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ANNOTATION: 

The European spruce bark beetle, Ips typographus is a key pest among spruce forests 

across the many Eurasian regions including the Czech Republic. Host tree colonization 

by I. typographus is mediated by aggregation pheromone blend, consisting of 2-methyl-

3-buten-2-ol and cis-verbenol synthesized from the beetle gut. The molecular trait of 

pheromone biosynthesis research in I. typographus has not been conducted yet in 

detail. In this research, our primary focus is to reveal the molecular level changes 

relevant to pheromone biosynthesis across the bark beetle life stages. Followed by an 

artificial hormonal treatment, by applying juvenile hormone III (JH III), highlighting the 

key pathway mechanism using sophisticated multi-omics approaches. we performed a 

comparative analysis of metabolites (metabolomics), gene transcripts (transcriptomics), 

and proteins (proteomics) from gut tissue and fat bodies of I. typographus in both sexes. 

From a detailed Metabolomic analysis, both the various life stages study and JH III 

treated study have revealed higher amounts of 2-methyl-3-buten-2-ol in the gut of the 

fed male (colonization stage), and JH III treated male beetles. Interestingly, the content 

of cis-verbenol was higher in the immature male gut (early stage) along with the fed 

males, which is an interesting finding in this research. We also identified a certain 

compound, verbenyl oleate (the possible storage form of cis-verbenol), in the beetle 

body of the immature stage. A further differential gene expression (DGE) and differential 

protein expression (DPE) analysis revealed possible candidate genes involved in the 

biosynthesis of the quantified pheromones and related compounds. A novel 

hemiterpene-synthesizing candidate isoprenoid-di-phosphate synthase (IPDS) from the 

mevalonate pathway, proposed for 2-methyl-3-buten-2-ol synthesis was significantly 

expressed in the pheromone-producing beetles. Other putative gene families such as 

cytochrome P450 (CYP450) for cis/trans-verbenol synthesis, an esterase gene family 

and glycosyl hydrolase gene family for concept of cis-verbenol storage/release were 

covered in this research. 

Findings from the pheromone biosynthesis research on I. typographus are the first such 

reported results with related gene families. With the further characterization of the 

identified genes, we can develop novel strategies to disrupt the aggregation behavior of 

I. typographus and thereby prevent vegetation loss. This study also provides insightful 

evidence of JH III's regulatory role in fundamental beetle metabolism, pheromone 

biosynthesis, and detoxification in I. typographus bark beetles. 

Keywords: Ips typographus, bark beetle, pheromone biosynthesis, multi-omics. 
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1. HYPOTHESES AND OBJECTIVES OF THE STUDY: 

 

Hypothesis 1: Key life stages of Ips typographus facilitate information targeting changes 

in molecular and metabolite levels to identify the aggregation pheromone biosynthesis 

in the beetle.  

In detailed objectives: 

I. To identify the key enzymes involved in de novo biosynthesis of 2-methyl-3-

buten-2-ol. 

II. To identify the key enzymes involved in the biosynthesis of cis-verbenol 

synthesis from α-pinene sequestered from the host. 

III. To identify the key enzymes involved in the cis-verbenol conjugate storage 

mechanism. 

Hypothesis 2: The Juvenile Hormone III on Ips typographus induces correlated changes 

in genes, proteins, and metabolites that reflect the requirements of adult beetles with 

aggregation pheromone biosynthesis. 

In detailed objectives: 

I. To analyze the impact of Juvenile Hormone III on the expression pattern of key 

enzymes from the mevalonate pathway (in the context of 2-methyl-3-buten-2-

ol/ipsdienol biosynthesis). 

II. To analyze the regulation of cis-verbenol (related to detoxification) after JH III 

application. 

