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Abstract 

Priming of inducible defenses in Norway spruce could be a cost-effective strategy to protect 

trees from herbivores and pathogens. In this study, my aim was to identify chemical priming 

agents that can increase the resistance of Norway spruce plants to pathogenic fungi and 

investigate the mechanisms underlying defense priming. To test different priming agents, I 

treated 1-year-old spruce plants with methyl jasmonate (MeJA), β-amino butyric acid (BABA), 

hexanoic acid or thiamine, and assessed plant resistance by inoculating plants with the bark 

beetle-associated bluestain fungus Grosmannia penicillata 4 weeks later. To study defense 

priming mechanism, I quantified the expression level of selected defense-related genes (ACS, 

PAL1, LOX, TPS-Car, Chi4 and NRPE1) at specific time points post-treatment and post-

challenge (fungal inoculation). I also investigated phenolic and terpene responses at the same 

time points by quantifying traumatic resin duct (TRD) formation in the sapwood and 

concentrations of phenolics and terpenes in the phloem. Because the plants developed 

negligible symptoms to inoculation with G. penicillata I could not compare the resistance of 

plants treated with different priming chemicals and thus could not identify novel spruce 

priming agents. Considering the mechanical wounding inflicted by fungal inoculation as a 

defense triggering stimulus, I observed several types of defense responses, categorized by the 

response patterns, with respect to gene expression, TRD formation and chemical analyses. 

Most assessed genes were differentially expressed in MeJA-treated plants only during the post-

treatment period or showed a prolonged induced defense response to MeJA treatment. 

Although TRD formation showed a primed response to MeJA treatment and wounding, 

terpenes did not. For the first time, flavan-3-ols were shown to have a primed response to MeJA 

treatment. Furthermore, I found evidence that MeJA treatment represses DNA methylation 

from the downregulation of NRPE1 expression. Overall, my results confirm that MeJA is a 

potential priming stimulus for Norway spruce. Contrastingly, I could not draw any solid 

conclusions about BABA in this study. Further studies with successful fungal inoculation are 

needed to identify new chemical priming agents in Norway spruce. To better understand the 

mechanisms of priming of inducible defenses in Norway spruce, future studies should also 

investigate how ontogeny influences Norway spruce defenses.  
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I – Introduction 

Norway spruce (Picea abies) trees have high economic and ecological value (Hannrup et al., 

2004). Spruce has a long history of cultivation as a forest tree, providing wood for timber 

constructions and pulp for paper (Caudullo et al., 2016). Spruce-dominated forests also provide 

many other ecosystem services, such as protection against erosion, essential habitat for 

biodiversity, and recreation opportunities (Caudullo et al., 2016). Like most other plants, 

Norway spruce is attacked by herbivores and phytopathogens. A common and destructive 

herbivore pest is the tree-killing bark beetle Ips typographus (Krokene, 2015). In addition to 

feeding on the inner bark of trees I. typographus has mutualistic relationships with many 

symbionts, including fungi and bacteria. These symbionts help the beetles penetrate the trees’ 

defense barriers and increase the damage caused by each beetle attack (Krokene, 2015). The 

most studied bark beetle symbionts are necrotrophic fungi called ‘bluestain fungi’ (Krokene, 

2015). One important bluestain fungus associated with I. typographus is Grosmannia 

penicillata, which detoxifies the trees’ chemical defenses by breaking down stilbenes and 

flavonoids (Zhao et al., 2019). To protect the valuable spruce forests from bark beetles and 

pathogens it is important to understand the trees’ defense system and develop new methods to 

strengthen it. 

Norway spruce trees have an elaborate defense system to protect themselves from attackers, 

including mechanical and chemical defenses (Christiansen et al., 1987; Krokene, 2015; Lieutier 

& Battisti, 2004). Mechanical defenses are structural components that stop an invader by 

making the tissues tough and thick (Freeman & Beattie, 2008). Certain molecules, such as 

lignin or suberin polymers, reinforce tissues and make it more difficult for herbivores and 

pathogens to penetrate, degrade or ingest tissues (Krokene, 2015). Chemical defenses consist 

primarily of secondary metabolites with toxic or inhibitory characteristics (Freeman & Beattie, 

2008; Krokene, 2015). This differs from primary metabolites that are involved in growth or 

reproduction. One important group of defense chemicals in conifers is terpenes. Even though 

they are costly to synthesize terpenes are produced in large quantities and are toxic to both bark 

beetles and their symbionts (Keeling & Bohlmann, 2006; Krokene, 2015). Terpenes make up 

most of the trees’ viscous and sticky resin, which can trap attackers and seal wounds (Krokene, 

2015). Phenolics also play essential roles in conifer defense but are less well studied than 

terpenes (Faccoli & Schlyter, 2007; Lieutier & Battisti, 2004). Phenolics are considered to have 

antifungal properties and to act as feeding inhibitors for insects (Chong et al., 2009; Faccoli & 
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Schlyter, 2007). Phenolic compounds are synthesized, modified, and stored in specialized cells 

called polyphenolic parenchyma (PP) cells, as well as in other cell types (Franceschi et al., 

1998; Franceschi et al., 2000).  

Plant defense responses can also be classified as constitutive or inducible. Constitutive (or 

preformed) defenses form the first line of defense and are present even in the absence of an 

attack. In Norway spruce, constitutive defenses can be both mechanical and chemical, such as 

preformed resin and PP cells. Inducible defenses, on the other hand, are activated upon attack. 

The response time from induction to activated defense can vary from minutes to weeks, 

depending on the type of defense. Inducible defenses include many reactions, such as induced 

resin production in traumatic resin ducts or activated axial resin ducts, activation of PP cells, 

and wound repair mechanisms (Krokene, 2015; Magerøy et al., 2020a).  

According to the optimal defense theory, all defenses represent a fitness cost for trees. 

Therefore, trees cannot afford to invest heavily in all types of defense at the same time, but 

should distribute their resources optimally (Rosenthal & Janzen, 1979). By activating inducible 

defense directly upon a specific attack, trees can avoid unnecessary investment in constitutive 

defense when enemies are absent. However, there is still a risk that the tree will suffer damage 

during the time-delay before induced defenses have become fully functional (Frost et al., 2008). 

To reduce this vulnerability, trees have developed a system of long-term inducible defenses 

called acquired resistance.  

Acquired resistance (AR) may enhance resistance to future attacks and shorten the time-delay 

of direct inducible defense (Wilkinson et al., 2019). AR in Norway spruce was first studied by 

Christiansen et al. (1999), who showed that trees which had been wounded and subjected to 

sub-lethal fungal inoculations became much more resistant to a subsequent massive fungal 

inoculation compared to unwounded control trees. Since then, many studies have shown that 

AR in Norway spruce can be induced by mechanical wounding, sub-lethal fungal inoculations, 

or chemical treatment with e.g. methyl jasmonate (MeJA) (e.g. Erbilgin et al., 2006; Krokene 

et al., 2000; Krokene et al., 2008a; Martin et al., 2002; Zeneli et al., 2006). AR can be based 

on two non-exclusive mechanisms: prolonged upregulation of inducible defenses or priming 

of inducible defenses (Wilkinson et al., 2019). Prolonged upregulation of inducible defenses 

might be a costly strategy, as the inducible defenses that are triggered by a stimulus are 

continuously upregulated to provide AR against future attack (Mauch-Mani et al., 2017; 

Wilkinson et al., 2019). Priming of inducible defenses, on the other hand, may be a more cost-
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effective strategy than prolonged upregulation of inducible defenses (Conrath, 2009; Martinez-

Medina et al., 2016). Compared to unprimed, naïve plants primed plants are characterized by 

a mild defense response to the priming stimulus and a vigorous response to the subsequent 

challenge (Martinez-Medina et al., 2016; Mauch-Mani et al., 2017). 

Plant defenses can be primed by different stimuli, including chemical compounds and stimuli 

derived from pathogens, beneficial microbes, and arthropods (Mauch-Mani et al., 2017; 

Wilkinson et al., 2019). MeJA has been used to prime defenses in Norway spruce (Krokene, 

2015; Magerøy et al., 2020a; Wilkinson et al., 2019). Although MeJA is an effective and 

commonly used chemical priming agent it may also have some unwanted side effects. Several 

studies have demonstrated that MeJA application can reduce height growth in spruce and other 

conifers (Gould et al., 2009; Heijari et al., 2005; Moreira et al., 2012; Sampedro et al., 2011; 

Vivas et al., 2012; Zas et al., 2014). Fedderwitz et al. (2020) attempted to utilize this 

characteristic of MeJA treatment to regulate height growth in nursery-produced Norway spruce 

trees but found further negative effects of MeJA treatment such as reduced root growth and 

delayed development of freezing tolerance. Other negative side effects of MeJA include 

reduced tracheid cell lumen area and reduced net photosynthetic rate (Heijari et al., 2005), 

reduced sapwood growth (Krokene et al., 2008b), and stomatal closure (Heijari et al., 2005; 

Scalschi et al., 2013). Because MeJA can have these negative effects, it is interesting to look 

for alternative, less harmful chemical priming agents for Norway spruce. 

Many other chemicals have been found to act as resistance- and priming-inducing stimuli in 

various crop and model plants. These chemicals include azelaic acid, pipecolic acid, β-amino-

butyric acid (BABA), hexanoic acid and thiamine. BABA, hexanoic acid and thiamine seem 

to be the most potent priming chemicals that have been tested on the model plant Arabidopsis 

thaliana and various crop plants (Conrath et al., 2015; Pastor et al., 2013). BABA is a non-

protein amino acid which can act as a resistance inducing stimulus (Jakab et al., 2001). Many 

defense-related genes in different plants are found to be primed when treated with BABA and 

this is thought to be the mechanism behind the AR effect of BABA (Conrath, 2009; Pastor et 

al., 2014). Hexanoic acid can also act as a priming chemical against many types of fungal 

infection on tomato (Solanum lycopersicum), fortune mandarin (Citrus clementina x Citrus 

reticulata) and Arabidopsis thaliana (Finiti et al., 2014; Kravchuk et al., 2011; Llorens et al., 

2015; Scalschi et al., 2013). Thiamine is also reported to be a potent chemical protector for 

many crop plants, such as rice (Oryza sativa) or cucumber (Cucumis sativus). Thiamine can 
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induce resistance against many types of pathogens through priming of defenses when applied 

exogenously (Ahn et al., 2005; Ahn et al., 2007; Bahuguna et al., 2012; Boubakri et al., 2016; 

Huang et al., 2016).  

The molecular mechanisms underpinning priming have been studied in Arabidopsis thaliana 

and various crop plants (Conrath et al., 2015; Kim & Felton, 2013; Mauch-Mani et al., 2017; 

Pastor et al., 2013; Wilkinson et al., 2019). Plant responses during the priming establishment 

phase include a burst of reactive oxygen species (ROS) that activates the mitogen-activated 

protein kinase signal transduction pathway (Conrath, 2009; Mauch-Mani et al., 2017; Pastor et 

al., 2013) and accumulation of inactive hormone conjugates in the vacuole (Pastor et al., 2013; 

Wilkinson et al., 2019). Epigenetic changes have also been shown to be involved in defense 

priming (Mauch-Mani et al., 2017; Pastor et al., 2013). Epigenetic changes are inheritable non-

mutational changes that affect the phenotype or gene expression at cellular or organismal levels 

(Mauch-Mani et al., 2017; Waddington, 2012; Wilkinson et al., 2019; Wilkinson, 2020). 

Epigenetic changes that modify the chromatin state can result in changes in gene expression 

(Wilkinson et al., 2019). When chromatin is tightly packed (heterochromatin) transcription is 

repressed and when chromatin is loosened (euchromatin) transcription is promoted. Chromatin 

density is controlled by histone methylation/acetylation and DNA methylation (Conrath et al., 

2015; Mauch-Mani et al., 2017; Wilkinson et al., 2019). For example, DNA methylation is 

associated with heterochromatin and unmethylated DNA is associated with euchromatin 

(Wilkinson et al., 2019).  

Very few studies have investigated defense priming and the underlying mechanisms in conifers 

(Krokene, 2015; Magerøy et al., 2020b). Earlier studies in Norway spruce focused on the direct 

responses of some defense-related genes following treatment with resistance-inducing stimuli, 

such as pathogen infection or MeJA treatment (Arnerup et al., 2011; Hietala et al., 2004; Oliva 

et al., 2015; Schmidt et al., 2011; Yaqoob et al., 2012). A few studies have suggested that MeJA 

treatment enhances gene expression and boosts tree defenses to a subsequent challenge 

(Erbilgin et al., 2006; Magerøy et al., 2020a; Zeneli et al., 2006). However, little is known 

about changes that take place in gene expression and metabolite production at time points both 

before and after challenge treatments in Norway spruce. In this study, I investigated some 

representative genes involved in defense and signaling pathways and which have been shown 

to be upregulated in response to MeJA treatment in previous studies (Arnerup et al., 2013; 

Devos, 2020; Magerøy et al., 2020a; Magerøy et al., 2020b; Schmidt et al., 2011; Wilkinson, 

2020; Yaqoob et al., 2012; Zulak et al., 2009). In addition, I quantified phenotypic defense 
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responses such as traumatic resin duct formation in the sapwood and terpene and phenolic 

concentrations in the bark. 

