terpenoid cyclase. J Biol Chem
269:4012-4020



Savage TJ, Ichii H, Hume SD, Little DB and Croteau R (1995). Monoterpene synthases
from gymnosperms and angiosperms: stereospecificity and activation by
cysteinyl- and arginyl modifying reagents. Arch Biochem Biophys
320:257-265

Schmidt CO, Bouwemeester H, de Kraker J-E and König WA (1998). Biosynthesis of
(+)- and (-)-germacrene D in Solidago canadensis: isolation and
caracterization of two enantioselective germacrene-D synthases. Angew
Chem Int Ed 37:1400-1402

Schroeder LM and Weslien J (1994). Reduced offspring production in bark beetle
Tomicus piniperda in pine bolts baited with ethanol and α-pinene, which
attract antagonistic insects. J Chem Ecol 20:1429-1444

Schroeder M (1990). Duct resin flow in scots pine in relation to the attack of the bark
beetle T. piniperda. J Appl Entomol 109:105-112

Schäfer B, Hennig P and Engewald W (1995). Analysis of monoterpenes from conifer
needles using solid phase microextraction. J High Resol Chromatogr
18:587-592

Seybold SJ (1993). Role of chirality in olfactory-directed behavior: aggregation of pine
engraver beetles in the genus Ips (Coleoptera: Scolytidae). J Chem Ecol
19:1809-1831

Seybold SJ, Quilici DR, Tillman JA, Vanderwel D, Wood DL and Blomquist GJ (1995).
De novo biosynthesis aggregation pheromone componets ipsenol and
ipsdienol by the pine bark beeetles Ips paraconfusus Lanier and Ips pini
(Say) (Coleoptera: Scollytidae). Proc Natl Sci  USA 92:8393-8397

Shirey RE (2000). Optimization of extraction conditions for low-molecular-weight
analytes using solid-phase microextraction. J Chromatogr Sci 38:109-
116

Shrimpton DM and Whitney HS (1968). Inhibition of growth of blue stain fungi by wood
extractives. Can J Bot 46:757-761

Shu S, Grant GG, Langevin D, Lombardo DA and MacDonald L (1997). Oviposition and
electroantennogram responses of Dioryctria abietivorella (Lepidoptera:
Pyralidae) elicited by monoterpenes and enantiomers from eastern west
pine. J Chem Ecol 23:35-50

Siitonen J, Martikainen P, Punttila P and Rauh J (2000). Coarse woody debris and stand
characteristics in mature managed and old-growth boreal mesic forests in
southern Finland. Forest Ecol Manage 128:211-225

Sjödin K, Schroeder LM, Eidmann HH, Norin T and Wold S (1989). Attack rate of
Scolytides and composition of volatile wood constituents in healthy and
mechanically weakened pine trees. Scand J For Res 4:379-391

Sjödin K (1991). Thesis: Volatile wood constituents in insect-plant interactions. Chemical
studies on Scots pine (Pinus sylvestris  L.) and Norway spruce (Picea
abies [L .] Karst.). The Royal Institute of Technology. Stockholm,
Sweden.

Sjödin K, Persson M and Norin T (1993). Enantiomeric compositions of monoterpene
hydrocarbons in the wood of healthy and top cut Pinus silvestris.
Phytochemistry 32:53-56

Sjödin K, Persson M, Borg-Karlson A-K and Norin T (1996). Enantiomeric
compositions of monoterpene hydrocarbons in different tissues of four
individuals of Pinus sylvestris. Phytochemistry 41:439-445



Smith RH (1966). Resin quality  as a factor in the resistance of pines to bark beetles. in
Gerhold H, McDermott R, Schreiner E and Winieski J Breeding pest-
resistant trees. Pergamon press. Oxford. 189-196

Solheim H and Långström B (1991). Blue-stain fungi associated with Tomicus piniperda
in Sweden and preliminary observations on their pathogenicity. Ann Sci
For 48:149-156

Solheim H, Långström B and Hellquist C (1992). Pathogenicity of blue-stain fungi
Leptographium wingfieldii and Ophiostoma minus to Scots pine: effect
of tree pruning and inoculum density. Can J For Res 23:1438-1443

Steele CL, Katoh S, Bohlmann J and Croteau R (1998). Regulation of oleoresinosis in
grand fir (Abies grandis). Differential transcriptional control of
monoterpene, sesquiterpene, and diterpene synthase genes in response to
wounding. Plant Physiol 116:1497-1504

Sturgeon KB (1979). Monoterpene variation in ponderosa pine xylem resin related to
western pine beetle predation. Evolution 33:803-814

Sturgeon KB and Mitton JB (1986). Biochemical diversity of ponderosa pine and
predation by bark beetles (Coleoptera: Scolytidae). J Econ Entomol
79:1064-1068

