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Abstract 
 
To overcome multiple threats conifers produce oleoresin consisting of a 
volatile and a non-volatile fraction. The chemical elicitor methyl 
jasmonate (MeJA) could replace insecticides in Europe and Asia for 
protection of young conifers against the pine weevil (Hylobius abietis). 
This thesis mainly focuses on the effects of MeJA treatment on chemical 
defenses of conifers from seedling batches with documented field 
resistance. Tissues of three pine species and one spruce species, with 
various treatments, were here extracted in hexane, whereafter volatile 
contents of tissues were separated and analyzed by 2D GC-MS. 

Induced responses of seedlings of Maritime pine (Pinus pinaster) and 
Monterey pine (Pinus radiata) to the folivore pine processionary 
(Thaumetopoea pityocampa), and the phloem-feeder H. abietis, have 
been studied. Amounts of mono- and sesqui-terpenes (and also non-
volatile resin) in conifer tissues (needles and phloem) were less induced 
by T. pityocampa than by H. abietis. 

The MeJA-treated seedlings of Scots pine (Pinus sylvestris) changed 
their composition of phloem monoterpenes (induction of (-)-β-pinene), 
and were better protected in field than the seedlings of Norway spruce 
(Picea abies), which increased their total amounts of monoterpenes. 
Orientation bioassays with H. abietis showed deterrent effects of (-)-β-
pinene, (+)-3-carene, (-)-bornyl acetate and 1,8-cineole. Conversely, (-)-
α-pinene (induced in P. abies but not in P. sylvestris) was non-deterrent. 

MeJA-treated seedlings fed on by H. abietis contained higher amounts 
of the H. abietis antifeedant 2-phenylethanol, in tissues and emissions. 
Phloem of control seedlings instead induced the (+)-α-pinene, which is 
one of the enantiomers of the H. abietis attractant α-pinene.  

The volatile fraction of the needles of MeJA-treated seedlings of P. 
radiata, were more inducible than those of P. pinaster which already 
were at a higher level. In response to MeJA treatment, the relative 
amounts of the (+)-α-pinene increased in the phloem of  P. radiata, while 
it decreased in P. pinaster phloem. The preference of H. abietis in the 
field for P. radiata before P. pinaster may be explained by these changes 
in enantiomers of the H. abietis attractant α-pinene. 
 

Keywords 
Pinaceae, Pinus pinaster, Pinus radiata, Pinus sylvestris, Picea abies, 
Thaumetopoea pityocampa, Hylobius abietis, Needles, Phloem, Feeding, 
Vaccination, Priming, Methyl jasmonate, Aromatics, Phenolics, Monoterpenes
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Sammanfattning 
 
Barrträd är viktiga för skogsindustrin. I Sverige består 57% av ytan av 
produktiv skogsmark, och av dessa träd utgörs 80% av gran och tall. Som 
försvar mot insekter och sjukdomar, producerar barrträden kådämnen. 
För unga barrträd i Europa och Asien är snytbaggen (Hylobius abietis) 
en allvarlig skadegörare, som orsakar skogsnäringen stora kostnader. För 
att skydda små gran- och tallplantor före utplanteringen, skulle 
växthormonet metyljasmonat (MeJA) kunna användas.  

I denna avhandling har effekter av MeJA-behandling och 
insektsangrepp undersökts på de två viktigaste barrträden i Sverige, tall 
och gran (Pinus sylvestris och Picea abies) och på två arter i 
medelhavsområdet (Pinus radiata och Pinus pinaster). De kemiska 
försvarsämnena i barrträd har analyserats för att utvärdera effekterna av 
MeJA-behandling. Vävnader från barrträd med olika behandling har 
extraherats i organiska lösningsmedel och dofterna från plantorna har 
insamlats genom fastfas-mikroextraktion. De flyktiga ämnena har 
separerats och identifierats med hjälp av gaskromatografi och 
masspektrometri (GC-MS). Dessutom har optiskt aktiva doftämnen 
separerats med hjälp av en tvådimensionell GC-MS. 

Plantornas olika försvarsreaktioner har studerats vid angrepp av 
snytbaggen, som är en floemätare, och av tallfjärilslarv (Thaumetopoea 
pityocampa), som huvudsakligen äter barr. De lättflyktiga ämnena 
(mono- och seskviterpener) och de icke-flyktiga ämnena (kådsyror) 
ökade mer i stam och barr från angrepp av H. abietis än av T. 
pityocampa. 

Sammansättning av monoterpener ändrades i de MeJA-behandlade 
tallplantorna i Sverige, specifikt ökade (-)-β-pinene i stamfloemet. 
Tallplantorna var bättre skyddade i fält än granplantorna, där den totala 
mängden monoterpener ökade. 

(-)-β-Pinene, (+)-3-carene, (-)-bornyl acetate och 1,8-cineole visade 
sig ha en negativ effekt på snytbaggens orientering mot talldoft i 
orienteringstester. En av monoterpenerna, (-)-α-pinene, som av MeJA-
behandlingen inducerats i granen, men inte i tallen, hade ingen negativ 
effekt på snytbaggen. 

MeJA-behandlade tallplantor som angripits av snytbaggen, innehöll 
större mängder av snytbagge-äthämmaren 2-fenyletanol, både i 
vävnader och i emissioner. Stam från kontrollplantor inducerade istället 
(+)-α-pinene, vilken är en av de optiska isomererna av snytbagge-
attrahenten α-pinene.  
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För de spanska arterna, som svar på MeJA-behandling, ökade de 
lättflyktigaste terpenerna i barren hos P. radiata men inte hos P. 
pinaster, vilken redan innehöll en hög terpenhalt. De relativa mängderna 
av (+)-α-pinene ökade också i stammen hos P. radiata, medan de 
minskade i P. pinaster. I fält väljer snytbaggen att gå till P. radiata- 
framför P. pinaster-plantor, vilket kan vara kopplat till de skillnader i α-
pinene-isomerer, vilka här har observerats. 

 
Nyckelord 
Pinaceae, Pinus pinaster, Pinus radiata, Pinus sylvestris, Picea abies, 
Thaumetopoea pityocampa, Hylobius abietis, Barr, Floem, Ätning, Vaccinering, 
Metyljasmonat, Aromater, Fenoler, Monoterpener  



vii 

 

Abbreviations 
 
% (−) Enantiomeric contribution (-)+(+)=100% 
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OD Optimal defense 
PDMS Polydimethylsiloxane 
per se By itself 
PP cell Polyphenolic parenchyma cell 
PCA Principal component analysis 
SA Salicylic acid 
SE  Standard error 
SIM Single ion monitoring 
sp. An unspecified species of a genus 
SPME Solid phase microextraction 
spp. Two or more species of a genus 
ta Trace amounts 
TIC Total ion chromatogram 
TPS Terpene synthase 
X/Y Ratio of components X and Y 

 
 



viii 

 

 
 

  



ix 

 

List of publications 
 
This thesis is based on the following papers, referred to in the text by their Roman 
numerals I-IV: 

I. Inducibility of chemical defences by two chewing insect 
herbivores in pine trees is specific to targeted plant tissue, 
particular herbivore and defensive trait 
Xoaquín Moreira, Lina Lundborg, Rafael Zas, Amparo Carrillo-Gavilán, 
Anna-Karin Borg-Karlson, and Luis Sampedro 
Phytochemistry. 2013, 94, 113-122 
 

II. Methyl jasmonate-induced monoterpenes in Scots pine and 
Norway spruce tissues affect pine weevil orientation  
Lina Lundborg, Göran Nordlander, Niklas Björklund, Henrik 
Nordenhem, and Anna-Karin Borg-Karlson 
Journal of Chemical Ecology, Accepted  
 

III. Conifer chemical defenses influence meal properties of the 
pine weevil Hylobius abietis 
Lina Lundborg*, Frauke Fedderwitz*, Niklas Björklund, Göran 
Nordlander, and Anna-Karin Borg-Karlson. *Equal contributors 
Submitted to Phytochemistry 
 

IV. Constitutive and MeJA-induced terpenes in Pinus pinaster and 
Pinus radiata in relation to Hylobius abietis 
Lina Lundborg, Luis Sampedro, Rafael Zas, and Anna-Karin Borg-
Karlson 

Manuscript 
 
Papers not included in this thesis: 

V. Specificity of induced diterpenes in pine trees in response to 
herbivory by a phloem-feeder and a defoliator 
Xosé López Goldar, Lina Lundborg, Xoaquín Moreira, Anna-Karin Borg-
Karlson, Rafael Zas, and Luis Sampedro 
Conference contribution to the annual meeting of International Society 
of Chemical Ecology (ISCE), 2015 
 

VI. Spruce clones naturally resistant to Ceratocystis polonica 
have lower chemodiversity index 
Lina Lundborg, Tao Zhao, Niklas Björklund, and Anna-Karin Borg-
Karlson 

Manuscript 
 
Paper I is reprinted by the kind permission from the publisher. 

http://www.sciencedirect.com/science/article/pii/S0031942213001908
http://www.sciencedirect.com/science/article/pii/S0031942213001908


x 

 

  



xi 

 

Table of Contents 

1. Introduction ................................................................................ 1 
1.1 Aims .................................................................................................... 1 
1.2 Conifers .................................................................................................... 2 

1.2.1 Genes and environment .................................................................................. 2 
1.2.2 Plant defense signalling .................................................................................. 3 

1.3 Conifers and H. abietis.............................................................................. 5 
1.3.1 Protective measures against H. abietis ........................................................... 5 
1.3.2 Semiochemicals ............................................................................................. 6 

