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Abstract 

 

Norway spruce [Picea abies (L.) Karst.] is among the most ecologically and economically 

significant coniferous species in Europe. Naturally adapted to cool, moist environments, its 

distribution range spans from central and eastern Norway across Fennoscandia, the Baltic 

states, Belarus, Russia, and into Central and Southeastern Europe. As a dominant component 

of boreal forests and a primary host of the Eurasian spruce bark beetle (Ips typographus), the 

species is highly vulnerable to climatic changes. Drought and rising temperature are critical 

stressors that predispose Norway spruce to bark beetle attack; however, the physiological 

and molecular mechanisms underlying this vulnerability are not fully understood. The 

presented thesis contributes to a better understanding of spruce responses to abiotic stress by 

combining field-based observations with molecular analyses. Firstly, the ecology and 

infestation dynamics of I. typographus are reviewed to identify key factors that impair spruce 

defenses and promote the development of outbreaks. Current management approaches are 

critically assessed, and molecular-based strategies for future bark beetle control are 

proposed. Secondly, the influence of stand density on spruce physiology is examined through 

sap flow measurements, providing insights into tree transpiration, forest stand structure, and 

their relationship with susceptibility to infestation. At the functional genomics level, 

methodological limitations are addressed by identifying reliable internal control genes across 

tissues, developmental stages, and environmental conditions, thereby improving the 

accuracy of gene expression studies in spruce. Finally, genome-wide transcriptome analysis 

was performed to identify genes associated with drought stress, followed by functional 

enrichment analyses, Transcription factor identification, pathway mapping, and RT-qPCR 

validation of key genes, providing a robust drought transcriptome atlas. Collectively, this 

research aims to advance the understanding of spruce responses to drought and temperature 

stress at both ecological and molecular scales. The generated housekeeping genes and the 

comprehensive transcriptome catalogue together provide a robust foundation for future 

research, including breeding and conservation initiatives aimed at climate-smart forest 

management. These resources will support efforts to enhance the resilience of P. abies to 

increasingly severe environmental stressors. 

Keywords: Climate change, drought, Picea abies, sap flow and transpiration, Ips 

typographus, differential gene expression, RT-qPCR, housekeeping gene, tree defence. 
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1. Introduction 

 

Global climate change has intensified the frequency and severity of extreme events such as 

droughts, windstorms, and heatwaves, fundamentally reshaping forest ecosystems 

worldwide. In Eurasian boreal and temperate forests, these disturbances have caused large-

scale tree mortality, reduced productivity, shifts in species composition, and weakened 

ecosystem resilience (Price et al., 2013; Hl§sny et al., 2021; Altman et al., 2024; Singh et 

al., 2024a). Among these drivers, drought represents a particularly critical stressor because 

it directly impairs hydraulic function and reduces the synthesis and mobilization of 

defensive compounds that are essential for resistance against herbivores and pathogens 

(Netherer et al., 2015; Erbilgin et al., 2021). 

Norway spruce [Picea abies (L.) Karst.] is one of the most important conifer species 

in European boreal and montane forests, valued for its rapid growth and high-quality 

timber. Its natural range extends across much of northern and central Europe, where it is 

adapted to cool and moist environments (Danielsen et al., 2021). However, extensive 

planting outside its ecological optimum, driven by economic demand, has increased its 

exposure to heat stress, drought, and pest pressure (Caudullo et al., 2016; Hl§sny et al., 

2019). This maladaptation is now evident. In recent decades, Norway spruce has 

experienced unprecedented levels of mortality, with bark beetles emerging as the most 

damaging biotic agent. Climate warming accelerates beetle population dynamics, enabling 

earlier swarming, extended breeding seasons, and faster brood development (Hl§sny et al., 

2019; Hinze and John, 2020). Between 1970 and 2010, recurrent droughts and heatwaves 

caused annual timber losses of 2ï14 million mį in central Europe, culminating in 

catastrophic losses of 118 million mį in 2019 (Ebner, 2020). Despite more than a century 

of research on bark beetles, knowledge gaps remain regarding how host physiology and 

molecular stress responses shape outbreak dynamics. 

Outbreaks of bark beetles are not solely determined by climate. They are strongly 

mediated by stand structure, tree vitality, and disturbances. Unstable stands weakened by 

fungal infection or excessive slenderness are highly vulnerable to windthrow, which in turn 

initiates large-scale bark beetle infestations and subsequent tree mortality (Mezei et al., 

2014b; Hroġġo et al., 2020). Windthrow also modifies forest microclimates by opening the 

canopy, allowing more solar radiation to reach the forest floor, and creating conditions 
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favorable for beetle colonization (Emmel et al., 2013; Vanderhoof et al., 2014). Forest 

management further shapes these dynamics. Salvage logging, commonly applied to recover 

economic value from damaged timber, can inadvertently increase the vulnerability of 

residual trees. By exposing stand edges to direct solar radiation, salvage operations 

intensify heat stress and reduce defense capacity, thereby increasing bark beetle 

susceptibility (Kautz et al., 2013; Mareġov§ et al., 2020). Stand density also plays a critical 

role: dense forests increase competition for water, nutrients, and light, lowering individual 

tree resilience, while sparse or fragmented stands increase canopy gaps, elevate heat loads, 

and drive higher evapotranspiration (Zabihi et al., 2021, 2023; Singh et al., 2025). Together, 

these interacting ecological factors strongly influence Norway spruce survival during 

beetle outbreaks (Korolyova et al., 2022). 

While stand-level processes shape exposure and disturbance regimes, the ultimate 

survival of trees depends on their ability to withstand water deficit at the physiological and 

molecular levels. Drought occurs when soil water content drops below thresholds that 

increase hydraulic resistance at the rootïsoil interface. In response, trees deploy a 

coordinated suite of physiological and molecular adjustments that reconfigure signaling 

networks, ion transport, and transcriptional programs to maintain cellular integrity (Kizis 

et al., 2001; Osakabe et al., 2014; Haswell and Verslues, 2015; Choat et al., 2018). Recent 

advances in high-resolution sequencing now enable genome-wide transcriptome profiling, 

even in non-model species such as conifers, uncovering the regulatory networks mobilized 

under stress. These analyses reveal the central role of phytohormone-mediated signaling. 

Abscisic acid (ABA) rises rapidly in roots and shoots under water deficit, is translocated to 

guard cells, and triggers stomatal closure while activating widespread transcriptional 

reprogramming to support drought acclimation (Osakabe et al., 2014; Polle et al., 2019; 

Haas et al., 2021; Ribeyre et al., 2025). The canonical ABA cascade involves 

PYR/PYL/RCAR receptors, PP2C phosphatases, and SnRK2 kinases, which activate 

ABF/AREB transcription factors binding to ABA-responsive promoters. 

In parallel, ABA-independent pathways also contribute to drought resilience. The 

DREB/CBF subfamily of AP2/ERF transcription factors, acting on DRE/CRT motifs, 

regulates genes encoding osmoprotectants, antioxidant enzymes, and late embryogenesis 

abundant (LEA) proteins (Yamaguchi-Shinozaki and Shinozaki, 2006; Yoshida et al., 2014; 

Yao et al., 2021; Mader et al., 2023). Other regulators, including MYB, NAC, and HD-ZIP 

transcription factors, coordinate osmotic adjustment, redox balance, and ion homeostasis, 
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integrating drought responses into a cohesive molecular framework (Haas et al., 2021; Yao 

et al., 2021). Collectively, these mechanisms determine whether drought stress results in 

acclimation or irreversible damage, ultimately influencing susceptibility to secondary pests 

such as bark beetles. 

Understanding spruce vulnerability to bark beetles, therefore, requires integration 

across ecological, physiological, and molecular scales. Disturbances, such as windthrow 

and salvage logging, alter forest structure and microclimates, thereby shaping exposure 

risk. Stand density influences resource competition and resilience, while drought stress 

regulates the physiological and molecular capacity of trees to withstand attack. This thesis 

investigates how drought and stand structure influence spruce physiology across ecological 

and molecular scales, thereby shaping vulnerability to I. typographus. Bridging these 

perspectives is essential to clarify the multi-level mechanisms of vulnerability and 

resilience under climate change and to provide a foundation for adaptive forest 

management and breeding efforts. 
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2. Aims and Objectives 

 

The overall aim of this thesis is to provide a multi-scale understanding of how drought and 

stand structure influence spruce physiology across ecological and molecular scales in the 

context of bark beetle outbreaks. By integrating ecophysiological analyses of stand-level 

transpiration dynamics with molecular investigations of drought stress physiology, this 

work seeks to clarify the mechanisms underlying tree vulnerability and resilience. 

Article I examines the ecology of bark beetles, outbreak dynamics, and management 

approaches. The specific objective was: 

 To identify ecological, structural, and climatic drivers shaping Ips typographus 

outbreaks, and to evaluate the potential of cutting-edge molecular-based approaches for 

bark beetle management. 

  

Article II focused on the influence of stand structure on susceptibility to bark beetle 

infestation, with a particular emphasis on how stand density affects vulnerability. The 

specific objective was: 

 To quantify how stand density and solar exposure modify spruce water use (sap 

flow) and its implications for spruce susceptibility. 