III. To select the key enzymes involved in cis-verbenol conjugates (fatty acyl ester 

and glycosyl conversion) in the storage and release of cis-verbenol. 
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2. INTRODUCTION & LITERARY ANALYSIS: 

2.1 Bark beetle outbreak scenario: 

Bark beetle attacks among spruce vegetation in Eurasian forests became a critical issue 

to be addressed in the context of forest protection and ecological conservation (Hlásny 

et al., 2019). European spruce bark beetle, Ips typographus (Coleoptera; 

Curculionidae), in recent days, is also addressed as Eurasian spruce bark beetle, is a key 

pest in the destruction of spruce vegetation in many European and Asian countries 

(Marini et al., 2017). The crisis caused by the biotic activity involving bark beetles in the 

conifer forest has caused huge wood loss, especially in the Czech Republic (Knížek et al., 

2020, Figure 1). The wood loss has recorded a peak of ~14.5 million m3 of forest area 

(Lorenc et al., 2020; Hlásny et al., 2021).  

 

Figure 1:Recorded volume of spruce bark wood loss in the Czech Republic (Knížek et al., 2020) 

Many abiotic factors such as regional climatic conditions and landscapes were known to 

drive the bark beetle attack on the host trees (Seidl et al., 2016; Hartmann et al., 2022). 

Though insects are known highly viable to climatic changes (Jönsson et al., 2009; 

Biedermann et al., 2019), the beetle’s attack dynamic plays a crucial role in dominating 

the host tree defense mechanism (Byers, 1989). Bark beetle uses chemical cues to 

establish social communication in the attack dynamics. An aggregation pheromone 

blend consisting of 2-methyl-3-buten-2-ol and cis-verbenol was identified specific to Ips 
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typographus (Bakke, 1976). Knowing the aggregation phenomenon of a beetle was 

idolized to control the organism's behavior over the host, thus many monitoring and 

control measures derived from the known pheromone compounds. Monitoring beetle 

population methods such as pheromone trap catches, and tree traps by applying the 

pheromone compounds on certain weak hosts and reducing the attack on many 

healthier trees (Galko et al., 2016). Added to that, many control methods such as early 

detection of the attacked trees, sanitation with insecticides, and removal of the attacked 

trees are also in practice (Wermelinger, 2004; Hlásny et al., 2019). Irrespective of many 

control measures, the pest outbreak was in exponential increase over the years 2015-

2020 in the Czech Republic (Knížek, 2020; Lubojácký et al., 2022). This led to many 

research questions for effective mitigation of the pest outbreak. 

2.2 Spruce vegetation & host selection of bark beetles: 

Over the last few centuries, European forests have undergone changes in fundamental 

tree population variability, greatly influenced by human activities (EEA, 2014, Jansen et 

al., 2017). Especially, Norway spruce, Picea abies [L.] Karst., has been widely implanted 

due to its high ecological plasticity and economic versatility (Schmidt Vogt, 1977). 

Existence of the spruce vegetation was recorded way back in the 18th century (Andrle, 

2017). Irrespective many governments provide policy (EU commission, 2016) to 

introduce many broad leaf vegetation, spruce vegetation’s importance is irreplaceable 

for the mentioned reasons. Numerous research studies are trending for preserving and 

proving the importance of the European spruce vegetation P. abies in central Europe 

including the Czech Republic (Szabó et al., 2017). Though forest restructuring involves 

abiotic factors such as climate change (Hartmann et al., 2018, 2022), altitude, density 

exposure (Plesa et al., 2017), many biotic factors such as bark beetle activity affect the 

spruce vegetation (Przepióra et al., 2020; Hlásny et al., 2021).  Addressing the bark 

beetle activity in the spruce vegetation is challenging, as the beetle niche dynamically 

changes with forest physiological conditions such as temperature and drought 

(Biedermann et al., 2019). 
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The success of the bark beetle population depends on selecting appropriate host trees, 

implying the energy trade-off for the beetle over the years (Raffa et al., 2016, Figure 2). 