The main objectives of this thesis are (i) to identify chemical priming agents that can increase 

the resistance of young Norway spruce plants to the bluestain fungus G. penicillata and (ii) 

to investigate the mechanisms underlying defense priming. To test different priming agents, 

I treated plants with MeJA, BABA, hexanoic acid or thiamine, and assessed plant resistance 

by inoculating them with G. penicillata 4 weeks later. I also quantified how the different 

priming agents affected plant growth rate. To study the priming mechanism, I quantified the 

expression level of six defense-related genes at four time points post-chemical treatment and 

two time points post-challenge. At the same time points, I also investigated phenolic and 

terpene responses.   
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II – Materials and methods 

1. Overview of plant materials and experimental setup 

I planted 145 overwintered 1-year-old Norway spruce plants obtained from Skogplanter 

Østnorge AS on 28 April 2020. The plants were planted in a commercial soil mixture 

(Plantejord – TJERBO, Torv & Jordprodukter) in individual 0.8-liter pots (7.5 cm × 7.5 cm × 

12 cm; Nelson Garden, Product No. 5726) and kept in a growth room throughout the 

experiment. The temperature in the growth room was between 20 and 22 °C and the 

photoperiod was 20 hours of light and 4 hours of darkness, with a light source providing 1400 

lumen (Osram L36W/77 FLUORA, Germany).  

On 2 June 2020, plants were treated with methyl jasmonate (MeJA, n = 35 trees), β-amino 

butyric acid (BABA, n = 35 trees), hexanoic acid (n = 20 trees), thiamine (n = 20 trees), or a 

control solution (n = 35 trees). All solutions contained 100 ml distilled water and 100 µl Tween, 

with 50 mM of the chemical of choice, except for the control solution which only contained 

distilled water and Tween. The solutions were painted onto the plant stem using a soft brush 

(Décopatch No. 5, 5 cm × 9 cm × 1 cm) from the bottom of the apical shoot to the soil line 

(Figure 1). 

Figure 1. A 1-year-old Norway spruce plant showing the apical shoot (growth measurement zone), the 
fungal inoculation site, the treatment zone for application of defense priming chemicals, and the 
microscopy sampling zone. 
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The experiment consisted of two sub-experiments (Figure 2). In sub-experiment A, I tested 

plant resistance to a sub-lethal fungal infection. On 1 July 2020, four weeks after chemical 

treatment, I inoculated 10 trees from each treatment with the fungus Grosmannia penicillata 

and mock-inoculated 10 other trees, as described below. Nine weeks after inoculation (2 

September 2020), I measured the length of necrotic lesions in the bark to determine plant 

resistance to fungal infection.  

Figure 2. Experimental outline with timeline for the two sub-experiments. The different chemicals 
used on the treatment day are: water and Tween (Control), methyl jasmonate (MeJA), β-amino butyric 
acid (BABA), hexanoic acid (HA) and thiamine (Thi). 

In sub-experiment B, I quantified induced defense responses in treated plants using gene 

expression analysis, chemical analysis of phenolics and terpenes in the bark and microscopy 
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analysis of traumatic resin ducts (TRDs) in the sapwood. These analyses were done at four 

different time-points: 1 and 4 weeks after chemical treatment (9 June and 30 June 2020, 

respectively) and 24 hours and 9 weeks after fungal inoculation (2 July 2020 and 2 September 

2020, respectively). Due to time and cost restrains only five plants from each of the Control, 

MeJA and BABA treatments were sampled at each time point in sub-experiment B, giving a 

total of 60 plants (5 plants × 3 treatments × 4 time points). Fifteen of these 60 plants came from 

the 9-week time point in sub-experiment A (Figure 2). At 4 weeks post-treatment, some plants 

were dead (one BABA-treated plant and four MeJA-treated plants) and thus unsuitable for 

RNA extraction. To increase my sample size, I treated 13 previously unused plants with MeJA 

(five plants), BABA (four plants) and control solution (four plants) and harvested these plants 

after 4 weeks. Again, some of the trees died (one control plant and two MeJA-treated plants), 

giving me a combined total of eight control plants, four MeJA-treated plants and eight BABA-

treated plants for the 4-week time point. At 9 weeks after inoculation, four out of 10 fungus-

inoculated MeJA-treated plants were dead. Therefore, I sampled all six remaining trees instead 

of five.  

In addition to the two sub-experiments, plant height growth was measured as shown in Figure 

1 at three time points: before chemical treatment, 4 weeks after chemical treatment, and 9 

weeks after fungal inoculation. Height growth was measured for all trees used in both sub-

experiments.  

 

2. Grosmannia penicillata inoculation assay 

Plants were inoculated with an isolate of G. penicillata from the culture collection at the 

Norwegian Institute of Bioeconomy Research (isolate number NFRI number 1980-91/54, 

collected 24 July 1980 from a Norway spruce tree in Slørstad, Ås and stored at -152 °C). The 

fungus was taken out from the freezer on 29 May 2020 and cultured on malt agar in 100 ml 

Petri dishes. For the mock inoculations (control), only sterile malt agar was used. The malt agar 

was sliced, put in a 60 ml syringe, and homogenized by squeezing it from one 60 ml syringe to 

another several times. The homogenized inoculum was then transferred to a 5 ml syringe 

(without a needle) for easier application to the small inoculation wound on the trees. A bark 

flap was cut on the upper stem (Figure 1) using a scalpel, a dollop of inoculum was placed 

directly into the wound (Figure 3A), and the bark flap was closed gently by wrapping parafilm 

around the stem. 



15 
 

Figure 3. (A) Illustration of the inoculation procedure: a dollop of inoculum was placed under a bark 

flap cut on the first internode of 1-year-old Norway spruce trees. (B) Inoculation site 9 weeks after 

inoculation with the bluestain fungus Grosmannia penicillata. 

Nine weeks after fungal inoculation, I measured the size of necrotic lesions in the bark of all 

plants. The parafilm was removed and the bark flap was carefully removed to reveal the 

inoculation site (Figure 3B). The full length of the necrotic lesion (if present) was measured 

using a digital vernier caliper (Cocraft, Clah Olson, England).  

 

3. Tissue sampling and processing for microscopy, gene expression and metabolite analysis 

As described above, five plants from each of the MeJA, BABA and Control treatments were 

sampled at different time points for gene expression analysis, metabolite analysis and 

microscopy. Before sampling, I removed all the branches from the plants. For microscopy 

analysis, I collected the lower 4 cm of the main stem whole without further processing (Figure 

1). For gene expression and metabolites analysis, I split the remaining part of the stem into 

bark and wood. Only bark tissues were used in this study. All samples were wrapped in labeled 

aluminum foil and flash frozen in liquid nitrogen before stored in a -80 °C freezer. Frozen bark 

samples were ground by hand under liquid nitrogen using a mortar and pestle and transferred 

to a 2 ml Eppendorf tube for RNA extraction and metabolite analyses. Frozen wood samples 

were not used in this study. 

 

4. Molecular biological analysis 

a. RNA extraction 

Total RNA was extracted from bark samples using the MasterPureTM Complete DNA & RNA 

Purification Kit (Cat. No. 21855, Lucigen, USA). For each sample the Master Mix consisted 

of 600 µl Tissue and Cell Lysis Solution, 6 mg Polyvinylpyrrolidone (Sigma-Aldrich, P-5288), 



16 
 

3 µl β-mercaptoethanol (Sigma-Aldrich, M3148), and 1 µl Proteinase K. I placed 10 to 15 mg 

bark powder in a 2 mL Eppendorf tube and added 610 µl Master Mix. Samples were incubated 

in a Thermo-Shaker PHMT-PSC24N (Grant-bio, UK) at 56 °C and 1400 rpm for 15 minutes. 

The tubes were then centrifuged in an Eppendorf 5424R Centrifuge (Hamburg, Germany) at 4 

°C at max speed (15000 rpm) for 10 minutes to separate the supernatant from the sample 

residues. The supernatant was transferred to a new tube and chilled on ice for 3 to 5 minutes. 

Then 250 µl of MPC Protein Precipitation Reagent was added to each tube and the content was 

vortexed vigorously for 10 seconds. The tubes were centrifuged again (4 °C, 15000 rpm) for 

10 minutes to separate the supernatant. The supernatant was transferred to a new tube and 400 

µl of LiCl 7.5M precipitation solution was added to each tube and thoroughly mixed by 

inverting the tubes 30 to 40 times. The tubes were incubated in a freezer at -20 °C for 40 to 50 

minutes. For the 4- and 9-week post-inoculation time points, the incubation time was increased 

from 15 to 75 minutes due to low RNA yield using the 15 minutes incubation time. After 

incubating in the freezer, the tubes were centrifuged for 30 minutes (4 °C, 15000 rpm). A pellet 

with nucleic acid formed at the bottom of each tube. The pellet was rinsed twice by adding 800 

µl of 75% ethanol and centrifuging at 4 °C and 15000 rpm for 10 minutes for each rinse. The 

pellets were air-dried for around 5 minutes. Alternatively, the tubes were spun in the bench 

centrifuge for a few seconds to remove the remaining droplets of ethanol using a pipette and 

speed up the air drying. The pellets were then re-suspended in 30 µl nuclease-free water at 56 

°C. The tubes were chilled on ice for 10 minutes before being stored in a -80 °C freezer. 

b. cDNA synthesis 

Following RNA extraction, I synthesized cDNA for Reverse Transcription quantitative 

Polymerase Chain Reaction (RT-qPCR) using the Thermo Scientific Maxima First Strand 

cDNA Synthesis Kit for RT-qPCR with dsDNAase (Thermo Fisher Scientific, USA) according 

to the product protocol. Before cDNA synthesis, the concentration of RNA in each sample was 

determined using the NanoDrop 2000 spectrophotometer (NanoDrop Technologies, USA). 

Template RNA was diluted to a concentration of 25 ng µl-1 for a total of 200 ng per reaction. 

The finished cDNA samples were then stored at -80 °C until they were ready for qPCR analysis. 

c. RT-qPCR 

I quantified expression levels for three housekeeping genes (actin, α-tubulin, ubiquitin) and six 

defense-related target genes (ACS, TPS-Car, LOX, PAL1, Chi4, NRPE1). Transcripts were 

quantified by RT-qPCR using the ViiA7 Real-Time PCR System (Applied Biosystems, 

ThermoFisher Scientific, USA) with the associated QuantStudio Real-Time PCR Software 
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(v1.3, Applied Biosystems). A 10 µl reaction volume was used, with 5 µl Fast SYBR Green 

Master Mix (Applied Biosystems, Lithuania), 3 µl nuclease-free water, 1 µl of the target gene’s 

primer (4 µM) and 1 µl cDNA. A non-template control was run for each primer in every RT-

qPCR run. The primer sequences are listed in Table 1. The thermocycle conditions were: 1 

cycle of 95 °C for 20 seconds; 40 cycles of 95 °C for one second, followed by 20 seconds at 

60 °C; 1 cycle of 95 °C for 15 seconds, followed by 60 seconds at 60 °C, and finally 15 seconds 

at 95 °C. 

 

Table 1. Information on primers used in Reverse Transcription quantitative Polymerase Chain Reaction 
(RT-qPCR). Ubiquitin, α-tubulin and actin were used as housekeeping genes. 

Genea Primers (F: Forward; R: Reverse) References 

Ubiquitin F: 5’-GTTGATTTTTGCTGGCAAGC-3’ 
R: 5’-CACCTCTCAGACGAAGTAC-3’. 

Schmidt and Gershenzon (2007) 

α-Tubulin F: 5’ -GGCATACCGGCAGCTCTTC- 3’ 
R: 5’ -AAGTTGTTGGCGGCGTCTT- 3’ 

Hietala et al. (2004) 

Actin F: 5’-GGCATACCGGCAGCTCTTC-3’ 
R: 5’-AAGTTGTTGGCGGCGTCTT-3’ 

Hietala et al. (2003) 

TPS-Car F: 5’-GGTGGTACCAGGCAGACAGG-3’ 
R: 5’-CAGTGTAGCCATCTCGATAATTGT-3’ 

Zulak et al. (2009) 

PAL1 F: 5’-GGCAGATCATTTGGGTGATC-3’ 
R: 5’-TAAAGTTCCATTTTCAACTATAGGACTAAT-3’ 

Koutaniemi et al. (2007) 

Chi4 F: 5’-GCGAGGGCAAGGGATTCTAC-3’ 
R: 5’-GGTGGTGCCAAATCCAGAAA-3’ 

Hietala et al. (2003) 

NRPE1 F: 5’-GGTCTGGCAAAGCTAAATTCATGT-3’ 
R: 5’-CAGGTATCTTTCTCCCAGCCCTTA-3’ 

Wilkinson (2020) 

ACS F: 5’-CAAGCAGAATCCCTATGATGCCGAAA-3’ 
F: 5’-TCTGGATGAGACTTGAGCCAACCTTC-3’ 

Yaqoob et al. (2012) 

LOX F: 5’-ACCCTTGGTATAGCCCTCATA-3’ 
R: 5’-ATCGTCACTCCATTCTCTCGT-3’ 

Arnerup et al. (2011) 

a Target genes: ACS: aminocyclopropane-1-carboxylic acid synthase; LOX: 13-lipoxygenase, PAL1: 
phenylalanine ammonia-lyase 1, TPS-Car: 3-carene synthase, Chi4: chitinase 4, NRPE1: Nuclear RNA 
Polymerase E1 

 

Relative gene expression was calculated based on the cycle threshold (Ct) values. ΔΔCt values 

were calculated as follows: 

Step 1: Since three housekeeping genes were used, I calculated the geometric mean of all 

three:  

Geometric_mean_housekeeping = √𝐶𝑡(𝐴𝑐𝑡𝑖𝑛) ∗ 𝐶𝑡(α𝑇𝑢𝑏𝑢𝑙𝑖𝑛) ∗ 𝐶𝑡(𝑈𝑏𝑖𝑞𝑢𝑖𝑡𝑖𝑛)
3
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Step 2: Calculating ΔCt: 

ΔCt = Ct(treatment) – Geometric_mean_housekeeping 

Step 3: Calculating ΔΔCt: 

ΔΔCt = – (ΔCt(treatment) – average ΔCt(control)) 

Positive ΔΔCt values represent an up-regulation of a target gene, and a negative ΔΔCt 

represents a down-regulation of a target gene.  