 

Articles III and IV explore the molecular mechanisms underpinning Norway spruce 

drought response. The specific objectives were: 

 

 To resolve molecular mechanisms of spruce drought response through (a) 

reference gene selection and (b) a tissue-wide drought transcriptome atlas to identify key 

genes, pathways, and regulatory networks underlying drought stress responses across 

multiple tissues. 
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3. Research background 

3.1 Climate Change and Forest Ecosystems 

Forests cover nearly 30% of Earthôs land surface and represent major global carbon reservoirs, 

regulating climate, supporting biodiversity, and providing essential ecosystem services ranging 

from timber production to recreation and cultural values (Keenan, 2015; Gullino et al., 2022; 

Baciu et al., 2021; Hern§ndez Blanco et al., 2022). Despite their ecological and societal 

importance, forest ecosystems are increasingly threatened by climate change and anthropogenic 

pressures. Rising temperatures, altered precipitation regimes, and human-driven disturbances 

such as land-use change, drought, storms, wildfires, and pest and pathogen outbreaks are 

undermining forest health, productivity, and resilience (Allen et al., 2010; Choat et al., 2018; 

Teshome et al., 2020; Hl§sny et al., 2021; Balla et al., 2021; Stanturf et al., 2024). 

Climate impacts on forests are multifaceted. While warming may enhance growth in 

some regions, it often leads to declines in growth in others, particularly where heat and water 

limitations intersect. Longer growing seasons can increase evapotranspiration and intensify 

drought risk, with consequences for species distribution and community composition (Keenan, 

2015). Fragmented forests are especially vulnerable, as reduced connectivity limits their 

capacity to adapt compared to intact systems (Vose et al., 2018). Forest types with narrow 

climatic tolerance, such as boreal and Mediterranean ecosystems, are expected to undergo 

profound structural and functional shifts, whereas the future of tropical forests remains 

uncertain due to complex interactions between warming, rainfall variability, and deforestation 

(Keenan, 2015). 

Beyond these general patterns, climate change has amplified disturbance regimes that 

exert long-lasting effects on forest dynamics. Among these, biotic stressors such as insect and 

pathogen outbreaks are projected to intensify, reshaping forest composition and ecosystem 

services at regional and global scales (Price et al., 2013; Trumbore et al., 2015; Seidl et al., 

2017; Stanturf et al., 2024). In particular, bark beetles have emerged as one of the most 

destructive disturbance agents across the Northern Hemisphere. Their outbreaks interact 

strongly with climate extremes, especially drought, leading to unprecedented levels of tree 

mortality (Bentz et al., 2010; Sommerfeld et al., 2018). Central European forests provide 

striking examples of these dynamics. Large-scale bark beetle infestations, particularly in 

Norway spruce (P. abies) monocultures, have become the dominant disturbance in recent 
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decades (Seidl et al., 2016; Hl§sny et al., 2019, 2021). The susceptibility of Norway spruce is 

influenced by both ecological and physiological factors. As a species adapted to cool, moist 

conditions, spruce is inherently vulnerable to drought stress, which reduces hydraulic 

conductivity and limits the synthesis and mobilization of defensive compounds. Extensive 

planting beyond its ecological optimum, often in even-aged monocultures, has further amplified 

vulnerability by creating dense, uniform stands that favor the spread of pests and hinder 

adaptive resilience (Hl§sny et al., 2019; Singh et al., 2024a). 

Climate warming compounds these risks by directly enhancing bark beetle population 

dynamics. Warmer conditions accelerate brood development, increase voltinism, and extend 

swarming periods, enabling more generations per year and expanding beetle ranges into 

previously unsuitable regions (Schlyter et al., 2006; Ghimire et al., 2015; Marini et al., 2017). 

At the same time, prolonged drought and irregular frost cycles weaken tree defenses and reduce 

vitality, leaving stands more susceptible to colonization. Disturbance interactions amplify these 

vulnerabilities: drought-induced mortality and wind damage create breeding substrates for 

beetles, facilitating explosive population growth that quickly overwhelms forest resilience 

(Netherer et al., 2022). 

The convergence of climate extremes, forest management legacies, and bark beetle 

biology has therefore reshaped disturbance regimes in European conifer forests. The episodic 

outbreaks have increasingly become recurrent and widespread phenomena, driving shifts in 

forest structure and function that are likely to intensify under future climate scenarios. Norway 

spruce, given its ecological traits, economic significance, and current patterns of decline, stands 

at the center of this challenge. Understanding how climate change alters spruce vulnerability, 

through interactions between drought, physiology, and bark beetle dynamics, is thus critical for 

developing adaptive management and conservation strategies in the decades ahead. 

3.2 Main drivers of forest disturbance in the Bark beetle context 

3.2.1 Wind 

In recent years, the frequency of extreme wind events has increased, resulting in the uprooting 

of trees (Peterson, 2000; Wohlgemuth et al., 2022; Lehmanski et al., 2024). Bark beetle 

outbreaks are often preceded by windthrow events since windfalls provide abundant 

development substrate for large numbers of pest beetles (Hanewinkel et al., 2008; Gochnour et 

al., 2022). The vulnerability of forest ecosystems to wind damage is influenced by several 
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factors, including the traits of individual trees, the overall stand structure, and specific site 

conditions (Peterson, 2000; Mitchell, 2013; Mezei et al., 2014; Seidl et al., 2014). As spruce 

stands mature, their vulnerability to wind disturbance increases, and structurally unstable 

individuals are typically the first to be lost. Early wind events typically cause the fall of isolated 

trees without initiating large-scale collapse; however, successive storms or bark beetle 

infestations can subsequently lead to additional, progressive damage within the stand (Schütz 

et al., 2006; Mezei et al., 2014). Once the strongest and most stable trees, known as "skeleton 

trees," begin to break down, gaps are created in the forest, followed by a total dissolution of 

stands when wind events continue. These larger openings create forest edges, which have been 

found to attract bark beetles and often serve as starting points for infestations (Mareġov§ et al., 

2020). Small canopy openings act as interspace gaps (Zabihi et al., 2023, 2025). However, the 

presence of larger gaps or forest edges tends to increase the likelihood of destabilization, 

whether caused by wind alone (Schütz et al., 2006) or through a combination of wind and bark 

beetle damage (Jakuġ, 1998; Mezei et al., 2014). 

Prolonged drought, when combined with windthrow or other abiotic disturbances, 

greatly intensifies bark beetle outbreaks by allowing populations to exceed the threshold 

required to attack healthy trees. Windthrown trees provide ideal breeding material for I. 

typographus, leading to rapid increases in beetle numbers. As populations grow, the insects can 

overwhelm the natural defenses of even vigorous trees, resulting in extensive mortality and 

widespread forest decline (Christiansen and Bakke, 1988; Hlásny et al., 2021). These combined 

stressors, including drought, wind, and bark beetle activity, create a reinforcing cycle that 

accelerates forest degradation. 

3.2.2 Stand structure and composition 

Forest structure, particularly stand density, age class, and spatial arrangement, plays a critical 

role in shaping bark beetle outbreak dynamics (Fettig et al., 2007; Sproull et al., 2015). Along 

an elevation gradient, stand density can substantially shape individual tree traits, including 

transpiration. Increased density elevates crown closure, which in turn influences bark surface 

temperature, DBH, and related attributes such as tree height and crown area by intensifying 

competition for limited water and nutrient resources (Zabihi et al., 2023; Figure 1). In particular, 

dense single-age plantations established for commercial production tend to exhibit reduced 

resilience, as sustained resource competition progressively weakens the trees. This vulnerability 

is compounded by reduced carbon-based defenses, such as resin production, which is essential 
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for resisting bark beetle infestations (Zhang et al., 2015; Young et al., 2017; Netherer et al., 

2019). Another factor, windthrow, as discussed in the previous section, fragments forest stands 

by creating canopy gaps and exposed edges, which attract bark beetles. These conditions, 

characterized by increased solar radiation, wind exposure, and lower humidity at forest edges, 

alter the microclimate and amplify beetle reproduction and infestation (Hanson and Lorimer, 

2007; Mareġov§ et al., 2020). 