This host selection process varies for different bark beetle species and includes two main 

theories, active primary attraction to weakened tress (Lehmanski et al., 2023) and 

random landing of emerged spreading beetles with the decision step based on close 

encounter with tree smell and taste (Byers, 1989). For example, the Mountain Pine 

Beetle, Dendroctonus ponderosae uses female beetles as a pioneer in the host section, 

whereas, the Pine engraver, Ips pini uses male pioneers in host selection (Schmitz, 1972; 

Sickle, 1989). In general, the pioneer sex in finding appropriate hosts for colonization are 

male beetles for most Ips species. European spruce bark beetle, I. typographus is a 

primary tree-killing pest for the spruce vegetation and has the male pioneer sex in host 

selection, whereas a female is the pioneer sex for Dendroctonous species (Stadelmann 

et al., 2014; Seidl et al., 2016; Lehmanski et al., 2023). Added to that, random landing on 

host trees and selection based on the host tree compounds also influence the selection 

(Netherer et al., 2021). Hence, host selection by respective pioneer beetles and 

appropriate chemical cues play a crucial role in the successful next generation with 

optimum resource and physiological conditions for the beetle (Raffa, 1983; Bohlmann 

and Gershenzon, 2009). 

After host selection, the pioneer beetle uses chemical cues, known as pheromones, and 

recruits further conspecific beetles for colony establishment against the host defense 

mechanism. The influence of appropriate pheromone blends with species-specific 

behavior in the field was studied in the early 1970s and 1980s (Bakke et al., 1977; 

Schlyter et al., 1987). Even though pheromones act as short-distance emissions in intra 

and inter-species communication and for long-distance host search. The pheromone 

storage and release should be involved for the beetle survival ability. The success rate 

of the beetle is not only determined by finding an appropriate host but also by 

reproducing next-generation beetles with epigenetic inheritance (Netherer et al., 2021, 

Figure 2). Nevertheless, the bark beetles are also an essential component of every 
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spruce forest by decomposing the dead and wind-fallen trees, proving the ecological 

importance of the forest (Peltonen, 1999). 

 

 

Figure 2: Bark beetle host selection overview.  

Behavioral sequence for Ips typographus in a) landscape (dispersal), b) habitat, and c) 

tree (both host selection), and d) tissue (host acceptance) by positive (fair blue arrows 

and boxes) and negative cues (red arrows and boxes). Focus is set on the pioneering 

male beetles, whose rapidly produced pheromone signals guide the vast majority of 

both males and females to aggregate. The individual beetle follows a sequence of steps, 

guided by visual, chemo-sensory, and thigmotactic cues. Source: (Netherer et al., 2021) 
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2.3 Bark beetle life stages in biosynthesis studies: 

From past research, the bark beetle developmental stages such as freshly emerged adult 

beetles (as pioneers in finding appropriate hosts) and beetles from mating chambers 

were considered (Byers et al., 1989, Figure 3). However, recent studies showed the 

importance of juvenile life stages including larvae and pupae for studying host defense 

detoxification and winter hibernation mechanisms (Aw et al., 2010; Chiu et al., 2017). 

Post-winter emerging beetles such as flying beetles, use flight muscle activation for 

certain pheromone mechanisms (Ivarsson et al., 1995).  

Figure 3: Life stages of Bark beetle Ips typographus 
The life stages inside the tree bark are shown in the shaded region. Source: Recreated from 

Ramakrishnan et al., 2022a. 
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Nevertheless, considering all developmental stages of Ips typographus as shown in 

Figure 3 enlists critical interlink between different life stages and the pheromone 

biosynthesis mechanisms. The juvenile life stages (larvae & pupae) and immature 

(teneral) beetles were least expected to be involved in de novo pheromone biosynthesis. 

Actual pheromone components start appearing from the life stages such as flying 

beetles, host boring fed beetles, and beetles from mating chambers were demonstrated 

in the past research (Birgersson et al., 1984). In the later development stages, the 

beetles convert the pheromone compound, verbenol into verbenone, for an anti-

aggregation compound revealing the food depletion in the attacked tree (Leufvi and 

Bergström, 1984).     

Pheromone production varies across different life stages of the bark beetle lifetime 

(Birgersson et al., 1984; Aw et al., 2010). The beetle ability to produce certain 

pheromone components at the required development stage ensures the fitness and 

success of the beetle. Thus, the importance of various life stages study from the bark 

beetle, D. ponderosae for pheromone switches off and on mechanism was investigated 

(Pureswaren et al., 2000).  

