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Abstract 

Eurasian Spruce Bark Beetle (ESBB), Ips typographus (Coleoptera: Scolytinae), is one of the 

primary forest pests around Europe. They attack the bark and inter-cortical regions of the host, 

Picea abies, generally, the phloem and growing cambial zone, where the adults feed and 

reproduce, and the larvae develop. To protect themselves from colonisation, plants use 

anatomical and chemical defences. However, bark beetles have defence mechanisms to tolerate 

this harsh environment in their host, which can be attributed to one or more biochemical co-

evolutions that allow them to survive in a host defence-rich environment. Such biochemical 

tolerance mechanisms may be achieved by detoxification of toxic plant compounds or their 

digestion in the midgut of the beetle by the production of certain enzymes. In invertebrates, many 

genes, and their enzymes (like P450s, UGTs, GST, AChE, and ABC transporter genes) play a vital 

role in defending the organism against oxidative stress by regulating many stress-responsive 

genes and are responsible for the detoxification of plant defence chemicals. Hence, greater 

knowledge of the function of these genes mentioned above is required to breakdown the 

molecular mechanism underlying beetle resistance against conifer defences. The presented study 

focused on how I. typographus efficiently conquered the spruce chemical defences using an 

omics-based approach. We reported that the genes related to detoxification, digestion, and 

resistance are critically expressed during host feeding or overexposure to host allelochemicals. 

We identified key genes, such as, CYP6A2, UGT2B17, ST1B1, GSTT1, and members of ABC gene 

families and multidrug resistance-associated proteins involved in the detoxification of host 

chemicals. The presented study provides a catalogue of genes that can be targeted for future I. 

typographus management that can subsequently be functionally validated by gene silencing via 

RNA interference (RNAi) or CRISPR/Cas9 mechanism. 

Keywords: Ips typographus, Picea abies, Detoxification, RNA-seq, RT-qPCR, Enzyme assay, 

Monoterpene bioassay. 
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1.َّIntroduction 

 

Global climate change has led to severe bark beetle attacks in the last decade, especially 

in monoculture boreal forests, as it accelerates the development of bark beetles, reduces tree 

defences, and facilitates the beetles’ expansion to new territories (Biedermann et al., 2019; Singh 

et al., 2024). Pine and spruce are the most economically important conifers in Europe. The pine 

and spruce timber damage by bark beetles has increased by 700% in the last four decades (1971–

2010) and is expected to increase six-fold until 2030, reaching up to 17.9 million cubic meters per 

year (Seidl et al., 2014). In the Czech Republic, timber prices decreased due to massive outbreaks 

in 2018, from 56–64 euro per m3 (2011–2017) to 14–16 euro per m3, causing a substantial 

economic loss to the country. The economic and ecological impacts of such attacks are undeniable 

as they reset forest succession, disturb nutrient cycles, and turn the forest from carbon sinks to 

carbon sources. Several conventional approaches have been applied to manage and control such 

outbreaks in the past, like sanitation felling, debarking, salvage logging, fumigation, and use of 

pheromone-baits and poisoned tripod, but none of them has been entirely successful in 

mitigating the problem so far (Dobor et al., 2020; Singh et al., 2024). The need of the hour calls 

for novel -omics-based approaches for targeted-management of these pests.  

The Eurasian Spruce bark beetle (ESBB; Ips typographus) is one of the most eruptive 

herbivorous polyphagous economical forest pests (Picea abies being its primary host) in Europe. 

In their endemic stage, they attack stressed trees such as wind-felled or drought-prone, as they 

are more welcoming to attackers due to their weakened defence. The pioneer beetles are males 

that, after colonising the tree, release aggregation pheromones that cause a mass attack, leading 

to an epidemic where they infest the healthy trees in the forest. Most such attacks are lethal to 

the plant, and the virulence of the attack can be overwhelmed by some microbial associates 

(Krokene and Solheim, 1998; Fäldt et al., 2006; Davis, 2015; Chakraborty et al., 2020a; 

Chakraborty et al., 2020b; Gupta et al., 2023; Kandasamy et al., 2023; Singh et al., 2024). Host 
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plants produce secondary metabolites, such as mono, di, and sesqui-terpenes, as part of their 

defence when attacked by insects, which the beetles counteract by producing detoxifying 

enzymes during feeding. Through the course of evolutionary interaction with hosts, insects have 

acquired the ability to detoxify plant allelochemicals in their gut, allowing them to bypass plant 

defences (Roy et al., 2016). This detoxification is performed by enzymes such as cytochrome 

P450s (P450s), glutathione S-transferases (GSTs), Carboxyl/choline esterases (CCE), UDP-

glycosyltransferases (UGTs), and ATP-binding cassette (ABC) transporters (Kshatriya and 

Gershenzon, 2024). However, most of these enzymes and their gene complements have not yet 

been identified in ESBB, and the mechanism remains poorly understood. 

For studying such mechanisms, the current study aims to identify the detoxification 

machinery genes in different life stages and tissues of ESBB using the RNA-seq approach. Further, 

to understand the genes involved in detoxifying the spruce monoterpenes, this study employed 

fumigation bioassay and diet-switch response analysis that effectively unravel the molecular 

mechanism underlying the beetle adaptation to conifer secondary metabolite defences. This 

approach of toxin overexposure had also been previously used in other bark beetle species, such 

as Dendroctonus (Smith, 1961; 1963; 1965; Everaerts et al., 1988; Chiu et al., 2017), and 

agricultural pests like Helicoverpa (Celorio-Mancera et al., 2011; Wu et al., 2011; Fabrick et al., 

2022). Further studies deployed RNA-seq based approaches to study differential gene expression. 

This work aims to identify the key genes responsible for catering such defences to beetles, which 

can be further validated in the future using gene silencing techniques like RNAi, that had already 

been applied to control various agricultural pests and has been found efficacious in forest pests, 

especially those belonging to Coleoptera (Rodrigues et al., 2017a; Rodrigues et al., 2017b; 

Rodrigues et al., 2018; Kyre et al., 2019; Dhandapani et al., 2020a; Dhandapani et al., 2020b; Kyre 

et al., 2020; Kyre and Rieske, 2022). A study conducted by Yoon et al. (2018) has confirmed the 

excellent performance of RNAi against coleopteran insects, including beetles. It has also 

elucidated the possibility of using RNAi against ESBB to develop eco-friendly species-specific 

biopesticides to control forest pests in the future (Joga et al., 2021; Mogilicherla and Roy, 2023).  
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3. AimsَّandَّObjectives 

 

Even though the chemical defences of the tree are strong enough to fend off the pests, the 

ESBB has co-evolved to overcome the host allelochemical defence. We hypothesised that the 

detoxification machinery in ESBB helps the beetles to overcome this conifer allelochemical barrier 

and thrive. However, the specific knowledge of the putative genes involved in such mechanisms 

is unknown.  

 To fill this knowledge gap, this study follows the overall objective to investigate the 

molecular mechanisms of I. typographus resistance to host chemical defences by identifying key 

genes involved in detoxifying or adapting to host metabolites. This study aims to enhance the 

understanding of host-beetle interactions and contribute to pest management strategies 

(Chapters 5.1 and 5.4). 

Specific objectives: 

1. To identify the detoxification machinery genes in I. typographus and elucidate their roles 

in overcoming host plant toxins during feeding (Chapter 5.2). 

2. To identify the key genes in I. typographus that are responsible for the breakdown or 

modification (detoxification) of specific allelochemicals present in host plants (5.3). 
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3.َّLiteratureَّreview 

 

3.1.َّClimateَّChangeَّandَّBarkَّBeetle 

 Forests play a main role in the carbon balance on the earth as they are the main carbon 

sink (Bastrup-Birk et al., 2016; Hlásny et al., 2019). However, due to rising temperatures and 

climate change, the pest outbreaks in the forest, 

especially the bark beetle outbreak, have intensified, 

leading to the conversion of forests from carbon sink 

to carbon sources (Ghimire et al., 2015; Hlásny et al., 

2019). Various studies propound climate change 

being the driving factor in intensifying the bark 

beetle attacks in Europe and all across the world by 

reducing tree defences due to heat and drought, 

accelerating bark beetle life cycle and reproduction, 

increasing the number of generations, and 

facilitating its expansion to new territories (Schlyter et 

al., 2006; Ghimire et al., 2015; Raffa et al., 2015; 

Bastrup-Birk et al., 2016; Marini et al., 2017; Holopainen et al., 2018; Biedermann et al., 2019; 

Hlásny et al., 2019; Netherer et al., 2022). Due to climate change, the uneven drought and frost 

patterns have increased, which serves as preconditioning factors for decreasing the tree vitality 

and, in turn, rendering the plant more susceptible to windstorm felling and triggering bark beetle 

outbreaks as such trees serve as breeding grounds for these insects (Figure 1) (Schlyter et al., 

2006; Marini et al., 2012).  

Figure 1. The interconnected cycle of bark beetle 
attack and weakened spruce trees. Source- 
original, Aisha Naseer. 
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3.2.1. Norway Spruce 

 Norway spruce, Picea abies (L.) H. Karst., constitute the most economically important 

forest species. Due to its good performance growth and economic value to the wood industry, 

the extensive planting of the Norway spruce within and outside its native range gave rise to what 

is termed as monoculture or secondary forests at the expense of the broad-leave plants. These 

monoculture forests have less vitality and are more susceptible to biotic and abiotic stresses due 

to resource competition and providing large-scale breeding species breeding grounds to pests like 

bark beetle (Figure 2) (Singh et al., 2024). 

Although spruce have specialized and sophisticated mechanisms to overcome the beetle 

attack via- i) morphological and anatomical structures- such as necrotic lesions, tough bark, stone 

cells and ii) chemical defences- production of toxic chemicals like terpenoid oleoresins in the resin 

Figure 2. Effects of severe 
drought and stand density 
on tree host factors 
influencing and interacting 
with bark beetle life cycle 
stages. The + and - for 
stand density and severe 
drought show the 
potential correlations of 
tree host factors with the 
comp component that 
interacts with the bark 
beetles. Figure source-
Ryan et al. (2015). 
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ducts or stored phenolics compounds in the parenchyma cells (Krokene, 2015; Biedermann et al., 

2019). The chemical defences of the conifers consist of terpenes (mono- (C₁₀), sesqui- (C₁₅), and 

di-terpenes (C₂₀)) and phenolic (stilbenes and flavonoids). Phenolics, mainly stilbenes and 

flavonoids, provide defence against bark beetles and their associated fungi (Martin et al., 2002; 

Celedon and Bohlmann, 2019; Hammerbacher et al., 2019). Such defences can be present as 

constitutive (already present) or induced upon stress (elicitation of induced defence system or 

defence priming), for example, by the beetle attack, fungal inoculation, methyl jasmonate (MeJA) 

treatment, or mechanical wounding (Nagy et al., 2000; Martin et al., 2002; Zhao et al., 2011a; 

Zhao et al., 2011b; Celedon and Bohlmann, 2019; Chen et al., 2021). 

 The levels of induced mono-, sesqui-, and diterpenes were reported to increase 240 folds 

in some trees within 35 days of inoculation of blue stain fungi Ceratocystis polonica (Siem.), a 

virulent fungal associate of the I. typographus and such trees witness only five percent of the 

beetle attack as compared to the non-induced tree (Zhao et al., 2011b). Similar kinds of studies 

were reported in the case of Scots Pine, Pinus sylvestris, in which the monoterpene level increased 

800 folds and 30 folds within 28 days of inoculation with Leptographium wingfieldii and 

Ophiostoma canum, respectively (Fäldt et al., 2006). In an analogous study on the Norway spruce 

by Martin et al. (2002, 2003) showed the high accumulation of monoterpenes in the wood and 

bark after MeJA treatment. The highest rise and amount present in the treatment were reported 

in the case of monoterpene, depicting their role as the main compounds of chemical defences in 

Norway Spruce. Despite the elaborated plant defences of the conifers, the beetles, along with 

their associates, can colonise the spruce. Generally, two strategies are used: i) entering dead or 

stressed trees and ii) mass-attacking a healthy tree. The latter is the key adaptation that facilitates 

a bark beetle outbreak, which is also fatal to healthy trees. 