 

 

Figure 1 | A schematic representation of influential factors on sap flow variability at nested scales from 

the landscape- to stand- and tree-level. The size and direction of the blue arrows represent the magnitude 

and direction of factors acting or interacting at different scales. At the landscape level, when elevation 

increases, the decrease in air temperature and vapor pressure influences sap flow. Higher elevations are 

generally associated with steeper landscapes, which cause variations in the incidence angle. When the 

incidence angle decreases (either due to landscape terrains, as shown here, or sun positions at different 

times of the day, season, or year), the intensity of solar irradiance increases. At the stand level, the density 

and spatial configurations of trees determine the allocation of resources (water, nutrients, and solar 

irradiance) among trees, as well as the heat loads on trees (influencing bark temperature) and interspace 

forest grounds, which collectively influence sap flow. At the tree level, variations in DBH and above- 

and below-ground tree structures are other potential driving factors of sap flow variabilities (Zabihi et 

al., 2023). 
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Monocultures were introduced in Europe in the 18th and 19th centuries to address 

timber shortages by prioritizing high-yield species (Griess and Knoke, 2011). Norway spruce, 

for instance, has become widely cultivated for its rapid growth and favorable timber qualities 

(Spiecker, 2000; Caudullo et al., 2016). However, frequent droughts and heatwaves now 

threaten these monocultures, with significant increases in spruce mortality rates observed in 

Europe from 1970 to 2019. These drought events, along with structural changes in forest 

composition, have contributed to an estimated 50% increase in bark beetle outbreaks (Seidl et 

al., 2011). In the Czech Republic, Norway spruce constitutes roughly 50% of forest species 

composition, predominantly in monoculture stands with vulnerable age classes (Ļerm§k et al., 

2021). In addition to extensive planting outside its native range, increased growing stocks and 

altered age structures have heightened the susceptibility of spruce forests to I. typographus 

infestations (Seidl et al., 2011; Hlásny et al., 2021). 

Intensive management practices, such as sanitation felling, can paradoxically increase 

forest vulnerability by creating new edges, which expose trees to additional environmental 

stress and bark beetle attacks (Hanson and Lorimer, 2007; Özçelik et al., 2022). In contrast, 

strategies such as thinning reduce density and competition, promoting resilience by enhancing 

individual tree vigor and resistance to beetle infestations (Fettig et al., 2007; Hood et al., 2016). 

A more adaptive approach that tailors forest management to incorporate topographic and 

structural variations may, therefore, improve forest resistance (Zabihi et al., 2023, 2025; 

Thomas et al., 2024). 

To counter the vulnerability of monoculture forests, increasing tree diversity and 

varying age classes has been widely tested and recommended for enhancing forest resilience to 

both biotic and abiotic stresses (Lohbeck et al., 2016; Singh et al., 2025). There is growing 

evidence that forests composed of multiple species contribute positively to environmental 

health, economic outcomes, and community values. Carefully selecting species with 

complementary structural and functional traits in mixed plantations supports greater ecosystem 

stability and productivity (Hartley, 2002; Forrester et al., 2005; Pawson et al., 2013; Carnol et 

al., 2014; Alem et al., 2015; Drössler et al., 2015). 

3.2.3 Thermal stress 

Thermal stress in plants refers to the physiological and metabolic disruptions that occur when 

temperatures exceed optimal growth thresholds. When high temperatures coincide with limited 

water availability, conifers experience reduced photosynthetic capacity, constrained 
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carbohydrate allocation, and impaired growth and reproduction (Bita and Gerats, 2013). These 

changes have direct consequences for bark beetle susceptibility. Norway spruce relies on 

sustained production and pressure of oleoresin to physically expel and chemically deter 

attacking beetles. Heat and drought together reduce resin duct formation, lower resin pressure, 

and limit terpenoid biosynthesis, leading to a weakened primary defense. Under these 

conditions, trees are less capable of resisting mass attack events initiated by pheromone-

coordinated groups of bark beetles. Recent findings show that acute drought can rapidly depress 

photosystem efficiency, increase needle temperature, and reduce terpene and monoterpene 

production in spruce, which directly correlates with increased successful colonization by I. 

typographus and I. duplicatus (Basile et al., 2024). 

Thermal stress also interacts strongly with bark beetle population dynamics. Warmer 

summers and milder winters increase overwintering survival, accelerate larval development, 

and often permit additional beetle generations per year. This results in faster population build-

up and a higher likelihood of outbreak conditions (Hlásny et al., 2019; Gullino et al., 2022). 

Heat-stressed trees emit stress volatiles and display reduced canopy vigor, signals that beetles 

use during host selection. Trees growing at forest edges or in recently thinned stands are 

particularly vulnerable because they experience higher solar radiation, trunk heating, and vapor-

pressure deficits compared to trees in closed canopies (Emmel et al., 2013; Vanderhoof et al., 

2014; Hroġġo et al., 2020; StŚ²brsk§ et al., 2023). However, bark beetle attacks are not restricted 

to forest edges. Hyperspectral imaging studies have demonstrated that drought and acute 

thermal stress produce detectable spectral shifts in needles and crowns across entire stands, 

including interior trees that do not experience direct edge exposure (Pivovar et al., 2025). Such 

stress-induced physiological signatures occur before visible canopy decline, indicating that bark 

beetles may locate weakened hosts deep within stands by responding to subtle stress volatiles 

rather than relying solely on microclimate differences near edges. 

At the stand scale, abrupt changes in microclimate such as increased radiation, elevated 

temperatures, reduced humidity, and stronger wind exposure influence both species 

composition and tree water relations (Kautz et al., 2013). These conditions reduce transpiration 

control and further deplete internal water reserves (Herbst et al., 2007; Mareġov§ et al., 2020; 

Özçelik et al., 2022). As water stress intensifies, the treeôs ability to maintain resin flow 

declines, and beetles gain a substantial advantage. The combination of rapid physiological 

decline (Basile et al., 2024) and early stress detectability from above-ground spectral signals 

(Pivovar et al., 2025) suggests that bark beetle outbreaks can initiate and expand within stand 
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interiors long before edge trees exhibit visible decline. Thus, thermal stress, weakened resin-

based defenses, and climate-driven increases in bark beetle reproduction interact to create 

conditions that favor frequent and severe infestation events. 

3.2.4 Drought Stress 

Intense and recurring drought events compromise the defense mechanisms of host trees, making 

them more susceptible to bark beetle infestations (Berryman, 1972; Christiansen et al., 1987; 

Erbilgin et al., 2021). Drought stress occurs when soil water levels drop below a critical 

threshold, resulting in reduced soil water content and increased hydraulic resistance at the root-

soil interface. This can cause a breakdown in water cohesion and xylem vessel embolism, 

ultimately leading to the disruption of irreversible water transport and premature mortality in 

roots and twigs (Cruiziat et al., 2002; Cochard et al., 2009). Research suggests that while 

moderate drought may limit tree growth, it enhances carbon allocation to defense mechanisms; 

however, severe drought restricts the production of defense metabolites (Desprez-Loustau et 

al., 2006; Ferrenberg et al., 2015). 

Conifer species differ greatly in their ability to manage drought, but species lacking the 

ability to cope with different water regimes are more likely to be susceptible to bark beetle 

attack, e.g., Ponderosa pine and Norway spruce. Isohydric conifer species, such as Norway 

spruce, delay the decline in xylem water potentials by reducing transpiration through stomatal 

closure (Rothe et al., 2002; Schume et al., 2004). Although stomatal regulation helps maintain 

water potential in the xylem, it also reduces sap flow and gas exchange between leaves and the 

atmosphere, limiting photosynthesis while respiratory carbon consumption continues (Bréda et 

al., 2006; Rennenberg et al., 2006). As a result, repeated bark beetle attacks deplete stored 

carbon reserves (i.e., non-structural carbohydrates), and trees struggle to replenish them due to 

impaired photosynthesis, leading to a reduction in the production of defense metabolites 

(Erbilgin et al., 2021). Additionally, while stomatal regulation helps prevent a lethal drop in 

xylem water potential, it can also shrink tracheid diameters due to increased water tension. This 

shrinkage, combined with a decrease in turgor pressure inside the epithelial cells of resin ducts, 

reduces the physical pressure on oleoresin, thereby lowering resin exudation rates upon 

wounding. This compromises the treeôs ability to defend against additional drought episodes, 

frost, and pest attacks, potentially leading to tree mortality (Figure 2; Cruiziat et al., 2002; Bréda 

et al., 2006; Cochard et al., 2009; Rissanen et al., 2016). 
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Figure 2 | Effects of drought on carbon assimilation, demand, and transport, and possible consequences 

for plant survival. The grey area depicts the possible effects of drought on whole-plant C balance and 

on the concentration of stored C pools, assuming no constraints on C mobilization and transport (Sala 

et al., 2010). 

 

3.3 Bark beetles 

Bark beetles (Coleoptera: Curculionidae: Scolytinae) represent one of the most species-rich and 

economically impactful groups of forest insects, with a particularly strong influence on 

coniferous ecosystems. Globally, more than 6,000 species have been described, many of which 

primarily colonize dead, dying, or physiologically compromised trees and thus play an 

important role in forest nutrient turnover. In contrast, a subset of bark beetle species is capable 

of coordinated mass attacks on living, healthy hosts, leading to large-scale forest damage and 

extensive tree mortality, especially across forests of the Northern Hemisphere (Raffa et al., 

2015; Valeria et al., 2016; Hl§sny et al., 2021; Singh et al., 2024a). These insects belong to the 

weevil family and display a wide range of mating and reproductive strategies. In certain taxa, 

such as Dendroctonus, reproduction is typically monogamous, with females acting as the 

primary colonizers and pairing with a single male. In contrast, species within the genus Ips 

exhibit a polygamous system, in which males initiate host attacks and subsequently mate with 

multiple females (Bleiker et al., 2013; Biedermann et al., 2019; Singh et al., 2024a). Bark 

beetles identify suitable host trees primarily through kairomones, which are host-derived 

chemical cues that guide beetles to stressed or susceptible trees. After locating an appropriate 
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host, they often mount coordinated mass attacks, penetrating the stem and establishing their 

galleries within the intercortical tissues, where reproduction and larval development take place. 