 

5. Phenolic analysis 

a. Phenolic extraction 

Ground bark samples were freeze-dried for two days using a LyoQuest -55 freeze-drying 

machine (Azbil Telstar Technologies S.L.U., Spain) and stored in a -20 °C freezer. Before 

extraction, the samples were thawed for 24 hours at room temperature and then weighed on a 

Mettler Toledo XP6 weight. Each approximately 10 mg bark sample was transferred to a 

Precellys vial. If the samples were not as finely ground as desired, two stainless steel balls were 

added to the vial for better homogenization later in the extraction process. Some samples 

weighed less than 10 mg due to tissue loss during the grinding process or because the plants 

were too small. 

For each sample, 400 µl methanol (MeOH) was added and the samples were homogenized for 

30 seconds using a Precellys 24 Lysis & Homogenization machine (BERTIN Technologies, 

France). The vials were then placed in an ice bath for 15 minutes before being centrifuged for 

3 minutes at full speed (16,400 rpm) in an Eppendorf centrifuge 5417C (Hamburg, Germany) 

to separate the solid parts from the supernatant. The supernatant was then transferred to a 5 ml 

tube (75 mm × 12 mm) using a 150 mm disposable glass pipette. Then 400 µl MeOH was 

added to the residues in each Precellys vial and the content was homogenized for 30 seconds 

and then centrifuged for 3 minutes at full speed (16,400 rpm). The supernatant was again 

transferred to the 5 ml tube. This process was repeated three times, or until the residues were 

colorless. All the MeOH in the tubes was evaporated using an Eppendorf Concentrator Plus 

vacuum centrifuge (Hamburg, Germany). Afterward, all tubes were stored at -20 °C until they 

were ready for High Performance Liquid Chromatography (HPLC) analysis. 
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b. HPLC analysis 

The sample tubes were thawed for 20 minutes and 200 µl MeOH and 200 µl pure water from 

a Purelab CHORUS 1 (ELGA Labwater, Veolia Water Technologies, USA) was added. 

Samples were dissolved by putting them in an Ultrasonic Cleaners water bath (USC200TH, 

VWR, Malaysia). The samples were then transferred to Eppendorf tubes and centrifuged for 3 

minutes at maximum speed (16,400 rpm) to remove residues before transferring them to HPLC 

vials. Low-molecular-weight phenolic compounds were analyzed using the Agilent 

Technologies HPLC system (Agilent Technologies 1100 series, Waldbronn, Germany) with 

the associated Agilent ChemStation software for LC 3D systems. The Agilent system consists 

of a G1312A binary pump with a G1322A degasser, a G1330A thermostat module, a G1329A 

autosampler, a G1315 diode array detector, and a G1316A column compartment. A 50 mm × 

4.6 mm HPLC column (ODS HYPERSIL 3 µm, Reversed-phased C18, Octadesyl-silica, 

Thermo Fisher Scientific, USA) was used. For the mobile phase, samples were eluted in 

solution A [30 ml tetrahydrofuran, 5 ml orthophosphoric acid (85%) and pure water for a total 

volume of 2000 ml] and solution B [HPLC gradient grade MeOH (VWR Chemical, France)], 

with a flow rate of 2 ml min-1, using the gradients given in Table 2. The injection volume was 

20 µl and the temperature was 30 °C during the whole analysis. The absorption spectra at 270 

and 320 nm, along with respective retention times, were used to identify low-molecular weight 

phenolic compounds and to calculate concentrations by using an in-house library created by 

running different commercial standards on the HPLC system. 

 

Table 2. The High Performance Liquid Chromatography (HPLC) gradient used to quantify low-
molecular weight phenolics. 

Time (min) Solution A (%) Solution B (%) 

Initial 100 0 

5 100 0 

10 85 15 

20 70 30 

40 50 50 

45 50 50 

Rinsing 0 100 

Equilibration 100 0 

 

c. Tannin analysis 

MeOH-soluble tannins were analyzed from the remaining samples after HPLC analysis. 

MeOH-insoluble tannins were analyzed from the solid residues at the bottom of the Precellys 
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vials after the extraction of soluble phenolics. Each sample was divided and transferred to two 

glass tubes. For MeOH-insoluble tannins, each tube contained a minimum of 1 mg and a 

maximum of 3 mg of solid residues. For MeOH-soluble tannins, each tube contained 100 µl 

sample (or 50 µl sample if there was not enough remaining liquid in the HPLC vial). I then 

added 400 µl MeOH (or 450 µl MeOH for the tubes containing only 50 µl sample of MeOH-

soluble tannins), 100 µl ferric reagent and 3 ml butanolic acid to each tube. The tubes were 

closed with a cap, boiled in a water bath (VWB2 26) at 99 °C for 50 minutes, and then cooled 

to room temperature. The liquid in each tube was transferred to a 4.5 ml VWR Cuvettes PS 

Macro. Absorbance at 550 nm was determined using a UV spectrophotometer (UV-1800, 

Shimadzu Corporation, Japan) equipped with UVProbe 2.62 software. The concentration of 

the MeOH-insoluble tannin in the samples by the formula: 

Concentration = 
(𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒)−0.02112

0.008∗(𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡)
 mg g-1 of dry weight 

6. Terpene analysis 

a. Terpene extraction 

Approximately 10 mg of ground bark from each plant was placed in a 2 ml vial (12 mm x 32 

mm, Ø 9 mm) and submerged in 1 ml hexane containing 10 µg ml-1 pentadecane as an internal 

standard. The vials were closed tightly and shaken on an IKA VIBRAX VXR orbital shaker 

with a VX7 platform for 24 hours. The supernatant from each vial was then transferred to a 

new vial and placed in a -20 °C freezer until the day of the analysis. The remaining bark in the 

vials was dried in a fume hood for 3 days and weighed to determine tissue dry weight. 

b. Terpene analysis by GC-MS 

Terpene extracts were analyzed using a Gas Chromatography-Mass Spectrometry (GC-MS) 

system with a Varian 3400 gas chromatograph (Hewlett Packard (HP) equipped with a DB-

wax capillary column (30 m × 0.25 mm × 0.25 mm, J&W Scientific, CA, USA), and connected 

to a Finnigan SSQ 7000 mass spectrometer.  

Due to the large number of terpenes present in Norway spruce I only quantified selected 

terpenes with known biological functions. The quantified terpenes were well represented in 

terms of both quantity and the proportion of plants in which they were found. Terpenes were 

identified and quantified by searching for components in the National Institute of Standards 

and Technology (NIST) database using the AMDIS software.  
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To calculate the concentration of each terpene (TP) per sample, the area of each peak in the 

chromatogram at a specific retention time was divided by the area of the peak for the internal 

standard pentadecane (PD) and divided by the sample dry weight (DW): 

Concentration = 
𝑇𝑃/𝑃𝐷

𝐷𝑊
 (µg g-1 of dry weight) 

 

7. Quantification of traumatic resin ducts by microscopy 

Formation of traumatic resin ducts (TRDs) in the xylem was evaluated using microscopy. Thin 

and level cross-sections were made using a platinum-coated razor blade (Feather, Japan). The 

cross-sections were then examined in a microscope (Leica Microsystems, Wetzlar GmbH, 

Germany), equipped with Leica Application Suite software (version 4.13.0). Cross-sections 

were examined under three magnifications: 2.5× was used to measure total xylem area per 

section and to note the presence or absence of TRDs; 5× and 10× were used for closer 

inspection of TRDs and measurement of TRD lumen area (Figure 4). The coverage of TRDs 

in each cross-section was calculated by: 

TRD coverage = 
𝑆𝑢𝑚 𝑜𝑓 𝑇𝑅𝐷 𝑎𝑟𝑒𝑎 𝑎𝑡 5× 𝑜𝑟 10× 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

𝑋𝑦𝑙𝑒𝑚 𝑎𝑟𝑒𝑎 𝑎𝑡 5× 𝑜𝑟 10× 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
 (µm2 per µm2 xylem area) 
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Figure 4. (A) Cross-section of the stem of a methyl jasmonate-treated Norway spruce plant 9 weeks 
after inoculation with the fungus Grosmannia penicillata (2.5× magnification). The large red circle 
delineates the perimeter of the xylem and was made to measure total xylem area. (B) Close-up of the 
cross-section shown in panel A (blue rectangle) (10× magnification). The duct lumen of individual 
traumatic resin ducts is outlined by red circles. Numbers show the diameter measurement made by 
the microscopy software. 
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8. Statistical analysis: 

Statistical analysis was done in R (version 4.0.3) using RStudio version 1.3.1093. For all 

statistical models used I first checked that the assumptions of normality, constant variance, and 

independency were not violated by making diagnostic plots using the command “plot([model 

name])”. Descriptive barplots were made using the packages “ggplot2” and “gridExtra”. 

Analysis of variance (ANOVA) was performed using the packages “car” and “mixlm”. Tests 

of interaction effects between treatments and time points for relative gene expression (ΔΔCt), 

phenolic and terpene concentrations were done using 2-way ANOVA. To compare the main 

effect of the treatment on gene expression and the concentration of each component compound, 

the dataset was divided into four smaller subsets, one for each time point. A 1-way ANOVA 

model was fitted for each time point, followed by a Tukey’s pairwise post-hoc test. 

 

Plant growth and TRD quantification were tested with 1-way ANOVAs, followed by a Tukey’s 

pairwise post-hoc test to compare the main effect of the treatment on the response variable. 
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III – Results 

 

1. Growth analysis 

I first assessed if the priming agents affected the height growth of the trees by measuring the 

length of the apical leader at three time points. Since tree height varied at the start of the 

experiment and since trees were measured at a different time points post-treatment, I calculated 

the growth rate of the trees, i.e. the length increase of the apical leader per week: 

Growth rate = 
𝐿𝑎𝑠𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 −𝐹𝑖𝑟𝑠𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

𝑁𝑜.𝑜𝑓 𝑤𝑒𝑒𝑘𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑤𝑜 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
 (cm week-1) 

I found no significant effect of the five different treatments on the growth rate of the trees 

(Figure 5) 

 
Figure 5. Growth rate of the apical leader of Norway spruce trees after treatment with water and 
Tween (control), methyl jasmonate (MeJA), β-amino butyric acid (BABA), hexanoic acid (HA), or 
thiamine (Thi). There were no significant differences between treatments (1-way ANOVA, p > 0.05). 

 

 



25 
 

2. Grosmannia penicillata pathogenicity assay 

In sub-experiment A, I observed no visible necrotic lesion extending beyond the inoculation 

wound in any trees for any of the five treatments 9 weeks after inoculation. This indicated that 

any variation in wound size depended on the size of the bark flap that was cut during 

inoculation. The wounding of the plants may have served as a triggering stimulus for primed 

defense responses. Hence, in the following I refer to the post-inoculation time points in sub-

experiment B as ‘post-wounding’. 

 

3. Gene expression analysis 

In sub-experiment B, I examined transcript levels of several defense-related genes across 

treatments. These genes included the ethylene biosynthesis gene 1-aminocyclopropane-1-

carboxylic acid synthase (ACS), the jasmonic acid biosynthesis gene lipoxygenase (LOX), the 

phenolic biosynthesis gene phenylalanine ammonia-lyase 1 (PAL1), the monoterpene synthase 

gene terpene synthase 3-carene (TPS-Car), the RNA-directed DNA methylation related gene 

DNA-directed RNA polymerase V subunit 1 (NRPE1), and the pathogenesis-related gene 

chitinase 4 (Chi4). There was a significant interaction effect between time points and 

treatments on the relative expression level of ACS, Chi4, NRPE1 and TPS-Car (2-way 

ANOVA, Table 3). Thus, changes in expression levels of these transcripts were affected 

simultaneously by treatment and time. Expression of PAL1 was significantly affected by time 

point only (Table 3). The mean expression level in control trees remained at a basal level for 

all transcripts (Figure 5), whereas gene expression levels in trees treated with priming 

chemicals varied between time points. Most genes returned to near basal expression levels by 

9 weeks post-wounding.  

