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ABSTRACT 

Norway spruce (Picea abies Karst) and Scots pine (Pinus sylvestris L.) are ecologically 
and economically important conifer species. The root and stem rot pathogens 
Heterobasidion annosum s.l. lead to severe diseases throughout European forests, 
resulting in an annual loss of approximately 50 million euros in Finland. In addition to 
chemical and biocontrol approaches, the application of resistant genotypes generated 
through breeding will play a potential role in controlling and managing the diseases. 
However, our understanding of the genetic factors that contribute to conifer resistance 
against Heterobasidion spp. is quite limited.  

The aim of this study was to identify molecular and chemical markers that correlate 
with phenotypic variation in disease resistance. Initially inducible defense mechanisms 
underlying resistance were evaluated through inoculating Norway spruce plants at 
three developmental stages (seedlings, young trees and mature trees) with H. 
parviporum. For constitutive resistance study, short-term resistance screening was 
conducted using needles of Norway spruce and Scots pine sampled prior to 
Heterobasidion spp. infection. Based on sapwood lesion area, resistant and 
susceptible genotypes were identified. The results revealed that conifer trees could 
initiate multiple defense responses against pathogen attacks, including necrosis and 
lesion formation together with increased cell death, increase of pH and peroxidase 
activity, and the induction of defense-related genes. Furthermore, certain monoterpene 
and sesquiterpene compounds affected inherent resistance. Monoterpenes such as 
bornyl acetate, camphene and β-pinene, and several sesquiterpenes were highly 
concentrated in resistant Norway spruce trees. Scots pine trees with enhanced 
resistance showed higher contents of 3-carene, whereas susceptible trees had higher 
α-pinene concentrations. RNA sequencing analysis showed that the expression of 
genes involved in lignin and flavonoid biosynthesis might influence resistance to H. 
parviporum in Norway spruce. Transcripts relevant to the abiotic and biotic stress 
interactions exhibited the possibility to increase susceptibility to H. annosum in Scots 
pine. The results revealed that even if Norway spruce and Scots pine share some 
common pathways in defense against necrotrophic Heterobasidion spp. infection, 
subtle inherent differences exist in their chemical and transcriptome response profiles. 
The results provide additional insights to serve as the foundation for future studies on 
the resistance of conifer trees to root rot pathogens. 

  



1 INTRODUCTION 

1.1 Root rot diseases of conifer trees  

In the Northern Hemisphere, root and stem rot is among the most destructive diseases 
of conifer trees, and is primarily caused by species in the genus Heterobasidion 
(Asiegbu et al. 2005). The Heterobasidion annosum species complex comprises three 
Eurasian species and two North American species. These species differ in their host 
specificity. In Europe, there are three native species Heterobasidion annosum sensu 
stricto (s.s.), Heterobasidion abietinum Niemelä & Korhonen and Heterobasidion 
parviporum Niemelä & Korhonen, and their most preferred hosts are Scots pine (Pinus 
sylvestris L.), silver fir (Abies alba Mill.) and Norway spruce (Picea abies Karst), 
respectively (Garbelotto and Gonthier 2013). Compared with the other two species, H. 
annosum is able to attack a wide range of hosts, such as Norway spruce, common 
juniper and numerous deciduous tree species (Korhonen et al. 1998).   

In Finland, both Scots pine and Norway spruce are native dominating tree species of 
ecological and economic importance that have commonly been used in the wood 
product industry. However, Heterobasidion spp. infection threatens the health of 
coniferous forests, especially in southern Finland. The pathogens decrease wood 
growth and quality, and subsequently increase the susceptibility of the trees to wind 
damage (Honkaniemi et al. 2017; Müller et al. 2018).  

Under field conditions, infection by Heterobasidion spp. is mediated by two steps (Keriö 
2015). Primary infection is initiated when homokaryotic basidiospores land on freshly 
cut stump surfaces and wounds of trees. Heterokaryotic mycelium is formed after the 
germination and mating of basidiospores. Secondary infection starts with the 
vegetative growth of the mycelium, which spread to neighboring healthy trees via root 
to root contact (Redfern and Stenlid 1998; Stenlid and Redfern 1998). Even though the 
heterokaryotic isolates of H. annosum and H. parviporum are considered to be more 
virulent than homokaryons (Korhonen and Piri 1994; Korhonen and Stenlid 1998), 
numerous studies have noted the efficient colonizing capacity of homokaryotic isolates 
(Dalman et al. 2013; Keriö et al. 2015; Vainio et al. 2015).  

At present, silvicultural, chemical and biological approaches have been applied to 
manage root rot diseases (Garbelotto and Gonthier 2013). These strategies have 
achieved good efficacy, but limitations still exist. Stump removal is an expensive and 
laborious method. A good coverage of over 90% is essential for stump treatment using 



urea or the Rotstop agent, which contains the antagonistic fungal species Phlebiopsis 
gigantea (Fr.) Julich (Kärhä et al. 2018). There is presently no permission for the 
application of products based on P. gigantea in countries in southern Europe 
(Pellicciaro et al. 2021). Since Heterobasidion spp. is difficult to eradicate once the 
fungus has become established in a forest, preventing the initial infection is critical 
(Müller et al. 2018). Therefore, developing resistant genotypes through breeding 
programs can be a promising approach to effectively control and prevent the spread of 
the pathogens.  