1.4 Thaumetopoea pityocampa ...................................................................... 6 
1.5 Biosynthesis of conifer defense compounds ............................................. 7 

2. Materials and methods ............................................................. 11 
2.1 Biological material ................................................................................... 11 

2.1.1 Conifer seedlings .......................................................................................... 11 
2.1.2 Insect specimina ........................................................................................... 11 

2.2 Sampling and extraction ......................................................................... 12 
2.3 Chemical analyses .................................................................................. 13 

2.3.1 Volatile compounds ...................................................................................... 13 
2.3.2 Non-volatile chemicals .................................................................................. 14 

2.4 Bioassays ............................................................................................... 16 
2.5 Statistical analyses ................................................................................. 18 

3. Responses to MeJA in P. sylvestris and P. abies ................. 21 
3.1 Species differences and chemotypes ..................................................... 24 
3.2 Induced volatiles and H. abietis orientation ............................................. 25 

3.2.1 Monoterpenes ............................................................................................... 25 
3.2.2 2-Phenylethanol ............................................................................................ 27 

4. Responses in P. pinaster and P. radiata to two chewing 

insects and MeJA .................................................................... 29 
4.1 Responses to two chewing insects ......................................................... 30 
4.2 Responses to MeJA doses ..................................................................... 31 
4.3 Composition of α-pinene ......................................................................... 32 
4.4 Comparison of the induction treatments ................................................. 32 

5. Conclusions ............................................................................. 35 
6. Future prospects ..................................................................... 37 
Acknowledgements ............................................................................ 39 
References .......................................................................................... 40 
Author’s contributions ....................................................................... 49 

  



xii 

 

 



1 

 

1. Introduction 

1.1 Aims 

 To compare chemical defenses of conifer seedlings damaged by a 
phloem-feeder or a folivore. 

 To study the activation of conifer chemical defense of seedlings 
treated with methyl jasmonate (MeJA). 

 To use behavioral responses of the pine weevil to increase our 
knowledge on conifer seedling resistance. 

 To investigate how different doses of MeJA affect conifer induced 
defense in two pine species originating from the Paleartic or the 
Nearctic ecozone. 

 

 

Fig 1 Overview of the studies performed in this thesis. 
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1.2 Conifers 

Conifers have existed on Earth for millions of years (Schulman, 1954). 
During this time, their physiology and chemistry have adapted to 
withstand challenges from the outside (Bohlmann, 2008). Chemical 
defenses in plants, including conifers, consist of constitutive defenses, 
that are produced all the time, and induced defenses, that are produced 
in response to stress (Karban and Baldwin, 1997; Stamp, 2003). Stress is 
caused by factors that are abiotic, for instance drought, or biotic, such as 
herbivores and pathogens. Induction of defenses in conifers, may also be 
the result of volatile signals between tissues, within the same plant, or 
between plants (Edward, 2001). 

1.2.1 Genes and environment 

Conifers react differently to outside threats depending on their genes. 
The genes code for RNA, which in turn are templates for proteins, that 
catalyze production of defense chemicals. The genome of black 
cottonwood (Populus trichocarpa Torr & Gray) was the first tree genome 
to be sequenced (Tuskan et al., 2006); and recently, the first genome of a 
gymnosperm, Norway spruce (Picea abies (L.) Karst.), has been 
published (Nystedt et al., 2013). This may increase our knowledge on the 
functions of woody species, and improve management of forest trees. 
Selection of genotypes that are resistant to pest insects could protect 
trees, as is the case with crops (Henery, 2011). However, this may only be 
an alternative for trees that have coevolved with a specific insect. Invasive 
insects can take advantage of the monocultures (that will be the result of 
such selection), and with their faster turnover of generations, compared 
to the tree, adapt to the resistant genotypes (Henery, 2011). 

The genes of P. abies with explained coding functions, is in a similar 
size to the number of genes of Arabidopsis thaliana (L.) Heynh. (Nystedt 
et al., 2013). This despite the more than 100 times larger genome of P. 
abies compared to Arabidopsis (Nystedt et al., 2013). The adaptability of 
conifers to different climates, and types of environment, may rely on their 
genetic variation (Nystedt et al., 2013). The expression of those genes are 
hence plastic to the environment. The response to various stressors are 
complex already from a plant’s perspective. Shifting to the perspective of 
the insect, chemical defenses work at different distances. Conifers emit 
volatile compounds that are utilized by flying beetles such as bark beetles 
(Scolytinae) (Borden, 1997; Byers, 2012), and pine weevils (Hylobius 
abietis (L.)) (Nordlander, 1991), to find their hosts. It is known that 
specific conifer-produced volatiles can affect the orientation of the 
beetles (Byers, 2012; Nordlander, 1990; Thoss and Byers, 2006). 

The resistance of conifers against an insect have also been explained 
to the deviation in the normal number of main components in the volatile 
fraction of the resin (Thoss and Byers, 2006). Trees of ponderosa pine 

https://en.wikipedia.org/wiki/Carl_Linnaeus
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(Pinus ponderosa Dougl.) lacking one of the three main components in 
the resin, survived attacks by the bark beetle Ips lecontei Swaine (Thoss 
and Byers, 2006). Insects identify their host trees by the presence of a 
number of substances, and if one or more are missing, the insect might 
not be able to recognize it as a host tree. In addition, the tree can produce 
repellents, which at concentrations, may interact with the insects. 

Bark beetles, the largest insect threat to mature conifers of the 
temperate climate zone (Raffa, 2014; Wood, 1982), are affected by the 
conifer chemicals at different distances. The bark beetles land on the 
conifer tree and bore into its stem, in which they oviposit and nourish 
from the tree’s carbon resources, whereafter the beetles move on to the 
next tree. When landing on a tree, both the amounts and the chemical 
pattern of the induced defense of the conifer, can affect the herbivores. 
Once settled in the tree, the negative effect on the bark beetles from the 
terpenes, constituting the conifer defense, is dose-dependent (Raffa et 
al., 2005; Zhao et al., 2011b). 

Bark beetles transfer their associate wood-staining fungi (among 
others Ceratocystis sp.) to the tree. Thereafter, the growth of the fungi 
help killing the tree (Phillips and Croteau, 1999). Some conifer-produced 
volatiles are of higher toxicity to the pathogenic fungi. Novak et al. (2014) 
reported that 3 strains of the blue-stain fungus Ceratocystis polonica 
((Siemaszko) C. Moreau) were sensitive to the monoterpenes limonene 
and β-pinene (chiralities unknown). Furthermore, the oxygenated 
monoterpenes 1,8-cineole and bornyl acetate, produced by P. abies, have 
antifungal properties against the root-rot fungus Heterobasidion 
parviporum Niemelä & Korhonen (Kusumoto et al., 2014).  

During establishment in the tree, the bark beetle emits an aggregation 
pheromone. The pheromone component, cis-verbenol, produced by the 
European spruce bark beetle Ips typographus (L.), could be masked by 
the volatile 1,8-cineole, produced by P. abies trees (Andersson et al., 
2010). Stressed conifers can produce higher amounts of oxygenated 
terpenes, for example, Martin et al. (2002) found for the wood of P. abies 
trees, that the 1,8-cineole and the bornyl acetate, among others, 
increased in response to a treatment with the chemical elictor methyl 
jasmonate (MeJA). To insects, the properties of oxygenated 
monoterpenes may, or may not, make them more toxic than 
monoterpene hydrocarbons.  

1.2.2 Plant defense signalling  

There are three pathways of plant hormone biosynthesis described: the 
jasmonic acid (JA), the salicylic acid (SA) and the ethylene pathway. 
These are known to regulate plant induced defenses (Reymond and 
Farmer, 1998). The JA pathway is activated by damage from 
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necrotrophic fungi and some insects, while the SA pathway is activated 
by non-necrotrophic fungi and some insects (Thaler et al., 2012). 
Crosstalk exists between these pathways, and may be adapted to a 
specific attacker (Thaler et al., 2012).  

Conifers may express a specific chemical response to a specific 
attacker (Gutbrodt et al., 2012). A plant may respond based on the 
molecular patterns (wounding and secretions) of the herbivore (Mithöfer 
and Boland, 2008). Most of the knowledge on activation of metabolic 
pathways have so far come from studies on Arabidopsis, and other 
angiosperms (Thaler et al., 2012, and references therein). With the more 
complex genome of a conifer compared to Arabidopsis, more analytical 
studies on conifer defense chemicals, in response to various treatments, 
are needed (Robinson, 1999). In order to understand tree survival, the 
activation of biosynthetic pathways of conifers from biotic threats, needs 
further investigation. 

To strengthen induced defenses in crops and horticultural plants, 
chemical elicitors such as MeJA are already used commercially 
(Reglinski et al., 2014). For MeJA-treated conifers, resistance to insects 
have been demonstrated (Heijari et al., 2005; Holopainen et al., 2009; 
Moreira et al., 2012). Zhao et al. (2011a) reported for P. abies, that MeJA-
treated tree logs increased their total amounts of terpenes in the phloem, 
compared to control logs, in response to wounding with a pin. In a study 
on seedlings of Scots pine (Pinus sylvestris L.), Heijari et al. (2005) 
observed that the MeJA-treated seedlings, after feeding by H. abietis, 
increased their total monoterpenes and their total diterpenes in the stem 
xylem tissue. Thus, MeJA can ‘vaccinate’ a conifer, to induce a stronger 
response, to later attack by pest insects (Krokene and Solheim, 1998). 