Table 3. P-values from 2-way ANOVAs of relative gene expression levels in Norway spruce bark at 
different time points following treatment with different defense priming chemicals. See Table 1 for 
full names of the target genes. Values in bold indicate significant p-values (< 0.05) 

Target genes Treatment Time point Treatment × Time point 

ACS 0.036 0.045 0.002 

LOX 0.389 0.438 0.416 

NRPE1 < 0.001 0.033 0.002 

PaChi4 < 0.001 0.219 < 0.001 

PAL1 0.323 0.011 0.181 

TPS-Car < 0.001 < 0.001 0.037 
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The effect of chemical treatments on the relative expression levels of each gene was 

investigated for each time point separately (Figure 5). There was no significant treatment effect 

on expression levels of PAL1 and LOX at any time point. ACS and Chi4 were significantly 

upregulated 1 week and 4 weeks after MeJA treatment, but returned to basal expression levels 

post-wounding. TPS-Car was also significantly upregulated in MeJA-treated bark, and 

remained upregulated post-wounding. NRPE1, on the other hand, was significantly down-

regulated in MeJA-treated trees 1 and 4 weeks after treatment and 24 hours post-wounding. 

For BABA-treated trees, Chi4 and TPS-Car were significantly downregulated 1 week after 

treatment and 24 hours post-wounding, respectively. 
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Figure 6. Mean relative gene expression of ACS, LOX, NRPE1, Chi4, PAL1 and TPS-Car (see Table 1 for 
full gene names) in Norway spruce bark following different chemical treatments: water and Tween 
(control), methyl jasmonate (MeJA), and β-amino butyric acid (BABA). Gene expression was assessed 
1 and 4 weeks after chemical treatment (1 wk, 4 wk) and 24 hours and 9 weeks after wounding and 
inoculation with a fungal pathogen (24 h, 9 wk). Error bars represent 95% confidence interval and 
circles represent individual data points. For each transcript and time point, treatments with different 
letters are significantly different (1-way ANOVA followed by a Tukey HSD post hoc test for pairwise 
treatment comparisons, p < 0.05). 
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4. Traumatic resin duct formation 

Microscopy analysis of traumatic resin duct formation in the xylem was done to quantify 

anatomical defense responses. The analysis was only done on samples collected 9 weeks post-

wounding, since exploratory microscopy of earlier time points did not reveal any traumatic 

resin ducts in any trees. MeJA-treated trees had significantly more traumatic resin ducts than 

control trees and trees treated with BABA (Figure 7).  

 
Figure 7. Mean area of traumatic resin ducts per xylem cross-sectional area in Norway spruce 13 weeks 
after treatment with water and Tween (control), methyl jasmonate, or β-amino butyric acid (BABA). 
Error bars represent 95% confidence interval and circles represent individual data points. Treatments 
with different letters are significantly different (1-way ANOVA followed by a Tukey HSD post hoc test 
for pairwise comparisons between treatments, p < 0.05). 

 

5. Terpene analysis 

The trees’ induced terpene response was investigated by quantifying the levels of different 

terpenes in the bark. A total of 12 monoterpenes, three sesquiterpenes and two diterpenes were 

quantified by GC-MS (Table 4). Only seven terpenes– (all monoterpenes) showed a significant 

interaction between treatments and time points. The compounds showing no significant 

interaction effect were either significantly affected by the main effect of time (four 
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monoterpenes, one sesquiterpene and two diterpenes) or were not affected by either treatments 

or time points. The total concentration of all mono-, sesqui-, and diterpenes also differed 

significantly only between time points. 

Table 4. F-values from 2-way ANOVAs of concentrations of terpene compounds in Norway spruce bark 
at different time points following treatment with different defense priming chemicals. Asterisks (*) 
denotes the level of significance (*p < 0.05, **p < 0.01, ***p < 0.001). 

Type Compound Treatment 
(F2,60) 

Time point 
(F3,60) 

Treatment x Time point 
(F6,60) 

Mono- 3-Carene 0.56 2.75 2.51 * 

α-Pinene 0.38 5.14 ** 0.70 

β-Pinene 0.09 7.89 *** 1.22 

β-Myrcene 2.04 19.54 *** 1.86 

β-Phellandrene 2.41 20.27 *** 1.43 

Camphene 3.66 * 0.59 2.74 * 

Eucalyptol  3.09 0.8 0.73 

γ-Terpinene 2.30 5.6 ** 3.11 * 

Limonene 0.19 4.82 ** 2.55 * 

p-Cymene 6.91 ** 2.69 2.98 * 

Sabinen 0.79 5.37 ** 3.05 * 

Terpinolen 1.91 5.37 ** 3.72 ** 

 Monoterpenes 0.17 10.87 *** 2.02 

Sesqui- α-Gurjunene 0.97 3.01 * 0.74 

α-Longipinene 0.55 1.48 0.52 

Germacrene D 0.55 7.22 *** 0.18 

 Sesquiterpenes 0.52 8.2 *** 0.23 

Di- Thunbergene 0.31 5.79 ** 0.93 

Verticiol 1.19 5.68 ** 0.93 

 Diterpenes 0.62 5.95 ** 0.95 

 Total 0.35 12.41 *** 1.91 
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Figure 8. Mean concentrations (µg g-1 dry weight) of monoterpenes, sesquiterpenes, diterpenes and 
total terpenes in response to different treatments: water and Tween (Control), methyl jasmonate 
(MeJA), and β-amino butyric acid (BABA). Terpene concentrations were measured 1 and 4 weeks after 
chemical treatment (1 wk, 4 wk) and 24 hours and 9 weeks after wounding and inoculating with a 
fungal pathogen (24 h, 9 wk). Error bars show 95% confidence interval and circles represent individual 
data points. For each compound and time point, treatments with different letters are significantly 
different (1-way ANOVA followed by a Tukey HSD post hoc test for pairwise treatment comparisons, 
p < 0.05). 

 

After looking at how treatment and time impacted terpene concentrations together, I 

investigated the main effect of treatment for each time point individually using 1-way ANOVA 

followed by a Tukey post hoc test for pairwise comparisons (Figure 8; Appendix 2a and 2b). 

Total terpene concentrations in MeJA‐treated trees did not differ from control trees at any time 

point. While MeJA-treated trees had significantly more traumatic resin ducts than control trees, 

the concentration of terpenes in the bark did not differ between treatments. The total 

concentration of terpenes in MeJA-treated trees was significantly lower than in BABA-treated 

trees 4 weeks after treatment. However, no traumatic resin ducts were found in any treatment 
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groups before wounding and traumatic resin duct area in BABA-treated trees was not higher 

than in MeJA-treated tree post-wounding. The individual monoterpenes camphene, β-myrcene 

and β-phellandrene also had significantly lower concentrations in MeJA-treated trees than in 

BABA-treated trees after treatment – camphene at 1 week after treatment and β-Myrcene and 

β-Phellandrene at 4 weeks after treatment. p-cymene, on the other hand, was the only 

compound showing significantly higher concentration in MeJA-treated plants than in both 

control and BABA-treated plants 4 weeks after treatment. 

 

 
Figure 9. Mean concentrations (µg g-1 dry weight) of major products of the monoterpene synthases 
TPS‐Car in response to different treatments: water and Tween (Control), methyl Jasmonate (MeJA), 
β-amino butyric acid (BABA). The concentration was assessed 1 and 4 weeks after chemical treatment 
(1 wk, 4 wk) and 24 hours and 9 weeks after wounding and inoculating with a fungal pathogen (24 h, 
9 wk). Error bars represent 95% confidence interval and circles represent individual data points. 1-way 
ANOVA followed by a Tukey HSD post hoc test for pairwise comparisons between treatments showed 
no significant result (p > 0.05). 
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There was no correspondence between the expression level of TPS-Car and its products’ 

concentration – 3-Carene and terpinolene (Fäldt et al., 2003; Roach et al., 2014). While there 

was significant upregulation of the TPS-Car’s expression level in the MeJA-treated trees 4 

weeks after treatment and post-wounding, there was no significant difference in its products 

concentration between treatments at any time points (Figure 9). 

 

6. Phenolic analysis 

To assess further the induced chemical defensive responses, I investigated the differences in 

the presence and quantity of phenolic compounds between treatments. Phenolic compounds, 

including flavonoids, stilbenes, and condensed tannins (Table 5, Appendix 1a and Appendix 

1b) were quantified in Norway spruce bark by HPLC. 

Table 5. F-values from 2-way ANOVAs of concentrations of phenolic compounds in Norway spruce 
bark at different time points following treatment with different defense priming chemicals. Asterisks 
(*) denotes the level of significance (*p < 0.05, **p < 0.01, ***p < 0.001). 

Compound 
Treatment 

(F2,60) 
Time point 

(F3,60) 
Treatment x Time point  

(F6,60) 

Picein 4.2406 * 1.3181 1.5061     

Gallocatechin 10.391 *** 27.354 *** 2.886 * 

(+) Catechin 21.996 *** 21.388 *** 5.066 *** 

Dihydromyricetin 1 2.619 6.583 *** 2.389 * 

Dihydromyricetin 2 1.262 0.242 0.532 

Dihydromyricetin 3 3.328 * 1.392 0.644 

Dihydromyricetin 4 0.393 1.991 0.832 

Quercetin glycoside 0.135 1.006 1.404 

Monocoumaryl astragallin 1 0.253 6.032 ** 1.105 

Monocoumaryl astragallin 2 3.020 1.525 0.644 

Dicoumaryl astragallin 1.296 11.622 *** 1.189 

Sum of flavonoids 6.111 *** 5.624 ** 1.873 

Piceatannol glycoside 5.274 ** 23.023 *** 3.251 ** 

Resveratrol glycoside 2.077 13.462 *** 2.094 

Iso-rhapontin glycoside 2.268 13.469 *** 1.868 

E-astringin 0.665 3.442 * 2.828 * 

Piceatannol aglycon 0.793 4.250 ** 1.857 

Piceatannol 1.248 27.606 *** 1.211 

Unknown stilbene 1 1.170 3.890 * 1.03 

Unknown stilbene 2 2.461 9.712 *** 0.794 

Sum of stilbenes 3.284 * 17.779 *** 2.396 * 

Total of low-molecular-weight 
phenolic compounds 

1.703 12.098 *** 2.600 * 

MeOH-soluble tannins 2.011 46.917 *** 3.755 * 

MeOH-insoluble tannins 6.804 ** 2.615 4.922 *** 
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The total amount of flavonoids was impacted by only the main effects of treatment and time 

points but not their interaction effect. On the other hand, the total amount of stilbenes and total 

amount of low-molecular-weight phenolics were impacted by treatment and time point 

interaction. However, when looking at the compounds individually, only seven phenolic 

compounds’ concentrations – 3 flavonoids, 2 stilbenes and 2 tannins – were significantly 

affected by the interaction between the treatments and time point (Table 5). All remaining 

component stilbenes without interaction effects were significantly impacted by the main effect 

of different time points. This result indicated that most of the variations in individual stilbenes 

were due to the different stages of the experiment, not by the treatments. This result also 

corresponded to the gene expression level of PAL1 being affected only by time point. For 

flavonoids without interaction effects, only dihydromyricetin 3’s concentration was different 

due to the main effects of treatment, while monocoumaryl astragallin 1 and dicoumaryl 

astragalin concentrations varied over time. The acetophenone picein was affected by only the 

main effect of different treatments. 

The main effect of the treatments on the concentration of each compound was investigated at 

different time points individually by 1-way ANOVA followed by a Tukey post hoc test for 

pairwise comparison (Appendix 1a and 1b; Figure 10). Total flavonoid concentration was only 

significantly higher in MeJA-treated than control trees post-wounding. This was mainly due to 

the contribution of catechin. Catechin was significantly higher in MeJA-treated plants than 

control plants 1 week after treatment, but returned to basal level 4 weeks after treatment. 24 

hours and 9 weeks post-wounding, catechin level in MeJA-treated plants was higher than both 

BABA-treated and control plants. Aside from catechin, gallocatechin concentrations were 

significantly different between treatments with higher concentrations in BABA-treated than 

MeJA-treated trees. After wounding, its concentration no longer differed between treatments, 

and almost disappeared at 9 weeks after wounding.  
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Figure 10. Mean concentrations (mg g-1 of dry weight) of picein, flavonoids, stilbenes, total amount of 
low-molecular-weight (LMW) phenolics, MeOH-insoluble tannin and MeOH-soluble tannin in 
response to different treatments: water and Tween (control), methyl jasmonate (MeJA), β-amino 
butyric acid (BABA). The concentration was assessed 1 and 4 weeks after chemical treatment (1 wk, 4 
wk) and 24 hours and 9 weeks after wounding and inoculating with a fungal pathogen (24 h, 9 wk). 
Error bars represent 95% confidence interval and circles represent individual data points. For each 
compound and time point, treatments with different letters are significantly different (1-way ANOVA 
followed by a Tukey HSD post hoc test for pairwise comparisons between treatments, p < 0.05). 