The species-specific physiological recognition for beetle behavior at a certain life stage 

with aggregation pheromones and repellent involving over 15 different compounds 

have ensured the commercial aspect such as pheromone-mediated mitigation to the 

situation with partial success in I. typographus management (Galko et al., 2016). Though 

many pheromone research findings are used in the field of bark beetle management, 

commercially available pheromone baits are used only for monitoring of seasonal and 

spatial density of beetle population (Galko et al., 2016).  
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Figure 4. Ips typographus attack dynamics upon its natural host Picea abies explained in 8 steps 
Step1: Pioneer Male finding host, Step2: Release of aggregation pheromone blend, MB (2-

Methyl-3-buten-2-ol), cV(cis-Verbenol), Step 3&4: Attracting more conspecific beetles Step 5: 

Release of more aggregation pheromone from conspecific beetles, Step 6: Release of 

pheromonal compounds Ie (ipsenol) and Id (ipsdienol) along with MB & cV, Step 7&8: Repelling 

the conspecific beetles due to host depletion. Source: Byers, 1989. 

2.4 Pheromones biosynthesis in bark beetle: 

The first bark beetle pheromone component mixture (ipsdienol, ipsenol, and verbenol) 

was reported in 1966 from Ips paraconfusus (Silverstein et al., 1966). Notably, Bark 

beetle pheromone compounds such as ipsdienol, cis/trans-verbenol, and exo-

brevicomin show structural similarity to host tree compounds of some monoterpenes, 

myrcene, and α-pinene (Hughes 1974; Blomquist et al., 2010). Later, it was proven that 

these compounds were produced by a conversion step such as oxidation of these host 

compounds or derived from likely fatty acid- derivatives (Byers, 1990; Vanderwel et al 

1992). Interestingly, the host compound myrcene can also be identified in the beetle by 

self-synthesis, whereas the compound α-pinene cannot be synthesized in the beetle 

independently (Hughes 1973; Byers 1990). These findings initiated the concept of de 

novo pheromone biosynthesis from the beetle body when required, rather than 

converting the host monoterpene immediately (Ivarsson et al., 1993; Syebold et al., 

1995). Several studies have justified this phenomenon of de novo by using isotope-

labeled components, 14C-mevalonolactone into 2-methyl-3-buten-2-ol and 2H-myrcene 

ended up in 2H-ipsenol and 2H-ipsdienol pheromone components (Lanne et al 1989; 
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Vanderwel, 1994; Tillman et al., 1998). Further pheromones biosynthesis research in I. 

pini, using a molecular platform has revealed key genes from the mevalonate pathway 

family in direct connection to the mentioned de novo biosynthesis (Nakamura and 

Abeles, 1985). 

Nevertheless, studies from bark beetle, Dendroctonous sp., such as D. ponderosae have 

proven several key aggregation pheromone biosynthesis steps (Aw et al., 2010). This 

involves a synergistic aggregation pheromone, exo-brevicomin (from male) was 

synthesized from a precursor, 6-(Z)-nonen-2-one in fatty acid synthesis from fat bodies 

(Nadeau et al., 2017), along with the pioneer female aggregation pheromone, trans-

verbenol (Vanderwel et al., 1992). Another compound for population regulation from D. 

ponderosae male, frontalin (by repelling), was also clarified using another labeled study 

of 14C-labelled frontalin and it originates via the mevalonate pathway (Tittiger et al., 

2016).  

The key aggregation pheromones from I. typographus male pioneer beetles are 2-

methyl-3-buten-2-ol and cis-verbenol, reported in earlier studies of the 1970s and 

1980s with quantification of these compounds in attack stages of the beetle (Bakke, 

1976; Birgersson et al., 1984). In I. typographus, the hemiterpene aggregation 

pheromone, 2-methyl-3-buten-2-ol with de novo origin was identified with a labeled 

mevalonate as mentioned above (Lanne et al., 1989; Byers and Birgersson, 1990). These 

studies clarified the sex-specific and localized aggregation of pheromone biosynthesis 

from the midgut (Hall et al., 2002). Also, the bark beetle aggregation pheromone 

biosynthesis takes place especially in their hindguts as soon as they start boring into the 

bark. Later, the components reach the maximum amount during excavation of the 

nuptial chamber.  