1.2 Defense mechanisms against pathogens  

1.2.1 Constitutive and inducible defenses 

The defense mechanisms in plants comprise both constitutive and inducible strategies. 
The concerted regulation of constitutive and inducible defenses is required to 
accomplish effective control of diseases. Constitutive defenses with mechanical and 
chemical barriers are often the first stage at which plants defend themselves from 
pathogen invasion. In conifer trees, needles have a cover of waxy cuticle, which 
prevents moisture loss and repels infection (Kovalchuk et al. 2013). The bark protects 
the woody tissues, including stem, roots and branches. Outer bark has lignified and 
suberized cells, making penetration difficult, and consequently protects functional and 
living tissues in cambium, phloem and sapwood (Franceschi et al. 2005). Besides, 
constitutive chemicals in the bark such as phenolics, terpenoids and alkaloids, which 
are released upon colonization, inhibit pathogen attacks (Franceschi et al. 2005).  

A series of defense reactions is triggered after pathogen recognition, including the 
biosynthesis of antimicrobial or toxic compounds, the formation of traumatic resin ducts 
and programmed cell death (PCD) (Keriö 2015). Factors, e.g., biotic and abiotic 
stressors, hypersensitive response (HR) and systemic acquired resistance initiate the 
accumulation of pathogenesis-related (PR) proteins, which have been recently 
classified into 17 families (Veluthakkal and Dasgupta 2010). Many of them, such as β-
1,3-glucanases, chitinases, thaumatin-like proteins, peroxidases, defensins, PR-10 
proteins and antimicrobial peptides, play diverse antimicrobial roles in conifer defense 
(Kolosova and Bohlmann 2012). PCD, as a kind of genetic regulation, is important for 
plants to maintain normal development e.g., leaf senescence and biotic and abiotic 
responses (Pennell and Lamb 1997). Vacuolar cell death and necrosis are two types 
of PCD from the physiological perspective. Necrosis has molecular features associated 
with reduction in respiratory ATP level and mitochondrial membrane permeabilization, 



together with the accumulation of reactive oxygen species (ROS) and reactive nitrogen 
species (Van Doorn et al. 2011). HR is a type of PCD involving rapid cell death around 
the site of infection, and is specifically effective against biotrophs and relevant to the 
disease resistance of plants (Camagna and Takemoto 2018).

In the H. parviporum and Norway spruce pathosystem, a special defense response 
occurs at the borderline of healthy and decayed wood, known as the reaction zone
(colored blue circle, Figure 1) (Shain 1971). It is characterized by a rise in pH up to 7.0, 
which may be attributed to the accumulation of carbonate and phenolic compounds
(Johansson and Theander 1974). The neutral to alkaline environment is expected to 
suppress fungal invasion. However, pathogens are able to penetrate beyond the 
reaction zone and move to other sound wood (Schwarze and Baum 2000). Thus, the 
reaction zone mainly assists in slowing down the spread of pathogens, but rarely stops
the invasion.

Figure 1. A Norway spruce stem with heartwood decay caused by Heterobasidion spp. 
(A) unstained stem section. (B) Stem section stained by 2,6-dichlorophenol indophenol,
the reaction zone appearing as a blue ring around decayed heartwood.

1.2.2 Signaling networks

Defense signaling in plants depends on the activation and interaction of multiple small 
molecules, including phytohormones abscisic acid (ABA), salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET), nitric oxide (NO), calcium ion (Ca2+), ROS, and proteins 
including kinases and transcription factors (TFs) (Overmyer et al. 2018). Some
signaling molecules participate in the regulation of abiotic and biotic stress resistance 
(Figure 2) (Fujita et al. 2006).

Synergistic and antagonistic interactions exist among the signaling molecules to 
achieve optimal defense. Salicylic acid (SA), JA, and ET are regulators in biotic stress 
signaling. In contrast, ABA plays a major role in response to abiotic stresses (Fujita et 
al. 2006). Abscisic acid (ABA) has positive and negative impacts on disease resistance 

A B



in plants (Fujita et al. 2006). Abscisic acid (ABA) adversely influences plant defense by 
suppressing SA and JA/ET signaling pathways (Atkinson and Urwin 2012). SA 
signaling is associated with the defense response to biotrophic and hemibiotrophic 
pathogens, whereas JA with ET mediate the response to necrotrophs and herbivores 
(Bürger and Chory 2019). 

 

Figure 2. Abiotic and biotic stress signaling networks (Fujita et al. 2006). 

Signaling mediated by ROS, including superoxide, hydrogen peroxide, hydrogen 
radicals and singlet oxygen, mostly functions together with other signaling pathways, 
particularly for ABA, SA, JA, and ET signaling (Overmyer et al. 2018). Reactive oxygen 
species (ROS) and Ca2+ take part in the defense response to abiotic and biotic stresses 
at an early stage. They are interconnected, as calcium-dependent protein kinases and 
calmodulins regulate the production of ROS by NADPH-oxidases and, in turn, ROS 
mediate Ca2+ permeable channels to influence Ca2+ signaling (Kissoudis et al. 2014). 
In rice, enhanced resistance to salt stress and increased susceptibility to blast 
diseases have been noted with an increase in ABA sensitivity and decline in ROS levels, 
which is modulated by the calcium-dependent protein kinase OsCPK12 (Asano et al. 
2012). 