3.2.2. Bark Beetle Complex 

 Bark beetles (Coleoptera: Curculionidae: Scolytinae) are the most diverse and 

economically important forest pests of the conifers. More than 6,000 species of bark beetles are 
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found worldwide, most of which specialize in attacking dead or weak trees and play a role in 

nutrient cycling. However, some of them have specialized to carry mass attacks on healthy trees, 

which causes the most damage (Raffa et al., 2015; Valeria et al., 2016). These weevil family 

members specialise in living inside the host plant tissue (Raffa et al., 2015). They can be 

monogamous like Dendroctonus, where the female initiates the attack and mate with one male, 

or polygamous, where the male initiates the attack and may mate with more than one female as 

in the case of Ips species (Bleiker et al., 2013; Biedermann et al., 2019; Singh et al., 2024). To 

attack the appropriate host, these beetles use kairomones to locate the appropriate host. These 

beetles attack in mass numbers and enter the stem of the conifers, where they breed in the 

intercortical regions. A single egg is laid in tunnels forming galleries where larvae develop and 

start feeding on the phloem tissues, radiating away from the parent gallery to develop into adults. 

This way, characteristic gallery shapes are formed, which can be attributed to each species and 

used in their identification. The adults emerge from the holes in the bark and prepare to infest a 

new host. Most of these beetles are associated with bacteria, fungi, and/or nematodes, 

facilitating their entry into the host and helping them metabolize the conifer chemical defences 

(Zhao et al., 2011b; Krokene, 2015; Zhao et al., 2019). 

3.2.3. Eurasian Spruce Bark Beetle (ESBB) 

The Eurasian spruce bark beetle (ESBB), Ips typographus (L.), is one of Europe's most 

important spruce bark beetles, causing enormous economic wood loss of the Norway Spruce, 

(Picea abies). ESBBs are small-sized beetles, generally 4.5 to 5 mm in size, and show sexual 

dimorphism (Figure 3). The species is generally univoltine (completing one generation per year) 

but may increase to polyvoltine (multiple generations per year) due to an increase in 

temperature, i.e. warmer temperature, and with altitude due to faster development time. 

Climate change also enhances the performance of the beetle due to droughts, frost, and severe 

storms (Schlyter et al., 2006; Marini et al., 2017; Singh et al., 2024). The wind caused tree 

mortality plays an essential role in expediting the outbreak by increasing the availability of food 

and brood trees and colonising density of the standing trees (Schlyter et al., 2006; Komonen et 
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al., 2011; Mezei et al., 2014). ESBB is also associated with their microbial partners who play an 

essential role in blocking the sapwood and in the flavonoid metabolism (Cale et al., 2019; 

Chakraborty et al., 2020a; Chakraborty et al., 2020b; Kandasamy et al., 2023).  Certain naturally 

occurring competitors and predators of Ips, such as Medetera, Monochamus, and Thanasamus, 

predate on various life stages of beetles and keep the population in check (Vega and Hofstetter, 

2014; Sousa et al., 2023) (elaborated in Chapter 5.1). 

 
Figure 3. The Eurasian spruce bark beetle. Adult Ips typographus (a) front and (b) side view with sensory array on 
antennae indicated by arrows. (c) Female in mating chamber with eggs, (d) Larvae and pupae in radial galleries. Figure 
source (a) and (b) – Powell et al. (2021), (c)- original, Aisha Naseer, and (d)- Hlásny et al. (2019). 

 

To initiate the colonisation of the host, ESBB, after overwintering, emerges from the litter 

or Norway spruce stems and disperses 100 meters to tens of kilometres (Biedermann et al., 2019) 

while locating a suitable host. Such host selection strategies are based on the plant volatiles in 

the forest, which may play a role as attractants or repellents (Raffa et al., 2015). During initial 

outbreaks, called green attacks or endemic stages, the beetles tend to infest the matured trees, 

which are either dead or are stressed and weakened due to high temperature, drought, disease, 
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or physical damage by wind or other factors. During the endemic stage, the male initiates the 

colonisation of the host phloem tissues of the dead/weakened host and releases aggregation 

pheromones to attract the male and the female conspecifics. The adults enter the host and make 

small chambers where they mate. If many beetles have entered the same tree, the mated females 

may re-emerge to infest the sister broods. The females lay eggs in the galleries below the bark, 

where they hatch into larvae. Also, anti-aggregation pheromones can be deployed to reduce 

intraspecific competition and mass colonisation of the same tree (Figure 4) (Biedermann et al., 

2019; Ramakrishnan et al., 2022a; Singh et al., 2024). The larvae feed, tunnel away from the 

gallery, and develop into new adults, thereby increasing the population to 15-fold from the parent 

generation. This way, the beetle increases in number and with an enormous population, they can 

attack healthy trees, leading to the epidemic stage or outbreak phase. 
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3.3.ََّّHost-PestَّInteraction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

25 

 

Figure 4. Scheme of Ips typographus population dynamics. (A.) In the endemic phase, beetles feed and reproduce in 
windthrown trees, trunks, and stumps and later move to the epidemic phase under favourable conditions. There are 
several factors, such as favourable weather, availability of breeding substrate, droughts, and windthrows, that 
influence the transition of the beetle populations to the epidemic phase. In the epidemic phase, the beetle population 
is high enough to mass attack healthy trees and cause widespread mortality. Later, certain factors such as 
unfavourable weather, exhaustion of the breeding substrate, abundance of predators, and increased tree resistance 
of surviving trees can cause high beetle mortality and limit the population to the endemic phase (Adapted from (Kautz 
et al., 2024). (B.) a. The initial host colonisation stage is usually initiated by pioneer beetles, males in Ips and females 
in Dendroctonus. In Ips typographus, aggregation pheromones, 2-methyl-3-buten-2-ol (MB) and (-)-cis-verbenol (cV) 
are released to attract additional male and female beetles. b. If the pioneering beetle survives host tree defences, 
with the arrival of additional beetles, they produce larger amounts of aggregation pheromones which usually ends 
the mass colonisation of host trees. The goal of mass colonisation is to exhaust tree defence to secure reproduction. 
c. During the mass colonisation stage, while the initial tree (I) is mass colonised, a small portion of male beetle land 
on a neighbouring uncolonized tree (II) and starts a new colonisation sequence. d. As the production of attractive 
pheromone components diminishes, the attraction towards the initial tree declines, while simultaneously, attraction 
towards the neighbouring tree increases, starting a switch in attraction. e. When the initial "switching" process is 
completed, only small amounts of aggregation pheromones are produced, while larger amounts of inhibitory 
compounds (ipsdienol & ipsenol) are continuously produced. The attraction is now shifted to the neighbouring tree 
(II), where a new mass attack starts, with a small proportion of males once more being deflected and ending up on 
the new uncolonized neighbouring tree (III). The small graphs represent log pheromone release from Birgersson et 
al. (1984). The marks on the x-axis represent the attack phases 1, 3 and 6, where (1) males are bored in bark, (3) have 
completed nuptial chamber formation, and (6) are joined with females. (Adapted from (Schlyter et al., 1987). Figure 
source- Singh et al. (2024).  

 

Interestingly, the chemical-ecological co-evolution between the Norway spruce trees and 

the ESBB has enabled the beetles to formulate new strategies for overcoming plant defences 

upon encountering new hosts (Singh et al., 2024). The ability to infest new host thought comes 

with multiple challenges but offers several advantages, such as lesser competition, utilizing plant 

metabolites as recognition or aggregation signals, and formulating chemical defences against 

potential predators and parasitic or pathogenic attacks. Two terms are quite frequently used in 

this regard: resistance and tolerance. While the former means the ability to survive the effects of 

a toxicant due to genetic selection, which goes on increasing from one generation to the other 

until a maximal point is reached, the latter means a relative comparison between the population/ 

species/ strains of their ability to tolerate a particular toxicant generally expressed in terms of 

LD50 or LC50 (Heckel, 2014). 



 

 

26 

 

3.3.1. Insect Detoxification 

 To counteract plant defence compounds, insects employ several strategies, which can be 

grouped into three categories: a) sequestration, b) excessive excretion, and c) biochemical 

alteration, also known as detoxification. Sequestration is among the many ways of defence 

adaptation, mimicry, plant-insect coevolution, and chemical ecology, where plant secondary 

metabolites are stored in specialized organs/ glands or tissues of the attacking insect without its 

alteration. A classic example is the sequestration of α-pinene to produce cis-verbenol, an 

aggregation pheromone produced by ESBB (Ramakrishnan et al., 2022a; Ramakrishnan et al., 

2022b; Ramakrishnan et al., 2024).  However, some detoxification is involved before the actual 

sequestration occurs (Duffey, 1980). During excessive excretion, the insect tends to remove the 

unaltered toxins from its body (Dowd et al., 1983; Heckel, 2014; Kshatriya and Gershenzon, 2024).  

 When an insect comes across a uniform and predictable compound, it may deploy its 

countermeasures and/or use these compounds as oviposition and feeding stimulants (Heckel, 

2014). The generalist herbivores come across a wide variety of defence chemicals, and hence, 

they use diverse detoxification strategies, while the specialist herbivores feed on a narrow range 

of host plants and thus have specialized mechanisms of detoxification and sequestration 

strategies (van Veen, 2015; Erb and Robert, 2016; Bras et al., 2022). Studies on an aposematic 

butterfly, diurnal moth, and beetle suggest these species use sequestration strategies against 

toxic host compounds rather than manufacturing chemical defences of their own (Nishida, 2002). 

Reports on generalist insect Spodoptera exigua also suggest that the secondary metabolites (e.g., 

gossypol) of the plants, if not toxic in itself to the insect, could help in enhancing its defence 

against other toxic compounds (deltamethrin) (Hafeez et al., 2019). 

Detoxification refers to the bio-chemical alteration of the endogenous or exogenous lipophilic 

compound to more hydrophilic substances that can be excreted out of the insect body via body 

fluids (Jakoby and Ziegler, 1990; Heckel, 2014; Heidel-Fischer and Vogel, 2015; Kshatriya and 

Gershenzon, 2024). 
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3.3.2. Enzyme Systems Involved  

 

Figure 5. General scheme highlighting different pathways of xenobiotic elimination. Detoxification mediated by Phase 
I and II enzymes are characterised by reactions catalysed by cytochrome P450 monooxygenases (P450s) and UDP-
glycosyl transferases (UGTs), respectively. The elimination pathways shown can work simultaneously, but depending 
on the xenobiotic, individual pathways can dominate. Figure source-  Amezian et al. (2021). 

 

 The detoxification of host allelochemicals involves a repertoire of genes and their enzyme 

products. Such enzyme systems can be divided into Phase I (the lipophilic group attacking 

enzymes), Phase II (attacking the epoxides intermediates of the phase I) metabolic processes, and 

Phase III enzymes that transport the detoxified products out of the cells and insect body (Figure 

5). The major groups of Phase I enzymes include Cytochrome P-450-dependent monooxygenases 

(P450s), reductases, esterases, epoxide hydrolases, peroxidases, and dehydrogenases. Phase II 

enzyme systems involve Glutathione-S-transferases (GSTs), UDP-glucuronosyltransferase (UGTs), 

sulfotransferases, N-acetyltransferases or acyltransferases. Phase III enzymes include multidrug 

resistance proteins, which are members of ATB-binding cassette transporters (ABC transporters) 

that cause the ATP-dependent transport of the hydrophobic products of phase I and II to 
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extracellular medium such that they can be excreted out of the insect body through body fluids 

(Ahmad, 1986; Jakoby and Ziegler, 1990; Váradi and Sarkadi, 2003; Wu et al., 2019; Hilliou et al., 

2021; Kshatriya and Gershenzon, 2024).  Recently, five signalling pathways that carry out 

detoxification in insects were described, viz. GPCR signalling pathway, MAPKs-CREB pathway, 

AhR/ARNT pathway, HR96 pathway, and CncC/Keap1 pathway (Amezian et al., 2021). These 

pathways contain the xenobiotic sensors, which activate the cascading mechanism leading to the 

activation of respective transcription factors and, therefore, the upregulation of the detoxification 

genes. Previous reports have identified insect gut and fat body as important sites for the 

detoxification reaction as most of the important genes are reported to be over-expressed in these 

tissues during toxin treatments (Tittiger et al., 2005; Fernanda López et al., 2011; Cano-Ramírez 

et al., 2013; Noriega et al., 2020; Ashraf et al., 2023). 