 

Total stilbenes concentration only showed significant difference between treatment once before 

challenge at 4 weeks after treatment (Figure 10, Appendix Table 1a). At this time point, its 

concentration in the MeJA-treated trees was significantly lower than control and BABA-treated 

plants. Piceatannol glycoside and iso-rhapontin glycoside, which are the most abundant 

stilbenes, and resveratrol glycoside also showed this pattern. Contrastingly, piceatannol 
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glycoside concentration at 9 weeks post-wounding was significantly lower in the BABA-

treated plants than in the control and MeJA-treated plants. The same trend was also observed 

in iso-rhapontin glycoside and consequently in the total stilbenes (Tukey HSD’s test, 0.1 > p-

value > 0.05). The concentration of other component compounds was not high in abundance at 

any time points (less than 1 mg g-1 of dry weight), so even though a few other compounds show 

significant differences between treatment groups at other time points, they did not affect the 

total stilbenes concentration. The total amount of low-molecular-weight phenolic compounds 

showed the same pattern as total stilbenes – a significantly lower concentration in the MeJA-

treated trees than control and BABA-treated plants 4 weeks after treatment (Figure 6). 

The concentration of the MeOH-insoluble tannins in the MeJA-treated trees did not vary much 

over time. There was a decrease of MeOH-insoluble tannins in the BABA-treated and MeJA-

treated trees and an increase in the control plants at 4 weeks after treatment. This resulted a 

significant difference in MeOH-insoluble tannins between treated and control plants at this 

time point.  

Before challenge at 4 weeks after treatment, the concentration of MeOH-soluble tannins in the 

MeJA-treated trees was significantly lower than the control trees, while BABA-treated plants 

had a concentration between MeJA-treated and control plants. 24 hours post-wounding both 

MeJA- and BABA-treated plants had significantly higher levels of MeOH-soluble tannins than 

control plants, with MeJA-treat plants having a 3-fold higher concentration and BABA-treated 

plants having a 1.8-fold higher concentration than the day before challenge. The highest 

concentration of MeOH-soluble tannins for all groups was observed 9 weeks after wounding 

with BABA-treated plants having a significantly lower concentration than MeJA-treated plants 

and control plants being intermediate to the treatments. 
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IV – Discussion 

This study consisted of two sub-experiments. In sub-experiment A, I treated plants with MeJA, 

BABA, hexanoic acid or thiamine, and assessed plant resistance by inoculating them with G. 

penicillata. In sub-experiment B, I used RT-qPCR, HPLC, GC-MS and microscopy to quantify 

some defense response parameters with the aim of studying the priming mechanism. Below, I 

discuss the results in both sub-experiments by explaining the meaning of the findings and 

relating them to similar studies. Additionally, I point out some limitations in my study and 

make suggestions for further research. 

 

1. Sub-experiment A: effects on tree resistance against Grosmannia penicillata 

There were no visible symptoms from fungal inoculation in any plants at the end of the 

experiment. A possible alternative way to evaluate tree resistance potential is to look at the 

traumatic resin ducts (TRD) and terpene concentration data from sub-experiment B. Schmidt 

et al. (2011) showed that there were more TRD induced by MeJA in the Norway spruce 

resistant family comparing to the susceptible one. Schiebe et al. (2012) also observed that trees 

with higher terpenes concentration and successfully induced TRD 4 weeks after treatment 

survived the subsequent bark beetles mass attack. Thus, there is a correlation between TRD 

and tree resistance. However, such correlation was concluded based on the concrete evidence 

of tree resistance in both studies, which I did not obtain in my study. In addition, a correlation 

is not strong enough evidence comparing to direct symptoms. Therefore, I could not determine 

if the different chemical treatments primed or induced tree resistance against fungal 

inoculation.  

The unsuccessful fungal inoculation was unexpected. Grosmannia penicillata is known for its 

ability to colonize the phloem and create necrotic lesions (Kirisits, 2004). The same fungal 

isolate I used has been used in previous studies where it caused extensive symptoms, both in 

seedlings (1- and 2-year-old plants) and mature trees (Hansen, 2020; Wilkinson, 2020; Zhao et 

al., 2015; Zhao et al., 2019). Other studies have also observed extensive necrotic lesions by G. 

penicillata inoculation on 2-year-old (Jankowiak & Kolařík, 2010) and 4-year-old (Repe et al., 

2015) Norway spruce seedlings. Studies with non-significant symptoms from experimental 

inoculation of virulent bluestain species tend not to be published. Munch (1907), as cited in 

Horntvedt et al. (1983), tried to inoculate spruce trees with another type of blue stain fungus, 

Ceratocystis spp., but also failed to see any symptoms. The low oxygen levels in the sapwood 
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were thought to be important for the development of fungi in the trees (Horntvedt et al., 1983). 

Bad execution of wrapping parafilm around the inoculation site may have resulted in too high 

air content and poor fungal growth. Furthermore, repeated subculturing in the laboratory can 

reduce the virulence and pathogenicity in some fungi and oomycetes (Krokene & Solheim, 

2001; Shah et al., 2007; Songe et al., 2014). The fungal isolate used in this study was originally 

isolated in 1980 and has been used repeatedly in several studies. Thus, the fungus may have 

reduced vitality. 

The absence of visible symptoms could also have been due to the ontogeny of the trees. Some 

studies have shown that younger conifer trees are more resistant against pathogen attack than 

older trees (Christiansen et al., 1987; Plattner et al., 2008). Seedlings and juvenile plants in 

woody species are suggested to be more chemically defended and have more secondary 

compounds than mature trees (Barton & Koricheva, 2010; Bryant & Julkunen-Tiitto, 1995). 

However, the ontogenetic variation in defense traits can vary from species to species and there 

is a lack of studies on ontogeny in Norway spruce.  

In addition to the possible effects of fungal and tree traits discussed above, I also think the 

inoculation method for seedlings or young trees could be improved. There are several studies 

on fungal inoculation of Norway spruce seedlings ranging from 1- to 4-year-old (Arnerup et 

al., 2011; Hansen, 2020; Jankowiak & Kolařík, 2010; Krokene & Solheim, 1998; Krokene & 

Solheim, 2001; Repe et al., 2015; Wilkinson, 2020; Yaqoob et al., 2012). Generally, the 

inoculation procedure in all these studies was to use a sterilized scalpel to cut a small bark flap 

with an “approximate” size. This approximation was sometimes defined (e.g. 5-10 mm in 

length) (Arnerup et al., 2011; Krokene & Solheim, 1998; Krokene & Solheim, 2001; Repe et 

al., 2015; Wilkinson, 2020; Yaqoob et al., 2012) and sometimes not (Hansen, 2020; Jankowiak 

& Kolařík, 2010). I used the bark flap inoculation procedure but did not define the wound size, 

and this may have contributed to the inconsistent results and resulted in misleading variation 

of lesion length. The inoculation methodology used in mature trees uses a precise wound size 

made with a cork borer to create the hole for inserting the inoculum (Franceschi et al., 1998; 

Krokene et al., 2000; Magerøy et al., 2020a; Nagy et al., 2014). Compared to that, the 

inoculation method in seedlings can be very imprecise in wound size, depending on the person 

doing it and this might affect the accuracy of the lesion measurement. It is not possible to use 

a cork borer on very small trees. However, it is desirable to mimic its precision. In future 

studies, to inoculate the small trees, I would suggest defining and marking (with marker or 

tape) the dimension of the wound on all trees prior to cutting the flap for better accuracy. 
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Plant mortality throughout the experiment was also puzzling. Plants started dying even before 

treatment or fungal inoculation. Furthermore, dead plants occurred in every chemical 

treatment, including the control plants. Thus, plant mortality might not have been caused by 

either chemical treatment or fungal inoculation. Since this phenomenon was first observed 

shortly after potted, I suspect the problem came from the plants. Dead trees probably failed to 

overwinter and suffered re-potted stress. In addition, I also observed parasitic plants occurring 

in the roots of some seedlings before planting. Unfortunately, I could not provide a concrete 

explanation as there are several factors that could inflict plant mortality.  

 

2. Sub-experiment B: the underlying mechanisms of defense priming 

In sub-experiment B, I investigated the underlying mechanism of priming of inducible 

defenses. There are few studies on defense priming in Norway spruce. Defense priming was 

first clearly observed in Norway spruce by Zhao et al. (2011). They found a more vigorous 

induction in total terpenes in MeJA-treated trees than in untreated trees after wounding, 

whereas there were only minor differences between treatments before wounding. A recent 

study explored the differences between defense priming in Norway spruce, induced by MeJA 

application, and prolonged upregulation of inducible defenses, induced by sub-lethal fungal 

inoculation (Magerøy et al., 2020a). Magerøy and co-workers showed that both MeJA 

treatment and sub-lethal fungal inoculation increased tree resistance to bark beetle 

colonization. However, the defense - activation prior to the beetle attack was much lower in 

MeJA-treated trees than in inoculated trees.    

To further understand the molecular mechanisms of priming in Norway spruce bark, Magerøy 

and co-workers designed a study to look at transcriptional responses to different treatment 

combinations: control application of water, control and subsequent wounding, MeJA-

application, and MeJA-application and subsequent wounding (Magerøy et al., 2020b). This 

design allowed the authors to explore defense response types and phases of defense priming. 

My experimental design with sampling at different time points served the same aim as the 

different treatment combinations in Magerøy et al. (2020b). I investigated gene expression, 

traumatic resin duct formation, terpene concentrations and phenolic concentrations at different 

time points after chemical treatment and wounding: 1 week after treatment (1wk), 4 weeks 

after treatment (4wk), 24 hours after wounding (24h) and 9 weeks after wounding (9wk). Based 

on the criteria formulated by Magerøy et al. (2020b), I categorized the response patterns found 
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at the different time points in this study into four response types: unprimed response to 

wounding, prolonged response to chemical treatment, primed state, and primed response to 

wounding (Figure 11). The response patterns categorized as “unprimed response to wounding” 

have a different degree of response between after and before wounding (was not tested for 

significance in this study), but no differences between treated and control at both periods 

(Figure 11a). The response patterns categorized as “prolonged response to chemical treatment” 

have a different degree of response between treated and control at both before and after 

wounding (Figure 11b). The response patterns categorized as “primed state” have a different 

degree of response between treated and control only before wounding (Figure 11c). The 

response patterns categorized as “primed response to wounding” have a different degree of 

response between treated and control trees only after wounding (Figure 11d, e and g). 

Additionally, the response pattern can show a slight difference in the degree of response 

between treated and control trees immediately after treatment and a more pronounced degree 

of response after wounding (Figure 11f). 

Below, I go through each analysis on different defense parameters. I identify the response types 

of the response patterns found in each analysis and discuss further on how and why such pattern 

was found. In addition, I discuss factors that could have affected the accuracy of the results I 

obtained.  
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Figure 11. Different defense response patterns in gene expression, traumatic resin ducts, terpenes 
and phenolics accumulation found in this study in Norway spruce plants treated with putative priming 
chemicals (yellow arrow) and subsequent mechanical wounding (grey arrow). The response patterns 
group into four response types based on the differences in response between control-treated (blue) 
and chemically treated (red) plants before and after wounding. Trees were sampled 1 and 4 weeks 
after chemical treatment (1wk, 4wk), 24 hours after wounding (24h) and 9 weeks after wounding 
(9wk). 
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Gene expression analysis 

To explore further the molecular mechanisms of priming, I selected representative genes from 

defense hormone signaling pathways, defense chemical biosynthesis pathways, and an 

epigenetic regulator. LOX is an enzyme catalyzing α-linolenic acid in the first step of JA 

synthesis (Wasternack & Song, 2017). Although the application of MeJA is known to 

upregulate the expression of jasmonic acid (JA) pathway biosynthesis genes in other plant 

species (Wasternack & Song, 2016), LOX expressions were found to be unresponsive to MeJA 

at all time points in my study. Expression of PAL1, which plays an important role in the 

salicylic acid (SA) defense signaling pathway (Arnerup et al., 2011), followed the same pattern 

as LOX. On the other hand, expression of ACS, which is involved in the regulation of ethylene 

(ET) synthesis (Xu & Zhang, 2014), was upregulated by MeJA 1 and 4 weeks after chemical 

treatment, but then returned to basal levels at 24h and 9wk after wounding. This response 

pattern seems to indicate that ACS expression was induced in a MeJA-primed state (Figure 

11c). Hudgins and Franceschi (2004) suggested that JA and ET act together in inducible 

defense regulation in conifers. In previous studies, PAL and LOX were upregulated by MeJA 

treatment (Magerøy et al., 2020a; Schmidt et al., 2011; Wilkinson, 2020; Yaqoob et al., 2012). 