Pattern-recognition receptors as transmembrane proteins consist of receptor-like 
kinases (RLKs) and receptor-like proteins (RLPs), which form the first line of defense 
in the immune response. RLKs have multiple functions in the growth and development 
of plants, such as perceiving hormones, activating innate immune responses to 
pathogens, and adapting to abiotic stressors, and may have positive and negative 



effects on abiotic and biotic stress responses (Nejat and Mantri 2017). RLKs including 
lectin, lysine motifs, self-compatibility domain (S-domain), wall associated kinase 
(WAK) and leucine-rich repeats (LRRs) have a total of 44 subfamilies, and LRRs are 
the largest and most studied group, which facilitates the recognition of pathogens and 
initiation of downstream defense reactions (Frescatada-Rosa et al. 2015; Trdá et al. 
2015). 

Transcription factors comprising members from APETALA2/ethylene-responsive 
element binding factors (AP2/ERF), basic-helix-loophelix (bHLH), basic domain 
leucine zipper (bZIP), MYB, NAC, and WRKY families, play a crucial role in the 
transcriptional regulatory, modulation of plant development and host responses to 
abiotic and biotic stresses (Nejat and Mantri 2017; Tsuda and Somssich 2015). Many 
studies have shed light on TFs in conifer trees. Transcription factors (e.g., WRKY) are 
linked to resistance against white pine blister rust (Liu and Ekramoddoullah 2009). 
Other transcription factors (e.g., R2R3-MYB) are involved in lignin, flavonoid, and 
isoprenoid metabolisms (Bedon et al. 2010; Bedon et al. 2007). Flavonoid biosynthesis 
can be regulated by the TF complex MYB-bHLH-WDR in Norway spruce (Nemesio-
Gorriz et al. 2017). 

1.2.3 Chemical defenses 

Phenolics and oleoresin terpenoids are major groups of secondary metabolites 
involved in conifer defense and resistance to pathogens (Bullington et al. 2018; 
Donoso et al. 2015; Kovalchuk et al. 2019; Mukrimin et al. 2019). The bark of conifer 
trees contains a large amount of phenolic compounds such as stilbenes, lignans, 
proanthocyanidins, tannins and flavonoids (Franceschi et al. 2005). Phenolic 
biosynthesis is linked to phloem polyphenolic parenchyma cells, and the number of 
these cells plays a role in resistance to blue-stain fungi in Norway spruce (Franceschi 
et al. 1998). As reviewed by Kolosova and Bohlmann (2012), stilbenes, flavonoids and 
lignin are prominent defense chemicals. For instance, they have a potential role in the 
formation of sclereid cells, enabling defense by mechanical strength. The production 
of phenolics, especially for stilbenes, flavonoids and lignin, is induced by wounding or 
fungal attacks in a wide range of conifer species. Conifer trees release terpenoid resin 
to hamper pathogen and insect invasion and seal wounds once the bark loses integrity 
(Kolosova and Bohlmann 2012). Multiple factors can induce the production of oleoresin 
terpenoids, including wounding, insect attacks, pathogen infection and treatment by 
methyl jasmonate (Keeling and Bohlmann 2006). Constitutive terpenoid resin contains 
abundant monoterpenes and diterpenes, but less sesquiterpene, whereas induced 



resin may be of a different composition (Martin et al. 2002). Conifer trees face higher 
costs to accumulate terpenoids compared with most primary and secondary 
metabolites, owing to the extensive chemical reduction and specific enzymes in 
terpenoid biosynthesis (Gershenzon 1994). However, oleoresin terpenoid contents in 
some pine species may be higher than any other defense chemicals in any other plant 
species (Kolosova and Bohlmann 2012). 

1.3 Genetic resistance breeding of forest trees  

Coupled with other approaches, development of resistance breeding strategies will 
further aid in effective and durable control of diseases and insect pests in forest trees. 
Sniezko et al. (2014) have summarized six basic steps in genetic resistance breeding 
work (Figure 3), in which advanced analytical methods make a pronounced 
contribution (Naidoo et al. 2019). It is crucial to identify genetic factors that contribute 
to tree resistance and to understand their mode of action. Qualitative and quantitative 
resistance constitute genetic disease resistance in plants. Qualitative resistance 
controlled by major genes offers complete (near-complete) resistance, whereas 
multiple genes with minor effects in quantitative resistance confer incomplete (partial) 
resistance (Nelson et al. 2018). Qualitative resistance is easily screened and identified, 
but may lose effectiveness through rapid evolution of the pathogens (Kinloch Jr et al. 
2003; McDonald and Linde 2002). Quantitative resistance is durable, but difficult to 
screen if qualitative resistance also exists in the same pathosystem (Sniezko and Koch 
2017). Resistance (R) genes underlying qualitative resistance are typically involved in 
pathogen recognition, whereas R-genes in quantitative resistance encode proteins in 
the recognition and other pathways such as signaling, transcription, and lignin 
synthesis (Nelson et al. 2018). Effector-triggered immunity (ETI) and pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI) are two major immune 
systems in plants. In ETI, plant R-proteins recognize their corresponding effector 
proteins in pathogens, which is relevant to qualitative resistance (Thomma et al. 2011). 
PTI is linked to non-host resistance and quantitative resistance, where plants rely on 
pattern recognition receptors to recognize PAMPs on the cell surface (French et al. 
2016; Monaghan and Zipfel 2012; Schulze-Lefert and Panstruga 2011). Although 
resistance breeding needs a relatively long period and sustained support from many 
aspects, some successes have been achieved in conifer trees such as systems of 
Sitka spruce and white pine weevil, and Western white pine and white pine blister rust 
(Woodcock et al. 2019).