Although bark beetles play an important ecological role by facilitating decomposition and 

nutrient redistribution through the colonization of dead or dying trees, large-scale attacks on 

living hosts can severely alter forest structure and function. Such outbreaks may lead to 

extensive tree mortality and ecosystem disruption, rendering bark beetles among the most 

damaging insect pests in forested landscapes (Vega and Hofstetter, 2014). This chapter focuses 

on the ecological characteristics and attack strategies of the Eurasian spruce bark beetle, Ips 

typographus. 

3.3.1 Eurasian spruce bark beetle, I. typographus 

The Eurasian spruce bark beetle, I. typographus, is a small insect (4.5-5 mm) that exhibits 

sexual dimorphism. They are typically univoltine but may shift to polyvoltine due to the 

influence of high temperature, resulting in accelerated growth (Hl§sny et al., 2011). During the 

endemic phase, these beetles primarily infest mature trees that have been weakened by biotic 

or abiotic stress factors, such as high temperatures, drought, disease, or herbivory. The beetles 

maintain associations with microbial symbionts, including bacteria and ophiostomoid fungi, 

which significantly contribute to overcoming tree defenses (Lieutier et al., 2009; Zhao et al., 

2019). After overwintering, the new generation of beetles emerges from the forest litter or 

Norway spruce trunks and disperses, traveling distances ranging from 100 meters to several 

kilometers in search of suitable host trees (Biedermann et al., 2019). Such host selection 

strategies are based on the plant volatiles in the forest, which may serve as attractants or 

repellents (Raffa et al., 2015). The interaction between host trees and bark beetles is 

multifaceted, influenced by various factors operating at multiple spatial and temporal scales 

(Jakuġ et al., 2011; Kautz et al., 2011; Netherer et al., 2024). Additionally, I. typographus 

exhibits density-dependent host colonization behavior. In the endemic phase, beetle populations 

target windthrown, dead, or weakened trees, whereas during the epidemic phase, they can 

colonize healthy trees (Ïkland and Berryman, 2004; Ïkland and Bjßrnstad, 2006). 

In the Czech Republic, Norway spruce forests experienced severe mortality in 2019, 

with an estimated loss of 118 million mį due to droughts, heatwaves, and bark beetle outbreaks 

(Figure 3; Kn²ģek et al., 2020; Ebner, 2020). Among the factors previously discussed, the 

structure of Czech forests, which is highly susceptible to such disturbances, has contributed to 

these large-scale outbreaks (Figure 4; Hl§sny et al., 2021b). Conventional management 
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methods, including pheromone-based mass trapping, salvage logging, insecticides, and anti-

attractants, have shown limited effectiveness in controlling bark beetles during peak outbreaks. 

As a result, the focus has shifted toward advanced functional genomics approaches such as RNA 

interference (discussed in detail in Chapter 5.1). 

 

Figure 3 | Reported volume of spruce barkïinfested wood resulting in losses across the Czech Republic. 

(Kn²ģek et al., 2020). 

3.3.2 Attack dynamics 

At the stand level, once pioneer male beetles successfully breach the host tree's defenses, they 

release aggregation pheromonesð2-methyl-3-buten-2-ol (MB) and (-)-cis-verbenol (cV)ð

which attract additional beetles to the site (Keeling et al., 2021; Figure 5B.a). During the 

construction of the nuptial chamber, male beetles emit large amounts of MB, while cV 

production varies depending on the concentration and enantiomeric composition of Ŭ-pinene in 

the Norway spruce phloem (Birgersson et al., 1984; Figure 5B.b). The pheromones released by 

the infested trees attract both male and female beetles to the area, and the newly arriving beetles 

further emit these aggregation pheromones to coordinate a mass attack on the host tree 

(Blomquist et al., 2010). Once inside the host, adult beetles construct mating chambers, mate, 

and create oviposition galleries where they lay eggs. The eggs hatch into larvae that feed and 

develop beneath the bark before emerging from the parent trees. Depending on factors such as 

the hostôs phloem thickness, the population of I. typographus can increase by up to 15-fold from 

one generation to the next (Hl§sny et al., 2019).  
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Figure 4 | Volume of Norway spruce killed by Ips typographus and other bark beetles in European 

countries since 1945 (Hl§sny et al., 2021b). 

 

In the mass attack phase, the first attacked tree is completely taken over by several male 

and female beetles. Once the host tree is fully occupied, the production of anti-attractant 

compounds, such as Verbenone, starts either by the beetle's symbiotic gut microbiome or the 

tree microbiome as a stop signal for further invasion to avoid overcrowding (Xu et al., 2015), 

alongside the declining production of aggregation compounds. This leads to an increased 

attraction towards the second tree (nearby fresh host), where a small proportion of beetles land 

to initiate the new mass attack phase (Figure 5Bc and Bd). This whole mechanism marks the 

completion of the first ñswitchingò as very few beetles are attracted towards the first tree due to 

less concentration of MB + cV and increasing amounts of inhibitory compounds Ipsdienol (Id) 

and Ipsenol (Ie). It is crucial to note that semiochemicals Id and Ie may act as an attractant in 

smaller amounts but have an inhibitory effect in higher concentrations, and during the late phase 

of host colonization, they act as ñshut-offò signal regulating attack density (Schlyter and 

Anderbrant, 1989; Figure 5B.e). The second attacked tree becomes the locus of attack, while a 
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few beetles deflect towards an adjacent tree. This way, the beetles increase in number, and with 

an increased population, they can attack healthy trees. 

Figure 5 | Conceptual overview of Ips typographus population dynamics. (A) During the endemic 

stage, beetles typically utilize weakened or recently disturbed material such as wind-felled trees, logs, 

and stumps for feeding and reproduction. Under conducive conditions, populations may shift to an 

epidemic state. This transition is driven by multiple interacting factors, including favorable climatic 

conditions, increased availability of suitable breeding substrates, drought stress, and wind disturbance. 

In the epidemic phase, population densities become high enough to enable coordinated mass attacks on 

physiologically intact trees, often leading to extensive tree mortality. Subsequently, population levels 

may decline and revert to the endemic phase due to adverse weather, depletion of breeding material, 
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increased pressure from natural enemies, and enhanced resistance in surviving host trees (modified after 

Kautz et al., 2014). (B) Host colonization and pheromone-mediated attack dynamics. (a) Host entry 

is typically initiated by pioneer individualsðmales in Ips species and females in Dendroctonus. In I. 

typographus, pioneering males emit aggregation pheromones, primarily 2-methyl-3-buten-2-ol (MB) 

and (ï)-cis-verbenol (cV), to recruit conspecific males and females. (b) If the initial beetles successfully 

overcome host defenses, the arrival of additional individuals results in intensified pheromone 

production, promoting mass attack. This collective assault aims to suppress host defenses sufficiently to 

allow successful reproduction. (c) While the primary host tree (I) is undergoing mass colonization, a 

fraction of males disperses to adjacent, previously unattacked trees (II), initiating new colonization 

events. (d) As emission of attractive pheromone components declines at the original host, beetle 

attraction gradually shifts away from tree (I) and toward the neighboring tree (II), marking the onset of 

an attraction switch. (e) Once this switching process is complete, aggregation pheromone output remains 

low, whereas inhibitory pheromones (ipsdienol and ipsenol) are produced in greater quantities. At this 

stage, beetle attraction is focused on tree (II), where a new mass attack develops, and a subset of males 

again disperses to another uncolonized tree (III), perpetuating the cycle. The accompanying graphs 

illustrate logarithmic pheromone release patterns based on Birgersson et al. (1984). Symbols along the 

x-axis correspond to attack phases 1, 3, and 6, representing males boring into the bark (1), completion 

of nuptial chamber construction (3), and pairing with females (6), respectively. (Singh et al., 2024a). 

3.4 Norway spruce and its defense mechanisms 

Norway spruce employs complex defense mechanisms to protect against bark beetles, utilizing 

both morphological and chemical strategies. Morphological defenses include features such as 

necrotic lesions, thickened bark, and stone cells, which act as physical barriers. Chemical 

defenses, on the other hand, involve the production of toxic substances, including terpenoid 

oleoresins stored in resin ducts and phenolic compounds within parenchyma cells (Biedermann 

et al., 2019; Hl§sny et al., 2019). 

The chemical defenses of conifers primarily depend on terpenes and phenolic 

compounds, with stilbenes and flavonoids playing a key role in deterring bark beetles and their 

associated fungi. Phenolic compounds are synthesized through the shikimic acid pathway, using 

phenylalanine as a precursor. Terpenes, on the other hand, are produced via two distinct 

pathways: the mevalonate pathway in the endoplasmic reticulum/cytosol and the 1-

deoxyxylulose-5-phosphate pathway in plastids. Both pathways produce isopentenyl 

pyrophosphate (IPP), a five-carbon building block. Through the action of prenyltransferases, 

IPP is converted into the central intermediates geranyl pyrophosphate, farnesyl pyrophosphate, 

and geranylgeranyl pyrophosphate, which are then transformed by terpene synthases into 

monoterpenes, sesquiterpenes, and diterpenes (Celedon and Bohlmann, 2019; Hammerbacher 

et al., 2019). 