However, the jasmonate plant hormone can in addition to chemical 
defense also regulate growth (Wasternack and Hause, 2013) with effects 
on the size of conifer seedlings (Moreira et al., 2012, and references 
therein). With the theoretical background of the growth-differentiation 
balance (GDB) hypothesis (Herms and Mattson, 1992; Stamp, 2003), 
these trade-offs have been studied for plants (Huot et al., 2014), 
including conifer seedlings (Sampedro et al., 2010).  

In addition to reduced growth, treatment with MeJA may decrease 
plant vigour. Studies report cases in which MeJA treatment did not give 
the expected result of increased resistance. For instance, MeJA treatment 
of seedlings of Maritime pine (Pinus pinaster Ait.), did not inhibit growth 
of the pathogenic fungi Fusarium oxysporum (Schlecht.) and F. 
circinatum (Nirenberg & O'Donnell) (Vivas et al., 2012). 

Chemical elicitors can be applied at the seed stage. Treating seeds of 
P. abies with nicotin amide, nicotinic acid and JA, causes epigenetic 
changes, and thus improve seedling resistance against H. abietis 
(Berglund et al., 2015). Due to the seed treatments, the DNA 
methylations of P. abies needles were affected, which was related to 
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decreased H. abietis feeding on the 6-month-old seedlings (Berglund et 
al., 2015). 

To activate the JA pathway, the methyl ester of JA, MeJA, is often 
preferable due to its higher volatility and better ability to cross 
membranes (Stitz et al., 2011). Applications of MeJA to young conifers of 
various species have been tested, as a strategy for field protection against 
insects. For instance, Reglinski et al. (2015) tested MeJA on seedlings of 
Monterey pine (Pinus radiata D. Don) in New Zeeland, for protection 
against the terminal crook (Colletotrichum acutatum J.H. Simmonds), a 
fungal pathogen occuring worldwide. Moreover, Zas et al. (2014) used 
MeJA to protect Pinus spp. and P. abies against H. abietis, an insect-pest 
to Europe and Asia.  

1.3 Conifers and H. abietis 

In Sweden, 57% of the area constitutes productive forest area. P. 
sylvestris and P. abies are the most important tree species of Sweden, 
and of the productive forest area, these constitute 39% and 42%, 
respectively (Swedish Forest Agency, 2014).  

Between the years of 2003 and 2011, 60% of the conifer regeneration 
area was planted with seedlings from nurseries (Hallsby, 2013). These 
are seedlings planted into the field at an age of 1 to 3 years (Hallsby, 
2013). Seeds are chosen to meet the conditions of the planting area. In 
the case of Sweden’s geography, the effect of latitude is more important 
than the altitude (Hallsby, 2013). 

The bark of the seedlings are being fed on by H. abietis, and intensive 
feeding kills the young conifers (Långström and Day, 2004). The clear-
cut system used in parts of Europe and Asia establishes ideal conditions 
for H. abietis to feed and reproduce (Örlander and Nilsson, 1999). The 
seedlings are the most vulnerable to H. abietis damage during their first 
three seasons in field (Örlander et al., 1997), and the risk decreases 
during the fourth and fifth year (Örlander and Nilsson, 1999). In Sweden 
alone, the estimated cost for H. abietis feeding damage, on conifer 
seedlings, amounts to 550 million SEK annually (Thuresson et al., 2003), 
which today (February 2016) corresponds to approx. 65 million EUR. 
Without protective measures, 90% of the seedlings in southern Sweden 
may be killed by H. abietis (Petersson and Örlander, 2003). 

1.3.1 Protective measures against H. abietis 

H. abietis is a polyphagous insect. Therefore, protection of conifer 
seedlings against H. abietis in general relies on diversion to other food 
sources (Bylund et al., 2004; Nordlander et al., 2011). To use a 
combination of the available H. abietis control methods increases 
seedling protection (Petersson and Örlander, 2003). Soil preparations 
increase the soil temperature and thereby promote seedling root growth 
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(Nordborg and Nilsson, 2003). Soil preparations also decrease the H. 
abietis feeding damage (Nordborg and Nilsson, 2003).  

Application of a coating to the stem, protects the seedling against H. 
abietis feeding, provided that the coating remains intact (Petersson et al., 
2004). One type of coating, the Conniflex-coating, consists of sand 
particles fixated to the stem, and is flexible to adapt to the seedling 
growth (Nordlander et al., 2009).  

The reproduction of H. abietis larvae in stumps of trees can be 
targeted with a biological control method. Treating the stumps with 
entomopathogenic nematodes and fungi hampers the H. abietis 
colonization (Williams et al., 2013). 

For conifer seedling protection, pyrethroids are a group of 
insecticides, which have been used. These cause paralysis to insects, and 
can cause allergies to forest workers (Leather et al., 1999). In the 
European Union, the pyrethroid permethrin was used against H. abietis, 
until permethrin was prohibited in 2004 (Nilsson et al., 2010). 
Treatments with the chemical elicitor MeJA are now performed on 
conifer seedlings, with the aim of developing a protective method for the 
field (Zas et al., 2014). MeJA is a naturally occurring plant hormone 
(Cheong and Choi, 2003); thus, with this control method, no new 
synthetic compounds are introduced into the environment. 

1.3.2 Semiochemicals  

Semiochemicals are chemical compounds that transfer information, 
within and between organisms. Pheromones are behaviorally modulated 
chemical signals, produced and released by one individual and perceived 
by another of the same species. For H. abietis, no long range pheromone 
has been described (Tilles et al., 1988; Tilles et al., 1986a). In contrast, 
the mixture of compounds, emitted by the conifer hosts, have been 
described as an effective long range attractant (Tilles et al., 1986a), with 
H. abietis aggregating to clearcut areas, guided by volatile emissions 
from newly felled trees (Tilles et al., 1986b).  

The conifer-produced monoterpenes can function as attractants or 
repellents, and may also be antifeedant to H. abietis. While α-pinene and 
ethanol are known to attract H. abietis to orient towards their hosts 
(Nordlander, 1990; Schlyter, 2007), the limonene is known as a H. 
abietis repellent (Nordlander, 1990). Limonene in Pinus spp. in addition 
deter the caterpillar Marchalina hellenica (Gennadius) (Mita et al., 
2002) and the Zimmerman pine moth Dioryctria zimmermani (Grote) 
(Sadof and Grant, 1997). 

1.4 Thaumetopoea pityocampa 

The pine processionary moth (Thaumetopoea pityocampa Dennis & 
Schiff) is a pest in the Mediterreanean area of Europe, and in North Africa 
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(EPPO, 2004). Larvae of T. pityocampa prefer Pinus before Cedrus, and 
Larix. The larvae feed on conifer needles during spring and summer 
(Ciesla, 2011). Young pines are more damaged than old trees, and while 
the defoliation might not kill them; instead, the larvae feeding increase 
their susceptibility to other stressors (Ciesla, 2011). The larvae of T. 
pityocampa is also considered a pest due to their urticating hairs, that 
can release protein toxins, which cause both skin and eye irritations in 
humans (Ciesla, 2011). 

1.5 Biosynthesis of conifer defense compounds 

Terpenes and phenols constitute important compounds of conifer 
chemical defense (Franceschi et al., 2005). This thesis focuses mainly on 
the analysis of needles and phloem (including bark), which are the tissues 
preferred by H. abietis (Fedderwitz et al., 2014). Of these, phloem is the 
major, and needle tissue is the minor, feeding source of H. abietis. 
Fedderwitz et al. (2014) report that 4.0 % of the H. abietis feeding time, 
on P. abies seedlings, was spent on needle-feeding. 

Terpenes are synthesized in plants from isoprene units (C5-units) by 
the methyl erythritol 4-phosphate (MEP) pathway and the mevalonate 
(MVA) pathway (Bach, 2012). Plants produce mono-(C10-)-terpenes in 
the plastids (i.e. photosynthetic cells) and sesqui-(C15-)-terpenes in the 
cytosols (Bach, 2012). In conifers, the cambium and xylem contain 
secretory structures that produce mono-(C10)- and di-(C20)-terpenes 
(Zulak and Bohlmann, 2010).  

Phenols are mainly present in photosynthetic organelles of plants, 
such as vacuoles and cell-walls, and their cell nuclei (Hutzler et al., 1998). 
However, in the phloem of conifers, stress-induced phenolic parenchyma 
cells (PP cells) are formed, which inter alia synthesize phenols (Evensen 
et al., 2000; Hudgins et al., 2004). The phenols display a large variation 
in composition between different species of conifer trees (Stolter et al., 
2010). 

Conifer oleoresin is a mix of roughly 1:1 monoterpenes and diterpene 
resin acids (Lewinsohn et al., 1991). Upon injury of the bark, the volatile 
terpenes (mono- and sesqui-terpenes) constitute the liquid that 
transports the heavier diterpenes to the wound, and seals it (Phillips and 
Croteau, 1999). 

The chemical structures of the monoterpene compounds analyzed in 
this thesis, are shown in Fig 2 A. The volatile fraction of the foliage and 
stem of Pinus spp. and Picea spp. are in general dominated by 
monoterpenes. For trees of P. sylvestris the main volatile components in 
tissues are most often (+)-3-carene and the two enantiomers of α-pinene 
(Hanover, 1992; Manninen et al., 2002). It is known from previous  
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investigations, that tissues of P. sylvestris are highly genetically 
controlled (Hanover, 1992). The needles of P. sylvestris are 
representative for the volatile terpene chemistry of the tree; for instance, 
solvent extracts of needles of P. sylvestris, have been used to describe 
populations over geographical distances in Estonia (Kännaste et al., 
2013a). 