 

Figure 3. Basic steps in resistance breeding programs in forest trees and omics 
approaches to speed up the processes (Naidoo et al. 2019; Sniezko et al. 2014). 

  



2 AIMS AND HYPOTHESES 

The main aim of this study was to identify transcriptional and chemical markers that 
correlate with phenotypic variation in the disease resistance of Norway spruce and 
Scots pine against Heterobasidion spp. The core aims were as follows: 

1. In study I, the objective was to shed light on inducible defense responses at 
different developmental stages (seedlings, young trees and mature trees) of 
Norway spruce infected by H. parviporum, in order to understand constitutive 
resistance to root rot diseases. 

2. In study II and III, the objective was to use Norway spruce cuttings and Scots pine 
seedlings to perform resistance screening, which focused primarily on the 
phenotypic differences with respect to resistance to Heterobasidion spp. by a 
variety of clones or families, and variation between resistant and susceptible 
genotypes at the chemical and gene expression levels. Interactions between 
growth and defense were further investigated.  

Hypotheses: 

1. Norway spruce plants at different developmental stages share similar physiological 
and molecular characteristics in their necrosis response (I). 

2. Chemical and transcriptome profiles of resistant and susceptible genotypes of 
conifer trees correlate with phenotypic variation in the disease resistance (II, III). 

  



3 MATERIALS AND METHODS 

Materials and methods used in the thesis are summarized in Table 1. Details are 
described in original publications I to III.  

Table 1. Materials and methods used in this thesis. 

Materials Publications 
Norway spruce (Picea abies Karst) trees I 
Norway spruce (Picea abies Karst) seeds I 
Norway spruce (Picea abies Karst) cuttings I, II 
Scots pine (Pinus sylvestris L.) seedlings III 
H. parviporum isolate 96160, homokaryon I 
H. parviporum isolate 96026, homokaryon 
H. annosum isolate 03007, homokaryon 

II 
III 

Methods  
Inoculations I, II, III 
Sampling post-inoculation I 
Sampling prior to inoculation II, III 
Scoring of necrotic browning I 
Lesion area and lesion size measurements I, II, III 
Cell death measurement I 
Reaction zone detection I 
pH measurement I 
Peroxidase activity measurement I 
RNA extraction I, II, III 
cDNA synthesis and real time quantitative RT-PCR I 
Growth traits e.g., height and diameter measurement II, III 
Heritability estimation 
Genetic and phenotypic correlation analysis 

II, III 
II, III 

Terpene detection II, III 
RNA sequencing (RNA-seq) I, II, III 
Mapping of RNA-seq reads to Picea abies genome 
Trinity de novo assembly and mapping of RNA-seq reads 
Handling of mapped data 
Differential gene expression analysis 
Gene ontology (GO) enrichment analysis 
KEGG pathway analysis 
Gene co-expression network analysis 

I, II 
III 
I, II, III 
II, III 
II, III 
II 
III 

 



4 RESULTS AND DISCUSSION 

4.1 Necrosis caused by fungal infection (I, II, III) 

H. parviporum infection had pronounced effects on Norway spruce at three 
developmental stages. Necrosis was observed in seedling roots, and necrotic lesions 
in the sapwood and bark of the stem of young trees and mature trees. Infected seedling 
roots had moderate to strong necrotic browning compared to no or slight brownish 
discoloration in the mock control (Figure 4). Few symptoms were observed in young 
trees of Norway spruce that were sampled ten days post inoculation. Therefore, we 
extended the inoculation period to 45 and 120 days in further studies (II, III) to find 
obvious lesions. In mature trees, resins accumulated around the inoculation sites. 
Infected trees showed lesion size of around 8 and 42 mm in the horizontal and vertical 
direction, respectively, which were significantly larger than those of wounded samples, 
regardless of the tissues involved (I, Table S3).  

None Slight Moderate Strong

    

Figure 4. Necrotic browning in seedling roots.  