3.3.3. Examples of Detoxification in Agricultural Pests 

3.3.3.1. Cytochrome P450 Mixed Function Oxidases 

 P450s are one of the most important groups of enzymes involved in insecticide 

detoxification by strategically converting the lipophilic toxins to polar compounds that can be 

excreted (Feyereisen, 2012) and are abundantly present in the midgut and fat bodies of the 

insects that facilitate not only the metabolism of endogenous substrates but also the 

biotransformation of xenobiotics. The midgut is assumed to be an essential site for its activity 

(Hodgson, 1983; Berenbaum and Calla, 2021). Cytochrome P450s are the most critical groups in 

both generalist and specialist herbivores for the detoxification of xenobiotics via oxidation of its 

iron atom (Feyereisen, 2012; Heckel, 2014; Alyokhin and Chen, 2017). The complete cycle of the 

reaction depends upon the type of reaction- hydroxylation, epoxidation, dealkylation, oxidative 

deamination, oxidative de-sulphuration, N-hydroxylation, and sulphoxidation (Guengerich et al., 

2009; Heckel, 2014). The most crucial detoxification families are CYP4 and CYP6. 
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  The gene CYP6B1 was first described in P. polyxenes. This gene, when expressed in the 

baculovirus Sf9 cells along with the housefly P450 reductase enzyme, could efficiently detoxify 

the linear furanocoumarin (xanthotoxins) more than its angular form angelicin (Wen et al., 2003; 

Heckel, 2014). The detoxification behaviour depends upon the specialists and generalist 

behaviour of the insect. In the case of Helicoverpa zea, a generalist lepidopteran insect, the 

CYP6B8 can metabolize a wide variety of plant chemicals like quercetin, flavone, chlorogenic acid, 

indole-3-carbinol, and rutin. Whereas CYP6B1 from P. polyxenes could detoxify xanthotoxins 

better than CYP6B8 (Wen et al., 2003). 

Various other pests of the Apiaceae have evolved detoxification strategies against the 

plant toxins. One such example is illustrated by the parsnip webworm, Depressaria pastinacella, 

a Pastinaca and Heracleum fruit pest that produces 10-fold higher furanocoumarin in fruits than 

its leaves (Berenbaum, 1990). It was reported that the overall expression of the P450s was ten 

times higher in this insect. The most characterized enzyme from D. pastinacella is CYP6AB3v1, 

which specifically detoxifies imperatorin (Mao et al., 2006). 

 Helicoverpa is a notorious agricultural pest known to detoxify gossypol and capsaicin. 

Capsaicin is a well-established defence compound found in Capsicum annum and C. frutescens for 

protection against herbivores and pathogens. It was reported that four P450 genes CYP6B6, 

CYP9A12, CYP9A14, and CYP9A17, cause the depletion of capsaicin in Helicoverpa; out of these 

genes, CYP6B6 has the highest depletion rate (Tian et al., 2019).  

 Gossypol is a secondary metabolite compound produced by the cotton plant and other 

related members to defend against pests (Celorio-Mancera et al., 2011; Celorio-Mancera et al., 

2012; Jin et al., 2019). The multi-step oxidation of gossypol to gossic acid requires P450s as 

prominent entities. The study reported the up regulation of 13 P450 in the gut when H. armigera 

was fed with gossypol at the highest concentrations. Among these genes, CYP6AE14, worth 

mentioning, was highly regulated in the midgut of the insect (Celorio-Mancera et al., 2011). This 
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gene is expressed in midgut, and its silencing via RNAi causes retarded and reduced larval growth 

(Mao et al., 2007). Upregulation of two more P450s, CYP6AB9, and CYP9A17, was reported by 

Celorio-Mancera et al. (2012), which may be involved in detoxification. Functional validation of 

two P450s and one CCE, CYP4L11, CYP6AB9, and CCE001b, led to reduced larval growth in H. 

armigera larvae when fed on a gossypol diet (Jin et al., 2019). Furthermore, Hafeez et al. (2019) 

reported that P450 is involved also in providing resistance to other insecticides. They confirmed 

that the gossypol-treated larvae of the Spodoptera exigua showed overexpression of CYP6AB14 

and CYP9A98 that provides tolerance to the insect towards insecticide deltamethrin and their 

knockdown induced sensitivity in the larvae to the insecticide. 

Spodoptera is a well-studied agricultural pest for its detoxification genes. The role of P450 

as a detoxification gene has also been studied in Spodoptera exigua (Hafeez et al., 2019; Hafeez 

et al., 2020). They used RNAi to functionally validate the role of three P450s, CYP6AB14, CYP9A98, 

and CYP9A10, in insecticide resistance. The abamectin exposure on S. exigua showed tissue 

specificity expression of eight P450 and four UGT genes when exposed to λ-cyhalothrin, 

Chlorantraniliprole, metaflumizone, and indoxacarb, showing similar up-regulated response (Hu 

et al., 2019). In S. frugiperda, CYP6B39, CYP321A, CYP9A31, and CYP9A27 were induced on 

xanthotoxin feeding within 24 hours (Giraudo et al., 2015). 

In an endoparasitoid wasp Meteorus pulchricornis, which is a natural enemy of 

lepidopteran pests Helicoverpa and Spodoptera species, 28 P450s were identified to be 

overexpressed when exposed to chemical insecticides (Xing et al., 2021). These CYPs belong to 

the CYP2, CYP3, CYP4, and mitochondrial clans. They further characterised CYP369B3 using RNAi, 

which increased insect mortality after gene silencing. 

Transcriptomics analysis of a coleopteran agricultural weevil of camphor by Pagiophloeus 

tsushimanus revealed that there exists a co-expression between the P450s expression and that 

of cuticular proteins during the developmental stages when exposed to camphor (Li et al., 2023). 
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Such an adaptation leads to the thickening of the cuticle, thus preventing the entry of the toxin 

into the body via fumigation. 

3.3.3.2. UDP-glycosyltransferases and Glutathione S-transferases 

 Uridine diphosphate (UDP)-glycosyltransferases/ glucuronosyltransferase (UGTs) are 

major phase II enzymes specialized in the detoxification of glycosylated chemical defences of the 

plant by attaching sugar to it, hence diminishing its activity and elevating its solubility. After the 

activation of the monosaccharide xenobiotic via attachment to uridine diphosphate (UDP), UGTs 

catalyse the conjugation of the sugar, thus increasing its solubility in water and excretion 

henceforth (Ahn et al., 2012; Heckel, 2014; Bretschneider, 2016). Apart from their occurrence in 

humans and plants, over 310 insect UGT have been identified in H. armigera (42), Bombyx mori 

(45), Tribolium casteneum (43), and Apis species (10). These were classified into 68 families, 

UGT50 being the only family expressed universally in insects, and their occurrence varies from fat 

body, midgut, and Malpighian tubules, suggesting their role in detoxification of host compounds 

and antennae suggesting a role in pheromone deactivation (Ahn et al., 2012; Bock, 2016; 

Bretschneider, 2016). Although the role of cytochromes is well established in gossypol 

detoxification, Krempl et al. (2016) demonstrated the role of two UGTs, UGT41B3 and UGT40D1, 

in partially metabolising gossypol via glycosylation in Helicoverpa armigera. Similarly, 23 UGTS 

were significantly up-regulated in Aphis gossypii on thiamethoxam-resistant strains (Pan et al., 

2018). Gene silencing of UGT2 in Colorado potato beetles increases the susceptibility of these 

insects towards imidacloprid (Hu et al., 2019). Functional characterisation using RNAi knockdown 

of more UGT2 family genes has proven strong association with detoxification like UGT2B17 

involved with exogenous toxin Chlorantraniliprole in diamond moth (Plutella xylostella) (Li et al., 

2017) and UGT2B20 being involved in malondialdehyde resistance in Apis cerana cerana (Cui et 

al., 2020). Chlorantraniliprole resistance was also reduced in rice stem borer (Chilo suppressalis) 

after CsUGT40AL1 and CsUGT33AG3 knockdown (Zhao et al., 2019). A single UGT of S. frugiperda, 

SfUGT33F28 provides defence against major maize-defensive benzoxazinoids (Israni et al., 2020). 

Apart from detoxification, certain UGTs are involved in developmental functions. For example, 



 

 

32 

 

ecdysteroid UDP glucosyltransferase (EGT) can hinder moulting by interrupting cocoon formation 

in larvae of silkworm Bombyx mori (Shen et al., 2018). 

 Glutathione S-transferases (GSTs) are another phase II gene family involved in the 

detoxification of the host allelochemical by conjugation of electrophilic molecules with reduced 

glutathione (Francis et al., 2005; Koirala et al., 2022). In other words, they remove toxic oxygen 

free radicals by either dehydrochlorination or conjugating with reduced glutathione (Enayati et 

al., 2005). In 1995, Hung et al. showed that GST and P450s also facilitate furanocoumarin 

detoxification. It was shown in Manduca sexta that there was GST gene upregulation in response 

to plant feeding, yet the response was not specific (Francis et al., 2005). Additionally, when H. 

armigera larvae fed on different hosts, various gene products involved in xenobiotic metabolism 

were up-regulated, such as a GST (GST23), and the UGTs (UGT41B2, UGT41D1, and UGT33T1) 

(Celorio-Mancera et al., 2012). Another study identified thirty differentially expressed UGTs and 

GSTs that participate in detoxification in Heliconius melpomene (Yu et al., 2016). Previous reports 

have also identified three genes in brown plant hopper involved in insecticide resistance viz. 

NlGST1-1, NlGSTd2, and NlGSTE1 (Yang et al., 2021). Similarly, Zhang et al. (2016) demonstrated 

that chlorpyrifos leads to the induction of GSTs in Spodoptera litura larvae. Another study by 

Meng et al. (2020) demonstrated the putative involvement of the GSTD9 gene in Bactrocera 

dorsalis responsible for malathion resistance. GSTS6 induced susceptibility towards insecticides 

and reduced embryogenesis in Tribolium casteneum (Song et al., 2022). However, not many 

functional studies have been performed in bark beetles for UGTs and GSTs. One of the few 

reports, used phloem-feeding and monoterpene fumigation on the Chinese white pine beetle, 

Dendroctonus armandi, to study GST genes across various tissues and life stages and reported 

sixteen full-length GSTs belonging to the category delta, epsilon, sigma, and theta (Gao et al., 

2020). 
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3.3.3.3. ABC Transporters 

Adenosine triphosphate (ATP)-binding cassettes (ABC) are conserved transmembrane 

proteins crucial for the ATP-driven export of a wide range of substrates across cellular 

membranes. In insects, ABC transporters play significant roles in xenobiotic detoxification, 

resistance to pesticides, and the action of Bacillus thuringiensis (Bt) toxins (Bretschneider, 2016; 

Wu et al., 2019). Structurally, these proteins consist of two transmembrane domains (TMDs) and 

two nucleotide-binding domains (NBDs), where ATP hydrolysis induces conformational changes 

that drive substrate transport. ABC transporters in insects are divided into eight subfamilies 

(ABCA-ABCH), each with unique functional properties. The study of ABC transporter genes in 

Tribolium casteneum revealed ABCA and ABCC subfamily genes to be involved in detoxification. 

The expression of several ABC genes was lowered after gene knockdown, and gene knockdown 

of ACCG4C also led to lesser egg hatching, thus preventing development (Broehan et al., 2013). 

In the leaf beetle Chrysomela populi, Strauss et al. (2014) studied how ABC transporters help 

detoxify and sequestrate plant-derived chemicals. They identified sixty-five ABC transporter 

genes from the ABCB, ABCC, and ABCG subfamilies inked to the absorption of plant metabolites 

in the gut and their excretion via Malpighian tubules. In Asian corn borer Ostrinia furnacalis, Gao 

et al. (2022) reported the significant role of the ABCG4 family gene in Bt-toxin resistance using 

CRISPR/Cas9 gene knockout. Researchers utilized CRISPR/Cas9 in Helicoverpa zea to create an 

ABCA2 knockout strain, revealing that the absence of this gene increased resistance to Bt toxins 

(Fabrick et al., 2022). These findings indicate that ABCA2 may be a receptor for Bt Cry1 toxins. 