cis-Verbenol, another aggregation pheromone of the bark beetle, I. typographus, 

derived from host tree precursor α-pinene after hydroxylation (Renwick et al., 1976; 

Tittiger and Blomquist, 2016). Nevertheless, a similar conversion into trans-verbenol 

was also identified earlier in another bark beetle, D. ponderosae by a certain gene of the 

cytochrome P450 family (CYP450) (Wermelinger, 2019). A certain multifunctional 
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CYP450 was functionally identified for the above-mentioned conversions of host 

precursor to pheromone trans-verbenol in D. ponderosae (Chiu et al., 2019).  

Also, the aggregation pheromone cis/trans verbenol role changes as converted into a 

derivative verbenone. Various microbial roles in the context of pheromone conversion 

of bark beetle, especially in species Dendroctonus frontalis, with a mycangial fungus 

involvement (Brand et al., 1976; Hunt and Borden, 1990). Many research questions 

related to bark beetle gut microbes are explored currently with the mentioned interests 

(Adams et al., 2011; Chakraborty et al., 2020). Other male-specific components of I. 

typographus are phenyl ethanol, myrtenol, myrtanol has been reported and the 

functional clarity of these compounds is yet to be obtained (Birgersson et al., 1984). 

Phenylalanine, an important precursor for nutrients & cuticle structural proteins in 

insect physiology also acts as a precursor for phenyl ethanol production in the beetle 

(Gries, 1990). 

Figure 5A: Structure of pheromone components and relative precursors in Ips typographus. 
Source: Birgersson et al., 1984. 

 

Figure 5B:  Conversion of the tree precursor- α-pinene into respective pheromone derivatives 

in bark beetle. Source: Renwick et al., 1976. 
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An extended concept of the tree precursors-based verbenol storage in fat bodies of the 

beetle as wax esters became a recent hypothesis to explore (Chiu et al., 2018). Wax 

esters such as fatty acids derivatives of the pheromone (e.g. verbenol oleate) were 

proposed in crucial pheromone storage reservoirs from the fat bodies of young beetles 

with abundant food resources. Later, in the matured beetles, the stored wax esters in 

certain sex (preferably the pioneer beetle) opt for cis/trans verbenol release for the 

required function (Chiu et al., 2018). Nevertheless, the storing wax esters also contain 

detoxification mechanism molecules (myrtenol-fatty acid esters), observed in both 

sexes of the bark beetles and yet to be described with clarity in Ips species.  

2.5 Pathways related to bark beetle pheromone biosynthesis: 

The molecular-level effects of JH III on pheromone biosynthesis have been subsequently 

investigated in various species, including I. paraconfusus (Ivarsson and Birgersson, 

1995), I. pini (Tillman et al., 1998; Blomquist et al., 2010), and D. ponderosae (Keeling et 

al., 2016). JH III induction has been reported for many activated multiple gene families 

responsible for de novo pheromone biosynthesis, especially in the mevalonate pathway 

from the gut tissue (Sarabia et al., 2019).  

 In Ips species, the involvement of mevalonate pathway genes in pheromone 

production was documented (Bearfield et al., 2009). The pathway involves the 

condensation of acetoacetyl-CoA with acetyl-CoA catalyzed by 3-hydroxy-3-methyl 

glutaryl-CoA synthase (HMGS) followed by a reduction of hydroxymethyl glutaryl-CoA to 

mevalonate, catalyzed by 3-hydroxy-3-methyl glutaryl coenzyme-A reductase (HMG-R). 

Later, the mevalonate is phosphorylated by phosphomevalonate kinase (PMK), followed 

by several steps of modification to form the isoprenoid biosynthetic units, isopentenyl 

diphosphate, and dimethyl allyl diphosphate. Condensation of two isoprenoid units 

catalyzed by geranyl-di-phosphate synthase (GPPS) synthesizes geranyl-di-phosphate, 

the precursor of bark beetle monoterpenoid pheromones, such as myrcene and 

ipsdienol (Keeling et al., 2004; Gilg et al., 2005; Bearfield et al., 2009) (Figure 6) 

Additionally, an ipsdienol dehydrogenase was reported for converting the ipsdienol into 



23 
 

ipsenol in I. pini (Teran et al., 2012).  Nevertheless, identified genes were reported for 

significant expression in respective pheromone producing Ips beetles (Keeling et al., 

2004). 