4.2 Inducible defense responses (I) 

Norway spruce plants at three different developmental stages shared similar 
physiological and molecular features among defense reactions triggered by H. 
parviporum, which include necrosis formation, increased pH, activation of peroxidases, 
and induction of defense genes involved in the cell death regulation, signaling, and 
phenylpropanoid pathway (Table 2). These findings were in agreement with previous 
studies (Asiegbu et al. 1994; Johansson and Theander 1974; Johansson et al. 2004; 
Nagy et al. 2012; Oliva et al. 2015; Pepori et al. 2019). Factors including pH, 
peroxidase activity, and gene expression interacted with each other. Elevated pH within 
the reaction zone had a negative impact on fungal growth, and simultaneously 



suppressed peroxidase activity (Johansson and Theander 1974). Massive cell death 
together with an induced expression of gene encoding class IV chitinase as a potential 
cell death regulator were found to relate to necrosis (or necrotic lesion) formation 
(Wiweger et al. 2003). To summarize, H. parviporum infection can initiate defense 
responses in various plant materials of Norway spruce. Wounding alone can also 
induce defense responses. Thus, considering the ease of operation, formation of 
woody tissues, and influence of destructive wounds, young seedlings in the 
greenhouse were used and needle tissues were sampled prior to inoculation in the 
further resistance screening work. 

Table 2. Necrosis response in Norway spruce at three developmental stages against 
H. parviporum compared with wounded and control samples. The full abbreviations of 
the genes are in the ABBREVIATION list. 

 Seedlings Young trees Mature trees 
Elevated pH Yes Yes Yes 
Elevated pH > 6.0 Infected roots 

 
Infected sapwood 

Activated peroxidases Yes Yes Yes 
Induced defense genes# CHIIV, JAZ1, 

ERF1, PAL1, 
ANR2, pDIR2/32, 
PER1, PER2, 
LAC 

CHIIV, LOX, 
ERF1, pDIR2/32, 
PER1            

CHIIV, ANR2, 
pDIR2/32, PER2, 
LAC 

Increased cell death Yes Not detected Not detected 

4.3 Constitutive resistance factors (II, III) 

4.3.1 Resistant and susceptible plants 

Lesion size has been used as a proxy to evaluate the resistance of conifer trees to 
pathogens (Donoso et al. 2015; Keriö et al. 2015; Mukrimin et al. 2019; Mukrimin et al. 
2018). In Norway spruce, H. parviporum attacks led to significantly larger lesions in the 
sapwood compared with the wounded control (Figure 5A). Variation in lesion area 
existed among clones (Figure 5B-C). Similar results were found in Scots pine seedlings 
after infection by H. annosum (III, Figure 1). Relatively high heritability estimates, 
ranging from 0.38 to 0.77 based on clone-mean or family-mean lesion area or size, 
suggested that the genetic component had a pronounced effect on the variation in 
lesion traits. According to the means of lesion area, we selected resistant and 
susceptible plants. Norway spruce clones with smaller lesions 1111, 1316, 1528, 1614, 
1625, 291, 3037, and 325 were classified as resistant, and clones with larger lesions 



1611, 1623, 1633, 1732, 282, 3012, and 3313 as susceptible. Scots pine seedlings 
consisting of full-sib (FS), half-sib (HS) and half-sib population mix (HSpm) families 
were screened. Among them, families 3, 59, 83, 86, 111, 134, 157, 184, 275, 296, 300, 
and 302 displayed enhanced resistance, and families 5, 10, 13, 33, 139, 165, 168, 202, 
303, 307, 308, and 311 were considered susceptible. Lesion areas of resistant and 
susceptible Norway spruce plants were around 10 and 40 mm2, respectively (II, Table 
1). Susceptible Scots pine seedlings showed lesion areas of 6.61 to 10.76 mm2, and 
2.28 to 4.35 mm2 in plants with increased resistance (III, Table 1).  

 

Figure 5. (A) Means of sapwood lesion area of Norway spruce in wounded and 
infected treatments (P < 0.001, two-tailed unpaired t test). Error bars represent the 
standard error of the mean. (B) Boxplots of sapwood lesion area in 70 clones 
inoculated with H. parviporum. (C) Lesions observed in the sapwood of stem of one 
resistant clone, 3037, and one susceptible clone, 3012, of Norway spruce plants. Black 
lines are the scale bar of 10 mm. 

4.3.2 Terpene profiling 

A total of 22 monoterpenes and 13 sesquiterpenes were detected in needles of Norway 
spruce sampled prior to inoculation, and 17 monoterpenes and 12 sesquiterpenes in 
needles of Scots pine. Monoterpenes were present in greater amounts than 
sesquiterpenes and diterpenes in the stem and needles of Norway spruce seedlings 
(Kivimäenpää et al. 2021). We found that monoterpenes were the most abundant 



terpene compounds for both conifer species. Scots pine needles had higher 
concentrations of monoterpenes at above 350 μg/mg fresh weight, with around 90 
μg/mg in Norway spruce (Figure 6). The concentration of major terpene compounds 
varies between conifer species (Kopaczyk et al. 2020). The authors have found major 
terpene compounds including 3-carene, sabinene, β-myrcene, β-phellandrene and γ-
terpinene in Scots pine, and α-pinene, β-pinene, camphene myrcene, limonene and 
bornyl acetate in Norway spruce. In this study, the most highly concentrated 
monoterpenes in Scots pine were α-pinene and 3-carene, similar to the results 
observed by Mukrimin et al. (2019), and in Norway spruce, they were bornyl acetate, 
camphene, and α-pinene (Figure 6A).  