Conifer defenses may be either constitutive (inherent) or activated in response to 

environmental stress. Induced defenses, both anatomical and chemical, involve the formation 
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of traumatic resin ducts, increased terpene levels, alterations in phenolic composition, and the 

proliferation of polyphenolic parenchyma cells after stimuli such as beetle attack, fungal 

infection, methyl jasmonate (MeJA) application, or physical damage (Martin et al., 2002; Zhao 

et al., 2011). Fungal inoculation and MeJA treatment have been shown to trigger terpene 

production similarly to bark beetle attacks (Martin et al., 2002; Zhao et al., 2011; Schiebe et al., 

2012). For example, Zhao et al. (2011) reported that mono-, sesqui-, and diterpene levels in 

certain conifers rose to 240-fold within 35 days of inoculation with the pathogenic blue-stain 

fungus Ceratocystis polonica, an associate of I. typographus. Trees exhibiting these induced 

defenses experienced only a five percent attack rate from beetles compared to untreated trees. 

3.4.1 Molecular Mechanisms Underpinning Drought Stress Response 

Drought stress triggers a complex array of physiological, biochemical, and molecular responses 

in plants, which are essential for survival in water-limited environments (Farooq et al., 2009; 

Mahmood et al., 2019). Transcriptome analyses reveal various functional gene groups involved 

in these responses, reflecting a sophisticated interplay of signaling pathways, gene expression, 

and metabolic adjustments that enable adaptation to drought conditions. For instance, many 

genes associated with plant metabolism, particularly carbohydrate metabolism, are upregulated 

under drought stress, with the accumulation of sugars linked to desiccation tolerance; these 

compounds help protect plant structures from mechanical and metabolic damage during 

dehydration (Oliver et al., 2010). 

A central molecular response to drought involves the regulation of gene expression 

through transcription factors (TFs) such as dehydration-responsive element-binding proteins 

(DREBs) and NACs, which coordinate the activation of stress-responsive genes (Takahashi et 

al., 2018; Soma et al., 2021; Zhao et al., 2023). Drought-responsive gene promoters feature a 

DRE/CRT motif that binds ABA-independent DREB/CBF TFs, serving as a coupling element 

for ABA-dependent gene expression through ABRE elements. Notably, DREB1A/CBF3, 

DREB2A, and DREB2C proteins interact with AREB/ABF TFs, indicating a crosstalk between 

ABA-dependent and independent signaling pathways. Under osmotic stress, AREB/ABF TFs 

and SnRK2 kinases activate DREB2A transcription, suggesting complex interactions at both 

transcript and protein levels (Joshi et al., 2016). Another crucial response group includes genes 

associated with defense and cellular rescues, such as those encoding late embryogenesis 

abundant (LEA) proteins, heat shock proteins (HSPs), and dehydrins. HSPs function as 

molecular chaperones, facilitating proper protein folding and protecting against unfolding and 
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denaturation, playing roles in responses to various abiotic stressors (Wang et al., 2004). LEA 

proteins facilitate detoxification and may also serve as chaperones, with a well-established role 

in desiccation tolerance (Battaglia et al., 2008). Dehydrins, a large family of LEA proteins, are 

specifically linked to responses to water deficiency and are thought to protect cellular 

metabolism under stress, as documented in various forest tree species (Bae et al., 2009; Vornam 

et al., 2011). 

Transport processes are equally critical for the mobilization and accumulation of solutes 

and hormones. For instance, sugar transporters help adjust osmotic pressure, while ABC 

transporters respond to diverse biotic and abiotic stresses (Wanke and Kolukisaoglu, 2010). 

Aquaporins, as channel proteins in cellular membranes, play a crucial role in maintaining water 

balance under drought conditions. A significant portion of drought stress-related proteins 

participates in two primary regulatory pathways: the ABA-dependent and ABA-independent 

pathways, which are interconnected (Hirayama and Shinozaki, 2010). In the ABA-dependent 

pathway, transcription factors such as bZIPs, NACs, MYBs, and MYCs play key roles, while 

the ABA-independent pathway prominently features NAC and DREB transcription factors 

(Olsen et al., 2005). 

The advent of next-generation sequencing (NGS) has revolutionized the field of genome 

analysis, providing deeper insights into the complex genomes of plants. In the case of Norway 

spruce, a significant breakthrough was achieved when its genome was sequenced, marking a 

milestone in conifer genomics (Nystedt et al., 2013). This genome sequence was the first draft 

among conifers, and it has been instrumental in advancing studies on gene expression and 

molecular regulation under stress conditions. However, despite extensive research, the 

functions of many drought-responsive genes in Norway spruce remain unknown due to a lack 

of homology with known sequences. The massive size and complexity of the Norway spruce 

genome, nearly 20 gigabases, pose substantial challenges similar to those faced by other conifer 

genomes. Due to its extremely large size and complexity, significant research efforts have been 

directed toward transcriptomic analysis. 

Despite the importance of accurate gene expression analysis in forestry, breeding, and 

the study of seed plant traits, suitable internal control genes have not been identified for Norway 

spruce to date. Reference genes, also known as internal controls, are genes that are stably 

expressed and required for basic cellular functions. Their stability is critical for reliable real-

time quantitative polymerase chain reaction (RT-qPCR), a widely used method valued for its 

sensitivity, specificity, reproducibility, and speed. Because the accuracy of RT-qPCR depends 
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on the stability of reference genes, which often encode proteins involved in cell cycle regulation, 

DNA replication, or metabolism, an ideal reference gene should maintain uniform expression 

across tissues, developmental stages, genotypes, and experimental conditions (Han et al., 2012; 

L¿ et al., 2018). Identifying such genes is therefore critical for improving gene expression 

profiling, providing deeper insights into biological processes and regulatory networks, and 

ultimately enhancing our understanding of factors that support spruce resistance, resilience, and 

survival (Wise et al., 2007). We aimed to address this gap by identifying suitable reference 

genes in Norway spruce across various stress conditions (drought, heat, pathogen infection) in 

seedlings, tissues (needle, phloem, root), and developmental stages (seedlings, mature trees) in 

Chapter 5.3. 

Overall, this thesis aims to investigate the impact of stress factors on Norway spruce 

through a range of approaches, from field studies to molecular-based analyses, in the context of 

bark beetle infestations. These studies contribute to a deeper understanding of stress factors at 

both the landscape and molecular levels, which may be crucial in influencing the species' 

susceptibility to bark beetles. 
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4. Materials & Methods 
 

This subchapter provides a brief description of the materials and methods used in the studies. 

The studies II, III, and IV refer to data papers corresponding to Chapters 5.2, 5.3, and 5.4, 

respectively. 

4.1 Field Experiments 

The field study described in Chapter 5.2 was conducted in research plots of the Czech 

University of Life Sciences, managed by the School Forest Enterprise (ĠLP) in Kostelec nad 

ĻernĨmi lesy (49.9940Á N, 14.8592Á E) in the eastern district of the Central Bohemian region 

of the Czech Republic. The area is dominated by coniferous stands with fir (Abies spp.) and 

beech (Fagus spp.), underlain by granodiorite bedrock with Luvisol soils. The climate is 

characterized by warm, dry summers, a vegetation period of 150ï160 days, a mean annual 

temperature of 7.0ï7.5ÁC, and a mean annual precipitation of 600 mm.  

The experiment was established in 2018 as part of the EXTEMIT-K project across six 

mature Norway spruce (P. abies) stands aged 90ï100 years. Each plot was divided into four 

subplots (AïD) with 8ï10 trees per subplot. Trees had a mean DBH of 40.5 Ñ 5.7 cm. For the 

present study, five plots (excluding plot 2) were included (Figure 6A). Plots 3 and 4 were 

separated by ~430 m, whereas plots 1, 5, and 6 were located 2ï9 km away. 

4.1.1 Experimental Setup 

Ecophysiological Measurements 

Sap flow was measured using EMS81 sensors (EMS Brno, Czech Republic), installed in 2018 

at a height of 2 m on mature trees selected for comparable height and DBH (Figure 6B). The 

sensors operate on the trunk heat balance (THB) principle, consisting of four electrodes, three 

of which are electrically heated and positioned above a reference electrode located 10 cm below. 

Climatic data were obtained from an automated meteorological station (Minikin QTHi, EMS 

Brno, Czech Republic) installed in an open area between experimental plots 3 and 4 (<200 m 

distance). Precipitation was measured using a Minikin ERi device equipped with a Pronamic 

Pro Rain gauge (EMS Brno). The meteorological station continuously recorded relative air 

humidity (%), air temperature (ÁC), and radiation levels, with photosynthetically active 

radiation (PAR) used to derive global radiation (W m Į) for the study period. Soil water potential 
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(SWP, Ɋw) was monitored with hexagonal sensors (Teros 21, Meter Group, M¿nchen, 

Germany) installed at a depth of 20 cm, with five sensors deployed per subplot. 