Interestingly, some of these studies also investigated the expression of ACS after MeJA 

treatment, but found no significant upregulation (Wilkinson, 2020; Yaqoob et al., 2012). The 

differences in ACS and PAL1 expression found by Yaqoob et al. (2012) and in my study might 

be explained by antagonism between the JA/ET and SA pathways. The SA pathway which 

regulates defense against biotrophic pathogen can antagonize JA/ET pathways which regulate 

defense against herbivores and necrotrophic pathogens in several species, including the model 

plant Arabidopsis thaliana (Arnerup et al., 2013; Wilkinson, 2020). However, there is 

conflicting evidence whether antagonistic-crosstalk between these two pathways takes place in 

Norway spruce (Arnerup et al., 2013). Wilkinson (2020) found that genes from both pathways 

were upregulated, including PAL and LOX, regardless of the antagonism between the two 

pathways. However, since these two genes are just two representatives among several genes 

involve in both pathways, it is not possible to draw a solid conclusion about whether crosstalk 

exists. Furthermore, the lack of a LOX response in my study could be samples were collected 

too late relative to wounding. In Arabidopsis, enzymes involved in JA biosynthesis can be 

upregulated within minutes after wounding (Glauser et al., 2008; Glauser et al., 2009), while I 

collected the samples 24 hours after wounding. Hence, further study on JA pathway in priming 

of Norway spruce defense should include much earlier sampling time points after wounding.  
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Chitinase (Chi4) is known for its ability to degrade chitin in fungi and insects’ exoskeleton 

(Davis et al., 2002). Thus, the enhanced expression of chitinase can be beneficial during attacks 

by insects and fungi. Chi4 expression was upregulated 1 and 4 weeks after MeJA treatment but 

then returned to basal levels at 24h and 9wk after wounding. This defense response pattern 

indicated that Chi4 was upregulated in the MeJA-induced primed state (Figure 11c). Similar 

upregulation of Chi4 after MeJA treatment was observed in previous studies on 2- and 48-year-

old Norway trees (Magerøy et al., 2020a; Yaqoob et al., 2012). In another study, Chi4 was 

found to have a primed response to wounding in mature trees (Magerøy et al., 2020b). Devos 

(2020), however, did not find Chi4 to be responsive to MeJA in 10-week-old seedlings after 

wounding. The mixed results from these different studies suggest further research on MeJA 

effects on Chi4. 

MeJA treatment also upregulated TPS-Car before wounding, but not until 4wk after MeJA 

treatment. The upregulation was maintained after wounding at both the 24h and 9wk time 

points. This pattern of response suggests that it had a prolonged response to MeJA treatment 

(Figure 11b). TPS-Car has been previously found to be directly upregulated by MeJA in 

Norway spruce, but the effect was detected sooner after treatment than in this study. It was 

upregulated two days after MeJA treatment in the bark of 2-year-old plants (Zulak et al., 2009) 

and the stems of 3-year-old apical leader (Hall et al., 2011). The effect decreased the following 

days gradually. In the bark of 48-year-old Norway spruce trees, TPS-Car was upregulated by 

MeJA along with another TPS gene 14 days after treatment (Magerøy et al., 2020a). However, 

none of these experiments investigated gene expression levels after MeJA treatment and 

subsequent wounding and therefore cannot say anything about the primed defense responses. 

Results from mRNA sequencing found only one part of the sequenced TPS-Car to have a 

primed response to wounding following MeJA-treatment, while the other parts showed un-

primed responses to wounding or prolonged responses to MeJA (Magerøy et al., 2020b). TPS-

Car’s main product is 3-carene (Fäldt et al., 2003; Roach et al., 2014). Higher level of 3-carene 

was found to increase the resistance of Norway spruce to bark beetles (Storer and Speight, 

1996) and lodgepole pine (Pinus spp.) to Douglas fir pitch moth (Synanthedon novaroensis) 

(Rocchini et al., 2000). However, TPS-Car is just one member of the large terpene synthase 

family. Thus, the results on TPS-Car are not sufficient to draw solid conclusions on the effect 

of MeJA treatment on terpene synthase in Norway spruce. Other TPS genes should be included 

in future research.  
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The epigenetic regulator NRPE1 was downregulated by MeJA at 1wk, 4wk and 24h after 

wounding, with the level of repression weakened over time. NRPE1 is the largest sub-unit in 

RNA-polymerase V, which is important for the RNA-directed DNA methylation in plants 

(López Sánchez et al., 2016; Matzke et al., 2015). Our results on NRPE1 agreed with the 

finding of Wilkinson (2020), who also found repression of NRPE1 by MeJA treatment, with a 

gradual loss of effect over time. Our results, however, showed a more prolonged effect until 24 

hours after wounding, while in Wilkinson (2020), the effect wore off before the second 

challenge. Unmethylated DNA indicates the state of euchromatin, which makes genes more 

accessible for transcription. Methylated DNA on the other hand indicates heterochromatin 

state, which makes genes less accessible for transcription. Repression of NRPE1 by MeJA 

indicated that MeJA can reduce DNA methylation and increase gene transcriptional 

susceptibility. Studies on Arabidopsis thaliana NRPE1-mutants observed that several defense-

related genes had constitutive primed effects (Wilkinson et al., 2019). Thus, it is possible that 

the repression of NRPE1 induced by MeJA also primes the defense-related genes in Norway 

spruce. Further research on which genes are targeted and how they are regulated by NRPE1-

dependent DNA methylation should be conducted in the future.  

Contrary to MeJA treatment, which altered the expression of several transcripts, BABA 

treatment only affected Chi4 and TPS-Car expression. Both transcripts were down-regulated 

by BABA, Chi4 at 1 week after treatment and TPS-Car at 24h after wounding. These response 

patterns indicated that Chi4 had a short-term repressed response and TPS-Car had a primed 

response to wounding (Figure 11d) after BABA treatment. These results might suggest that 

BABA reduces the resistance of Norway spruce. However, this was the first study to find a 

significant effect of BABA treatment in Norway spruce. Devos (2020) did not see any effects 

from BABA on 10-week-old seedlings after wounding. In addition, the significant results from 

BABA were not abundant in analyses of other defense parameters and did not follow a certain 

pattern. Therefore, it is not possible to draw a certain conclusion, and further research on BABA 

treatment on Norway spruce is necessary. 

 

Traumatic resin ducts and terpene analysis 

Traumatic resin ducts (TRDs) were not detected in any treatment until 9 weeks after wounding. 

The amount of traumatic resin ducts was significantly higher in MeJA-treated trees than in both 

control and BABA-treated trees. Previous studies have shown that MeJA application can 
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induce TRD formation in Norway spruce (Erbilgin et al., 2006; Schmidt et al., 2011; Zeneli et 

al., 2006). However, MeJA-induced TRDs in these studies were detected at the latest 4 weeks 

after treatment, much earlier than in this study (13 weeks after treatment). Furthermore, Zeneli 

et al. (2006) found no TRDs in untreated control trees, unlike the few TRDs observed in 

untreated trees in my study. This indicated that wounding in my study also acted as a triggering 

stimulus for TRD. Thus, TRD formation in MeJA-treated trees showed a primed response to 

wounding (Figure 11g). This result agrees with the primed response to wounding in MeJA-

treated trees observed in (Zhao et al., 2011). TRD formation is an important part of the 

inducible defense system of Norway spruce. When bark beetles attack a tree, induced TRD 

formation can increase tree resistance to subsequent attacks by opportunistic pathogens and 

help kill the eggs and larvae of the bark beetles (Krokene, 2015). However, TRD formation 

takes several weeks and rarely makes it in time to protect the trees from bark beetle attacks 

(Krokene, 2015). Thus, a primed TRD response to wounding might benefit the trees, as the 

response to subsequent attack will be faster and more extensive.  

In contrast to what I observed for TRD formation, metabolite analyses of terpenes in the bark 

showed no response to either MeJA or BABA treatment. There were no differences between 

treated and untreated trees either before or after wounding for concentrations of monoterpenes, 

sesquiterpenes, diterpenes or total terpenes. Magerøy et al. (2020a) also found no significant 

increase in terpene levels following MeJA treatment in the bark of 48-year-old Norway spruce 

trees. However, they found a massive terpene increase after wounding. These results contrasted 

with Erbilgin et al. (2006), who found significantly higher terpene levels in 60-year-old trees 

3 weeks after MeJA treatment. After wounding, the total terpene concentration in my study 

seemed to undergo an unprimed response to wounding (Figure 11a). Total terpene levels in all 

treatment groups seemed to peak at 9 weeks after wounding compared to before wounding (no 

test was conducted for significance). However, there were no significant differences between 

treated and untreated trees (Figure 8). This result contrasted with the primed response to 

wounding observed in MeJA-treated trees by Zhao et al. (2011) and Magerøy et al. (2020a). 

More surprisingly, although MeJA-treated trees showed a significantly higher TRD formation 

than control trees 9 weeks after wounding, such a pattern was not found in the terpene 

concentration in the bark. The lack of response to MeJA in terpene concentration is therefore 

puzzling.  

Some previous studies also found no significant increase of terpene concentration in the bark 

of MeJA-treated trees. Martin et al. (2002) showed the induced accumulation of resin 
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terpenoids by MeJA was only found in the wood but was barely detectable in the bark in 2-

year-old Norway spruce. Schmidt et al. (2011) also inspected the terpene accumulation in 6-

year-old trees with more traumatic resin ducts after treated with MeJA. The study found that 

even though high producing TRD trees had much higher terpene levels in the sapwood, such 

differences were not found in the bark (Schmidt et al., 2011). Nybakken et al. (2021) also found 

that the total mono-, sesqui-, and diterpenes did not respond significantly to MeJA or MeJA 

combining with wounding in the bark of both 1-year-old nursery trees and 3-year-old naturally 

regenerated trees. All these studies showed no significant induction of terpene caused by MeJA 

in the bark, and they all worked with young seedlings (2 to 6-year-old trees) like my study (1-

year-old trees). On the other hand, studies that showed a significantly higher level of terpene 

induced by MeJA or MeJA and wounding worked with mature Norway spruce stands (Erbilgin 

et al., 2006; Magerøy et al., 2020a; Zhao et al., 2011). The differing results from mature and 

young trees might be caused by the plant ontogeny in chemical defense strategies. Terpenes 

are very metabolically expensive to produce due to their high level of chemical reduction 

(Gershenzon, 2017). They also have high cost for storage as they require special storage 

structure to avoid autotoxicity (Gershenzon, 1994). Induced monoterpene production by MeJA 

was more vigorous in the mature jack pine (Pinus banksiana) than in young trees (Erbilgin & 

Colgan, 2012). The study suggested that mature trees had more resources in production and 

storage for higher levels of inducible defense (Erbilgin & Colgan, 2012). Thus, young spruce 

trees might not have enough resources yet for inducing more terpenes in the bark and they 

would rather save the resources for growth. It would be interesting to carry out more studies 

on the ontogeny of Norway spruce defense traits in the future for a clearer explanation.  

 

Phenolic analysis  

In addition to terpenes, phenolic compounds are also important defense chemicals in Norway 

spruce (Krokene, 2015). In our study, the total stilbenes, which account for the major 

proportion in the total of low-molecular-weight phenolic concentration, was not significantly 

induced by MeJA or BABA both before and after wounding. Many previous studies also saw 

no significant induction of phenolic, mostly stilbenes, in Norway spruce when triggered by 

wounding or MeJA (Brignolas et al., 1995; Deflorio et al., 2011; Erbilgin et al., 2006; Jyske et 

al., 2020; Nybakken et al., 2021; Viiri et al., 2001; Zeneli et al., 2006). However, I might have 

underestimated the phenolic concentration. I only extracted and quantified the soluble phenolic 

compounds, but not the cell-wall bound phenolics, which require a different extraction 
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procedure. Previous studies on phenolic compounds in Norway quantified both the soluble and 

cell-wall bound form (Brignolas et al., 1995; Cvikrová et al., 2006; Fossdal et al., 2012). I also 

quantified mostly the glycosides form and not the aglycones of phenolic. Metsämuuronen and 

Sirén (2019) suggested that phenolic glycosides are less active than their corresponding 

aglycones. Thus, a repeat study with a more thorough investigation on phenolic would be 

interesting.  

Although there was no apparent response in stilbenes to MeJA or wounding, the flavonoid 

concentration was found to be significantly higher in MeJA-treated trees than control post-

wounding at 24h and 9wk. When looking more closely at the individual compounds, I 

suspected that the response pattern in flavonoids was dependent on the flavan-3-ol catechin. 

Catechin was significantly higher in MeJA-treated than control trees at 1wk, then returned to 

basal level at 4wk and increased again but more vigorously at 24h and 9wk. MeOH-soluble-

tannins, which include polymers of catechin, were also significantly higher in MeJA-treated 

than in control trees at 24h and 9wk. Thus, all response patterns observed from catechin, total 

flavonoid concentration and MeOH-soluble-tannins show a MeJA-induced primed response to 

wounding (Figure 11e and 11f). Unlike stilbenes, catechin and its polymers have been reported 

in many studies to be induced upon wounding and fungal inoculation (Brignolas et al., 1995; 

Danielsson et al., 2011; Evensen et al., 2000; Jyske et al., 2020). However, this is the first study 

to show that catechin and condensed tannins had a primed response to wounding by MeJA 

treatment in Norway spruce. Flavan-3-ols are effective against fungal infection and 

herbivorous attack (Bueno et al., 2012). Catechin at 0.1% concentration reduces tunneling of 

Ips typographus males by 50% (Faccoli & Schlyter, 2007). The primed response to wounding 

of catechin and condensed tannins might have connection with the primed gene ACS. Even 

though PAL1 - an important biosynthesis gene in the phenylpropanoid pathway - was 

unresponsive to MeJA, ACS was in primed state by MeJA. Hudgins and Franceschi (2004) 

showed that in the JA-pathway, ethylene could elicit phenolic response in PP cell, a type of 

axial phloem parenchyma in which catechin was found to be localized (Jyske et al., 2020). 