Other reports suggested that ABC transporter genes are linked to deltamethrin resistance in Culex 

pipiens pallens (Xu et al., 2023). They identified sixty-three ABC transporter genes, and those 

belonging to ABCB, ABCC, and ABCG subfamilies were highly expressed in deltamethrin-resistant 

mosquitoes. Further, the RNAi gene knockdown of ABCG6032427 increased the mosquitoes' 

susceptibility to deltamethrin, suggesting its role in enhancing resistance by altering cuticle 

thickness and structure as the cuticle became thinner and looser, as revealed by SEM and TEM.  
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3.4.َّMonoterpeneَّDetoxificationَّinَّBarkَّBeetles 

 Bark beetles detoxify the monoterpenes of their host by their hydroxylation to alcohol. 

More than a hundred P450s have been identified in the insects. Several studies on Ips pini 

reported that P450s play an essential role in the hydroxylation of myrcene to ipsdienol, which 

acts as a semiochemical to attract the conspecifics (Blomquist et al., 2010; Nadeau et al., 2017; 

Tittiger and Blomquist, 2017; Blomquist et al., 2021).  For the detoxification study, P450s 

belonging to families 4 and 6 are considered the most important (Powell et al., 2021). Previously, 

the detoxifying role of P450s has been elaborately studied in different species of Dendroctonus, 

a pine beetle which is a close relative of ESBB (Cano-Ramírez et al., 2013; López et al., 2013; Liu 

et al., 2022). Whole-genome transcript analysis of D. ponderosae revealed the presence of several 

P450s, GSTs, and esterases putatively involved in the detoxification of the host compound. These 

genes were present in the midgut, fat body, and other tissues of the adult, and some of those 

P450s were overexpressed in a sex-specific manner, suggesting the role involvement early 

colonisation of the host and of females being the pioneer sex (Robert et al., 2013). More recently, 

the functional characterisation of three P450s, CYP6DJ1, CYP6BW1, and CYP6BW3, involved in 

detoxifying pine monoterpenes and diterpenes was reported (Chiu et al., 2019). Similar whole-

genome analysis in D. armandi reports the overexpression of various P450s in the whole body 

and gut of the insect upon monoterpene vapor exposure and feeding, respectively (Dai et al., 

2015). Two P450 genes, CYP6CR2 and CYP6DE5 were characterized in D. armandi via gene 

knockdown (Liu et al., 2022). Silencing these genes significantly increased the mortality of the 

beetles exposed to monoterpenes like α-pinene, 3-carene, limonene, and turpentine, thus, 

demonstrating their involvement in detoxification. Up-regulation of five P450s was also reported 

in the midgut of D. rhizophagus during the early stages of feeding on the host (Sarabia et al., 

2019). Several ultrastructural changes were also reported in monoterpene-induced cells on the 

midgut of D. valens (Fernanda López et al., 2011). These studies suggest that the detoxification of 

host monoterpenes mainly occurs in the midgut, and P450s play a crucial role.  
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3.5.َّCurrentَّKnowledgeَّofَّIps typographusَّatَّtheَّMolecularَّLevel 

Based on the literature research, we acknowledge that although agricultural pests and 

some forest pests are well studied for their detoxification genes, the bark beetle detoxification 

machinery, in Ips species remains unexplored. The availability of the I. typographus genome has 

highly facilitated our knowledge and research in Ips for their genetic regulation (Powell et al., 

2021). Insect olfaction is one important phenomenon that helps the beetles locate their suitable 

host during attack and has been the most studied field in I. typographus at the gene level. Various 

studies have reported and characterised olfactory receptors and chemosensory genes in I. 

typographus for their evolution and sensation to individual plant volatiles (Andersson et al., 2013; 

Johny et al., 2024). For instance, characterisation of ItypOR46 for (S)-(-)-ipsenol, ItypOR49 for (R)-

(-)-ipsdienol, ItypOR25 for (+)-3- carene, ItypOR6 for 2-phenylethanol, ItypOR41 for (4S)-cis-

verbenol, and ItypOR33a for amitinol (Hou et al., 2021; Yuvaraj et al., 2021; Roberts et al., 2022; 

Biswas et al., 2024; Johny et al., 2024).  Advances in -omics studies have identified several gene 

families related to pheromone biosynthesis in Ips beetles (Ramakrishnan et al., 2022a). A follow-

up study on hormone regulation, using juvenile hormone III (JH III) on I. typographus, further 

advanced the identification of specific gene families involved in pheromone production. 

Interestingly, research on JH III has also highlighted the role of genes which are not only involved 

in pheromone biosynthesis but also play a key role in detoxification mechanisms, such as the 

breakdown of monoterpenes. This suggests that JH III influences both pheromone production and 

related processes, including detoxification, in I. typographus (Ramakrishnan et al., 2024). Various 

reports have tried to explain the role of ESBB-associated microbiome and how it facilitates ESBB’s 

resistance towards complex host chemicals (Zhao et al., 2019; Chakraborty et al., 2020a; 

Chakraborty et al., 2020b). To facilitate the RNA-seq., Sellamuthu et al. (2022) have provided a 

comprehensive catalogue of optimal reference genes for validation studies. The occurrence of 

RNAi core machinery genes and the future possibilities of targeted pest management strategies 

for ESBB using molecular gene targets was recently reported (Joga et al., 2021). The current study 

focuses on identifying potential targets in detoxification mechanisms using the RNA-seq 
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approach. The compiled report in the presented thesis enhances our current understanding of Ips 

typographus detox-mechanisms and its allelochemical resistance that have been unknown so far. 

Notably, these are the very first published reports on I. typographus detoxification mechanisms 

and could pave the way for gene silencing mediated management strategies in the future.  
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4.َّMaterialَّandَّMethods 

 

4.1.َّSampleَّCollection 

4.1.1. Insect Collection 

StudyَّI 

For the study in Chapter 5.2 Ips typographus (F0) were sourced from Rouchovany in 

Czechia (49°04’08.0” N 16°06’15.4” E), 360 m above sea level, a warm and drought-prone area 

with regular forest management by State Forest Enterprise during the infestation season in May 

2019. The average temperature was around 15°C during collection. Different life stages (larval 

stages 1, 2, 3, pupae, callow beetles, and adult beetles) were collected from the infested logs and 

snap-frozen in liquid nitrogen. Callow and adult (sclerotised) beetles were dissected to isolate 

desired tissues (midgut, fat body, and head) in sterile conditions and stored in RNAlaterTM (Thermo 

Fisher Scientific (Waltham, MA, USA). 

StudyَّII 

 For the study in Chapter 5.3, newly infested Norway spruce logs were collected from 

research plots near Kostelec nad Černými lesy in the Central Bohemian region of Prague, Czech 

Republic. The area experiences warm, dry summers, ideal for beetle development, with a growing 

season of 150-160 days, annual temperatures of 7-7.5°C, and 600 mm of rainfall (Tolasz et al., 

2007; Singh et al., 2023). After felling, the logs were stored at 4°C for up to two weeks at the Czech 

University of Life Sciences. I. typographus were collected, reared on fresh spruce logs, and kept in 

controlled lab conditions (25°C, 65% humidity) (Sellamuthu et al., 2022; Naseer et al., 2023). F1 

beetles were sexed, weighed, and used immediately, excluding compromised individuals. 
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StudyَّIII 

Ips sexdentatus, ISx (F0) used in the study of Chapter 5.4 were collected from fresh pine 

logs sourced from Kostelec nad Černými lesy and were reared on fresh pine and spruce logs to 

produce F1 under lab conditions: temperature 27 ± 1°C under 70 ± 5% humidity and a 16:8 h 

light/dark (L:D) photoperiod (Sellamuthu et al., 2021). 

4.1.2. Plant Material Collection 

Uninfested and non-pesticide treated logs of Pinus sylvestris L. (Scots pine) and Picea abies 

L. (Norway spruce) trees (80-100 years in age, diameter 30–45 cm, length 38–42 cm) were sourced 

from Kostelec nad Černými lesy and Rouchovany for host-switch and metabolomic studies in 

Chapter 5.4. 

4.2.َّBioassay 

4.2.1. Fumigation (Study II) 

For the study in Chapter 5.3, five monoterpenes (Table 1): α-pinene, (R)-(+)-limonene, (S)-(-)-

limonene, myrcene, and sabiene were tested using fumigation (details in Chapter 5.3) using the 

protocol of Chiu et al. (2017) with slight modification as detailed in Naseer et al. (2024). 

Monoterpenes were tested at five doses (volume monoterpene applied/volume airspace of the 

assay vial) of 50 μL/L, 100 μL/L, 200 μL/L, 400 μL/L, and 800 μL/L which are represented at 1 μL, 

2 μL, 4 μL, 8 μL, and 16 μL per 20 mL of vial used for the study. A piece of Whatman filter paper 

(1.5 cm × 1.5 cm) was placed in the vial, a definite dose of a single monoterpene was applied, a 

moist filter paper for maintaining humidity was placed, a beetle was inserted, and the vial was 

sealed. For control, no monoterpene was applied to the Whatman filter paper. The set-up was 

placed inside the climate chamber (Memmert HPP2200ECO, , Schwabach Germany) at 25°C 

temperature and 20 h/4 h light/dark photoperiod (Faccoli and Schlyter, 2007) and was observed 

for 72 h, and mortality was recorded at 12 h interval. 60 insects (30 ♀ and 30 ♂) were tested for 
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each dose of monoterpene and control for bioassay. A total of 360 insects (180 ♀ and 180 ♂) were 

used for each monoterpene. Dose-response analyses were conducted after 48 h to calculate the 

LC70 using 48 h mortality data. Adult emerging F0 and F1 ESBB were again treated with the 

resulting LC70 dose for four chemicals (α-pinene, (R)-(+)-limonene, myrcene, and sabiene). The 

whole body of the live beetles was collected after 48 h and snap-frozen in liquid nitrogen for RNA 

isolation. F0 beetles were also treated with a double dose of the LC70 of R-limonene and sabiene 

to assess the effect of generational vigour of ESBB. The whole body was crushed in liquid nitrogen 

using a pre-chilled mortar pestle to make powder, which was used for RNA and protein isolation. 

Details of sample pooling and biological replicates used can be found in Chapter 5.3. 

Table 1: List of chemicals used in the bioassay. 

Sr. No. Name Purity Manufacturer CAS 

1 α-Pinene 97% Thermo Scientific Chemicals 80-56-8 

2 (S)-(-)-Limonene 97% Thermo Scientific Chemicals 5989-54-8 

3 (R)-(+)-Limonene ~90% Sigma-Aldrich 5989-27-5 

4 (1S)-(+)-3-Carene 99% Sigma-Aldrich 498-15-7 

5 Myrcene ≥ 90.0 % Sigma-Aldrich 123-35-3 

6 Sabiene 75% Sigma-Aldrich  3387-41-5 

 

4.2.2. Offspring Performance and Fecundity (Study III) 

In Chapter 5.4, to assess beetle performance, we compared the elytra length, weight, and 

fecundity of ISx beetles after being transferred between species (pine to spruce, F1-spruce) and 

within the same species (pine to pine, F1-pine). Adult ISx (F0), equally divided between males and 

females reared on Pinus sylvestris (pine), were transferred to both Pinus sylvestris and Picea abies 
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(spruce) logs for the next generation (F1) in a climate-controlled chamber (Sellamuthu et al., 

2021). Ten pairs from the F0 generation were placed on each type of log, and fecundity was 

measured by counting larval galleries or hatched larvae per square centimetre of phloem. F1 

adults’ body weight and elytra length (n = 60) were recorded to evaluate their performance. 

4.3.َّTotalَّRNAَّIsolation,َّcDNAَّSynthesis,َّandَّRT-qPCRَّAnalysis 

4.3.1. Samples Used for RNA Isolation 

StudyَّI 

 For the study in Chapter 5.2, the whole body, and tissues of ESBB were used as: eight L1 

larvae, eight L2 larvae, five L3 larvae, five pupae, and two adults were pooled; ten guts, ten fat 

bodies, and five heads were dissected and pooled as one biological replicate for RNA and protein 

isolation (Naseer et al., 2023). 