Figure 6 | (A) Study area showing Norway spruce tree positions (green circles) within five out of six 

established study plots (17 subplots) under the EXTEMIT-K project, located at the School Forest 

Enterprise (ĠLP) of the Czech University of Life Science near Kostelec nad ĻernĨmi Lesy, Czech 

Republic. (B) Picture of the experimental setup from one of the subplots with trees equipped with sap 

flow sensors. (Singh et al., 2025a) 

 

Tree density and solar irradiation data 

Stand density and solar irradiation were quantified using UAV imagery at a 20 cm resolution, 

processed in ArcGIS Desktop (version 10.8.1; ESRI, 2020). For each monitored tree, a 10 m 

buffer was delineated and divided into four sectors (north, south, east, west). Trees within each 

sector were counted, and crowns overlapping boundaries were weighed according to the 

proportion of crown area in each sector. Solar azimuth angle, sun trajectory, and day length 

were derived from SunCalc.org (SunCalc, 2017; Figure 7). 
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Figure 7 | Sun trajectory across sectors: East (05:00ï11:10), South (11:10ï15:10), and West (15:10ï

19:10). The yellow arrow indicates the observed sun path, while Ŭ denotes the azimuth angle between 

sector boundaries. Dawn and dusk occurred at 05:00 and 21:10, respectively. (Singh et al., 2025a) 

 4.2 Greenhouse experiments 

For Chapters 5.3 and 5.4, three-year-old containerized Norway spruce seedlings, approximately 

40 cm high, were used. Seedlings were procured from a local nursery and planted in a moist 

peat/perlite mixture in May 2022. The seedlings originated from seed sources collected in the 

Bohemian-Moravian Highlands, Czech Republic, a region situated at 500ï600 m above sea 

level and receiving approximately 600ï750 mm of annual precipitation. The seedlings were 

transferred to the greenhouse at the Czech University of Life Sciences, Prague. Before any 

treatment, the plants were irrigated regularly with tap water to acclimate them to the greenhouse 

environment (Figure 8). 

4.2.1 Greenhouse Measurements and Sampling 

The seedlings were acclimated to greenhouse conditions at the Czech University of Life 

Sciences, Prague, under a temperature of 23 Ñ 2ÁC and a 16-hour light/8-hour dark photoperiod. 

Before treatments, seedlings were irrigated regularly with tap water. They were then randomly 

assigned to either the control or drought treatment groups. Control plants received regular 

irrigation, while drought-stressed plants underwent a six-week period of water supply 

withdrawal. 
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Figure 8 | Experimental setup in the greenhouse. The left panel shows Norway spruce seedlings at 

the beginning of the acclimatization phase. The right panel shows seedlings after three weeks of drought 

treatment, with the drought-stressed seedling on the left and the well-watered control seedling on the 

right. 

For Study III (Chapter 5.3), the plants were subjected to the following treatments: 

Control treatment: This group was irrigated regularly and was not subjected to any abiotic or 

biotic treatment. Water deficit treatment: One group was subjected to drought stress by 

gradually reducing the water supply until the mean plant water potential decreased to below -

2.1 MPa. The degree of drought stress was quantified by measuring the predawn shoot water 

potential using a Scholander pressure chamber (PMS Instruments, Corvallis, Oregon, USA). 

Heat stress: Seedlings were placed in a climate chamber (FytoScope FS-SI 3400, PSI, Dr§sov, 

Czech Republic) at 35ÁC for ten days with a constant relative humidity of 80% and regular 

irrigation. Biotic stress: The seedlings were inoculated with the Ophiostomatoid fungus 

Ophiostoma flexuosum and incubated for one month in the controlled climate chamber 

mentioned above. Throughout the treatment period, the plants were carefully maintained under 

optimal humidity, light, and nutrient conditions. At the end of treatments, current-year needles, 

bark phloem, and fine roots were collected, snap-frozen in liquid nitrogen, and stored at ī80ÁC. 

For the identification of housekeeping genes under developmental conditions, tissue 

samples (needle, phloem, and root) were collected from mature trees in August 2022 from the 

field experimental plots of the School Forest Enterprise (ĠLP) in Kostelec nad ĻernĨmi lesy. 

Needles were collected by shooting branches with a shotgun (Burnett et al., 2021). Phloem was 
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sampled using a 5 mm cork borer at a trunk height of ~2 meters, while lateral roots ~1 m from 

the trunk were sampled at 15 cm depth following Kalyniukova et al. (2024). All collected tissue 

samples were immediately snap-frozen in liquid nitrogen and stored at ī80ÁC for future 

analysis. 

For the study in Chapter 5.4, a total of 48 seedlings were randomly allocated to control 

and drought treatment groups, with each group further divided into four biological replicates 

containing six seedlings. The control group was irrigated regularly, whereas the drought group 

experienced a gradual reduction in watering over a six-week period to induce a severe water 

deficit. Drought progression was assessed weekly by measuring midday shoot water potential 

on current-year lateral shoots using a Scholander pressure chamber (PMS Instruments, 

Corvallis, USA) in both control and treated seedlings. The treatment continued until water 

potential in the stressed group declined below ï2.1 MPa, a level indicative of severe drought 

and associated with increased risk of xylem embolism in Norway spruce (Rosner et al., 2019). 

Temperature and photoperiod were maintained uniformly across treatments throughout the 

experiment. Following sampling, tissues were immediately snap-frozen in liquid nitrogen and 

preserved at ï80ÁC for subsequent analyses. 

4.3 Molecular Protocols 

4.3.1 Samples used for RNA isolation 

Study III 

In Study III (Chapter 5.3), a total of 16 plants were used per treatment (drought, control, heat, 

fungi infection). The plants were grouped into sets of four, which were pooled to create one 

biological replicate. As a result, each treatment consisted of four biological replicates, with each 

replicate representing pooled samples of four plants. RNA isolation and cDNA library 

preparation were performed according to the protocols outlined in the subsequent section. 

Study IV 

Chapter 5.4 study involved a total of 24 plants for each treatment (drought and control) in the 

greenhouse experiment. For each treatment and tissue type, six plants were pooled to generate 

four biological replicates. The detailed methods and protocols are described below. 
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4.3.2 Protocols Used 

RNA isolation 

Total RNA from the needle, phloem, and root tissues was extracted using a modified 

cetyltrimethylammonium bromide (CTAB) (Singh et al., 2024c). Briefly, 100 mg of 

homogenized tissue was mixed with CTAB extraction buffer, followed by the addition of 

Chloroform:isoamyl alcohol (24:1) and centrifugation. The aqueous phase was then collected, 

and 0.5 volume of 5M lithium chloride was added, with the mixture incubated at ī20ÁC for 1 

hour. After centrifuging at 12,000 rpm for 10 minutes at 4ÁC, the supernatant was discarded, 

and the RNA pellet was washed twice with 70% ethanol. The dried pellet was dissolved in 50 

ÕL of RNase-free water. To eliminate any genomic DNA, the RNA was treated with the TURBO 

DNase Kit (Invitrogen, USA). RNA quality and purity were assessed using a 1.2% agarose gel 

and a NanoDrop spectrophotometer (Thermo Scientific, USA), with absorbance ratios checked 

at 260/280 and 260/230 nm. Complementary DNA (cDNA) was synthesized from 1 Õg of RNA 

using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) 

following the manufacturerôs instructions and stored at ī20ÁC until further use. 

Primer design and RT-qPCR 

Primers for RT-qPCR assays in Study III & IV were designed using the PrimerQuestÊ Tool 

(Integrated DNA Technologies, USA). For study III, fifteen candidates were selected from 

previously published literature and our in-house transcriptome dataset (Table 1). The RT qPCR 

reaction mixture consisted of 5.0 ɛL of SYBRÈ Green PCR Master Mix (Applied Biosystems, 

USA), 1.0 ɛL of cDNA from fivefold dilutions, 0.5 ɛL forward and reverse primers each of 10 

ɛM concentration, and 3.0 ɛL of RNase-free water (Invitrogen, USA) to make up a total volume 

of 10.0 ɛL. Amplification was conducted with initial denaturation at 95ÁC for 10 minutes, 

followed by 40 cycles of 95ÁC for 15 seconds and 60ÁC for 1 minute. The reactions were 

performed using an Applied Biosystems StepOne Real-Time PCR System (Applied 

Biosystems, USA). For Study III, melting curve analysis was performed to ensure gene-specific 

amplification and verify primer specificity, with a gradual increase in temperature from 60ÁC 

to 95ÁC, and PaDHN5 from the dehydrin family was used for validation. The expression levels 

of the target genes were calculated using the 2īȹȹCt method (Livak and Schmittgen, 2001). For 

Chapter 5.4, thirteen genes were validated using RT-qPCR (Table 2), and 18S rRNA was used 

as a reference gene for expression normalization after Singh et al. (2024b). 
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Table 1. Primer information of the reference genes and target gene used in study III. 