Thus, the primed state of ACS might have aided the biosynthesis of catechin in PP cells and 

elicit the primed response to wounding of this compound. Further research on catechin and 

other flavan-3-ol compounds in Norway spruce priming defense are necessary. It would be 

interesting to include the regulation of genes involving in the flavan-3-ols synthesis, such as 

leucoanthocyanidin reductase (LAR) and anthocyanidin reductase (ANR) (Tanner et al., 2003; 
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Xie et al., 2004). In addition, the mechanism of polymerization of flavan-3-ol monomers into 

condensed tannins should also be inspected.  

 

Suggestions for future research 

The differences in my experimental design and methods from previous studies might contribute 

to inconsistency with previous findings. In this study, I only used the bark tissue for all the 

analyses in sub-experiment B. Many studies have shown significant differences between the 

bark and the sapwood in both gene expression and metabolite analyses (Deflorio et al., 2011; 

Martin et al., 2002; Oliva et al., 2015; Schmidt et al., 2011; Yaqoob et al., 2012; Zeneli et al., 

2006). The overall defense response of the tree may have been underestimated by only 

analyzing the bark tissue. Furthermore, when sampling for the time points after wounding, I 

used the whole bark rather than taking the samples near the wound site. Most studies on wound-

induced defense in Norway spruce sampled locally near the wound site (Brignolas et al., 1995; 

Deflorio et al., 2011; Jyske et al., 2020; Nagy et al., 2014; Viiri et al., 2001; Yaqoob et al., 

2012). Sampling the whole bark might dilute the effect of some responses by including non-

specialized or non-systemic response cells (Magerøy et al., 2020b). A more local sampling 

system could have been used for more accurate results. 

Plant mortality throughout the experiment was also puzzling. Plants started dying even before 

treatment or fungal inoculation. Furthermore, dead plants occurred in every chemical 

treatment, including the control plants. Thus, plant mortality might not have been caused by 

either chemical treatment or fungal inoculation. Since this phenomenon was first observed 

shortly after potted, I suspect the problem came from the plants. Dead trees probably failed to 

overwinter and suffered re-potted stress. In addition, I also observed parasitic plants occurring 

in the roots of some seedlings before planting. Unfortunately, I could not provide a concrete 

explanation as several factors could inflict plant mortality.  

Additionally, the contrasts between my study and previous studies could be due to the different 

concentrations of MeJA and application methods used in different studies. MeJA doses have 

varied from 10mM to 100mM concentration and have been applied by spraying or painting 

(Magerøy et al., 2020a; Martin et al., 2002; Schmidt et al., 2011; Yaqoob et al., 2012; Zhao et 

al., 2011). Martin et al. (2002) and Erbilgin et al. (2006) demonstrated that the different doses 

of MeJA could vary the effects. In my study, I applied 50mM of MeJA by painting. The 

moderate dose could also have caused the insignificant reduction of growth in MeJA-treated 
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trees (Figure 5). A thorough assessment for suitable dose usage for the experimental design 

should be done in future research on MeJA as a priming chemical in Norway spruce. 

I suspected that wounding as the second challenge was not a sufficient stimulus to trigger 

primed response. Using wounding as the second challenge was a reluctant change in the 

experimental design when the fungal inoculation did not work. Many studies showed that the 

induced defense responses toward fungal inoculation were usually more vigorous than just 

mechanical wounding (Arnerup et al., 2013; Brignolas et al., 1995; Danielsson et al., 2011; 

Deflorio et al., 2011; Evensen et al., 2000; Hammerbacher et al., 2014; Jyske et al., 2020). 

Magerøy et al. (2020b) pointed out that wounding itself can either act as the triggering stimulus 

that induced primed response to wounding, or it could just be another priming stimulus that 

turned the trees into primed state only. Most of the defense response patterns in my study were 

non-responsive to wounding. The induced response mostly happened before wounding or 

nothing happened at all time points. This might indicate that wounding in my study was not 

strong enough to be perceived as a triggering stimulus to elicit the primed response to 

wounding. It might only act as a priming signal to turn the trees into primed state. In that case, 

the response pattern of TPS-Car might not be a prolonged response to MeJA. TPS-Car was 

probably “primed” the second time when received wounding. This led to the upregulation of 

the gene but lacking the corresponding induction of its products – 3-carene and terpinolene – 

after wounding (Figure 6 and 9). This response pattern was also found in Magerøy et al. (2020a) 

and they conclude that the trees were primed based on that. Therefore, a repeat experiment with 

successful fungal inoculation – a more prominent triggering stimulus – is necessary to observe 

more accurate defensive responses in Norway Spruce.  

  



49 
 

V – Conclusions: 

Priming of inducible defense in Norway spruce is a cost-effective strategy to protect trees from 

herbivores and pathogens. I wanted to discover new effective Norway spruce priming stimuli 

and study the underlying mechanism of priming in Norway spruce. Due to the failure of 

Grosmannia penicillata fungal inoculation, I could not observe tree resistance and therefore 

could not identify novel chemicals as priming stimuli. Using wounding as the subsequent 

stimulus, I observed many different response types in gene expression and metabolites analysis 

the MeJA-treated trees. However, wounding was suspected to be a less potent triggering 

stimulus than fungal inoculation. Thus, a repetition of this study with successful fungal 

inoculation is desirable to elicit a stronger response. Furthermore, it would also be interesting 

to study the ontogeny of Norway spruce defense traits in future research on priming of 

inducible defense in Norway spruce. 

Most genes were in primed state or had prolonged response to MeJA treatment. TRD had 

priming response to wounding, but terpenes were not accumulated in MeJA-treated trees. In 

addition, the first evidence of flavan-3-ols having primed response to wounding by MeJA 

treatment was found. Moreover, I found evidence of MeJA ability to repress DNA methylation 

from the downregulation of NRPE1 expression. Overall, my results confirm that MeJA is a 

potential priming stimulus for Norway spruce. Future research should be conducted to better 

understand the effects of MeJA treatment on flavan-3-ol accumulation and epigenetic 

modifications. In contrast, I did not observe any clear results from BABA-treated trees. Further 

research on the efficacy of this chemical as a priming stimulus in Norway spruce is needed.  
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Appendix 

Appendix Table 1a. Mean concentrations (mg g-1 of dry weight ± SE) of phenolics quantified by HPLC analysis of bark tissues of Norway spruce (Picea abies) trees 

sampled 1 and 4 weeks after treatment with water and Tween (Control), methyl jasmonate (MeJA) or β-amino butyric acid (BABA). For each timepoint and 

phenolic compound, treatments with different letters in bold are significantly different (1-way ANOVA followed by a Tukey HSD post hoc test for pairwise 

comparisons between treatments, p < 0.05). 

 
 

1 week after treatment 4 weeks after treatment 

Type 
 

BABA Control MeJA BABA Control MeJA 

Acetophenon Picein 0.16 ± 0.06  0.32 ± 0.19  0.24 ± 0.07  0.18 ± 0.04 ab 0.58 ± 0.20 a 0.12 ± 0.06 b 

Fl
av

o
n

o
id

s 

Gallocatechin 4.06 ± 0.22 a 3.05 ± 0.54 ab 1.33 ± 0.58 b 1.59 ± 0.24 a 1.13 ± 0.50 ab 0.11 ± 0.08 b 

Catechin 1.84 ± 0.34 ab 1.56 ± 0.30 a 3.80 ± 0.91 b 1.28 ± 0.22  1.41 ± 0.20  1.44 ± 0.57  

Dihydromyricetin 1 0.02 ± 0.01  0.01 ± 0.01  0.02 ± 0.01  0.00 ± 0.00  0.01 ± 0.01  0.00 ± 0.00  

Dihydromyricetin 2 0.12 ± 0.02  0.18 ± 0.06  0.20 ± 0.02  0.15 ± 0.02  0.19 ± 0.03  0.18 ± 0.06  

Dihydromyricetin 3 0.02 ± 0.01  0.03 ± 0.02  0.04 ± 0.03  0.02 ± 0.01  0.02 ± 0.01  0.04 ± 0.02  

Dihydromyricetin 4 0.04 ± 0.02  0.10 ± 0.02  0.08 ± 0.02  0.06 ± 0.01  0.06 ± 0.01  0.04 ± 0.01  

Quercetin glycoside 0.65 ± 0.15  0.40 ± 0.12  0.72 ± 0.30  0.55 ± 0.12  0.76 ± 0.09  0.65 ± 0.15  

Monocoumaryl astragalin 1 0.17 ± 0.01  0.29 ± 0.14  0.18 ± 0.06  0.25 ± 0.03  0.34 ± 0.06  0.34 ± 0.05  

Monocoumaryl astragalin 2 0.00 ± 0.00  0.01 ± 0.01  0.02 ± 0.01  0.01 ± 0.01  0.02 ± 0.01  0.05 ± 0.02  

Dicoumaryl astragallin 2.07 ± 0.29  3.47 ± 1.22  3.43 ± 0.48  4.22 ± 0.62  4.39 ± 0.42  5.55 ± 0.71  

Sum of flavonoids 8.99 ± 0.65  9.11 ± 1.39  9.84 ± 1.13  8.14 ± 0.48  8.33 ± 0.49  8.41 ± 0.97  

St
ilb

en
es

 

Piceatannol glycoside 4.12 ± 0.90  4.66 ± 0.79  3.16 ± 0.25  2.91 ± 0.59 ab 4.69 ± 0.69 a  1.18 ± 0.45 b 

Piceatannol aglycon 0.12 ± 0.04 a 0.08 ± 0.03 ab 0.00 ± 0.00 b 0.06 ± 0.03  0.08 ± 0.04  0.04 ± 0.02  

Resveratrol glycoside 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.0008 ± 0.00 ab 0.0014 ± 0.00 a 0.0003 ± 0.00 b 

Iso-rhapontin glycoside 13.71 ± 3.82  13.01 ± 3.45  14.79 ± 1.36  11.61 ± 2.73 ab 14.85 ± 3.77 a 4.07 ± 1.77 b 

E-astringin 0.23 ± 0.07  0.30 ± 0.10  0.44 ± 0.09  0.19 ± 0.06  0.32 ± 0.12  0.09 ± 0.02  

Piceatannol 0.03 ± 0.02  0.02 ± 0.00  0.01 ± 0.01  0.03 ± 0.01  0.02 ± 0.01  0.01 ± 0.01   

Unknown stilbene 1 0.03 ± 0.01  0.05 ± 0.01  0.03 ± 0.01  0.04 ± 0.01  0.05 ± 0.01  0.06 ± 0.01  

Unknown stilbene 2 0.00 ± 0.00  0.01 ± 0.00  0.01 ± 0.00  0.01 ± 0.00   0.02 ± 0.00  0.02 ± 0.00  

Sum of stilbenes 18.23 ± 4.70  18.13 ± 3.80  18.44 ± 1.52  14.85 ± 3.27 ab 20.04 ± 4.11 a 5.47 ± 2.22 b 

Total of low-molecular-weight phenolic 
compounds 

27.39 ± 5.37  27.56 ± 5.10  28.51 ± 2.25  23.17 ± 3.43 ab 28.95 ± 4.25 a  14.00 ± 2.94 b 

MeOH-insoluble condensed tannins 37.54 ± 4.49 a 24.14 ± 3.45 ab 22.89 ± 2.57 b 23.64 ± 2.76 b 42.00 ± 5.21 a 21.93 ± 2.62 b 

MeOH-soluble condensed tannins 22.14 ± 4.59  30.15 ± 2.71  34.37 ± 6.52  19.60 ± 4.49 ab 27.00 ± 3.34 a 12.15 ± 4.29 b 
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Appendix Table 1b. Mean concentrations (mg g-1 of dry weight ± SE) of phenolics quantified by HPLC analysis of bark tissues of Norway spruce (Picea abies) trees 

sampled 24 hours and 9 weeks after wounding and inoculation with Grosmannia penicillata. For each timepoint and phenolic compound, treatments with 

different letters in bold are significantly different (1-way ANOVA followed by a Tukey HSD post hoc test for pairwise comparisons between treatments, p < 0.05). 