Tumlinson JH, Paré PW and Lewis WJ (1999). Plant production of volatile
semiochemicals in response to insect-derived elicitors. In Chadwick DJ
and Goode JA. Symposium on Insect-plant interactions and induced
plant defence. Novartis Foundation, London: 13-15 October 1998. John
Wiley & Sons Ltd, Chichester. 95-104

Valterová I, Lindström M, Vrkoc J and Norin T (1992a). On the natural ocurrence of (-)-
3-carene, a component of termite defence secretion. Naturwissenschaften

Valterová I, Unelius CR, Vrkoc J and Norin T (1992b). Enantiomeric composition of
monoterpene hydrocarbons from the liverwort Conocephalum conicum.
Phytochemistry 31:3121-3123

Valterová I, Vrkoc J and Norin T (1993). The enantiomeric composition of monoterpene
hydrocarbons in the defensive secretions of Nasutermis termites
(Isoptera): inter- and intraspecific variation. Chemoecology 4:120-123

Valterová I, Sjödin K, Vrkoc J and Norin T (1995). Contents and enantiomeric
compositions of monoterpene hydrocarbons in xylem oleoresins from
four Pinus species growing in Cuba. Comparison of trees unattacked and
attacked by Dioryctria horneana. Biochem System Ecol 23:1-5

Valterová I, Nehlin G and Borg-Karlson A-K (1997). Host plant chemistry and
preferences in egg-laying Trioza apicalis (Homoptera, Psylloidea).
Biochem Syst Ecol 25:477-491

Vité JP, Volz HA, Paiva MR and Bakke A (1986). Semiochemicals in host selection and
colonization of pine trees by the pine shoot beetle Tomicus pinperda.
Naturwissenschaften 73:39-40

Wallin KF and Raffa KF (1998). Association of within-tree jack pine budworm feeding
patterns with a canopy level and within-needle variation of water,
nutrient, and monoterpene concentration. Can J For Res 28:228-233

Wallin KF and Raffa KF (1999). Altered consitutive and inducible phloem monoterpenes
following natural defoliation of jack pine: implications to host mediated
interguild interactions and plant defense theories. J Chem Ecol 25:861-
880



Wallin KF and Raffa KF (2000). Influences of host chemicals and internal physiology on
the steps of postlanding host acceptance behavior of Ips pini
(Coleoptera: Scolytidae). Environ Entomol 29:442-453

Wang X, Liu Y-S, Nair UB, Armstrong DW, Ellis B and Williams KM (1997).
Enantiomeric compostition of monoterpenes in conifer resins.
Tetrahedron: Asymmetry 8:3977-3984

Warmers U, Wihstutz K, Bulow N, Fricke C and König WA (1998). Sesquiterpene
constituents of the liverwort Calypogela muelleriana. Phytochemistry
49:1723-1731

Wassgren A-B and Bergström G (1984). Revolving fraction collector for preparative
capillary gas chromatography in the 100-µg to 10-ng range. J Chem Ecol
10:1543-1550

Weinheimer AJ, Youngblood WW, Washecheck PH, Karns TKB and Ciereszko LS
(1970). Isolation of the elusive (-)-germacrene A from the gorgonianm
Eunicea mamosa. Chemistry of coelenterates. XVIII. Tetrahedron
Letters 497-500

White EE (1983). Biosynthetic implications of terpene correlations in Pinus contorta.
Phytochemistry 22:1399-1405

White PR and Hobson KR (1993). Stereospecific antennal response by red turpentine
beetle, Dendroctonus valens to chiral monoterpenes from ponderosa
pine resin. J Chem Ecol 19:2193-2202

Wibe A, Borg-Karlson A-K, Norin T and Mustaparta H (1997). Identification of plant
volatiles activating single receptor neurons in the pine weevil (Hylobius
abietis). J Comp Physiol A 180:585-595

Wibe A, Borg-Karlson A-K, Persson M, Norin T and Mustaparta H (1998).
Enantiomeric composition of monoterpene hydrocarbons in some
conifers and receptor neuron discrimination of α-pinene and limonene
enantiomers in the pine weevil, Hylobius abietis. J Chem Ecol 24:273-
287

Wold S, Albano C, Dunn III WJ, Esbensen K, Geladi P, Hellberg S, Johansson E,
Lindberg W, Sjöström M, Skagerberg B, Wikström C and Öhman J
(1989). Multivariate Data Analysis: Converting Chemical Data Tables to
Plots. In VIIth ICCCRE. Garmixh 1985: Sept-Oct. Dr Alfred Hüthig
Verlag, Heidelberg. Intell. Instrum. and Comput.:197-215

Yazdani R, Rudin D, Alden T, Lindgren D, Harbom B and Ljung K (1982). Inheritence
pattern of five monoterpenes in Scots pine (Pinus sylvestris L.).
Hereditas 97:261-272

Yazdani R, Nilsson JE and Ericsson T (1985). Geographical variation in the relative
proportion of monoterpenes in cortical oleoresin of Pinus sylvestris in
Sweden. Silvae Genetica 34:201-208