With regard to terpene contents in resistant and susceptible plants, five monoterpenes 
and nine sesquiterpenes showed higher concentrations in resistant Norway spruce 
trees (II, Table 4). Seven monoterpenes in Scots pine displayed significant differences 
between the two groups, where 3-carene was inherently highly concentrated in 
resistant plants and α-pinene in susceptible plants (III, Table 3). Recent studies have 
facilitated our understanding of the relationship between terpene contents and disease 
resistance. Conifer trees with larger amounts of terpenes have been reported to be 
resistant to fungal pathogens (Bullington et al. 2018; Kovalchuk et al. 2019), whereas 
resistance to pine wood nematode could have a negative impact on the biosynthesis 
of terpenes (Liu et al. 2017). Thus, resistance to root rot diseases might be influenced 
by the concentrations of certain monoterpene and sesquiterpene compounds in 
Norway spruce. Notably, Scots pine trees from northern Finland have been reported 
with higher α-pinene but lower 3-carene contents than those from the south (Manninen 
et al. 2002; Muona et al. 1986). Combined with our findings that Scots pine seedlings 
from the south region had smaller lesion area and higher concentrations of 3-carene 
but lower concentrations of tricyclene and α-pinene than those from the north region 
(Figure 6B-C), we propose that 3-carene may play a pronounced role in resistance in 
Scots pine. Variation in terpene content and proportion may depend on the species of 
conifer trees (Achotegui-Castells et al. 2013; Kopaczyk et al. 2020), and their 
geographical origin. 



 

Figure 6. (A) Constitutive concentrations of several individual monoterpenes, total 
monoterpenes and total sesquiterpenes in needles of resistant and susceptible plants 
of Norway spruce (II) and Scots pine (III). (B) Means of lesion area of infected Scots 
pine seedlings from the south (SF) (HSpm family 293-302, n = 7), central (CF) (HSpm 
family 283-292, n = 9) and north (NF) (HSpm family 303-312, n = 10) of Finland. (C) 
Constitutive concentrations of terpenes in needles with significant differences between 
Scots pine seedlings from the south (HSpm family 275, 296, 300 and 302) and north 
(HSpm family 303, 307, 308 and 311) regions. Error bars represented the standard 
error of the mean. Statistical significances in Figure 6B were marked with distinct letters 
above the error bars using one-way ANOVA followed by Turkey’s multiple comparisons 
at 0.05 confidence level. Statistical analysis in Figure 6A and C was assessed with 
two-tailed unpaired t-test (* P < 0.05, ** P < 0.01). 

4.3.3 Transcriptome profiling 

Total RNA from four resistant clones (1316, 1528, 291, and 3037) and four susceptible 
clones (1611, 1623, 3012, and 3313) of Norway spruce (five ramets merged to one 
sample), and 12 resistant and 12 susceptible families (as mentioned above) of Scots 
pine (three ramets merged to one sample) were sequenced. The Norway spruce 
yielded 58 to 99 million and the Scots Pine 37 to 54 million paired end reads. Unique 
mapping rates against the Norway spruce genome were from 66% to 80%. Trinity de 
novo assembly was conducted for Scots pine reads, and the alignment rates ranged 



from 91% to 99%. Transcriptome analysis with respect to resistance in Norway spruce 
and Scots pine resulted in subsets of differentially expressed genes or transcripts 
(DEGs or DETs, Table 3). 

Table 3. Number of differentially expressed genes (DEGs) in Norway spruce (II) and 
differentially expressed transcripts (DETs) and annotated DETs (in parentheses) in 
Scots pine (III). HS, half-sib, FS, full-sib, HSpm, half-sib population mix. 

 
Number of DEGs or DETs  
Resistant Susceptible 

Norway spruce  166 93 
Scots pine  

  

FS 120 (55) 120 (59) 
HS 187 (106) 475 (264) 
HSpm 159 (58) 161 (69) 

Functional study of DEGs and DETs was performed based on GO enrichment and 
KEGG pathway analysis. Resistant Norway spruce plants had numerous genes 
associated with response to stimulus (II, Figure 3). Secondary metabolite biosynthesis 
was active in both groups, including phenylpropanoids, flavonoids, diterpenes, 
glutathione and suberin. GO terms such as responses to other organisms, flavonol 
biosynthetic processes, and linoleate 9S-lipoxygenase activity were enriched in 
resistant trees of Scots pine, whereas transcripts associated with calcium-dependent 
protein serine/threonine kinase activity, hormone activity, response to hydrogen 
peroxide, cellular response to heat and suberin, and wax biosynthetic processes were 
related to susceptibility (III, Figure 4).  