StudyَّII 

 For the RNA-sequencing in Chapter 5.3, three emerging F1 ESBB were pooled for R-

limonene and sabiene treatment. For RT-qPCR and enzyme assays performed for four chemicals 

(α-pinene, R-limonene, sabiene, and myrcene), four ESBB whole body for F1 and F0 were pooled 

for treatment at LC70, and two beetle whole body of F0 were pooled for treatment at double LC70 

as one biological replicate (Naseer et al., 2024). 

StudyَّIII 

 For the study in Chapter 5.4, ten gut tissues of ISx F0-Pine, F1-pine, and F1-spruce were 

pooled as one biological replicate after feeding on P. sylvestris and P. abies, respectively, to be used 

as the source of RNA and protein (Sellamuthu et al., 2024). 
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4.3.2. Protocols Used 

RNA was isolated using the RNA extraction kit PureLink™ RNA Kit from Ambion (Invitrogen, 

Carlsbad, CA, USA) following the manufacturer’s protocol. Isolated RNA was immediately treated 

with DNase I (TURBO DNase Kit, Ambion, Austin, TX, USA). Integrity and concentration of RNA 

were checked on a 1.2% agarose gel and using a NanoDrop2000 spectrophotometer (Thermo 

Scientific, MA, USA) in Chapters 5.2 and 5.3. For Chapter 5.4, the concentration of RNA was 

measured with a Qubit 2.0 Fluorometer (Life Technologies) and integrity with 2100 Bioanalyzer 

(Agilent, CA, USA). cDNA was synthesised with one µg of RNA using a High-Capacity cDNA Reverse 

Transcription kit (Applied Biosystems Life Technologies, Waltham, MA, USA). cDNA was diluted 

10-fold (for study II, Chapter 5.2) and 5-fold (study III and IV, Chapters 5.3 and 5.4). cDNAs were 

stored at -20°C until use. 

The RT-qPCR primers were designed using the IDT PrimerQuest software (IDT, Leuven, 

Belgium). The 10 µL RT-qPCR reactions contained 5.0 µL of SYBR Green PCR Master Mix (Applied 

Biosystems Life Technologies, Waltham, MA, USA), 1.0 µL of cDNA, 1.0 µL of 10 µM forward and 

reverse primers, and 3.0 µL RNase-free water (Invitrogen, Waltham, MA, USA). The reactions were 

performed in an Applied BiosystemsTM StepOneTM Real-Time PCR System (Applied Biosystems Life 

Technologies, Waltham, MA, USA) with the following conditions: initial denaturation at 95°C for 

10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min, and dissociation curve analysis 

during which temperature was increased from 60 to 95°C. The expression levels of the target 

genes were calculated using the 2−∆∆Ct method (Livak and Schmittgen, 2001). Ribosomal proteins 

L7 and S7 (RPL7 and RPS7) were used as reference genes for expression normalization. 

4.4. TranscriptomeَّSequencing,َّLibraryَّPreparation,َّandَّAnalysis 

StudyَّIَّ&َّII 

 Transcriptome libraries of different life stages and tissues prepared in the study following   

Powell et al. (2021) were used in Chapter 5.2. The RNA sequencing data were submitted to NCBI 
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(PRJNA679450) and reused for the present gene expression study. The raw reads were mapped 

back to the I. typographus reference genome (Powell et al., 2021). The differential gene expression 

studies in Chapters 5.2 and 5.3, were performed using the CLC workbench (CLC version 21.0.5, 

Qiagen, Denmark) as detailed in section 5.2 and 5.3. The data for Chapter 5.3 was submitted to 

NCBI under Bioproject PRJNA1149972 (Naseer et al., 2024). 

StudyَّIII 

 For the study in Chapter 5.4, RNA-seq data analysis was performed using the OmicsBox 

transcriptomics module (version 1.4.11), and de novo assembly of the cleaned reads were 

performed as explained in detail in Chapter 5.4. The data was submitted to NCBI under Bioproject 

PRJNA846690 (Sellamuthu et al., 2024). 

4.5.َّEnzymeَّAssay 

Enzyme activity assays were formed for three enzymes viz. NADPH–Cytochrome P450 

Reductase (CPR), glutathione S-transferase (GST), and esterases (EST) following the detailed 

protocol of Sellamuthu et al. (2024) (Chapter 5.4, supplement protocol file). Samples (whole body 

and/or tissues) were homogenized in 100 µL of sodium phosphate buffer (50 mM, pH 7.0). The 

microplate reader (Agilent BioTek Cytation 5, CA, USA) used definite wavelength and time interval 

to measure the enzyme activities as described in Chapters 5.2 and 5.4. 

4.5.َّGasَّChromatography-massَّSpectrometryَّ(GC-MS)َّAnalysisَّforَّHostplant 

 For the study in Chapter 5.4, phloem samples from pine and spruce logs were freeze-dried, 

homogenised into powder, and 200 mg was extracted in hexane using sonication for 10 minutes. 

The compounds were separated and identified using GC-MS (Agilent 7890B, CA, USA) with a 

Pegasus 4D mass analyser (LECO, MI, USA), following modified methods (Ramakrishnan et al., 

2022a). A 1 µL extract was injected into a cold PTV injector, heated to 275°C, and separated on an 
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HP-5MS UI column. The total run time was 33 minutes, and ions were collected in the 35–400 Da 

range. Data were processed, normalized, and analysed using PCA and OPLS-DA in SIMCA 17 

software (Sartorius Stedim Data Analytics AB, Malmö, Sweden). Compound identity was 

confirmed using standards and National Institute of Standards and Technology (NIST) indexes 

(2017). 

4.6.َّStatisticalَّAnalysis 

StudyَّI  

In Chapter 5.2, we used Student’s t-test for pairwise comparisons to analyse differences in 

RT-qPCR gene transcript levels for 19 detoxification-related genes. These comparisons included 

the callow beetle gut versus the sclerotised beetle male gut and the callow beetle female fat body 

versus the callow beetle male fat body. Tukey’s HSD was applied for multiple comparisons of 

relative gene expression across developmental stages and gut tissues of ESBB. Finally, one-way 

ANOVA tested the significance of differences in enzymatic activities between ESBB stages and 

tissues. All analyses were conducted in RStudio (version 4.2.2). 

StudyَّII  

In Chapter 5.3, the percentage mortality of the beetles was calculated using Henderson-

Tilton’s formula (Henderson and TILTON, 1955). The dose-response analysis was performed using 

XLSTAT 2020 (v 3.1.1011) to calculate the LC70. F-test and Student’s t-test were performed to check 

the sex-based mortality among the populations. To compare the relative expression of 

detoxification genes between the control and treated beetles in RT-qPCR, and enzyme activity 

assay. First, the normality of each group was checked using the Shapiro-Wilk test, and then 

variance homogeneity was calculated between the control and treatment groups using Levene’s 

test. Then independent t-test was performed with equal variance-Student’s t-test (if Levene’s 

p>0.05) or unequal variance- Welch’s t-test (if Levene’s p<0.05) accordingly, and p-values were 

generated based on the significant differences between control and treatment groups at 95 C.I. 

using RStudio (version 4.2.3). 
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StudyَّIII  

In Chapter 5.4, ANOVA was used to analyse differences in ISx body size and weight after 

feeding on different hosts in the no-choice bioassay. A paired t-test was conducted to assess 

significant variations in fecundity. For DGE data, a negative binomial Generalized Linear Model 

(GLM) with a Likelihood Ratio Test was applied. One-way ANOVA with Šídák’s multiple 

comparisons test was used to evaluate differences in RT-qPCR results and enzyme activity levels.  
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5.َّResults 

 

The dissertation thesis consists of four published articles distributed in four sub-chapters. 

The first sub-chapter (5.1) is a review article that details the bark beetle population dynamics 

regarding forest tree health, attack mechanism, and present and prospects of future management 

strategies. Sub-chapters second to fourth contain original data in the form of published articles. 

The second sub-chapter (Chapter 5.2, Study I) explores the detoxification machinery across 

different life stages and tissues of ESBB and their abundance (Objective I). The third sub-chapter 

(Chapter 5.3, Study II) examines the effect of fumigation of two monoterpene (R)-(+)-limonene 

and sabiene, on ESBB at the gene level and details the conserved mechanism of overexpression 

of detoxification genes and suppression of developmental genes on different monoterpene 

exposure (Objective II). The fourth sub-chapter (Chapter 5.4, Study III) reveals the changes in the 

gene expression on host switch in another important Ips species, I. sexdentatus. 
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5.1.َّ Understandingَّ barkَّ beetleَّ outbreaks:َّ exploringَّ theَّ impactَّ ofَّ changingَّ temperatureَّ

regimes,َّdroughts,َّforestَّstructure,َّandَّprospectsَّforَّfutureَّforestَّpestَّmanagement. 

Published as: Singh, V.V., Naseer,َّA., Mogilicherla, K., Trubin, A., Zabihi, K., Roy, A., Jakuš, R. and 
Erbilgin, N., 2024. Understanding bark beetle outbreaks: exploring the impact of changing 
temperature regimes, droughts, forest structure, and prospects for future forest pest 
management. Reviews in Environmental Science and Bio/Technology, pp.1-34. 
https://doi.org/10.1007/s11157-024-09692-5 

Contributed to: visualisation, writing- section of the first draft, reviewing and editing. 

This study provides a comprehensive overview of the bark beetle ecology, their population 

dynamics at the stand and landscape levels, and major drivers of the outbreak in the context of 

climate change. It preliminary examines how changes in forest structure influence the initial 

colonisation and spread of bark beetles, how drought and water stress impact the physiology and 

vitality of host trees, and how temperature regimes affect bark beetle activity. The article covers 

the overall objective ‘to understand spruce-beetle interaction’ and evaluates current forest 

management strategies and their effectiveness in safeguarding forests and emphasised the 

importance of exploring innovative, molecular-based techniques for managing bark beetles.  

The article highlights the inadequacy of traditional management approaches in dealing 

with escalating bark beetle outbreaks, especially in the context of climate change. It stresses the 

importance of integrating novel molecular tools alongside conventional methods. Emerging 

technologies like RNA interference (RNAi) and CRISPR/Cas9 offer a species-specific, targeted 

approach and have shown potential in controlling agricultural pests. However, their applicability 

in managing bark beetles, particularly Ips typographus, has not been thoroughly explored. While 

these techniques have not yet been tested in this species, the article discusses their potential 

future use and efficiency in bark beetle management. Nonetheless, further research is required 

to validate their effectiveness in forest ecosystems. We propose incorporating these advanced 

molecular techniques to address new challenges, which could enhance future forest management 

practices in the Anthropocene. 

https://doi.org/10.1007/s11157-024-09692-5
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5.2.َّ Ageَّ matters:َّ Life-stage,َّ tissue,َّ andَّ sex-specificَّ geneَّ expressionَّ dynamicsَّ inَّ Ips 

typographusَّ(Coleoptera:َّCurculionidae:َّScolytinae) 

Published as: Naseer,َّA., Mogilicherla, K., Sellamuthu, G. and Roy, A., 2023. Age matters: Life-
stage, tissue, and sex-specific gene expression dynamics in Ips typographus (Coleoptera: 
Curculionidae: Scolytinae). Frontiers in Forests and Global Change, 6, 
p.1124754.  https://doi.org/10.3389/ffgc.2023.1124754 

Contributed to: methodology, formal analysis, data curation, data analysis, visualisation, writing- 

original draft, review, and editing. 

The study was conducted ‘to identify the detoxification machinery genes in I. typographus 

and elucidate their roles in overcoming host plant toxins during feeding (Objective I).’ The study 

utilised mRNA sequencing from 13 samples across different life stages [larvae (L1, L2, and L3), 

pupa, callow, and sclerotised adult], and male/female tissues (gut, fat body, and head) from callow 

beetles and sclerotised adult beetles to generate 11 transcriptomes used in the study. The study 

focussed on the detoxification gene regulated across different life stages, and the feeding (larval 

and adults) and the non-feeding stage (pupa) revealed that detoxification gene expression is high 

during feeding on host tissues, especially in the second instar larva and the gut of callow male 

beetles. A few gene families of pheromone biosynthesis were also reported to be upregulated in 

the callow beetle fat bodies. In addition to detoxification, the study also identified genes and their 

dynamics related to digestion, resistance, signalling, and transport across different comparisons. 