Gene 

symbol 

Gene name Primer sequence  Amplicon 

length (bp) 

PCR 

efficiency 

Regression 

coefficient 

RPL26 ribosomal protein L26 F: 

R: 

 CATCTAGTGTGCGGCGTATT 

 CTCGTACCACCTGAACTTCATC 

114 96.72 0.999 

PP2A2 Serine/threonine-protein 

phosphatase PP2A-2 
F: 

R: 

 GGCCTATGTGTGATCTACTGTG 

 GTGATTGAATTGGGCTGCTATG 

113 96.99 0.997 

RPL7Ae Ribosomal protein L7Ae F: 

R: 

 CCACTGTTGGCTGAGGATAAG 

 CCCTCATTGGTTGTCACAGAA 

119 100.47 0.996 

UBCP Ubiquitin-like domain-

containing CTD 

phosphatase 

F: 

R: 

 CCACAGAATGGGCTTGTGATA 

 GTGGCTCAGATCATCCAGTTC 

126 96.96 0.999 

SKIP22 F-box protein F: 

R: 

 TTCCCACAGAGCTCAAACTG 

 CTCAGCCGCATACTTCTTCTT 

134 91.19 0.995 

HSP90 Heat shock protein  F: 

R: 

 GGCGATCAAGATGAAGCAAAG 

 AAGCACACATGGCGAAGA 

138 111.92 0.991 

CCZ1 Vacuolar fusion protein F: 

R: 

CAAACAGCAATAGCAGTGAAGG 

 ACAGAGAGCTGGCTAGTAAGA 

133 93.88 0.999 

SDH5 Succinate dehydrogenase F: 

R: 

 GCTCTACGGGCTGCATATAAA 

 ACCAACAGCGTCACTAACC 

119 106.87 0.879 

RID2 18S rRNA F: 

R: 

 GAGGAGCACGAGCTGTATTG 

 CACAACCAGACCACCTGAAA 

104 93.72 0.987 

JMJ16 Putative lysine-specific 

demethylase 

F: 

R: 

 AGCAGATGTGGAGACTAGGA 

 GGAGCCGTGCAATGTTATTTAG 

122 93.88 0.993 

COG7 Conserved oligomeric 

Golgi complex 
F: 

R: 

 CCTCGGCTGAAGAAGACAAT 

 TTGTCCCAGCACCCAATAC 

135 103.63 0.997 

RPS10 ribosomal protein S10 F: 

R: 

 CCTCGATTTGGTGACAGAGATG 

 GCCCTAAATTGAGGCTGGTATT 

110 96.72 0.999 

SP1 ubiquitin-protein ligase 

SP1 
F: 

R: 

 GGCACTACTCTGACTGTTGT 

 GGCAGATCCTAGCCGTTTC 

117 114.86 0.999 

TULP6 Tubby-like F-box protein F: 

R: 

 CCTGAGCCTAATCCATCAGTTT 

 AGTGGGTAGCGATAATCCATTG 

104 94.79 0.999 

ARP9 Actin-related protein 9 F: 

R: 

 CCTGGAAAGGTGGTGCTATT 

 ATCTCTGTACTTTCGACCACTC 

120 93.65 0.999 

Target gene 

PaDhn5 Dehydrin-like protein F: 

R: 

 ATCAATGTGCGGGTGAAG 

 ACTCCCACACTGATCTGAA 

122 120.48 0.951 
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Table 2. List of genes and their primer information used in RT-qPCR validation in study IV. 

 

4.4 Spectrophotometric measurements 

For study IV, free proline content was quantified using a ninhydrin-based colorimetric assay 

following the method of Bates et al. (1973) with minor modifications. For each treatment 

(control and drought), current-year needles from six individual seedlings were pooled to 

constitute one biological replicate, with four biological replicates per treatment. Approximately 

0.5 g fresh mass (FM) of needle tissue was homogenized in 10 mL of 3% sulfosalicylic acid. 

The homogenate was filtered, and 2 mL of the filtrate was combined with 2 mL of glacial acetic 

acid and 2 mL of ninhydrin reagent. The mixture was incubated in a water bath at 100ÁC for 1 

Transcript ID  
Gene 

symbol 
Gene name Primer sequence (5ô-3ô) 

Amplicon 

length (bp) 

Tm 

(°C) 

MA_75192g0010 NAC68 
NAC domain-

containing protein 68  

F:          

R: 

TTCGATCCGTGGCAACTA  

CCAGCAGTAACAGGTTTGTC 
161 

61                        

61 

MA_9957372g0010 IP3 
ABA/WDS-induced 

protein 

F:          

R: 

GCATTGCACGCAAAGAAG  

GTGATGCTCGTGGAAGATG 
114 

60                        

60 

MA_125113g0010 GPX4 
Probable phospholipid 
hydroperoxide 

glutathione peroxidase  

F:          

R: 

GGATCTCAGCATCTACAAGG    

GGTTCCTGTCCACCAAAT 
168 

59                        

59 

MA_104187g0010 TPS6 
alpha-trehalose-

phosphate synthase  

F:          

R: 

ACAGGGTAGCTCCAAAGT   

GCATCAGCAACAGCTTCTA 
153 

60                        

60 

MA_10380599g0010 PTI 
PINTA (-)-alpha-
pinene synthase 

F:          

R: 

CACTTGGGCTTCTTCCATC   

GGACGGATCCCATCTCTTA 
166 

60                        

60 

MA_10212729g0010 TPSD2 Pinene synthase 
F:          

R: 

TAGAGCAACCGAGGAAGAT  

CTGCTGATGTCGAAAGTAGG 
138 

60                        

60 

MA_5806734g0010 GSTUN 
Glutathione S-

transferase U23  

F:          

R: 

CTCCAAGAGCGAACTGTTAC   

TATGCATTGGAGGGCAGA 
156 

60                        

61 

MA_4505582g0010 DHN5 Dehydrin-like protein 
F:          

R: 

ATCAATGTGCGGGTGAAG   

TTCAGATCAGTGTGGGAGT 
122 

60                        

60 

MA_11183g0010 BCH2 
Beta-carotene 

hydroxylase 2 

F:          

R: 

AAGAGCCAGGAAGAAGGT 

CCGAACATCTCTGTGAAAGG 
150 

60                        

60 

MA_104214g0010 DHN2 Dehydrin 
F:          

R: 

ACCATCTGCAGAGACTGT 

CGGAGGATTCGTTGGATAAA 
121 

60                        

60 

MA_79644g0020 PXG Peroxygenase 

F:          

R: 

ATCCGGACAGACTCACATA   

TCCTCTGATGCTCTCCTTT 
161 

60                        

60 

MA_18439g0010 GDL62 
GDSL esterase/lipase 
At4g10955  

F:          

R: 

GGCCTTCAGAGGAACAAATG   

GGACACATACTTCTGGACGA 
139 

61                        

61 

MA_222634g0010 LEA88 
Late embryogenesis 

abundant protein 

F:          

R: 

CACTGAATCTGCCTCTTCTG   

TGGTGTCCTTGACTTCCT 
131 

60                        

60 
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h. After cooling, 4 mL of toluene was added and vortexed for 20 s. The absorbance of the toluene 

phase was recorded at 520 nm using a cuvette spectrophotometer (GBC Scientific Equipment, 

Victoria, Australia), with toluene serving as the reference. 

Photosynthetic pigments were determined spectrophotometrically according to 

Lichtenthaler (1987). For each biological replicate, approximately 1 g of needle tissue was 

homogenized and extracted with 80% acetone. Absorbance was measured at 470, 646, and 663 

nm using a spectrophotometer (Cintra, GBC Scientific Equipment, Victoria, Australia). 

Concentrations of chlorophyll a (chl a), chlorophyll b (chl b), total chlorophyll (chl a+b), and 

total carotenoids (Car x+c) were calculated, and values were expressed on a dry mass basis (mg 

g ĭ). 

4.5 RNA Sequencing, Library Preparation, and Analysis 

Total RNA samples with RNA integrity number (RIN) Ó 7.5 and 260/280 ratio Ó 2.0 were 

selected for sequencing on the Illumina NovaSeq 6000 platform (NovoGene, China), generating 

approximately 50 million paired-end reads (PE150) per sample. mRNA was enriched using 

poly-T oligo-attached magnetic beads, and cDNA libraries were prepared with random hexamer 

primers. Raw sequencing data (FASTQ format) were processed using NovoGeneôs in-house 

scripts to remove adapter sequences, poly-N, and low-quality reads, resulting in high-quality 

clean reads. Quality metrics, including Q20, Q30, and GC content, were calculated. All 

downstream analyses were performed using clean data. Clean reads were aligned to the Norway 

spruce reference genome (P. abies v1.0; Nystedt et al., 2013) with Hisat2 v2.0.5 (Mortazavi et 

al., 2008). Differential gene expression analysis was conducted using the DESeq2 R package 

(ver. 3.22.5) (Robinson et al., 2010; Love et al., 2014). P-values were adjusted using the 

Benjamini-Hochberg approach to control the false discovery rate (FDR). Genes with adjusted 

p-values Ò 0.05 and absolute log2 fold change Ñ 1 were considered significantly differentially 

expressed. 