The pheromone production across various life stages of the beetle varies according to 

the beetle requirement and certain gene families were reported with a switch on/off 

mechanism for the beetle’s development and fitness (Birgersson et al., 1984). The 

pheromone, Verbenol, is not synthesized de novo, instead produced by a gene family, 

cytochrome P450 (CYP450) by oxidation of (-) α-pinene that adult beetles sequester 

from the tree (Renwick et al., 1976; Chiu et al., 2019). As part of this detoxification 

process, cis-verbenol (along with myrtenol as another detox product) is deposited in the 

form of monoterpenyl fatty acid esters in the fat body (Chiu et al., 2018).  

 

Figure 6: De novo pheromone biosynthesis via mevalonate pathway in gut tissue 
Source: Bearfield et al., 2009. 
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The identified conjugates (verbenyl fatty acid esters) supply of the pheromonal 

component, free cis-verbenol by hydrolyzing in adult males when needed. The gene 

encoding for the formation of a verbenyl fatty acid ester and cleaving function was 

presumed as a carboxylesterase or transferases, which acts on ester bond (Figure 7, 

Chiu et al., 2018; Blomquist et al., 2021). In D. ponderosae, verbenyl conjugates are 

proposed as a potential pheromone reservoir in adult males (Hughes, 1974; White et al., 

1980).  

 

 

Figure 7: The hypothesized biosynthetic origin of verbenol storage in bark beetles. 
Biosynthesis of trans-verbenol, cis-verbenol, and myrtanol in D. ponderosae. Larvae in their natal 

host hydroxylate α-pinene to these alcohols, esterify them with oleic or palmitic acid, and then 

store them in the fat bodies. Source: Blomquist et al., 2021. 

Nevertheless, existing knowledge in the pheromone biosynthesis of Ips typographus is 

limited and yet to be addressed from a molecular perspective. Particularly, biosynthesis 

of the crucial pheromone components such as 2-methyl-3-buten-2-ol, cis-verbenol, 

phenylethanol, myrcene, verbenone (Bakke, 1976), and pheromone precursors such as 
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fatty acid esters (Chiu et al., 2018). Thus, the concept of gene regulation with a switch 

on/off mechanism for certain pheromone production should be analyzed in the relevant 

life stage of the beetle. Specific enzyme regulation after JHIII and relative life stages of I. 

typographus should be investigated at the molecular platform level using RNA biology, 

such as gene and protein expression analysis, which is conducted in this research.   

2.6 Juvenile hormone regulation on insects: 

Hormone regulations play an important role in many morphological and behavioral 

changes of the class Insecta (Smykal et al., 2014). Especially morphological changes such 

as body development, reproduction, parental care, mating behavior, molt and growth, 

diapause, and many other functions are hormonally regulated (Jindra et al., 2013). The 

two most important classes of insect hormones are ecdysteroids and juvenile hormones 

(Miyakawa et al., 2018, Figure 8). In Coleoptera pheromone biosynthesis concepts, 

juvenile hormone III (JH III) is the most studied (Tillman et al., 1998; Keeling et al., 2016). 

The primary function of these hormones is to maintain juvenile characteristics and 

prevent premature metamorphosis. (Goodman and Cusson, 2012). JH III is synthesized 

in the exocrine gland corpus allatum and transported through the hemolymph by 

binding proteins to its target receptors (Jindra and Bittova, 2020). JH III has been 

extensively used to study many gene families involved in insect growth and 

metamorphosis, along with social behavior (Riddiford et al., 2010; Trumbo, 2018). 