Trees of P. abies, in contrast to those of P. sylvestris, produce several 
monoterpenes as major components, which have been detected in both 
emissions (Silvestrini et al., 2004) and tissues (Sjödin et al., 2000). In 
mature trees of P. abies, the major monoterpenes are (-)-β-pinene, (-
)/(+)-α-pinene, (-)-β-phellandrene, (+)-3-carene, β-myrcene, and (-
)/(+)-limonene (Persson et al., 1996; Silvestrini et al., 2004; Sjödin et al., 
2000). Martin et al. (2002) and Zeneli et al. (2006), also report these 

 

Fig 2 Volatiles of conifer seedlings analyzed in this thesis.  The enantiomers 

of the major chiral monoterpenes, identified in the phloem of P. sylvestris, P. 

abies, P. pinaster and P. radiata, were separated using a chiral column  (A.1). 

Other major monoterpenes, abundant in needles and/or phloem tissues of the 

conifers, have been analyzed achirally (A.2). In Paper III, aromatic alcohols 

were found in tissues of P. sylvestris (B). 
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monoterpenes as P. abies major components, but without having 
separated the monoterpene enantiomers.  

There exists P. abies trees with deviating chemistry in volatile 
terpenes, so called chemotypes. Chemotypes can be defined as groups 
within a plant species differing in their major components (Keefover-
Ring et al., 2009). For P. abies the “limonene”, the “bornyl acetate” and 
the “estragole” chemotypes, are found with respective component as 
main volatile constituent (Kännaste et al., 2013b). Both the bornyl 
acetate and the estragole have been reported as antifeedants to H. abietis 
(Klepzig and Schlyter, 1999). 

For trees of P. pinaster and P. radiata, the α-pinene and the β-pinene 
are the main components in the tissues (Zabkiewicz and A. Allan (1975) 
and Sampedro et al. (2010)). 

The terpene production of a tree, among other factors, depend on the 
age and the chemotype of the tree (Kännaste et al., 2013b). Seedlings of 
P. abies at the age of 10 weeks, are less attractive for H. abietis, than 
conventional one-year-old seedlings (Pettersson et al., 2008). Seedlings 
of P. abies alter composition of volatile emissions at the age of approx. 
20 weeks. The composition of emissions (in response to wounding), then 
changes from green leaf volatiles, to the H. abietis attractant α-pinene 
(Kännaste et al., 2013b).  

Green leaf volatiles (GLV) are six carbon aldehydes, alcohols and their 
acetates, produced by the lipoxygenase-hydroperoxide lyase (HPL) 
pathway in plants (Shiojiri et al., 2006). Green plants emit GLVs, for 
instance (3Z)-hexen-1-ol, (3Z)-hexenal, (E)-3-hexenal, when injured, 
and these are known to have negative effects on herbivores and 
microorganisms (Shiojiri et al., 2006). The GLV emissions from the 10-
week-old conifer seedlings, have been suggested to mask them from 
detection by H. abietis (Pettersson et al., 2008).  

The physiology of the seedlings also changes with age. The stem 
acquires bark, an outer shell of lignin, with resin ducts that contain 
terpene and phenol compounds. For the mature trees, these defenses 
constitute an important barrier against boring insects, such as bark 
beetles. 

H. abietis is suggested to respond differently to the α-pinene 
enantiomers (Wibe et al., 1998) (Fig 2, A.1). The (+)-enantiomer of α-
pinene is, based on the response of an antennal receptor of H. abietis, 
hypothesized to affect H. abietis stronger than the corresponding (-)-
enantiomer (Wibe et al., 1998). Analogously, the (-)-limonene may be 
more repellent to H. abietis, compared to the (+)-limonene (Wibe et al., 
1998).  

As shown for P. abies (Zulak et al., 2009), and for Pinus spp. (Hall et 
al., 2013), the enantiomers of a monoterpene may differ in enzymatic 
production. For detailed studies of the volatile conifer compounds,  
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Fig 3 Adapted from (Zulak et al., 2009). The MEP pathway uses the 

precursors of geranylgeranyl diphosphate (GGPP) and geranyl diphosphate 

(GPP), for production of diterpene acids and monoterpenes, respectively. 

 
analytical methods to separate the α-pinene enantiomers are needed. A 
covariation of (-)-α-pinene and (-)-β-pinene could be explained by the 
activation of a stereospecific terpene synthase, the (-)-pinene synthase 
(PaTPS-Pin)(Fig 3). 

It is known for insect and plant communication in general that the 
enantiomers of a substance may not perform the same functions. The 
need for more studies with separation of enantiomers and geometric 
isomers of substances, has therefore become increasingly recognized 
(Raguso et al., 2015). In addition, more investigations of dose-dependent 
effects are called for, with specific compounds presented in the relevant 
concentrations, for the system studied (Raguso et al., 2015). 
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2. Materials and methods 

2.1 Biological material 

2.1.1 Conifer seedlings 

The conifer seedlings were one year of age when obtained from one 
commercial nursery in Spain and one in Sweden (II-IV), or studied in a 
greenhouse (I). P. pinaster and P. radiata were the species in Spain 
included in these studies (I,IV). P. sylvestris and P. abies were the 
investigated species in Sweden (II,III). 

In Paper I, the seedlings of P. pinaster and P. radiata, were subjected 
to herbivore feeding by H. abietis or T. pityocampa, to trigger the conifer 
chemical defenses. 

In Paper II-IV, seedlings were treated with MeJA. Different agents 
have been utilized to emulsify MeJA, e.g. ethanol (Lombardero et al., 
2013) and the detergent Tween-20 (Miller et al., 2005; Moreira et al., 
2009). Moreira et al. (2009) observed a possible activation of conifer 
induced defense from Tween-20-treatment. Further studies are needed 
to clarify the effects of Tween 20 per se. Here, ethanol was chosen as 
emulsifier (II-IV).  

The solutions with MeJA were prepared by dissolving the MeJA in the 
ethanol, and then diluting the solutions with deionized water to various 
concentrations of MeJA (II-IV). The seedlings were sprayed together on 
trays, and in average 0.4 ml (II,IV) or 0.5 ml (III) of MeJA solution was 
supplied to each seedling. The treatments with MeJA were applied at two 
occasions, approx. 4 and 2 weeks before seedlings were harvested. The 
seedlings of Paper II and IV were from the same MeJA-treated batches 
as in the field trial by Zas et al. (2014). 

Analyses of induced chemicals in MeJA-treated P. sylvestris seedlings 
were performed in two subsequent studies: first (II), their responses in 
different tissues to MeJA treatment, were documented; then (III), the 
‘vaccination’ effects on the chemical defense were investigated in feeding 
sessions with H. abietis weevils. In both studies, seedlings were obtained 
from seeds, representing the provienance of central Sweden, grown at the 
nurseries of Uddeholm (60.02° N, 13.62° E)(II) and of Nässja (57.35° N 
14.05° E)(III). 

2.1.2 Insect specimina 

Adult weevils of H. abietis were obtained from the field in Spain and in 
Sweden, respectively. The weevils were stored at low temperature (10-15 
ºC), with access to fresh pine twigs, before transfer to experimental 
conditions at room temperature (I,IV). The purpose of the cold storage 



12 

 

was to interrupt the egg laying of H. abietis, in order to increase later 
feeding (Bylund et al., 2004).  

The specimina of H. abietis were starved for 48 h (I) or 24 h (II,IV) 
before bioassays, to assure feeding during the experiments, and to reduce 
the variation between individuals. During the starvation period, the 
weevils were placed in Petri dishes, and unhealthy specimina removed 
before the start of the experiments. 

In the detailed behavioral studies of H. abietis activities, in 
association with P. sylvestris seedlings, the weevils were acclimatized to 
the seedlings 24 hours before start of the experiments. The light 
conditions in the room followed a 16 h light/8 h dark cycle, and during 
the dark period, weevils were monitored under a red light bulb (III). 

Nests of T. pityocampa were collected in Galicia, Spain, and 2nd instar 
larvae were, after 12 h of starvation, used in the experiments (I). 

2.2 Sampling and extraction 

Conifer tissues were cut in pieces and macerated in hexane, for extraction 
of the volatile compounds of terpenes, aromatics and green leaf volatiles. 
The extraction solution contained an internal quantitative standard of 
pentadecane. After 24 h of extraction at room temperature, the extracts 
were transferred to clean glass vials, for storage in a freezer at -30 ºC, 
before analysis with gas chromatography - mass spectrometry (GC-MS) 
and two dimensional (2D) GC-MS (I-IV).  

In Paper I, phloem and needle samples were ground under liquid 
nitrogen, and terpenes extracted in hexane using an ultrasonic bath (for 
15 min at 20ºC). Phenol compounds were extracted in 50:50 MeOH:H2O 
from 300 mg of fresh material of P. pinaster and P. radiata tissues.  

Volatile compounds of emissions from live conifers, were collected 
from the air around the P. sylvestris seedlings, using the technique of 
solid phase microextraction (SPME). The fiber used was of polydimethyl-
siloxane/divinylbenzene (PDMS/DVB) phase, suitable for collection of 
volatiles, Mw 50-300 (Sigma Aldrich, Supelco). Previously, Fäldt et al. 
(2003) and Zhao et al. (2011a), have used this fiber coating for collection 
of terpenes from conifer headspace. Live plants continuously produce 
emissions in a circadian rhythm, and emissions are affected by the 
changes in temperature and light over the day (Niinemets et al., 2004). 
In order to obtain an average from the production of the daily cycle, each 
collection lasted for 24 h. After each collection the fiber was directly 
desorbed (at 230 ºC) in an injector of a gas chromatograph (GC), coupled 
to a mass spectrometer (MS), for separation and identification of the 
conifer-derived compounds (III). 
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2.3 Chemical analyses 

2.3.1 Volatile compounds 

The volatile compounds were separated and detected by GC-MS. Solvent 
extracts from conifer tissues, were evaporated inside the glass liner of the  
injector of the first GC (Fig 4). The helium carrier gas was applied at a 
pressure of 34 psi.  