Functional Annotation, Hierarchical clustering, Transcription Factor identification, and 

MapMan analysis of Transcripts 

Functional annotation of DEGs was performed to characterize their biological roles and provide 

insight into molecular responses to drought stress. Gene Ontology (GO) enrichment analysis 

was conducted to assign DEGs to three principal domains: biological processes (BP), cellular 

components (CC), and molecular functions (MF). Significantly enriched GO terms were 
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identified using a corrected p-value threshold of < 0.05. Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway enrichment analysis was carried out to identify metabolic and 

signaling pathways associated with DEGs. Both GO and KEGG analyses were performed using 

the enrichGO and enrichKEGG functions in the clusterProfiler R package (ver. 4.8.3; Yu et al., 

2012) referencing the GO (http://www.geneontology.org/) for ontological data and metabolic 

pathways from the KEGG database (http://www.genome.jp/kegg/) for metabolic pathway 

annotations (Kanehisa et al., 2020). Statistical enrichment of DEGs in KEGG pathways was 

assessed within clusterProfiler using a corrected p-value < 0.05 as a threshold, ensuring robust 

identification of enriched categories. Hierarchical clustering analysis (HCA) of DEGs was 

conducted using log2 fold change data, centroid linkage, and Euclidean distance in Cluster 3.0 

(Eisen et al., 1998), generating dendrograms to visualize expression patterns and clustering 

dynamics. Transcription factors (TFs) were identified by extracting coding sequences (CDS) 

from DEGs and translating them into protein sequences with ESTScan 3.0, which facilitated 

the identification of open reading frames. The resulting protein sequences were queried against 

PlantTFDB 4.0 (Jin et al., 2016) using an E-value cutoff of Ò10  to classify the TF families. 

For functional categorization and pathway visualization, MapMan v3.6.0RC1 (Thimm 

et al., 2004) was employed, utilizing a custom mapping file specifically designed for P. abies. 

MapMan organizes gene expression data into a hierarchical tree structure of functional 

categories, termed ñBin,ò which are predefined based on biological processes and pathways, 

facilitating a comprehensive overview of metabolic and regulatory shifts. A custom mapping 

file was generated using the Mercator4 online annotation platform, which assigned functional 

Bin terms to P. abies sequences from a reference FASTA file, ensuring accurate gene-to-

function associations for this non-model species. DEGs uniquely regulated in each tissue, as 

well as those common across all tissues, were identified based on a false discovery rate (FDR) 

< 0.05 and an absolute log2 fold change of Ñ1. Annotated DEGs were then mapped onto 

functional Bins and visualized in MapMan to assess metabolic and regulatory pathways, 

supporting evaluation of tissue-specific and systemic regulation. All pathway diagrams were 

systematically examined to identify regulatory patterns and adaptive responses across tissues. 

Statistical enrichment of pathways in MapMan was determined by the Wilcoxon rank-sum test, 

comparing the distribution of expression values for genes within each Bin versus those outside; 

Bins with p < 0.05 were considered functionally enriched. 

http://www.geneontology.org/
http://www.genome.jp/kegg/
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4.6 Statistical Analyses 

Study II 

Total sap flow in each sector (in kg) was first calculated using equation (I) to examine how sap 

flow responds to diurnal solar radiation. Sap flow data were then normalized with equations (II) 

and (III) to obtain relative sap flow values in percentages.  

Ὕέὸὥὰ ὛὊ ίὩὧὸέὶ ὲ  ВὛὊ ὲÄÁÙρ Ễ ÄÁÙω                                                         ) 

ὛὊ ίόά ὲέὶάὥὰὭᾀὩὨ ὲ  
ὛὊ ίόά ὲ

ὛὊ ίόά άὥὼzρππ
                                                            )) 

ὔέὶάὥὰὭᾀὩὨ ὧέὩὪὪὭὧὭὩὲὸ 
ὛὊ ίόά ὲέὶάὥὰὭᾀὩὨ ὲ

ὛὊ ίόά
                                                 ))) 

Generalized Linear Models (GLMs) with ɗ as the natural parameter and ʟ as the 

dispersion parameter were used to relate tree groups to sap sums per sector, using the "glm" 

function from the "stats" package (R Core Team, 2021). Additionally, Pearsonôs correlation test 

("cor.test" function) was performed at a 0.05 significance level to analyze the relationship 

between tree density sets and sap flow (R Core Team, 2021). 

Study III 

Five algorithms were employed to evaluate the expression stability of 15 candidate reference 

genes in Norway spruce: geNorm, NormFinder, BestKeeper, ȹCt, and RefFinder. RefFinder, a 

web-based platform, was used to provide a comprehensive ranking by integrating the results of 

the other four algorithms. The geNorm algorithm calculates the expression stability value (M) 

and performs pairwise variation (V) analysis, where lower M values indicate greater stability 

(Vandesompele et al., 2002). NormFinder ranks candidate genes according to their stability 

across sample groups, considering both intra- and inter-group variation (Andersen et al., 2004). 

BestKeeper evaluates stability based on standard deviation and correlation coefficient of 

quantification cycle (Cq) values (Pfaffl et al., 2004). The ȹCt method assesses relative 

expression stability by comparing Cq differences between gene pairs within each sample (Silver 

et al., 2006). 

For all analyses, mean Cq values of each candidate gene were used as input. RefFinder 

then calculated the geometric mean of individual rankings to provide an overall comprehensive 

ranking of reference gene stability. To determine the optimal number of reference genes 
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required for accurate RT-qPCR normalization, pairwise variation (Vn/Vn+1) was estimated 

using geNorm, where the V value reflects the effect of adding an additional reference gene to 

the normalization factor. To validate the selected reference genes, the relative expression levels 

of the dehydrin gene PaDhn5 were analyzed using the 2-ȹȹCt method (Livak and Schmittgen, 

2001) with both the most and least stable reference genes. Data normality was assessed using 

the Kolmogorov-Smirnov test. Target gene expression levels were then analyzed using single-

factor ANOVA in XLSTAT Cloud (ver. 1.0), with a significance threshold of Ŭ=0.05 to identify 

differences between the control and treatment groups. 

Study IV 

The spectrophotometric and RT-qPCR data for the treatment and control groups were analyzed 

for normality using the ShapiroïWilk test, followed by an assessment of variance homogeneity 

between the control and treatment groups with Leveneôs test. Subsequently, an independent t-

test was conducted, applying either the studentôs t-test for equal variances (if Leveneôs p > 0.05) 

or Welchôs t-test for unequal variances (if Leveneôs p < 0.05). The p-values indicating significant 

differences between the control and treatment groups at a 95% confidence interval were 

calculated using RStudio (version 4.2.3). Differential gene expression analysis was conducted 

using the DESeq2 R package (ver. 3.22.5) (Robinson et al., 2010; Love et al., 2024). P-values 

were adjusted using the Benjamini-Hochberg approach to control the false discovery rate (FDR) 

(Benjamini and Hochberg, 1995). Genes with adjusted p-values Ò 0.05 and absolute log2 fold 

change Ñ1 were considered significantly differentially expressed.  
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5. Results 

 

 

This dissertation comprises four chapters, including three published articles and one 

manuscript. The first chapter (5.1) is an overview article that examines bark beetle population 

dynamics, addressing the primary drivers and assessing various management strategies, with 

recommendations for future molecular-based tools to control these pests. The second chapter 

(5.2) investigates the impact of forest stand fragmentation on Norway spruce physiology 

through ecophysiological measurements in the context of bark beetle susceptibility. The third 

chapter (5.3) addresses a critical gap in the literature by identifying suitable internal control 

genes (reference genes) for normalizing gene expression in Norway spruce across various 

experimental conditions. The final chapter (5.4) analyzes gene expression in Norway spruce 

seedlings under drought stress, highlighting key pathways involved in drought tolerance. 
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This study delivers a comprehensive evaluation of bark beetle ecology by analyzing population 

processes at both stand and landscape scales and by identifying the principal factors driving 

outbreak formation under ongoing climate change. It explores how alterations in forest structure 

influence beetle colonization and dispersal, how drought and water limitation compromise host 

tree vitality, and how temperature regimes regulate bark beetle development and activity. 

Particular emphasis is placed on the interaction between spruce trees and bark beetles, alongside 

a critical appraisal of existing forest management practices and their effectiveness in mitigating 

damage. The findings highlight the growing need for innovative, mechanism-based solutions to 

complement traditional forest protection strategies. 

Conventional management approaches are shown to have limited efficacy, especially as climate 

change continues to intensify the frequency and severity of bark beetle outbreaks. Accordingly, 

this work advocates for the integration of emerging molecular technologies with established 

control measures. Approaches such as RNA interference (RNAi) and CRISPR/Cas9 offer the 

potential for highly specific, targeted pest management, yet their application to bark beetles, 

particularly Ips typographus, remains largely unexplored. While substantial research is still 

required to assess feasibility, effectiveness, and ecological safety, incorporating such molecular 

tools could significantly enhance adaptive forest management in the Anthropocene. 

https://doi.org/10.1007/s11157-024-09692-5
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