Yazdani R and Nilsson J-E (1986). Cortical monoterpene variation in natural populations
of Pinus sylvestris in Sweden. Scand J For Res 1:85-93

Yoshihara K, Ohta Y, Sakai T and Hirose Y (1969). Germacrene D, a key intermediate of
cadinene group compounds and bourbonenes. Tetrahedron letters 2263-
2264

Zavarin E and Snajberk K (1985). Monoterpenoid and morfological differentiation within
Pinus cembroides. Biochemical systematics and ecology 13:99-104

Zhang Z and Pawliszyn J (1993). Headspace solid-phase microextraction. Anal Chem
65:1843-1852



Acknowledgments
I would like to express my sincere gratitude to my supervisors Assoc. Prof. Anna-Karin Borg-Karlson for her
infinite enthusiasm, discussions and comments, and Professor emeritus Torbjörn Norin for hiring and
supporting me. SJFR and MISTRA are greatly acknowledged for financial support. KTH, KVA, IVA, EC, and
SI, are greatly acknowledged for financial support to projects abroad.
I want to express my greatest gratitude to the following persons, for constructive criticism on the thesis during
the writing process,
Assoc. Prof. Anna-Karin Borg-Karlson, Professor Jan Pettersson, Assoc. Prof. Rikard Unelius, Dr Kristina
Sjödin, Dr Mats Jonsell, Mattias Jonsson, Professor emeritus Torbjörn Norin and Professor Christina Moberg.

Especially, I would like to thank Veronika Strmen for valuable discussions and linguistic corrections (on earlier
versions) and fast correspondence by email; Ingrid and Peter Fäldt for valuable comments on the thesis; Mikael
Eriksson (Microbiology, KTH), for such great and productive collaboration  (beyond the scope of my research!),
and Toshi Nishida for valuable NMR results and discussions.

The group of Ecological Chemistry/Natural Product Chemistry has really “made” my stay at KTH, with all fun,
laughter, enthusiasm and interesting discussions. Therefore, I would like to thank...
Monika Persson, for good collaboration, you are a good friend and the best in the lab. Ann-Charlotte Almquist,
for good collaboration and for serious (and unserious) talks.  (Monika  (+ Nisse) and Lotta (+Julien) – for
having fun and nice adventures outside KTH!). Felisberto Pagula, YOU make ME laugh. Johan Andersson,
thanks for sharing and solving troubles.  Assoc. Prof. Ulla Jacobsson, thanks for good collaboration and
support.
...the other members in the group: Rikard Unelius, Peter Baeckstöm, Raimondas Mozuraitis, Zandra Jiron,
Johan Sandell, Anoma Mudalige, Ellen Santangelo, Martha Ramirez and all others that have come and gone.

..and the rest of organic chemistry division, especially the head of the department, Professor Christina Moberg.

..and the organic chemistry “oldies”.

..and my (former) neighbors at the Department of Polymer Technology.

Ecological chemistry means collaboration, therefore, there are several collaborators that I would like to thank:
*Dr Irena Valterová (my “Czech supervisor”) – you made my stay in Prague unforgettable.
*Staff at Mitthögskolan, especially Dr Kristina Sjödin (my MVDA/GC/terpene chemistry collaborator in the
north)
*Staff at Department of Entomology, SLU, Ultuna; Professor Bo Långström, Assoc. Prof. Göran Nordlander, Dr
Mats Jonsell, Mattias Jonsson – I really enjoyed our field work, so much.  Being in the forest – incomparable to
wiping in the hood.
*The great group of zoophysiology in Trondheim (our “sister group”); Professor Hanna Mustaparta, Tonette
Roestelien, Marit Stranden and Helena Bichao.
*Professor Halvor Solheim at NISK, Ås, Norway, who contributed the pathological/ecological part in the
“Hökensås study”.
*Professor Francois Lieutier and Annie Yart at INRA, Orleans, France.
*Professor Maria Natercia Sousa Santos and her colleagues at  Estacao Florestal National, Oeiras, Portugal.
*Professor Li Lisha and the staff at Yunnan Academy of Forest Sciences, for great hospitality during my stay in
Yunnan province.

I’m deeply grateful to my family; Ingrid, Peter, Jonas and Jakob; Elsa and Katarina, for supporting me in “ur
och skur”. And my additional family on Gotland. Utan er så!

I would like to thank all my wonderful friends, especially Nina, Jessica, Jenny B, Sophie, Clara, Lotta, Cais-
Marie, Jenny O, Siri, for all laughter and joy! I love you. To those not mentioned, I love you too. See you soon!

My dearest friends Veronika and Shola for wonderful and encouraging email correspondence throughout the
years.

Dennis for always pushing and supporting me, for all honest comments, patients and deep discussions. You are
the best human being in the world, my darling!


	Cover
	Abstract
	List of contents
	Appendix and papers
	Summary