  24 hours after inoculation 9 weeks after inoculation 

Type  BABA Control MeJA BABA Control MeJA 

Acetophenon Picein 0.14 ± 0.04  0.23 ± 0.06  0.17 ± 0.03  0.18 ± 0.05  0.11 ± 0.04  0.11 ± 0.02  

Fl
av

o
n

o
id

s 

Gallocatechin 3.02 ± 0.82  1.80 ± 0.27  2.09 ± 0.48  0.00 ± 0.00  0.00 ± 0.00  0.30 ± 0.30  

Catechin 2.36 ± 0.18 a 1.96 ± 0.31 a 5.84 ± 0.80 b 2.42 ± 0.27 a 3.55 ± 0.49 a 7.13 ± 0.94 b 

Dihydromyricetin 1 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.01 ± 0.01  0.02 ± 0.02  0.07 ± 0.03  

Dihydromyricetin 2 0.13 ± 0.03 a 0.18 ± 0.02 ab 0.22 ± 0.03 b 0.17 ± 0.01  0.14 ± 0.02  0.15 ± 0.01  

Dihydromyricetin 3 0.05 ± 0.01  0.03 ± 0.02  0.07 ± 0.02  0.01 ± 0.01 a 0.05 ± 0.01 ab 0.06 ± 0.01 b 

Dihydromyricetin 4 0.08 ± 0.03  0.06 ± 0.03  0.07 ± 0.03  0.10 ± 0.02  0.10 ± 0.03  0.08 ± 0.03  

Quercetin glycoside 0.33 ± 0.09  0.68 ± 0.11  0.62 ± 0.15  0.65 ± 0.15  0.36 ± 0.08  0.39 ± 0.08  

Monocoumaryl astragalin 1 0.24 ± 0.07  0.21 ± 0.06  0.29 ± 0.03  0.19 ± 0.08  0.08 ± 0.02  0.08 ± 0.03  

Monocoumaryl astragalin 2 0.01 ± 0.01  0.02 ± 0.01  0.02 ± 0.01  0.01 ± 0.01  0.02 ± 0.02  0.01 ± 0.01  

Dicoumaryl astragallin 2.73 ± 0.56  3.73 ± 1.14  4.10 ± 0.61  2.63 ± 0.97  1.09 ± 0.28  1.29 ± 0.23  

Sum of flavonoids 8.95 ± 0.5 a 8.67 ± 1.24 a 13.33 ± 1.28 b  6.19 ± 1.24 ab 5.41 ± 0.74 a  9.57 ± 0.96 b 

St
ilb

en
es

 

Piceatannol glycoside 3.83 ± 0.75  2.97 ± 0.26  4.09 ± 1.27  5.32 ± 0.62 b 10.45 ± 1.7511 a 8.55 ± 1.36 ab 

Piceatannol aglycon 0.00 ± 0.00  0.03 ± 0.03  0.07 ± 0.04  0.08 ± 0.03  0.15 ± 0.02  0.14 ± 0.03  

Resveratrol glycoside 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  

Iso-rhapontin glycoside 11.67 ± 1.34  10.83 ± 1.86  11.43 ± 2.64  18.44 ± 1.51  27.85 ± 3.74  24.09 ± 3.62  

E-astringin 0.57 ± 0.09 b 0.32 ± 0.04 a 0.25 ± 0.05 a 0.20 ± 0.05  0.29 ± 0.08  0.31 ± 0.10  

Piceatannol 0.03 ± 0.00  0.02 ± 0.01  0.02 ± 0.01  0.08 ± 0.02  0.12 ± 0.02  0.08 ± 0.01  

Unknown stilbene 1 0.04 ± 0.01  0.05 ± 0.01  0.04 ± 0.01  0.03 ± 0.01  0.02 ± 0.01  0.02 ± 0.00  

Unknown stilbene 2 0.00 ± 0.00 a 0.01 ± 0.01 ab 0.02 ± 0.00 b 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  

Sum of stilbenes 16.14 ± 2.11  14.22 ± 2.06  15.92 ± 3.80  24.15 ± 1.57  38.89 ± 5.29  33.20 ± 4.53  

Total of low-molecular-weight phenolic 
compounds 

25.22 ± 2.60  23.12 ± 3.16  29.43 ± 4.14  30.53 ± 1.20  44.40 ± 5.52  42.87 ± 4.01  

MeOH-insoluble tannins 38.02 ± 4.77 a 29.61 ± 3.18 ab 24.80 ± 1.99 b 44.62 ± 4.76  30.46 ± 5.41  33.55 ± 1.83  

MeOH-soluble tannins 35.58 ± 1.06 b 29.25 ± 1.68 a 38.98 ± 1.89 b 45.49 ± 5.93 a 56.95 ± 1.24 ab 65.23 ± 3.35 b 
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Appendix Table 2a. Mean concentrations (µg g-1 of dry weight ± SE) of terpenes quantified by GC-MS analysis of bark tissues of Norway spruce (Picea abies) 

trees sampled 1 and 4 weeks after treatment with water and Tween (Control), methyl jasmonate (MeJA) or β-amino butyric acid (BABA). For each timepoint and 

phenolic compound, treatments with different letters in bold are significantly different (1-way ANOVA followed by a Tukey HSD post hoc test for pairwise 

comparisons between treatments, p < 0.05). 

Type Compound 1 week after treatment 4 weeks after treatment 

BABA Control MeJA BABA Control MeJA 

M
o

n
o

te
rp

en
es

 

3-Carene 103.22 ± 50.11  20.77 ± 16.15  109.69 ± 55.42  262.22 ± 94.60  145.52 ± 95.28  169.45 ± 48.08  

α-Pinene 335.85 ± 109.54  261.45 ± 52.23  295.38 ± 98.59  398.89 ± 91.39  238.26 ± 47.91  259.72 ± 72.96  

β- Pinene 272.45 ± 91.65  307.43 ± 65.74  508.97 ± 203.65  537.91 ± 114.27  377.26 ± 88.29  315.64 ± 74.66  

β-Myrcene 27.49 ± 10.08  18.30 ± 4.82  20.01 ± 9.59  50.45 ± 10.05 a 25.21 ± 6.22 ab 13.81 ± 5.13 b 

β-Phellandrene 125.33 ± 51.14  95.24 ± 14.99  128.09 ± 46.50  175.01 ± 36.89 a 88.86 ± 18.52 ab 51.14 ± 16.17 b 

Camphene 41.63 ± 14.74 a 9.88 ± 4.87 ab 3.50 ± 2.27 b  28.60 ± 5.31  14.24 ± 3.93  28.30 ± 4.93  

Eucalyptol 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  1.75 ± 1.02  

γ-Terpinene 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  2.60 ± 1.34  1.47 ± 1.05  0.52 ± 0.52  

Limonene 46.54 ± 20.03  36.40 ± 8.52  16.14 ± 7.43  84.47 ± 33.56  29.19 ± 9.15  35.21 ± 12.93  

p-Cymene 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00 a 0.00 ± 0.00 a 2.76 ± 0.91 b  

Sabinen 6.00 ± 3.10  0.97 ± 0.97  3.22 ± 3.22 17.62 ± 6.20  7.93 ± 5.21  10.70 ± 3.54  

Terpinolen 15.64 ± 6.02  1.99 ± 1.99  11.98 ± 6.48  44.50 ± 14.72  20.96 ± 13.03  10.10 ± 6.46  

Total monoterpenes 974.15 ± 300.43  752.43 ± 143.18  1096.98 ± 368.87  1602.27 ± 246.93  948.9 ± 211.79  899.11 ± 202.38  

Se
sq

u
i

- 

Germacrene D 137.34 ± 44.67  45.28 ± 6.73  80.20 ± 46.15  131.60 ± 65.81  36.94 ± 22.67  13.05 ± 6.10  

alfa-Gurjunene 19.85 ± 14.87  7.27 ± 3.83  9.18 ± 4.40  14.81 ± 6.47  7.32 ± 3.21  3.83 ± 1.43  

alfa-Longipinene 7.68 ± 7.68  22.52 ± 7.78  19.48 ± 8.48  18.78 ± 7.40  14.09 ± 7.95  22.82 ± 6.75  

Total sesquiterpenes 164.86 ± 38.86  75.07 ± 10.08  108.85 ± 45.77  165.19 ± 65.11  58.35 ± 23.91  39.70 ± 7.27  

D
i-

 Thunbergene 153.59 ± 29.45  115.77 ± 21.54  208.10 ± 89.14  68.24 ± 27.94  70.20 ± 22.19  36.21 ± 8.78  

Verticiol 99.86 ± 19.22  77.86 ± 13.89  117.65 ± 71.87  38.64 ± 16.48  44.96 ± 15.70  8.04 ± 5.40  

Total diterpenes 253.45 ± 48.58  193.64 ± 35.33  325.75 ± 158.23  106.89 ± 44.19  115.16 ± 36.24  44.25 ± 12.34  

Total terpene 1392.46 ± 307.91  1021.13 ± 181.08 1531.58 ± 525.43  1874.35 ± 287.54 a 1122.42 ± 219.06 ab 983.06 ± 206.15 b 
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Appendix Table 2b. Mean concentrations (µg g-1 of dry weight ± SE) of terpenes quantified by GC-MS analysis of bark tissues of Norway spruce (Picea abies) 

trees sampled 24 hours and 9 weeks after wounding and inoculation with Grosmannia penicillata. 1-way ANOVA followed by a Tukey HSD post hoc test for 

pairwise comparisons between treatments showed no significant result (p > 0.05). 

Type Compound 24 hours after inoculation 9 weeks after inoculation 

  BABA Control MeJA BABA Control MeJA 

M
o

n
o

- 

3-Carene 131.42 ± 105.19  121.18 ± 51.39  126.60 ± 61.13  84.96 ± 62.23  654.14 ± 286.80  222.45 ± 84.86  

α-Pinene 352.30 ± 94.65  356.04 ± 70.41  400.79 ± 26.20  445.84 ± 91.08  540.33 ± 84.99  588.91 ± 91.98  

β- Pinene 516.63 ± 149.79 651.34 ± 224.42  477.46 ± 122.74 651.55 ± 47.36  887.60 ± 180.06  989.07 ± 193.53   

β-Myrcene 66.11 ± 19.06  54.70 ± 15.44  46.18 ± 5.98  76.30 ± 15.96  131.23 ± 35.71  87.94 ± 12.09  

β-Phellandrene 223.28 ± 78.44  189.21 ± 33.26  141.88 ± 37.10  310.08 ± 50.21  437.06 ± 94.57  303.82 ± 37.95  

Camphene 22.17 ± 8.07  25.09 ± 7.22  27.89 ± 2.51  22.93 ± 6.98  18.04 ± 3.38  29.29 ± 6.36  

Eucalyptol 0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  0.00 ± 0.00  1.30 ± 1.30  

γ-Terpinene 1.59 ± 1.59  0.99 ± 0.71  0.75 ± 0.75  0.94 ± 0.94  12.56 ± 5.84  3.55 ± 1.46   

Limonene 120.02 ± 73.99 58.03 ± 13.11  139.23 ± 44.87  59.18 ± 27.4  210.80 ± 69.50  95.17 ± 25.66  

p-Cymene 0.00 ± 0.00  0.00 ± 0.00  0.29 ± 0.29  0.00 ± 0.00  1.18 ± 0.85  0.82 ± 0.41  

Sabinen 11.85 ± 7.14  7.94 ± 4.99  11.14 ± 4.03  9.22 ± 3.78  62.31 ± 27.83  22.79 ± 7.81  

Terpinolen 23.22 ± 13.00 20.22 ± 8.58  21.17 ± 10.96  20.58 ± 7.39  138.11 ± 57.00   41.22 ± 12.73  

Total monoterpene 1468.59 ± 394.91  1484.76 ± 400.08  1393.39 ± 127.49  1681.58 ± 221.12  3093.35 ± 797.77  2386.33 ± 316.99  

Se
sq

u
i-

 Germacrene D 94.43 ± 47.47  143.98 ± 78.03  80.30 ± 26.79  371.42 ± 252.44  372.67 ± 134.67  341.77 ± 146.9  

α-Gurjunene 21.04 ± 5.35  19.54 ± 6.81  22.76 ± 5.44  15.85 ± 6.35  26.78 ± 7.77  15.62 ± 6.62  

α-Longipinene 25.36 ± 9.19  21.00 ± 5.96  27.92 ± 6.57  21.48 ± 9.43  44.18 ± 23.64  31.61 ± 9.85  

Total sesquiterpene 140.83 ± 36.55  184.52 ± 79.22  130.98 ± 32.01  408.76 ± 251.97  443.63 ± 145.71  389.01 ± 147.80 

D
i-

 Thunbergene 129.19 ± 17.68  115.54 ± 26.43  108.02 ± 24.46  111.90 ± 40.71  101.37 ± 34.15  60.12 ± 22.12  

Verticiol 64.58 ± 10.31  41.74 ± 19.17  51.07 ± 13.98  55.62 ± 20.45  51.31 ± 19.43  0.00 ± 0.00  

Total diterpene 193.78 ± 27.64  157.28 ± 36.96  159.09 ± 37.91  167.52 ± 60.70  152.67 ± 53.34  60.12 ± 22.12  

Total terpene 1803.19 ± 348.49 1826.56 ± 406.86 1683.46 ± 117.06  2257.85 ± 408.10 3689.65 ± 856.94  2835.45 ± 420.80  

 

 



  