In the study of Paper I, the injector was heated up from 60 ºC to 240 
ºC in 18 sec, which was the original setting of the system. The purge time 
was increased from 0.5 min to 1.5 min, for the transfer of the sample to 
the capillary column. In the later studies, the injector was kept isothermal 
(at 240 ºC) during the transfer to the column (II-IV). 

In order to include trace amounts of compounds, the transfer from 
the injector to the capillary column was splitless. The mixtures of the 
conifer compounds were separated on a DB-5 phase capillary column (I-
IV). 

The starting temperature of the oven was 40 ºC. By keeping the 
starting temperature approx. 20 ºC below the boiling point of the 
extraction solvent (the hexane), the solvent could be evaporated before 
the separation of the analytes, i.e. by using the solvent focusing effect. 

 The flow from the column in GC1 was split 1:1; Half of the flow was 
directed to the detection in MS1, and the other half to the waste or 
directed to the transfer line of GC2, reaching the second capillary column 
(Fig 5). 

The selected fractions (i.e. selected monoterpene compounds), 
entering the transfer line, were separated in GC2 on a Cyclodextrin-β 
capillary column. The Cyclodextrin-β phase retards the enantiomers of 
many monoterpenes differently, and has in previous studies been used 
for this purpose (Kännaste et al., 2013b; Persson et al., 1996). 

The MSs were kept at an ion source temperature of 230 ºC. The 
electrons generated by the filament bombarded the analytes at an energy 
of 70 eV. The mass analyzers were quadrupoles set in scan mode to scan 
for mass to charge ratios (m/z) between 35 and 350. The scan time was 
approx. 0.2 seconds (4.45 scans/second) to record all the masses. Scan 
time should be kept adequately short, not to miss compounds, while 
scanning for other mass fragments.  

In the study of Paper I, and for the analyses of phloem tissue of Paper 
IV, single ion monitoring (SIM) mode was used, in order to lower the 
detection limit for the volatile terpenes from the extracts. When scanning 
for the selected terpene fragments, scan time can be spent only on those, 
and more data points for the major fragments of these compounds, can 
thereby be collected. 

For identification of the conifer constituents, commercial standards 
(Sigma-Aldrich) and well-documented authentic standards from natural 
sources were used, as well as comparing the mass spectra with matches 
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of the NIST library (G1701EA MSD ChemStation software). An extract 
from the stem of lodgepole pine (Pinus contorta Dougl.) was used to 
identify the (-)-β-phellandrene eluting on the second capillary column, 
which was used for the separation of enantiomers. 

A Varian 3400 GC coupled to a Finnigan SSQ 7000 MS instrument, 
was used for the analysis of achiral compounds, in two of the studies 
(III,IV). This instrument was equipped with a DB-WAX capillary column. 

The DB-WAX phase of polyethylene glycol, is more polar than the DB-
5 phase, which consists of 5% phenyl groups and 95% 
dimethylpolysiloxane. The retention order of the conifer compounds 
thereby differed on these two columns. On the DB-5 capillary column, 
the β-phellandrene and the limonene, abundant in conifer tissue 
extracts, co-eluted (I-IV), and on the DB-WAX column they separated 
(III,IV). This was handled by utilizing the knowledge that the limonene 
contains the fragment m/z 68, and the β-phellandrene does not (I-IV). 
By using the ratio of the fragments m/z 68 and m/z 93 produced in the 
MS from the limonene standard, the integrated area in the total ion 
chromatogram (TIC), could be assigned to the β-phellandrene and the 
limonene, respectively. The 1,8-cineole co-eluted with the other two, in 
the phloem tissue extracts, and was quantified on the ratio of the 
fragments m/z 154 and m/z 93 (II). 

The capillary columns used, in all analyses, were 30 m long with an 
inner diameter of 0.25 mm and a film thickness of 0.25 µm (I-IV). 

 2.3.2 Non-volatile chemicals 

Amounts of non-volatile resin in stems (phloem+xylem) were estimated 
gravimetrically. Previously, analyses with GC separation (detector 
unknown) have shown that the total amounts quantified from these two 
methods, are correlated (Zas et al., 2011).  

Total phenolics were quantified colorimetrically by the Folin 
Ciocalteu method (I). With this method, the reagent binds to the hydroxyl 
groups of the analytes, causing the reaction solvent to change color 
(Blainski et al., 2013). Thus, the number of hydroxyl groups influence the 
quantification, and the degree of polymerization (i.e. the formation of 
dimers, trimers etc, with and without sugar groups) does not. The light 
absorptions of the sample extracts, at a specific wavelength in the 
ultraviolet range, were measured. The amounts of total phenolics in the 
samples were determined from a response curve, made from dilutions of 
the external quantitative standard of tannic acid. 
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Fig 4 The system consisted of two 7890A GCs, each coupled to a 5975C MS, 

both from Agilent Technologies (CA, USA), with an autosampler from Gerstel. 

The system was built on site by MSCi ApS, Denmark, at KTH, Division of 

Organic chemistry, Department of Chemistry, Stockholm, Sweden. 

 

Fig 5 The first GC contained a Multi Column Switching (MCS) device to 

direct the flow from the first GC to the first MS, and at specific times, redirect 

the eluting fraction to the second GC, for separation of the enantiomers of a 

substance. The position of the MCS in the first GC is shown in (a) with a 

magnification in (b). The white arrows show descriptors and the red arrows 

represent flows. 

MS 1 

Paper I-IV 

MS 2 

GC 2 GC 1 

Waste 

Column 1 

MS 1 

MCS 

Column 2 

Transfer line 

   Injector 

   (a)                                    (b) 
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2.4 Bioassays 

Bioassays were used both to induce chemical defense in conifer seedlings 
(I,III), and to study the responses in H. abietis behavior to the food 
quality of live seedlings (II,IV). The responses of the conifers to feeding 
damage by one specimen of H. abietis, and by 10 specimina of T. 
pityocampa, were studied (Fig 6). Induced chemicals in the needles and 
phloem of P. pinaster and P. radiata were analyzed. 
 

 

 

 
Fig 6 Herbivore-induction treatments in a greenhouse; H. abietis feeding on P. 

pinaster (a), and T. pityocampa feeding on P. radiata (b). (Photos by Luis 

Sampedro.) 

 
Fig 7 Bioassays with H. abietis. There were two arenas in the room. Each arena 

was used for bioassays on one of the H. abietis sexes, females or males, 

separately. An arena (diameter 1 m) had 16 traps, and was covered with a mesh 

net, to secure the weevils from escaping (a). The traps were baited with different 

treatments, in order to influence the decision of the weevil to enter, or not to 

enter, a trap (b). 

 Paper II    (a)                                    (b) 

Paper I 
   (a)                                     (b) 
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The orientation bioassays with H. abietis, were performed with traps 
baited with single synthetic substances and twigs of P. sylvestris (Fig 7). 
The selection of substances for these bioassays, was made from the 
MeJA-induced compounds in the tissues of P. sylvestris and of P. abies 
(II). In the bioassays, weevils of in total 50 specimina of each sex, 
separately, were presented with four trap treatments: (1) only a P. 
sylvestris twig, (2) both a P. sylvestris twig and a single-substance 
dispenser, (3) only a dispenser, and (4) an empty trap (Fig 7). 

Two experiments were in parallell performed on the P. sylvestris 
seedling material, from the same MeJA-treated and control batches (III). 
In experiment A): the induced chemicals were measured before and after 
H. abietis feeding. Here, instead of a time criterion (5 days; I), a debarked 
area criterion, was used (20 mm2; III). After the criterion had been 
reached, the weevil on the seedling was removed. Tissues were frozen in 
liquid nitrogen (at -80 ºC) until chemical analysis (III). 

In experiment B): 
the activities of H. 
abietis on previously 
undamaged MeJA-
treated and control 
seedlings, were 
recorded on film (Fig 
8). According to 
Simpson (1995), meals 
of chewing insects 
have three main 
properties: size, 
duration and feeding 
rate. The feeding rate 
can be calculated from 
the amount consumed 
during the time of the 
meal, i.e. from the two 
first properties, the 
third can be calculated 
(Simpson, 1995). 
Previously, 
Fedderwitz et al. (2014) have described the short-term feeding behavior 
of  H. abietis with intra- and inter-meal pauses. Based on these 
definitions, the activities of the H. abietis specimina, recorded on film, 
were analyzed and their meal properties determined (III). 

 In Paper IV, the H. abietis feeding damage on live conifer seedlings 
(P. pinaster and P. radiata) were measured, in order to evaluate the 

 
Fig 8 The setup of the recordings of H. abietis 

feeding behavior. (Sketch by Frauke Fedderwitz.) 

 

 Paper III 
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effects from various MeJA doses. The H. abietis feeding damages on the 
seedlings were assessed after 48 h. Linear transects were used to estimate 
the damages in (mm). Moreira et al. (2009) and Zas et al. (2014) have 
previously used this method to evaluate feeding damage on young 
conifers. 

2.5 Statistical analyses 

Generalized Linear Mixed Models (GLMMs) (Bolker et al., 2009) and 
Principal Component Analysis (PCA) (Bro and Smilde, 2014) were used 
to interpret the chemical data.  

In Paper I, the GLMMs were performed in SAS Statistical Analysis 
Software (Cary, NC, USA) with the purpose of identifying significant 
differences in the amounts of detected conifer compounds, on the factors 
of species identity, tissue type and herbivore identity. 