We annotated individual genes and transcripts in the DEG and DET list. The up-
regulation of diterpene and flavonoid biosynthetic genes and the suppression of lignin 
biosynthetic genes correlated positively with resistance to H. parviporum in Norway 
spruce (Figure 7). The results agreed with a previous study conducted under field 
conditions by Kovalchuk et al. (2019), further shedding light on resistance to root rot 
pathogens using naturally infected Norway spruce trees (II, Figure 7). Other studies 
have pointed out the importance of the flavonoid pathway in the defense response and 
constitutive resistance of Norway spruce to fungal pathogens (Brignolas et al. 1995; 
Danielsson et al. 2011; Nemesio-Gorriz et al. 2016). Mutants of Arabidopsis with 
increased disease resistance showed an impaired lignin biosynthetic process 
(Gallego-Giraldo et al. 2011; Ramírez et al. 2011). Besides, resistant trees had a larger 
number of up-regulated genes encoding plant hormones, receptor-like kinases and 
transcription factors that are critical in the signal transduction. 



 

Figure 7. Scheme of lignin and flavonoid biosynthesis pathways and the heatmap of 
differentially expressed genes (Gene ID [abbreviation of enzyme name, LogFC]) 
encoding corresponding enzymes, highly expressed in needles of resistant (red filled) 
or susceptible (blue filled) Norway spruce (II) sampled prior to fungal inoculation. The 
full abbreviations of the enzymes are in the ABBREVIATION list.  



Both resistant and susceptible Scots pine trees had transcripts that were highly 
expressed in response to defense, such as glutathione S-transferases, disease 
resistance proteins, PR proteins and terpene synthases. Seedlings with high 
susceptibility showed a predominantly larger number of DETs involved in response to 
abiotic stress (Figure 8). Similar results were also detected in Norway spruce.
Ramegowda et al. (2020) described the term cross-tolerance so that defense 
responses induced by one type of stress may increase tolerance to other types of 
stresses. Nevertheless, abiotic stressors such as heat and drought lead to increased 
susceptibility to pathogens (Nejat and Mantri 2017). In this work, transcripts with similar 
functions across susceptible trees from FS, HS and HSpm were analyzed. The 
expression of DETs associated with calcium-dependent signaling, MYB transcription 
factors and heat shock proteins (HSPs) had probable influence on the susceptibility of 
Scots pine to H. annosum (III, Figure 5). Other studies have recorded negative effects 
of calcium-signaling and MYB members on disease resistance (Asano et al. 2012; 
Wang et al. 2020). HSPs have three main functions related to (1) protein folding, 
assembly, translocation and degradation; (2) the stabilization of proteins and 
membranes; (3) protein refolding in response to stresses, e.g., heat, cold and drought 
(Vásquez-Robinet et al. 2010; Wang et al. 2004; Xiang et al. 2018). Concerning their 
roles in the abiotic and biotic stress crosstalk, HSPs can activate and stabilize signal 
proteins to regulate signal transduction. 

 



 

Figure 8. Heatmap of differentially expressed genes (transcripts) involved in abiotic 
stress responses in needles of Norway spruce (II) and Scots pine (III) sampled prior to 
fungal inoculation. 

Notably, a large proportion of HSPs were not only detected among DETs, but also 
through weighted gene co-expression network analysis (WGCNA). At present, 
WGCNA has generally been applied in studies with respect to the development of 
abiotic and biotic defense responses in plants (Chen et al. 2020; Esposito et al. 2021; 
Yan and Bai 2021; Yu et al. 2018), but rarely in conifer trees with genetic variation in 
resistance to root rot pathogens. WGCNA can be used to identify modules or clusters 
of highly correlated genes, to explore the relationship between the modules and 
phenotypic traits, and to find hub genes with high intramodular connectivity, which tend 
to be strongly correlated with the traits in question (Langfelder and Horvath 2008). We 
performed hierarchical clustering using 16 samples from HS and HSpm families to 



identify gene modules and hub genes representing specific expression patterns 
(Figure 9A and B). Among 49 identified modules, the pale-turquoise and dark grey were 
the key modules due to the highest positive and negative correlations with lesion area 
at 0.63 (P = 0.009) and -0.53 (P = 0.03), respectively (Figure 9B). A positive or negative 
relationship with lesion area indicated the impacts on susceptibility or resistance to the 
disease. The pale-turquoise module had 196 transcripts, in which 72 transcripts were 
hub genes (eigengene-based connectivity >= 0.8, geneTraitSignificance >= 0.2, Figure 
9C). About 35% of annotated hub genes (20) were associated with HSPs, indicating 
that HSPs were significantly positively correlated with lesion area, and thus may have 
negative impacts on resistance. The dark grey module had 257 transcripts and 64 of 
them were hub genes (eigengene-based connectivity >= 0.7, geneTraitSignificance >= 
0.2, Figure 9C). Among the 36 annotated transcripts, there were 15 transcripts playing 
roles in the defense response and signaling transduction (Table 4). WGCNA results 
further emphasized the dominant role of HSPs in increased susceptibility of Scots pine 
to H. annosum. 