The results denote that ESBB’s ability to detoxify spruce monoterpenes is a testament to 

its evolutionary adaptation to its host environment. By upregulating key detoxification genes and 

enzymes, including P450s, GSTs, UGTs, and ABC transporters, the beetle can neutralise the toxic 

effects of host chemical defence and continue feeding on spruce trees. This detoxification system 

is highly dynamic, with gene expression varying across different life stages and tissues, allowing 

the beetle to cope with varying levels of toxic exposure during its development under the bark. 

The study signifies that the larva and newly emerged callow beetles (being a rapidly feeding stage), 

and the insect gut serves as a specialised site for detoxification activity. 

https://doi.org/10.3389/ffgc.2023.1124754
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Supplementary Table 1 | RNA-seq statistics for ESBB life stage and tissue transcriptomes (T1-T13). 

 

Supplementary Table 2 | Protein concentrations for four replicates used in enzymatic assays (T1-T6 and T13).  
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Supplementary Figure 1: Volcano plots of different comparisons were made for the study with the number of 

differentially expressed contigs (FDR p < 0.05, fold change ± 2). (A) Group-wise comparison between L1-L3 (T1-T3), 

pupa (T4), and sclerotised adult whole-body (T13); (B) T1 vs. T4; (C) T2 vs. T4; (D) T3 vs. T4; (E) T13 vs. T4; (F) 

tissue-specific group-wise comparison between the callow female head (T10), gut (T7) and fat body (T8); (G) tissue-

specific group-wise comparison between the callow male head (T11), gut (T5) and fat body (T9); (H) sex-specific 

comparison between callow male gut (T5) vs. callow female gut (T7); (I) sex-specific comparison between callow 

female fat body (T8) vs. callow male fat body (T9); (J) comparison between sclerotised male gut (T6) vs. callow male 

gut (T5); and (K) group-wise comparison between all gut tissues sclerotised male gut (T6), callow male gut (T5), and 

callow female gut (T7). N = 5. Up-head arrows represent upregulation (fold change ≥ 2), and down-head arrows 

represent downregulation (fold change ≤ −2). Red dots represent significantly expressed contigs (FDR p < 0.05), and 

blue dots represent non-significantly expressed contigs (FDR p > 0.05). The X-axis represents the log2 fold-change 

plotted against −log10 (p-values). 

 



 

 

110 

 

Supplementary Figure 2: Dynamics of other detoxification-related genes. Different life stages of ESBB on the x-axis 

are plotted against the average CPM values of all the contigs of a gene family on the y-axis. Different line colours 

represent individual gene families. The total CPM was calculated by taking the average of all the differentially 

expressed contigs (FDR p < 0.05, fold change ± 2) of each gene family. T1, T2, and T3 represent the first, second, and 

third larval stage, respectively, T4 represent pupal stage, and T13 represent the sclerotised adult stage of I. typographus. 

 

 

 



 

 

111 

 

 

 

Supplementary Figure 3: Sex-specific comparison. (A) Callow male gut (T5) vs. Callow female gut (T7) (N = 5). 

(B) Callow female fat body (T8) vs. Callow male fat body (T9) (N = 5). (i) PCA plot showing sample clustering. (ii) 

Heatmaps representing gene clustering. The colour spectrum, stretching from blue to red, represents TMM-adjusted 

log CPM expression values obtained after DGE analysis. (iii) Bar graphs showing differentially expressed contigs of 

specific detoxification-related enzyme families and other essential enzymes related to defence, digestion, transport, 

metabolism, signalling, and growth. Analysis was done using the CLC workbench (FDR p < 0.05 and fold change ± 

2). 
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Supplementary Figure 4: Group-wise comparison between sclerotised male gut (T6), callow male gut (T5), and 

callow female gut (T7) (N = 5). (A) PCA plot showing sample clustering. (B) Heatmaps representing gene clustering. 

The colour spectrum, stretching from blue to red, represents TMM-adjusted log CPM expression values obtained after 

DGE analysis. (C) Bar graphs showing differentially expressed contigs of specific detoxification-related enzyme 

families and other essential enzymes related to defence, digestion, transport, metabolism, signalling, and growth after 

group-wise comparison between the three tissues. Analysis was done using CLC workbench with FDR p < 0.05 and 

fold change ± 2 cut off.  

Remaining Supplementary Material (excel datasets) for this article can be found online at: 

https://www.frontiersin.org/articles/10.3389/ffgc.2023.1124754/full#supplementary-material.  

https://www.frontiersin.org/articles/10.3389/ffgc.2023.1124754/full#supplementary-material
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5.3.َّInsightsَّintoَّtheَّDetoxificationَّofَّSpruceَّMonoterpenesَّbyَّEurasianَّSpruceَّBarkَّBeetle 

Published as: Naseer,َّA., Singh, V.V., Sellamuthu, G., Synek, J., Mogilicherla, K., Kokoska, L. and 
Roy, A., 2024. Insights into the Detoxification of Spruce Monoterpenes by the Eurasian Spruce 
Bark Beetle. International Journal of Molecular Sciences, 25(18), p.10209. 
https://doi.org/10.3390/ijms251810209 

Contributed to: conceptualisation, methodology, formal analysis, data curation, data analysis, 
visualisation, writing- original draft, review, and editing, project administration. 

 This study was conducted ‘to identify the key genes in I. typographus that are responsible 

for the detoxification of specific allelochemicals of the host (Objective II).’ For this study, we 

performed a fumigation bioassay using five key monoterpenes—α-pinene, sabinene, myrcene, 

(R)-(+)-limonene, and (S)-(-)-limonene—to assess their toxicity on I. typographus. Following 

exposure, the beetles were analysed to determine how their gene expression changed in response 

to these compounds using RNA-seq, RT-qPCR, and enzyme assays to identify differentially 

expressed genes related to detoxification processes using the whole body. 

The bioassay results show that sabinene and (R)-(+)-limonene were particularly toxic to 

the beetles, significantly reducing their survival rates in a dose-dependent manner. The RNA-seq 

data showed that exposure to these monoterpenes led to the upregulation of several 

detoxification genes, particularly those from the CYP (family 4 and 6), GST-theta class, and UGT 

family 2. For example, CYP4 and CYP6, known for their roles in metabolizing toxic substances, were 

among the most upregulated genes. GSTs and UGTs were also highly expressed, which help 

conjugate and excrete toxins. On the contrary, there was a concurrent downregulation of genes 

related to development, such as moulting and pupation (CYP314A1, CYP306A1, and CYP315A1), 

eggshell formation (chorion peroxidase), and diapause initiation (peroxiredoxin-6). Further, 

validation of key detoxification genes by RT-qPCR and enzyme activity assay conducted on ESBB 

fumigated on LC70 and double LC70 with four monoterpenes showed a conserved mechanism 

underlying the upregulation of these genes on chemical over-exposure. This suggests that the 

beetles may be diverting resources from growth and reproduction towards detoxification when 

exposed to high levels of toxic compounds. 

https://doi.org/10.3390/ijms251810209
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Remaining Supplementary Material (excel datasets) for this article can be found online 

at: https://www.mdpi.com/article/10.3390/ijms251810209/s1. Reference (109) is cited in Supplementary File S2.  
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5.4.َّGeneَّexpressionَّplasticityَّfacilitatesَّdifferentَّhostَّfeedingَّinَّIps sexdentatusَّ(Coleoptera:َّ

Curculionidae:َّScolytinae) 

Published as: Sellamuthu, G., Naseer,َّA., Hradecký, J., Chakraborty, A., Synek, J., Modlinger, R. and 
Roy, A., 2024. Gene expression plasticity facilitates different host feeding in Ips sexdentatus 
(Coleoptera: Curculionidae: Scolytinae). Insect Biochemistry and Molecular Biology, 165, 
p.104061. https://doi.org/10.1016/j.ibmb.2023.104061 

Contributed to methodology, data curation, writing- reviewing and editing. 

 Study III was designed ‘to understand the host selection and host chemical defences 

adaptation in Ips beetles and understand host shift.’ This chapter helps us elaborate more on the 

overall objective ‘understanding spruce-beetle interaction’. We investigated the gene expression 

plasticity of the six-toothed bark beetle, Ips sexdentatus (ISx), as it adapted to feeding on different 

conifer hosts, specifically Scots pine and Norway spruce. Remarkably, when ISx was made to shift 

(no-choice assay) from pine to spruce, it not only survived but thrived, as evidenced by its high 

fecundity on spruce logs. Such notable adaptations were also reflected in gene expression, 

particularly in gut tissues. The critical physiological changes involved in digestion, detoxification, 

and stress response were studied using RNA sequencing, enzymatic assays, and metabolomic 

analyses to uncover the molecular mechanisms underlying this host shift. 

The findings reveal that ISx exhibits significant transcriptional plasticity when shifting from 

its native pine host, allowing the beetle to modulate the expression of genes involved in digestion, 

detoxification, and molecular transport, enabling it to process and neutralize the allelochemicals 

present in spruce. For instance, genes associated with detoxification enzymes such as CYP4C1, 

UDP-glucose: glycoprotein glucosyltransferase, ABC transporter (ABCC and ABCB6), and glucose 

dehydrogenase were differentially upregulated when ISx was fed on spruce (F1 ISx-Spruce) 

compared to pine (F1 ISx-pine). Additionally, transporter genes associated with sugars and 

nutrient transport were abundant, and trehalose essential for stress tolerance and homeostasis 

were upregulated in F1 ISx-spruce, suggesting their importance in maintaining energy balance and 

stress tolerance under the new dietary conditions. 

https://doi.org/10.1016/j.ibmb.2023.104061
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Supplementary Figure 1: Transcriptome evaluation. a) BUSCO analysis; b) The coding region prediction analysis of 

the total transcripts using Transdecoder. 

 

Supplementary Figure 2: COG and EggNOG analysis. The annotation of the transcriptome was classified into three 

major groups: information storage and processing, cellular processes and signalling, and metabolism. 
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Supplementary Figure 3: Evaluation of different treatment data sets. PCA and the volcano plots show overall gene 

expression patterns in different sample groups, such as a). F0 Pine vs F1 Pine (F0Pi vs F1Pi); b). F0 Pine vs F1 Spruce 

(F0Pi vs F1Sp); c). F1 Pine vs F1 Spruce (F1Pi vs F1Sp). 
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Supplementary Figure 4: Hierarchical clustering of the differentially expressed genes with all biological replicates. 

a). F0 Pine vs F1 Pine (F0Pi vs F1Pi); b). F0 Pine vs F1 Spruce (F0Pi vs F1Sp); c). F1 Pine vs F1 Spruce (F1Pi vs 

F1Sp). 
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Supplementary Figure 5: Gene Ontology (GO) analysis. Differentially expressed transcripts were annotated and 

clustered into cellular components and biological process molecular function categories from the following 

comparisons: a). F0 Pine vs F1 Pine (F0Pi vs F1Pi); b). F0 Pine vs F1 Spruce (F0Pi vs F1Sp); c). F1 Pine vs F1 Spruce 

(F1Pi vs F1Sp).  

  

Supplementary Figure 6: Influence of generation on beetle gut gene expression. a) host-specific (Pine), and b) 

generation effect (conserved). Differentially expressed genes are related to digestion, detoxification, transporter, 

oxidative stress, and signalling. Statistical significance of differentially expressed genes represented in the heatmap. 

The red colour indicates upregulated, whereas the green colour indicates downregulated expression. DGEs are 

determined by an FDR corrected p-value < 0.05 (more details in Supple Tables 19 and 20). 
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Supplementary Figure 7: Correlation of expression patterns between RNA-seq and RT-qPCR. 
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Supplementary Figure 8: Expression patterns of hexaomine pathway genes in different generations of spruce feeding. 