In Paper II and III, the PCAs were performed using the FactoMineR 
package (Husson et al., 2014) in R version 3.1.0 (the R Foundation for 
Statistical Computing, Austria). In PCA, the dimensions in the data are 
reduced, and effects visualized in two dimensions. To achieve normally 
distributed data, these were arcsinus or logarithmically (log) 
transformed prior to analysis. Based on the PCA plots, various 
treatments (sample groups) and chemical compounds (variables), were 
subjected to further statistical analysis. 

In Paper II, induced changes in the amounts of conifer compounds, in 
a tissue, were investigated with the Student’s t-test. The Student’s t-test 
assumes two-tailed normal distribution, and equal variance, in each of 
the two groups. The values of the samples were log transformed, in order 
to achieve normality, before subjected to the Student’s t-test.  

In Paper II and III, contrasts between treatment groups were tested 
by subjecting the samples to one-way Analysis of Variance (ANOVA), and 
applying post hoc analysis with the Tukey range test, using the lsmeans 
package (Lenth and Hervé, 2015) in R.  

The data from the orientation bioassays in Paper II, were analyzed 
with logistic regression. The H. abietis catches for each trap treatment, 
were expressed as proportions of the total number of weevils (binomial 
model). Each volatile-sex combination was analyzed separately. Five 
repetitions were made for each combination. Contrasts between trap 
treatments, in the linear model, were analyzed with the Tukey range test. 
The non-respondent weevils, 2 to 6 specimina per analysis, were not 
considered as having made a choice, and were therefore not included in 
the analysis. 
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In Paper III and IV, effects on the amounts of conifer compounds, 
were investigated by two-way ANOVA. The conifer tissues were tested 
separately, since the focus was on the effects of the MeJA treatment, in 
the two pine species (IV).  

With the chemical data of Paper III, the factors were MeJA treatment, 
H. abietis feeding damage, and their interaction. In Paper IV, the factors 
were pine species, MeJA treatment, and their interaction. The data on 
the amounts of conifer constituents, were log transformed, in order to 
assure normality, before inserted into the models. The ANOVA models 
were further checked for normal distribution with quantile-quantile 
plots, comparing the actual residuals for the inserted values to their 
theoretically expected residuals. 

For the behavioral data of Paper III, the number of meals and meal 
durations, on the needles and the phloem, were determined for each H. 
abietis specimen, separately. To test for effects on the H. abietis feeding 
properties from the factors of seedling treatment (MeJA-treated and 
control seedlings), tissue (needles and phloem), and weevil sex (females 
and males), these were modelled in a multi-model approach (Burnham 
and Anderson, 2002). The factors in the models, with high explanatory 
power, were presented. 
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3. Responses to MeJA in P. sylvestris and P. 
abies 

Paper II and III 
 

H. abietis weevils use conifer-derived volatiles to orient towards their 
seedling hosts (Björklund et al., 2005). Here, seedlings of P. sylvestris 
and P. abies from one MeJA-treated and one control batch, with 
documented resistance traits against H. abietis (Zas et al., 2014), were 
analyzed for volatile constituents in tissues (II). The study of Paper II 
aimed to answer the following questions: 
 

1) How does MeJA treatment affect the amounts and the 
composition of volatile constituents in the conifer tissues ?  
 

2) How do the volatile constituents, that are abundant in the conifer 
tissues, affect the orientation of H. abietis ? 
 

3) Can the field protection observed for MeJA-treated seedlings, 
compared to control seedlings, be explained by the volatile 
constituents of the tissues ? 

 
The plant may, after MeJA treatment, respond with a more efficient 
chemical defense to insect feeding (Bruce, 2010), which has been shown 
for P. sylvestris seedlings (Heijari et al., 2005) and P. abies trees 
(Christiansen and Krokene, 1999; Zhao et al., 2011a). Here, seedlings of 
P. sylvestris were MeJA-treated and subjected to H. abietis feeding, 
compared to control seedlings with and without weevil feeding. The study 
of Paper III aimed to answer two more questions: 
 

4) How does H. abietis feeding affect the volatile constituents in 
tissues of MeJA-treated and control seedlings ? 
 

5) How does H. abietis adapt its meal properties to the quality of 
the needles and the phloem, and can changes in meal properties 
be explained by the volatile constituents of these tissues ? 

 
In the summer of 2011, seedlings of P. sylvestris and P. abies, were 
treated with various MeJA concentrations (0, 5, 10, 25 mM) (Zas et al., 
2014). On July 12-13, seedlings of each batch were harvested and their 
tissues preserved in a -80 ºC freezer, at KTH (II). This was done one week 
before planting of seedlings of the same treatment batches, in a field trial  
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in Marma, in mid Sweden (Zas et al., 2014). After the first season in the 
field, the P. sylvestris seedlings of the 25 mM MeJA-treated batch had 
decreased probability of being killed by H. abietis, compared to the 
control seedlings (Zas et al., 2014). The P. abies seedlings of the 25 mM 
MeJA batch had decreased debarked area, compared to the control batch 
(Zas et al., 2014). Therefore, seedlings were selected from the 25 mM 
MeJA batch and the control batch, for chemical analysis of volatile 
contents of tissues (II).  

Tissues of the one-year-old seedlings of P. sylvestris and of P. abies 
were, due to their different morphology, sampled from different basal 
and apical parts (Fig 9).  

The effects of MeJA treatment on the morphology of the P. sylvestris 
seedlings, with decreased heights and stem diameters (Zas et al., 2014), 
were considered in the tissue sampling (II). Phloem samples from the P. 
sylvestris seedlings were taken from the first year growth (Fig 9 a). For 
both MeJA-treated and control seedlings, the shoot elongation zones, 
were not yet differentiated into phloem and xylem; and therefore this 
tissue was sampled, for comparison between the MeJA and the control 
treatment (Fig 9 a).  

For P. abies, heights and stem diameters did not differ in MeJA-
treated and control seedlings (Zas et al., 2014); therefore, phloem tissue 

 

Fig 9 Sampled tissues for chemical analysis of volatile contents. In Paper II, 

seedlings of P. sylvestris and P. abies were sampled for basal and apical tissues. 

In Paper III,  seedlings of P. sylvestris were sampled for basal tissues, studying 

the responses in these to MeJA treatment and H. abietis feeding damage. (II, 

Fig 1) 
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could be sampled based on distances (from the first node upwards, and 
the shoot tip downwards) (Fig 9 b).  

In the summer of 2013, new P. sylvestris seedlings were treated with 
a 25 mM MeJA solution and a 0 mM MeJA solution (III). Here, the 
control seedlings had a distinguished second year growth, and the MeJA-
treated seedlings had not. In order to sample, and to chemically analyze, 
tissues of P. sylvestris in the same developmental stage, the needles and 
phloem were sampled from the first year growth (Fig 9 a). The tissues 
were frozen in liquid nitrogen (at -80 ºC) following the effect of:  
 

A): MeJA treatment (compared to control treatment) 
 
B): Feeding damage by H. abietis weevils (on MeJA and control 
seedlings) 
 
 New seedlings of P. sylvestris from the same MeJA-treated and 

control batches were evaluated in vivo for adaptation of meal properties 
of H. abietis to the food quality (III). Meal sizes, meal durations and 
feeding rates for the H. abietis weevils, on seedlings of MeJA and control 
treatment, were determined in relation to tissue contents and conifer 
volatile emissions. 

 
 

 

Fig 10 Control (a) and MeJA-treated (25 mM) (b) batches of P. sylvestris 
seedlings, before freezing of the tissues, for later chemical analysis of volatile 
constituents (II). Photos by Claes Hellqvist, Swedish University of 
Agricultural Sciences (SLU), Uppsala, Sweden.  

 (a)                                   (b) 

http://www.slu.se/en/
http://www.slu.se/en/
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3.1 Species differences and chemotypes 

The chemical composition of a plant, decided from one or many 
constituents, can be referred to as the chemotype of a plant (Keefover-
Ring et al., 2009). The tissues of P. sylvestris are highly genetically 
controlled with the same main constituents in tissues (Hanover, 1992); 
this, in contrast to P. abies, in which the monoterpene constituents of 
needles and phloem differ (Kännaste, 2008). 

 

Fig 11 Tissue contents of monoterpenes of seedlings of P. sylvestris and P. abies, 

expressed in µg g-1 d.w. (N=8). The error bars denote standard error (SE). Stars 

designate significant difference (t-test) between the control seedlings (black bars) 

and the MeJA seedlings (grey bars). (II, Fig 4) 
 
In the present studies, 1 out of 56 P. sylvestris seedlings, was of the “low-
3-carene” chemotype (II,III). The contents of (+)-3-carene in the 
observed seedling were 19 and 12 µg g-1 d.w., in the needles and in the 
phloem, respectively. Sjödin et al. (2000), and Kännaste et al. (2013a), 
have previously described this chemotype.  
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 The P. abies seedlings contained several monoterpenes in the upper 
phloem (Fig 11 b) and lower phloem (I, Suppl. Table 1), while the bornyl 
acetate was the most abundant compound in the shoot tip (Fig 11 d), and 
needles (I, Table S2). In agreement with this result, Merk et al. (1988) 
found bornyl acetate to be the main constituent of the needle tissue of P. 
abies tree branches (with samples collected from different year growths).  

In the present study, on P. abies seedlings, the camphene was the 
second most abundant monoterpene in the shoot tip (Fig 11 d), and 
needles (I, Table S2). Previously, Persson et al. (1996) have reported the 
camphene to be a main constituent of P. abies needles. Variations in the 
abundance of camphene, in P. abies needles, can be explained by  
differences in age and origin of the tree (Kännaste, 2008).  