4.4 Trade-offs between growth and defense (II, III) 

Disease resistance may be adversely correlated with growth rate or volume increment 
in trees, hence growth trade-offs regarding tree breeding programs has been raised by 
Loehle and Namkoong (1987). In this study, a trade-off hypothesis was that faster 
growing plants are susceptible to fungal infection, and show larger lesions. We found 
a negative relationship between lesion and growth traits in Norway spruce (II, Table 3), 
but positive correlations between lesion area and plant height in Scots pine (III, Figure 
2). Other studies have also reported different findings in these two species (Chen et al. 
2018; Karlsson et al. 2008; Mukrimin et al. 2019; Mukrimin et al. 2018; Swedjemark 
and Karlsson 2004). Trade-offs between growth and defense in plants are mainly 
accounted for by competition for limited resources, which can be modulated by signal 
transduction networks, and other factors can also influence nutrient allocation, such as 
plant age, environmental conditions, and R gene expression (Karasov et al. 2017; Züst 
and Agrawal 2017).  

 



 



Figure 9. Weighted gene co-expression network analysis (WGCNA) of half-sib plants. 
(A) Clustering dendrogram of HS and HSpm plants based on their Euclidean distance 
and the heatmap of the lesion area trait. (B) Visualization of the eigengene network 
representing relationships between modules and lesion area. Panel (above) displays 
a hierarchical clustering dendrogram of the eigengenes. Panel (below) shows a 
heatmap of the eigengene adjacency. (C) Scatterplot gene significance for lesion area 
vs. module membership in the pale-turquoise and dark grey module.  

 

Table 4. Functional annotation of hub genes in the dark grey module. 

Transcript ID Protein name Gene ontology                 
(biological process) 

TRINITY_DN8766_c0_g1 
TRINITY_DN6451_c1_g1 

Protein TWIN LOV 1 
Putative disease resistance 
protein 

response to stimulus  
defense response 

TRINITY_DN1032_c1_g1 
TRINITY_DN11459_c0_g1 

Non-specific phospholipase C2 
RR receptor-like serine/ 
threonine-protein kinase EFR  

defense response to bacterium  
detection of bacterium; hormone-
mediated signaling pathway 

TRINITY_DN141804_c0_g1 Cytochrome c oxidase copper 
chaperone 1 

response to bacterium  

TRINITY_DN23162_c0_g2 Inactive LRR receptor-like 
serine/threonine-protein kinase 
BIR2 

defense response; regulation of 
defense response to fungus  

TRINITY_DN9983_c0_g2 Protein VAPYRIN  response to symbiotic fungus  
TRINITY_DN473_c4_g3 G-type lectin S-receptor-like 

serine/threonine-protein kinase  
innate immune response  

TRINITY_DN5218_c2_g1 PP2A regulatory subunit TAP46  regulation of signal transduction  

TRINITY_DN12932_c0_g1 DELLA protein GAI1  gibberellic acid mediated 
signaling pathway 

TRINITY_DN5007_c0_g3 Auxin-responsive protein 
SAUR50  

auxin-activated signaling 
pathway 

TRINITY_DN21422_c0_g1 Peroxidase 15  response to oxidative stress 
TRINITY_DN3238_c0_g1 Cysteine-rich repeat secretory 

protein 38 
response to abscisic acid 

TRINITY_DN4286_c0_g1 Dirigent protein  phenylpropanoid biosynthetic 
process  

TRINITY_DN5792_c0_g1 Putative anthocyanidin 
reductase  

flavonoid biosynthetic process  

 

  



5 CONCLUSIONS AND PROSPECTS 

In study I, we detected similar features of defense responses in Norway spruce plants 
at three developmental stages, which justified the use of young seedlings in the 
greenhouse for further resistance screening work. In study II and III, we identified 
subsets of resistant and susceptible genotypes of Norway spruce and Scots pine 
plants to Heterobasidion spp. Based on the chemical and transcriptome analysis, we 
found several bio-and chemical markers that are potential candidates contributing to 
root and stem rot resistance. They included flavonoid and lignin biosynthetic genes 
and numerous terpene compounds in Norway spruce, and genes relevant to abiotic 
and biotic stress interactions and 3-carene content in Scots pine. We sampled needle 
tissues prior to inoculation with particular focus on inherent constitutive resistance 
factors. The approach avoids wounding damage to trees, which would be more 
logistically practical for large-scale resistance screening in tree breeding programs. 
Lesion area instead of lesion size was measured, highlighting the differences between 
treatments and among clones or families, especially for small plants. Our results 
demonstrate commonality as well as differences in the defense mechanisms 
underlying inherent resistance among conifer tree species, and provide basic 
information on root rot disease resistance. 

Genetic engineering has accelerated breeding in forest trees, where omics approaches 
such as genomics, transcriptomics, proteomics, phenomics and metabolomics have 
been widely applied (Naidoo et al. 2019). Previous studies have demonstrated that 
numerous genes with minor effects confer quantitative resistance to root rot diseases 
(Lind et al. 2014; Mukrimin et al. 2018; Nemesio-Gorriz et al. 2016). Coupled with our 
findings, it is necessary to confirm the results of short-term artificial inoculation under 
field conditions to screen for candidate materials that can be used directly to develop 
durable resistance (Sniezko and Koch 2017; Sniezko et al. 2014). Therefore, future 
studies may seek to assess the resistance level of mother trees of resistant and 
susceptible tree genotypes observed in study II and III, and collect seeds from the 
mother trees for further evaluation. Furthermore, bio-and chemical markers obtained 
from this work could be further tested using different Heterobasidion isolates and 
conifer plants at various developmental stages.   
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