A). glutamine-fructose-6-phosphate aminotransferase (GFAT); B). glucosamine-6-phosphate N-acetyltransferase 

(GNPNA); C). phosphoacetylglucosamine mutase (PGM); D). UDP-N-acetylglucosamine pyrophosphorylase (UPA) 

and E). Chitin synthase 2 (CSH2).  
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6.َّDiscussion 

 

The beetles have existed for ages in the boreal forests; however, the last few decades have 

seen a massive shift in the host-pest interaction and ecology owing to climate change and human 

interventions in the ecosystem. Human involvement, such as promoting monoculture forests and 

excessive timber harvesting, have disrupted the ecological balance. This has not only altered the 

carbon cycle but also triggered severe outbreaks in the central Eurasian boreal forests. This thesis, 

comprising four research articles, explores I. typographus ecology and its interaction with its host, 

P. abies, Norway spruce. The chapters analyse how various abiotic and biotic factors contribute to 

bark beetle outbreaks and highlight novel emerging methods to mitigate these impacts on forest 

ecosystems (Chapter 5.1), followed by the molecular mechanisms the beetles use to survive the 

host defences in different stages and tissue-specific way (Objective I, Chapter 5.2). The beetle’s 

life stages that develop and emerge from the bark of the spruce face a blend of allelochemicals 

that elicit a conserved detoxification response. Such a response may differ when the insects are 

exposed to individual monoterpenes (Objective II) , as discussed in Chapter 5.3. This study extends 

our understanding of the conserved detoxification gene expression mechanism of ESBB in 

response to selected monoterpene and the disruption of development mechanisms. Such 

mechanisms result from years of co-evolution that enable ESBB to survive and coordinate mass 

attacks. Although such co-evolution helps overcome a regular host, in times of unavailability of 

the potential regular host or if the primary host is already occupied by the existing kins (higher 

competition), an alternate host may be attacked. The new alternate host provides less 

competition and poses higher stress to adapt and overcome new challenges of host defences. In 

Chapter 5.4, one such host-shift was studied using eight-tooth bark beetle Ips sexdentatus (ISx) to 

understand the underlying molecular mechanism for such new and rapid adaptation. The key 

findings of each study are discussed further in this chapter. 
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Chapter 5.1 examines the significant impacts of climate change on Ips typographus 

outbreaks, focusing on the interplay between environmental factors such as temperature, 

drought, and forest structure while also exploring novel pest management strategies. Over the 

recent decades, rising global temperatures have drastically altered forest ecosystems, creating 

favourable conditions for bark beetle outbreaks. Increased temperatures have resulted in more 

frequent and intense droughts, which weaken tree defences, making them more susceptible to 

beetle infestations. While many studies have previously reviewed various aspects of host pest 

interaction between Norway spruce and ESBB —such as host defence mechanisms (Krokene, 

2015; Huang et al., 2020), ecological dynamics (Biedermann et al., 2019; Hlásny et al., 2021), 

drought and fungal symbiosis (Netherer et al., 2021), and early detection (Marvasti-Zadeh et al., 

2023; Trubin et al., 2023; Kautz et al., 2024). This study uniquely brings these elements together 

in a comprehensive framework. It elaborates current understanding of bark beetle outbreak 

dynamics at stand and landscape levels while explaining primary, secondary, and mass attack 

mechanisms. It further emphasizes the role of major abiotic drivers and how they compromise a 

tree’s ability to defend itself and facilitate the success of bark beetle attacks.  

The study further explains how drought stress compromises tree defence, particularly 

through reduced resin production, which is crucial for repelling beetle attacks. Prolonged droughts 

deplete non-structural carbohydrates (NSCs), further weakening trees and making them more 

vulnerable to beetle colonisation. Warmer temperatures exacerbate the problem by enabling 

faster beetle dispersal, range expansion, and shorter development cycles, leading to multiple 

generations (polyvoltine life cycles) in a single year. This rapid population growth creates cascading 

effects, causing widespread tree mortality and significant disruption to forest ecosystems. 

In addition to climate factors, the study examines how forest structure and elevation 

gradient play a significant role in bark beetle outbreaks. Dense monoculture plantations of Norway 

spruce are particularly vulnerable to beetle attacks, likely due to competition effects. These 

monoculture plantations lack diversity in age class and species richness, making them susceptible 
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to biotic and abiotic disturbances, thus limiting the trees' collective resilience to stressors like 

drought, windthrow, and insect infestations. High-density stands experience increased 

competition for resources, leading to weakened trees that are more susceptible to beetle 

infestation, providing ideal conditions for beetle population build-up. The chapter further explores 

the efficiency of current and future novel management strategies for containment and 

identification of infestation. It highlights recent advancements in remote sensing and canine 

detection for early identification of infested trees. It synthesizes the state of knowledge and 

potential of cutting-edge molecular approaches, including RNAi, sterile insect techniques, and 

CRISPR/Cas9 in managing bark beetle outbreaks. 

 Chapter 5.2 explored into the intricate gene expression dynamics of the Eurasian spruce 

bark beetle (ESBB), Ips typographus, and highlights the beetle’s multi-phase detoxification system, 

which includes three critical stages of enzymatic breakdown and excretion. Phase I involves 

lipophilic attacking enzymes, such as CYPs, esterases, hydrolases, and dehydrogenases, which 

initiate the breakdown of allelochemicals. Phase II includes conjugation reactions, where enzymes 

such as GSTs and UGTs convert the intermediate products into more water-soluble forms. Lastly, 

Phase III involves the transport of these less harmful substances out of the cells via ABC 

transporters, and finally out of the beetle’s body through body fluids. The study primarily focuses 

on the gene expression patterns in different life stages and tissues of ESBB, exploring how these 

patterns are linked to detoxification, digestion, and transport processes essential for the beetle's 

survival and adaptation to its host environment. Through this study, we reported that various gene 

families associated with these critical processes were differentially expressed across the beetle’s 

life stages—larvae, pupae, callow adults, and sclerotised adults—as well as between male and 

female tissues, including the gut, and fat body. For instance, the expression of CYPs of CYP4, CYP6, 

and CYP9 family, GST1, and UGT2B family genes fluctuated depending on the beetle’s 

developmental stage. Host allelochemicals has been reported to elicit several P450s (family 4, 6, 

and 9), UGTs, 
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 in other insects. For instance, GST23, CYP6AE14, CYP6B8, CYP6B6, CYP4L11, CYP6AB9, CYP9A12, 

CYP9A14, and CYP9A17 in Helicoverpa armigera (Celorio-Mancera et al., 2011; Celorio-Mancera 

et al., 2012; Jin et al., 2019;  Tian et al., 2019). On gossypol feeding, UGT41B3 and UGT40D1 are 

expressed leading to gossypol metabolism via glycosylation (Krempl et al., 2016). UGTs are 

reported to be involved also insecticide resistance, for example, UGT2B17 in diamond moth (Li et 

al., 2017), and UGT2B20 malondialdehyde resistance in Asiatic honeybee (Cui et al., 2020). In 

Spodoptera exigua, CYP6AB14, CYP9A10  and CYP9A98 provides insecticidal resistance towards 

deltamethrin (Hafeez et al., 2019; Hafeez et al., 2020), and in S. frugiperda,  CYP6B39 is 

overexpressed after xanthotoxin feeding (Giraudo et al., 2015), and UGT33F28 is utilised to 

metabolise maize defence compounds (Israni et al., 2020). In agricultural pests, GSTs are mainly 

reported for their insecticidal resistance, like GST1-1, GSTd2, and GSTE1 in brown plant hopper 

(Yang et al., 2021), GSTS6 in red flour beetle (Song et al., 2022), and GSTD9 in oriental fruit fly  

(Meng et al., 2020). Although there are fewer reports on bark beetle’s detoxification gene 

characterisation, Gao et al. (2020) identified sixteen full-length GSTs in Chinese white pine 

beetles. Similar to our study, whole genome transcript analysis in Dendroctonus ponderosae 

revealed several P450s, GSTs, and esterases putatively involved in the detoxification present in 

the midgut and fat body (Robert et al., 2013). Among these, CYP6DJ1, CYP6BW1, and CYP6BW3 

were characterised for pine monoterpene and diterpene detoxification (Chiu et al., 2019). In D. 

armandi, CYP6CR2 and CYP6DE5 were characterised to metabolise host phloem tissue and 

important pine monoterpenes like α -pinene, β-pinene, (+)-3-carene, (±)-limonene and turpentine 

(Liu et al., 2022). In our study, we reported high expression of CYP6CR2 in adult beetle’s midgut 

denoting their involvement in detoxification.  This differential gene expression is particularly 

pronounced during the feeding stages, where larvae and callow adults show heightened 

expression of these detoxification genes, while pupae, being a non-feeding stage, show a marked 

downregulation. Similar gene expression due to feeding in the early stages of development was 

also reported in D. rhizophagus (Sarabia et al., 2019). This suggests that detoxification is 

energetically costly and is tightly regulated to occur primarily during stages when the beetle is 

exposed to the host’s chemical defences. Our results are in accordance with previously reported 
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life-stage dependent gene expression of detoxification genes in Dendroctonus species, a close 

relative of ESBB (Dai et al., 2015; Gao et al., 2020).  

Additionally, the study also highlights sex-specific differences in gene expression, 

particularly in the context of pheromone biosynthesis, which is crucial for attracting conspecifics 

and coordinating mass attacks on new host trees. We found that certain genes involved in 

pheromone production, such as those encoding juvenile hormone esterases and epoxide 

hydrolases, were differentially expressed in the fat bodies of male and female beetles, with males 

generally showing higher expression levels. This supports the idea that males, as the pioneering 

sex, are more actively involved in initiating and coordinating mass attacks through pheromone 

signalling, as previously reported in I. typographus by Ramakrishnan et al. (2022a, 2024), and in I. 

paraconfusus by Huber (2007). 

In summary, this study showed that the variation in gene expression suggests that the 

beetle’s detoxification system is highly dynamic, adjusting to the varying levels of toxic exposure 

that the beetle encounters throughout its life cycle and offers valuable insights into the molecular 

underpinnings of ESBB’s adaptation to its environment, emphasizing the importance of life stage, 

tissue type, and sex in shaping the gene expression landscape of this destructive forest pest. 

 Although the bark beetles feed on the host tissues and undergo varying degrees of gene 

expression of their detoxification machinery, the effect of individual monoterpene, which 

constitutes the major proportion of spruce allelochemicals, may vary. Chapter 5.3 was aimed to 

understand the effect of individual host monoterpene on ESBB and unveil the genes involved in 

their individual detoxification pathways. This study utilises fumigation bioassay, a well-studied and 

proven method to study host-pest adaptation in-vitro (Fernanda López et al., 2011; Huang et al., 

2018; Huang et al., 2019). Previous studies have shown that the monoterpenes may vary in 

concentration in the host and their toxicity toward the bark beetle (Everaerts et al., 1988; Chiu et 

al., 2019), which may render differential levels of resistance to the beetles. Chapter 5.3 discusses 
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the ability of ESBB to detoxify important monoterpene, and its metabolic adaptations to survive 

and thrive despite the host tree’s chemical defences. Fumigation assays demonstrated that the 

tested monoterpenes cause significant toxicity, with sabiene emerging as the most toxic followed 

by α-pinene, R-limonene, and myrcene. Our results go in accordance with a similar study by 

Everaerts et al. (1998) indicating the quantitative and qualitative importance of the individual 

monoterpenes in terms of their toxicity to fend-off the pest. These results indicate that, at higher 

concentrations, sabiene and R-limonene could serve as effective natural deterrents to beetle 

infestation, disrupting the beetles' ability to establish colonies on spruce trees. In this study, α-

pinene was more toxic to ESBB than R-limonene, suggesting even though  α-pinene and myrcene 

are kairomones and serve as attractants, they possess inhibitory effect at higher concentration 

(Erbilgin et al., 2003; Sandstrom et al., 2006; Blomquist et al., 2010; Song et al., 2013). R- limonene 

had been previously reported to be more toxic than α-pinene in Chinese white pine beetle (Dai et 

al., 2015), however, the low LC70 of sabiene, which was not evaluated before, suggests its 

effectiveness as a fumigant. 