In all analyzed P. abies tissues: lower phloem, upper phloem, needles 
and shoot tip (II, Table S1,S2); trace amounts of the aromatic compound 
estragole, and the methyl thymyl ether, were detected. Several aromatic 
compounds have been reported to function as antifeedants against H. 
abietis (Borg-Karlson et al., 2006). 

3.2 Induced volatiles and H. abietis orientation 

3.2.1 Monoterpenes 

For seedlings of P. sylvestris, the phloem contents of (-)-β-pinene 
increased, in response to MeJA treatment (II,III). The (+)-3-carene 
decreased in the phloem of MeJA-treated P. sylvestris seedlings (Fig 12). 

 

Fig 12 MeJA treatment and H. abietis feeding (bar marked with weevil) 
affected the phloem contents of monoterpenes, expressed in absolute amounts 
of internal standard equivalents, µg g-1 d.w + SE (N=8). The letters above the 
bars show significant differences between MeJA-treated seedlings (grey) and 
control seedlings (black) in the Tukey range test, on a 95% confidence level. 
(III, Fig 3) 
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Since, in the MEP pathway, the GPP is the precursor of both (-)-β-pinene 
and (+)-3-carene, the enzymes may need the same precursor to produce 
the induced compounds (Fig 3, page 10). In the orientation bioassays, the 
(-)-β-pinene and the (+)-3-carene were both deterrent to H. abietis (Fig 
13).  

In response to H. abietis feeding, P. sylvestris seedlings (N=8) mainly 
increased the emissions of (+)-3-carene (III, Table S1). The studies of 
Heijari et al. (2011), and Kovalchuk et al. (2015), confirm that the (+)-3-
carene is a major constituent in the emissions of P. sylvestris seedlings 
fed on by H. abietis. 

  
In MeJA-treated seedlings of P. abies, induced amounts of both the (-

)-β-pinene and the (-)-α-pinene (compared to control seedlings), were 
detected (Fig 11), which could be explained by activation of the (-)-pinene 
TPS of the MEP pathway (Fig 3, page 10). In the orientation bioassays, (-
)-α-pinene was non-deterrent, while (-)-β-pinene was deterrent (Fig 12), 
at the same emission rates (0.45 and 0.47 mg h-1, respectively), and with 
high enantiomeric purities of the compounds (99 and 98 %, respectively, 
evaluated on a 2D GC-MS system; optical rotation [α]20/D −22±1° and 
[α]20/D −50±2°, respectively, according to the manufacturer). 

For P. abies seedlings, the bornyl acetate and the 1,8-cineole 
increased in the phloem due to the MeJA treatment (Fig 11). In the 
orientation bioassays, these oxygenated monoterpenes were also found 
deterrent to H. abietis (II, Fig 7). 

 

 

Fig 13 H. abietis weevil catches in orientation bioassays. Bars represent 

averages + SE (5 repetitions with 50 weevils per repetition, sexes separately). 

Traps were of four types, containing; 1) a P. sylvestris twig, 2) a single-

substance dispenser and a P. sylvestris twig, 3) only a single-substance 

dispenser, and 4) an empty trap. The letters above the bars designate contrasts 

in the Tukey range test, on a 95% confidence level. (II, Fig 7 a-c) 
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Furthermore, H. abietis weevils had shorter meal durations on the 

MeJA seedlings, than on the control seedlings (III). In the parallell 
experiment, the control seedlings responded to H. abietis feeding 
damage, with an increase of (+)-α-pinene (Fig 12); the (+)-α-pinene  in 
damaged control and damaged MeJA seedlings differed in a t-test (df=14, 
P=0.04).  

 In the previous study by Nordlander (1990), (-)-α-pinene (optical 
rotation: [α]20/D −42±3°) presented in odor-baited traps, attracted H. 
abietis. The effects of the (+)-α-pinene, on the orientation of H. abietis, 
remain to be evaluated, separate from the (-)-α-pinene. 

3.2.2 2-Phenylethanol 

For the MeJA-treated seedlings, the aromatic alcohol 2-phenylethanol 
was more abundant in the tissues compared to those of the control 
seedlings (Fig 14). The MeJA-treated seedlings of P. sylvestris in general 
contained increased amounts of the 2-phenylethanol in tissues (II, III) 
and emissions (III). 2-Phenylethanol is a ubiquitous microbial product, 
where the precursor often is phenylalanine (Etschmann et al., 2002). 2-
Phenylethanol has before been identified both in extracts of woody trees 
(Eriksson et al., 2008), in the hindgut of the double spined bark beetle 
(Ips duplicatus Sahlb.) (Ivarsson and Birgersson, 1995), and in the frass 
of H. abietis (a mix of feces, phloem pieces and bark) (Azeem et al., 2015). 
To H. abietis weevils, the 2-phenylethanol is previously reported to 
function as an antifeedant (Eriksson et al., 2008).  

 

 
Fig 14 MeJA treatment and H. abietis feeding (feeding marked by a weevil) 
affected content of the aromatic alcohol 2-phenylethanol in phloem and in 
needle tissue, with absolute amounts expressed in µg g-1 d.w + SE (N=8). The 
letters above the bars show significant difference between MeJA-treated 
seedlings (grey) and control seedlings (black) in the Tukey range test, on a 
95% confidence level (III, Fig 4) 
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4. Responses in P. pinaster and P. radiata to 
two chewing insects and MeJA 

Paper I and IV 
 

Plant defenses are costly to produce and maintain. The hypotheses of 
optimal defense (OD) state that plants have invested in a higher level of 
constitutive defense in tissues that are more frequently attacked (Stamp, 
2003). Plants may in addition express different defense signalling, in 
recognition of the mechanical patterns (Leitner et al., 2005) and the 
active compounds in the fluids (e.g. enzymes in saliva) of the herbivore 
(Bede et al., 2006). A plant’s co-evolution with a specialized insect 
(folivore or phloem-feeder) may make the plant more resistant to 
herbivores specialized on that tissue and within that feeding guild 
(piercing-sucking or chewing insect). Two ideas have recently become 
increasingly recognized: 

 
1): that the evolutionary history of Pinus sp. in an ecozone, may affect 
its expression of chemical induced defense (Carrillo‐Gavilán et al., 
2015); and,  
 
2): that a specific attacker may elicit a specific response in the plant 
(Bonaventure, 2012). 

 
Here, one pine species of the Paleractic and one of the Nearctic 

ecozone, have been studied (I,IV); of which, P. pinaster is native to Spain, 
and P. radiata was introduced to Spain from California, USA, in the 19th 
century. The studies investigated the induced chemical traits of P. 
pinaster and P. radiata in response to 

 
A): two chewing herbivores (I); and, 
 
B): different doses of MeJA treatment (IV).  

 
Treatment with MeJA simulates insect herbivory without the mechanical 
damage (Moreira et al., 2012). Miller et al. (2005) found that the 
amounts of volatile terpenes in trees of Sitka spruce Picea sitchensis 
(Bong.) Carr., were more affected from MeJA treatment, than from 
feeding damage by the white pine weevil Pissodes strobi W.D. Peck 
(piercing-boring insect). To contribute to our understanding of conifer 
defense activation the responses of the two pine species to different 
induction treatments were here studied. 

In part A), the two pines were investigated for their response of 
chemical traits (volatile terpenes, non-volatile resin and total phenolics) 

https://en.wikipedia.org/wiki/August_Gustav_Heinrich_von_Bongard
https://en.wikipedia.org/wiki/Elie-Abel_Carri%C3%A8re
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in phloem and needles after feeding damage from the phloem-feeder H. 
abietis and the folivore T. pityocampa (I). 

In part B), the two pines were studied for their contents of volatile 
terpenes in phloem and needles , following MeJA treatments of different 
doses (IV). 

 

 

Fig 15 Monoterpene contents in tissues, least square means + SE (mg g-1 

d.w.)(N=10). The symbols of ‘*’ and ‘+’ denote significant and marginally 

significant, inductions due to feeding by H. abietis or T. pityocampa (a,b). 

Two-way ANOVAs were performed to test for change of the phloem content 

of a monoterpene, for the factors of pine species (SP), H. abietis treatment 

(T), and their interaction (c,d). Stars denote significant effect ‘*** P<0.001, 

** P<0.01, * P<0.05’, and ‘n.s.’ denotes non-significant effect, for each factor 

(c,d). (I, Fig 4-5) 

4.1 Responses to two chewing insects 

The chemical defensive traits of both P. pinaster and P. radiata were 
more induced in response to the induction treatment with H. abietis than 
T. pityocampa (I). In both pine species the feeding from H. abietis 
induced the total volatile terpenes in the phloem, and the non-volatile 
resin in both phloem and needles (I, Fig 1). The feeding from T. 
pityocampa did not affect the total volatile terpenes or the non-volatile 
resin (I, Fig 3).  



31 

 

Hódar et al. (2015) reported, in agreement with these results, that T. 
pityocampa feeding damage on Pinus spp. have low inducibility on the 
chemical defensive traits of volatile terpenes, non-volatile resin and total 
phenolics. 

In the present study, the total phenolics in the phloem increased from 
the T. pityocampa feeding (I, Fig 3 e), and decreased in the needle tissue 
from the H. abietis feeding (I, Fig 1 f). Thus, the tissue that the herbivore 
did not primarily feed on, responded with a change in total phenolics. 
After feeding from either herbivore, total phenolics were on a similar 
level in the phloem and the needle tissue of both pine species (I, Fig 1 e f, 
Fig 3 e f). Thus, the feeding damage made the amounts of total phenolics 
in phloem and needles more similar.  