Insect larvae initially contain a high amount of JH III, which is subsequently reduced as 

the larvae undergo metamorphosis into pupae (Treiblmayr et al., 2006). In the pre-

metamorphic stages, JH III has been studied for its influence on the development of 

larval muscles and the prothoracic glands producing ecdysteroids, as well as its role in 

restructuring gut development, fat body, and epidermis in various insect species 

(Riddiford, 2012; Jindra et al., 2013). In adult insects, JH III influences various aspects, 

including pheromone production (Tillman et al., 2004) and social behavior (Trumbo, 

2018), caste determination (Cristino et al., 2006) aggression and display (Emlen et al., 
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2006), migration (Zhu et al., 2009), and neuronal remodeling (Leinwand and Scott, 

2021). 

In bark beetles, JH III effects have primarily been studied concerning pheromone 

biosynthesis induction. Many pheromone compounds such as Ipsenol and Ipsdienol, 

known exclusively from Ips species been regulated by JH III (Hall et al., 2002). When the 

beetles bore into the host tree, JH III is released from the endocrine gland, initiating a 

series of hormonal signaling processes that lead to the production of aggregation 

pheromone components in male beetles. In nature, this potent blend attracts 

conspecifics, both males and females, to mass attack to help overcome tree defense. In 

controlled laboratory conditions, pheromone biosynthesis induction can be achieved by 

topically applying JH III on the beetle abdomen (Byers and Birgersson, 1990; Ivarsson et 

al., 1993; Seybold et al., 1995; Tillman et al., 1998). This method triggers the de novo 

synthesis of pheromone compounds while avoiding potential interference with the 

metabolic pathways involved in the digestion of ingested phloem tissues. Pheromone 

induction using JH III has been demonstrated in bark beetles such as Ips pini, 

Dendroctonus ponderosae, and Ips typographus (Nardi et al. 2002; Tillman et al. 2004; 

Fang et al., 2021; Ramakrishnan et al. 2022a). However, certain Ips species such as Ips 

confusus and Ips grandicollis, have been reported to be unresponsive to JH III-induced 

pheromone induction (Tillman et al., 2004; Bearfield et al., 2009).  
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Figure 8: Regulation of Ecdysone and JHIII via respective complex in pathways.  
Biosynthesis of the hormones in the specific organs to reception at peripheral target cells: 
Abbreviations: PG, prothoracic grand; CA, corpora allata; Farnesyl-PP, farnesyl pyrophosphate; 
MF, methyl farnesoate; JH III, juvenile hormone III; 20E, 20-hydroxyecdysone; EcR, ecdysone 
receptor; Met, Methoprene-tolerant; nobo, noppera-bo; nvd, neverland; sro, shroud; spo, 
spook; spok, spookier; phm, phantom; dib, disembodied; sad, shadow; shd, shade; FP, farnesyl 
phosphatase; FDH, farnesol dehy- drogenase; FaDH, farnesal dehydrogenase; FAMeT, farnesoic 
acid O- methyltransferase; MFE, methyl farnesoate epoxidase; FAE, farnesoic acid epoxidase; 
JHAMT, juvenile hormone acid O-methyltransferase; BR-C, Broad-Complex; Kr-h1, Krüppel 
homolog 1. Source: Miyakawa et al., 2018. 
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2.7 Molecular techniques for the discovery of biosynthetic genes: 

Molecular research on many beetle (Coleoptera) organisms has led so far to 12 genome 

sequencing studies, among which the recently added Ips typographus genome plays an 

important role in exploring many basic mechanisms of the organism (Powell et al., 2021). 

Further high throughput methodologies from RNA-oriented studies with precise analysis 

were required for molecular pathway research (Stark et al., 2019).  Further, genome-

annotated RNA and relative enzyme analysis enrich the molecular study with targeted 

research interests. Many challenging research such as clinical pathology detection, 

species-specific targeted biopesticides, etc have used the above-mentioned molecular 

studies for deriving respective solutions (Ernst et al., 2016; Roy et al., 2017). RNA-related 

methods derived many pest control strategies targeting functional genes (Lancaster et 

al., 2018). Currently, the technological upgrade has led to achieving the whole 

transcriptome of a model organism with high-quality data, which was not feasible some 

years ago (Wang et al., 2009).  