The RNA-seq study followed with sabiene and R-limonene fumigation further revealed 

many essential previously reported detoxification genes indicating a dynamic and inducible 

defence mechanism that allows the beetle to rapidly adapt to varying levels of host 

allelochemicals depending on the host physiology (Amezian et al., 2021; Dai et al., 2021). For 

instance, cytochrome P450 family members CYP4C1 and CYP6A2 were the most upregulated in 

both the treatments. The former has been reported to breakdown synthetic insecticides and 

provide cold tolerance and heat resistance in Bemisia tabaci (Shen et al., 2021), and the latter has 

been reported to be associated with insecticide metabolism, mainly DDT in Drosophila and 

imidacloprid in Aphidius gifuensis (Wan et al., 2014; Kang et al., 2018; Lien et al., 2019). Xenobiotic 

associated gene ST1B1 (Chen et al., 2015), and UGT2B17, associated with Chlorantraniliprole 

resistance (Li et al., 2017) in particular, were identified as a key gene as upregulated in the 

detoxification of monoterpenes with RNA-seq data and all the chemical treatment in RT-qPCR in 

the detoxification of monoterpenes. GSTT1, which is associated peroxidase activity and is involved 
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with protein binding for organophosphates (Wongtrakul et al., 2014), which was not highly 

expressed in study I (Chapter 5.2) but consistently high across different treatments used in study 

II and III (Chapter 5.3 and 5.4), suggesting these enzymes are part of Ips beetle’s induced defence 

against the excessive host toxin and are used under higher oxidative stresses. These genes can be 

impressive potential targets for functional studies in ESBB detoxification pathways in the future. 

Furthermore, the increased enzymatic activity of EST, GST, and CPR, aligns with the observed gene 

expression changes, confirming that I. typographus enhances its detoxification machinery in 

response to these allelochemicals. These findings suggest that ESBB can survive exposure to toxic 

monoterpenes and thrive in environments where these compounds are prevalent, contributing to 

its success as a notorious forest pest. 

Interestingly, the genes related to development and pupation, eggshell formation, and 

diapause initiation were consistently downregulated in RNA-seq data. For instance, CYP306A1, 

CYP3015A1 which are associated with moulting and ecdysone biosynthesis (Niwa et al., 2004; 

Zhang et al., 2022),  peroxiredoxin-6 associated with diapause induction, and chorion peroxidase 

associated with eggshell formation (Li et al., 2004). This suppression of developmental genes and 

the upregulation of detoxification genes indicates a trade-off that I. typographus employs during 

high toxin exposure: prioritizing survival over development. This dynamic allows the beetles to 

respond rapidly to the chemical defences of their host trees. 

The RT-qPCR with four chemicals on wild beetles (F0) and laboratory-reared beetles (F1) 

ESBB revealed that the tested detoxification genes were highly expressed in wild ESBB than the 

F1. Such higher tolerance to monoterpenes likely occurred due to their pre-exposure to these 

compounds in natural environments, and a genetic memory or readiness which may have induced 

the rapid expression of detoxification genes. The F0 beetles demonstrated higher enzyme activity 

and lower mortality rates compared to the F1 beetles, emphasising the role of environmental 

exposure in enhancing detoxification capabilities. 
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The results of Chapters 5.2 and 5.3 reveal that the detoxification mechanism is cost-

efficient, and the expression of detoxification genes is elicited upon exposure to the natural 

defence of the host during infesting a host tree or by exogenous exposure of the host 

allelochemicals. Such complex enzyme systems result from co-evolution between a host and its 

specialist pest. However, in the absence of a suitable host, host-switch may be required to survive. 

The new host may offer lesser competition from the same species; however, it poses a strong 

selection pressure to adapt quickly to the new host defence systems. Chapter 5.4 was dedicated 

‘to understand the quantitative and qualitative effect of host and host chemical defences in Ips 

beetles and understand host shift.’ I. sexdentatus (ISx) is a major bark beetle in Eurasia, that attacks 

Scots pine (Pinus sylvestris) which is weakened by climatic or anthropogenic stressors like drought, 

windstorms, wildfires, and mass felling (Fernández, 2006; Pineau et al., 2017; Hlávková and 

Doležal, 2022; Knížek et al., 2022). The study emphasizes the physiological and molecular 

mechanisms that facilitate host adaptation in ISx upon a host shift from Scots pine to Norway 

spruce. The study's findings highlight that host shifts, which are common in herbivorous insects, 

necessitate significant adjustments in gene expression and physiological processes. This 

adaptation is crucial for the beetles to thrive in a chemically different environment, driven by the 

defensive compounds of the new host. ISx feeds on a wide variety of pine hosts; however, it is 

predominantly associated with Scots pine in Europe, although it has been occasionally found also 

on spruce logs in Czechia (Pfeffer, 1995; Health et al., 2017; Knížek et al., 2022). This geographic 

variation in host preference could be related to the competitive landscape in different 

environments, where the prevalence of other bark beetles, such as Ips typographus and Ips 

duplicatus, on spruce may drive ISx to specialise in pine in certain regions. When reared on the 

alternate host, in a non-choice experiment, ISx exhibited a notable increase in growth rate and 

fecundity, suggesting that the host shift positively affected reproductive success. The 

monoterpene profiles differ across the tree species and during the constitutive and induced 

defence state (Keeling and Bohlmann, 2006; Clark et al., 2014), which might be the reason for the 

host specificity of these beetles as depicted differences in the untargeted metabolomics of the 

spruce and pine wood. Comparative transcriptomic analyses between the F0-pine ISx, F1-pine ISx, 
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and F1-spruce ISx revealed less generational difference in gene expression in F0 vs F1 beetles 

reared on pine, instead, a higher effect of spruce feeding on the genes related to digestion, 

detoxification, and transporter activities. The higher expression of digestive metabolic enzymes 

like amylase, trypsin, chymotrypsin, serine protease, lipase, and peptidases when shifting to 

spruce host show an adaptive mechanism to reduce the deleterious effects of host diet by altering 

their expression. Such adaptations are also reported in other insects such as H. armigera, 

Mamestra brassicae, and Subpsaltria yangi (Bown et al., 1997; Chougule et al., 2005; Chougule et 

al., 2008; Chikate et al., 2013; Hou and Wei, 2019). Important detoxification genes, like CYP4 and 

CYP6 (CYP4CV1, CYP6A14, CYP4C3, and CYP6A1), which were up regulated during fumigation 

(study II), were key overexpressed CYPs during host shift to spruce showing their conserved 

behaviour against spruce allelochemicals. These genes are previously reported in D. valens, D. 

rhizophagus, and D. armandi, which are involved in conifer oleoresin detoxification (Dai et al., 

2015; Torres-Banda et al., 2022). In this study, ESTs such as esterase-E4/EF4 and carboxylesterases 

were the more abundant after spruce feeding which was also reported in various other species 

for insecticide resistance like Bemisia tabaci (Alon et al., 2008); Nilaparvata lugens (Small and 

Hemingway, 2000); Helicoverpa armigera (Wu et al., 2011); Drosophila melanogaster (Cui et al., 

2015). Some UGT enzyme (like, UDP-glucuronosyltransferase 1-8-like (UGT1A8), UDP-

glucuronosyltransferase-like, and UDP-glucuronosyltransferase 2C1-like), and members of ABC 

sub-family B members and multidrug resistance-associated proteins (MDPs), were reported in our 

study I (Chapter 5.2) to be highly abundant during the feeding stages of ESBB (Naseer et al., 2023). 

These results suggest that the beetles activate a suite of molecular mechanisms associated with 

digestion, detoxification, oxidative stress & signalling and cellular transport to overcome the 

chemical defences of spruce. The assessment of generation on gene reveals the plasticity of ISx 

and the intense survival pressure on arriving on a new host. 
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7.َّConclusionَّandَّRecommendation 

 

7.1.َّConclusion 

The presented studies collectively provide a deeper understanding of bark beetle ecology, 

adaptive mechanisms, and pest management challenges in the face of climate change. The 

findings from Chapters 5.2 and 5.3 demonstrate that the ESBB, I. typographus, employs efficient 

and inducible detoxification mechanisms revealing differential expression of key detoxification 

genes, including cytochrome P450s (CYPs), glutathione S-transferases (GSTs), and UDP-

glucuronosyltransferases (UGTs) in response to host tree defences and allelochemicals. Similar 

upregulation of detoxification genes has been observed in other species like Dendroctonus and 

Helicoverpa. This study provides a comprehensive catalogue of differentially expressed genes in 

ESBB, which could serve as potential targets for RNAi-based pest management strategies. By 

disrupting these critical genes, it may be possible to impair the beetle's ability to detoxify host 

chemicals, digest plant tissues, or synthesize pheromones, thereby reducing its survival and 

reproductive success. Such a targeted approach could mitigate the ecological and economic 

impacts of this beetle on European spruce forests. 

Furthermore, Chapters 5.1 and 5.4 highlight the intricate interplay between climate 

change, forest structure, and bark beetle outbreaks, emphasizing the role of rising temperatures 

and drought stress in weakening tree defences and facilitating rapid beetle population growth. 

The vulnerability of dense monoculture plantations underscores the necessity for greater species 

diversity and structural complexity in forest management to enhance ecosystem resilience. The 

research also explores the molecular mechanisms of host shifts in other Ips species, particularly 

Ips sexdentatus, revealing the beetle's capacity to rapidly upregulate detoxification and 

transporter genes when adapting to new hosts. This adaptability underscores the evolutionary 

flexibility of bark beetles and points to the potential for innovative control methods, such as RNAi 
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or CRISPR/Cas9, to limit outbreaks. Overall, the presented research significantly contributes to the 

understanding of bark beetle-host interactions and the broader ecological impacts of climate 

change, advocating for integrative pest management strategies that combine advanced molecular 

tools with sustainable forestry practices. 

7.2.َّStudyَّLimitations 

Despite providing extensive insights into the resistance mechanisms of I. typographus 

against conifer chemical defences, this study has certain limitations. A key constraint is its reliance 

on laboratory-based experiments, which may not fully capture the complex, dynamic interactions 

occurring in natural ecosystems. In Chapter 5.2, while RNA-seq has significantly advanced insect 

physiology research, transcriptomics alone may not fully capture translational-level (protein-level) 

changes. While fumigation bioassays (Chapter 5.3), and gene expression analyses yield valuable 

data on detoxification pathways and host-pest dynamics, these findings may not accurately reflect 

beetle adaptation in natural environments influenced by variables such as climate fluctuations, 

host diversity, and interspecies competition. The focus on specific detoxification genes also leaves 

other important genetic and epigenetic factors, including secondary metabolic pathways and 

immune responses, insufficiently explored. Chapter 5.3 face limitations due to the reliance on a 

single RNA-seq replicate. Increasing the number of biological replicates in future research would 

enhance the robustness of the RNA-seq analysis. Furthermore, host-shift experiments performed 

in non-choice settings limit the capacity to study natural behaviours and host preferences, 

potentially omitting factors such as predation and competition in mixed-species forests. 

Furthermore, the study did not include long-term ecological consequences or potential 

evolutionary adaptations in response to long-term host changes. We also acknowledge variability 

in gut gene expression, as bark beetles collected from forests may show differences across 

generations. 

To mitigate the limitations related to transcriptomics used in Chapters 5.2 to 5.4, the 

studies validated key differentially expressed genes (DEGs) using RT-qPCR and enzyme assays. 
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While these approaches offered useful information on gene expression, this study is limited by 

functional validation of candidates required for key genes identified in the study. Additionally, 

further research is essential to develop molecular biopesticides, using CRISPR/Cas9 and RNAi 

techniques, to better understand the functions of detoxification, host adaptability genes, and 

target invasive pests without harming non-target species, ensuring a balanced ecosystem 

approach. Future studies should incorporate field surveys, wider genomic analysis, and functional 

genomics to confirm gene functions and their influence on adaptation to new or stressed hosts. 

7.2.َّPracticalَّApplicationsَّandَّRecommendationsَّforَّFutureَّResearch 

The findings of this thesis highlight the critical need for practical forest management and 

pest control strategies, especially given the changing ecological conditions. Integrating advanced 

pest management techniques, including molecular tools like RNA interference and CRISPR/Cas9, 

can help target specific detoxification genes in bark beetles. Investigating the functional roles of 

detoxification genes through gene editing will offer deeper insights into beetle biology and 

support the development of sustainable forest management practices. Future research should 

focus on long-term field studies to better understand how climate change affects host-pest 

interactions, while expanding genomic studies to reveal broader adaptive mechanisms in bark 

beetles. 

In summary, we recommend- 

1- Including samples from various geographical locations and climatic conditions to 

enhance the identification of genes. 

2- Use of more biological replicates, to reduce heterogeneity. 

3- Future gene validation and characterisation using gene knockdown and in-vitro 

expression studies. 

4- Use of strong biostatistical tools for genome-wide analysis to mitigate the 

overlapping of target sequences between target and non-target species.  
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