The monoterpene composition in tissue contents of P. pinaster and P. 
radiata were affected by the herbivore induction treatments. The 
amounts of the monoterpene β-pinene were induced in the phloem and 
in the needles from the phloem-feeder (Fig 15). The effect of the folivore 
treatment indicated an increase of the β-pinene in the needle content, 
however, this was only marginally significant (I). The amounts of the 
limonene and the β-phellandrene, in the phloem, were induced from the 
phloem-feeder (Fig 15), but not the folivore (I, Table S4).  

4.2 Responses to MeJA doses 

Already at the lowest, 5 mM, applied MeJA concentration, the P. radiata 
seedlings increased their needle contents of volatile terpenes (Fig 16). In 
the P. pinaster needles, the contents of volatile terpenes were on a high 
level, and contrasts between treatments did not show a difference 
between the constitutive level (0 mM) and the MeJA treatments (black 
bars with large letters; Fig 16).  

Fig 16 Needle contents 

of volatile terpenes in 

P. pinaster and P. radiata 

expressed in µg g-1 d.w. + 

SE (N>5). The letters 

above the bars designate 

significant contrasts betw-

een MeJA treatments of P. 

pinaster (large letters) 

and of P. radiata (small 

letters) in the Tukey range 

test, on a 95% confidence 

level. (IV, Fig 2 A) 
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4.3 Composition of α-pinene 

α-Pinene attracts weevils of H. abietis in the field (Nordlander, 1990). 
Previously, electrophysiological measurements on the antennal receptors 
of H. abietis indicated a stronger response for (+)-α-pinene, compared to 
its enantiomeric counterpart (Wibe et al., 1998). Seedling tissues with a  
smaller (-)-α-pinene contribution could thereby be more attractive to H. 
abietis. 

Phloem is the weevil’s preferred 
target tissue, although it consumes 
needles as well (Fedderwitz et al., 
2014). In the study of Paper I, the (-)-
α-pinene contributions, in the needle 
contents of the P. pinaster seedlings, 
were smaller than in the phloem 
contents (Fig 17).  

For both P. pinaster and P. 
radiata there was in the second study 
(IV), a tissue difference on the (-)-α-
pinene contribution. Furthermore, 
for P. pinaster, MeJA treatment (Fig 
18), indicated an increase of the 
enantiomeric contribution of (-)-α-
pinene in phloem. Reversely, for the 
P. radiata, the opposite trend 
existed,  i.e. the MeJA treatment 
caused the (-)-α-pinene contribution 
in the phloem, to decrease (Fig 18). 

MeJA treatment caused, in 
relative amounts of the volatile 
terpenes of the phloem, (-)-α-pinene 
to decrease in P. pinaster and 
increase in P. radiata (IV, Fig 3).  

For P. radiata, the amounts of (-)-α-pinene in needles were also 
affected (IV, Table 3, Table S6). Therefore the enantiomeric composition 
of α-pinene for P. pinaster changed only in one tissue, the phloem, while 
for P. radiata the (-)-α-pinene contribution was affected in both tissues 
(Fig 18). 

4.4 Comparison of the induction treatments 

From the H. abietis feeding the phloem of  P. radiata indicated an 
increase of volatile terpenes to a higher level than in P. pinaster (I, Fig 1 
d). However, the results might have been affected by the difference in 

 

 

 

Fig 17 The enantiomeric contri-

bution of (-)-α-pinene in the 

needles and the phloem of P. 

pinaster. The (-)-α-pinene in the 

needle tissue (51 ± 6 %) were 

significantly lower than those 

observed in the phloem (67 ± 4 

%)(F1,23=4.92, P=0.04). (I, Fig 

S3) 
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seedling size between the P. radiata and the P. pinaster, with the P. 
radiata seedlings being larger (average height ± SE: 62.7 ± 4.0 cm and 
41.2 ± 2.4 cm, for respective pine species; I). 

From the MeJA treatments, the total amounts of volatile terpenes 
were again more inducible in P. radiata than in P. pinaster (IV). The 
lowest MeJA concentration, 5 mM, increased the volatile terpenes in the 
needle tissue more for P. radiata than for P. pinaster (Fig 16). In 
corroboration with this result, Zas et al. (2014) found for seedlings of the 
same treatment batches, as here analyzed (IV), that the non-volatile resin 
and the total phenolics were inducible in P. radiata, already at the 
weakest MeJA concentration, 5 mM. 

In support of the difference in inducibility of chemical traits of P. 
pinaster and P. radiata (I, IV, Zas et al. (2014)), Carrillo‐Gavilán et al. 
(2015) found when measuring non-volatile resin and total phenolics of 
pine trees, that the group of species from the Nearctic region (including 
P. radiata) were more inducible regarding total phenolics than the group 
from the Palearctic region (including P. pinaster and P. sylvestris).  

In response to the feeding damage by the H. abietis and the T. 
pityocampa, both P. pinaster and P. radiata responded with similar 
chemical patterns of the major monoterpene constituents (β-pinene, 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 18 The enantiomeric contribution of (-)-α-pinene in the controls and the 

MeJA-treated seedling tissues of needles and phloem of P. pinaster and P. 

radiata. For P. pinaster, the significant effects were from tissue identity 

(F1,41=7.82, P=0.008), and tissue : MeJA treatment interaction (F3,41=2.86, 

P=0.049). For P. radiata, both tissue (F1,51=54.68, P<0.001), and MeJA 

treatment (F3,51=3.43, P=0.02) affected the enantiomeric composition, with no 

interaction. (Data from Paper IV) 
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limonene and β-phellandrene) (Fig 15). In response to the MeJA 
treatment, P. radiata and P. pinaster induced the (-)-β-pinene in needles 
differently, while (-)-β-pinene in the phloem of both species was not 
affected (IV, Table 3). The needle contents of (-)-β-pinene in needles of 
P. radiata increased in response to the MeJA treatment and did not 
change for P. pinaster (IV, Table S6,S7).  

In response to MeJA treatment, the absolute amounts of the (+)-α-
pinene in the phloem were affected differently in the two pine species (IV, 
Table 3). The hypothesis on the importance of α-pinene enantiomeric 
composition (IV), for the increased attraction in field of seedlings of P. 
radiata before P. pinaster, is supported by the fact that these seedlings 
came from the same treatment batches as in Zas et al. (2014). In the in 
vivo bioassays of Paper IV, MeJA treatment decreased the H. abietis 
feeding damage to the stems of both species (IV, Fig 4); therefore, the 
preference in the field, may rather be explained by the volatile terpenes, 
with importance for H. abietis orientation, than changes in non-volatile 
chemicals.  
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5. Conclusions 

 The volatile terpenes (mono- and sesqui-terpenes), and the non-
volatile resin, in tissues of P. pinaster and P. radiata were more 
induced by the phloem-feeder H. abietis than the defoliator T. 
pityocampa. The two pine species both induced the (-)-β-pinene, 
in needles and phloem, in response to the two herbivores. (I) 
 

 In response to MeJA, P. pinaster and P. sylvestris, two of the 
four conifer species studied, changed their monoterpene 
composition qualitatively, and were less attractive in field than 
the conifers of P. radiata and P. abies, which increased their total 
amounts of volatile terpenes. (II, IV) 
 

 Orientation bioassays with H. abietis evidenced that the (-)-β-
pinene, (+)-3-carene, (-)-bornyl acetate and 1,8-cineole were 
deterrent, while (-)-α-pinene did not show deterrent properties. 
(II) 
 

 Meal durations of H. abietis were reduced on MeJA-treated 
seedlings. The pine weevil antifeedant 2-phenylethanol 
increased in the tissues of P. sylvestris, and in emissions from P. 
sylvestris seedlings, in response to MeJA treatment. The highest 
detected amounts of 2-phenylethanol in the tissues, were found 
in MeJA-treated seedlings, damaged from H. abietis feeding. 
(II,III) 

 

 The MeJA applications of different doses, affected volatile 
terpenes in the needle contents of P. radiata, already at the 
lowest MeJA concentration, and the amounts of these increased 
to a higher level similar to that of P. pinaster. (IV) 

 
 The biosynthesis of α-pinene enantiomers in Pinus spp. and in 

P. abies were affected from the induction treatments: 
1. Control seedlings of P. sylvestris contained higher amounts 

of (+)-α-pinene in the phloem after H. abietis feeding 
compared to feeding-damaged MeJA seedlings. (III) 

2. P. abies induced the non-deterrent (-)-α-pinene in phloem, 
while P. sylvestris did not. (II) 

3. In response to MeJA treatment, P. radiata increased the (+)-
α-pinene in the phloem, both in enantiomeric contribution 
of α-pinene, and in relative amounts of the volatile terpenes. 
(IV) 
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6. Future prospects 

 Further studies on the orientation responses of H. abietis to 
conifer compounds, should include synergistic effects of blends 
of conifer compounds that represent the volatile compositions of 
Pinus spp. and P. abies. A range of emission rates should be used, 
in order to study dose-dependent responses in H. abietis 
behavior. (II) 

 
 Further studies on the chemistry of conifer seedlings, should be 

performed together with analysis of H. abietis meal properties 
(for instance meal durations). This to understand the combined 
effect of attractants and deterrents from the complex mixture of 
chemical compounds, present in conifer tissues. (III) 
 

 Separation of the α-pinene enantiomers can increase our 
understanding of insect-conifer interactions. The (+)-α-pinene 
and the (-)-α-pinene should be studied separately, for their 
effects on H. abietis orientation and antifeedance. (II,III,IV) 
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