Nevertheless, opting for the right method of the above-mentioned RNA sequencing 

(RNA seq.) methods for analyzing differential gene expression (DGE) is a key analysis 

targeted (Cloonan et al., 2008). For instance, short-read sequencing library preparation 

involves numerous steps so possibility for bias, whereas long-read or direct RNA 

sequencing library preparation involves minimum steps, but achieving high-quality RNA 

is practically impossible. The standard workflow of RNA seq. begins with RNA extraction, 

followed by mRNA enrichment or ribosomal RNA depletion, cDNA synthesis, and 

preparation of an adaptor-ligated sequencing library (Stark et al., 2019, Figure 9a).  

The library is then sequenced to a read depth of up to a few million reads per sample on 

high-throughput platforms described below. In Illumina, individual cDNA molecules are 

clustered on a flow cell for sequencing by synthesis 3΄ blocked labeled nucleotides. In 

each round of sequencing, the growing DNA strand is imaged to detect which of the four 

fluorophores has been incorporated, and reads of 50–500 bp can be generated. In 

Pacific biosciences, individual molecules are loaded into a sequencing chip to bind a 

polymerase immobilized at the bottom of a nano well, where reads of up to 50 kb can 
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be generated. In Oxford nanopore, individual molecules are loaded into motor proteins 

attached during adaptor ligation. The motor protein controls the translocation of the 

RNA strand through the nanopore, causing a change in current that is processed to 

generate sequencing reads of 1–10 kb (Figure 9b). The final steps are computational by 

aligning and/or assembling the sequencing reads to a transcriptome, quantifying reads 

that overlap transcripts, filtering and normalizing between samples, and statistical 

modeling of significant changes in the expression levels of individual genes and/or 

transcripts between sample groups (Stark et al., 2019). 

Research requirements are determined in choosing the appropriate RNA sequencing 

methods (Sparks et al., 2017). Many methods are in practice with a key interest in 

identifying certain functional pathway analyses for bark beetle research (Tillman et al., 

1998; Fisher et al., 2021).  

Gene characterization: 

By completing the analysis of the gene sequencing with the above-mentioned methods, 

obtained key gene functions certainly need to be validated and confirmed. Molecular 

methods such as protein engineering the enzymes in living cells (bacteria or insect cells) 

and followed by checking the activity using enzyme assays with specific substrates for 

confirming the gene functions (Frick et al 2013; Lancaster et al., 2018). Another 

approach is using RNA interference (RNA i) in silencing the respective gene and checking 

for protein and targeted products in living organisms (Joga et al., 2016). Both the 

mentioned methods facilitate knowledge for identifying the responsible function 

especially biosynthetic genes of the crucial aggregation pheromone components has a 

promising approach for the mentioned scenario of pest management. The practical 

application of gene silencing is discussed in the next chapter. 
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Figure 9: a) Overview of library preparation methods for different RNA-sequencing methods 
Methods are categorized as short-read sequencing (black), long-read cDNA sequencing (green), 

or long-read direct RNA-seq. (blue). b: Overview is shown of the three main sequencing 

technologies for RNA-seq. from left to right, Illumina (Fluorophore labeling), Pacific Biosciences 

(enzyme immobilization chips), and Oxford nanopore (using motor proteins) for respective 

methods mentioned.  (Source: Stark et al., 2019) 
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2.8 Integrated Pest Management (IPM) of bark beetle: 

The impact of bark beetle attacks over conifer forests in North American, European, and 

recently also in Asia, led to many ecological and economic crises. The situation forced us 

to derive control measures against the problem with appropriate solutions through 

Integrated pest management (IPM) (Lorio et al., 1982). Though IPM for bark beetle 

calamity was discussed over past decades, pest management has not effective as 

planned over many years (Schlyter et al., 2001). Actively used methods for bark beetle 

calamity management include the early identification of the infested trees (Kautz et al., 

2013). Effective management of the infested regions by removing the attached trees 

and treating the attacked host with insecticides/repellents after managing the regions, 

aiming to prevent further pest spread (Hlásny et al., 2022). 

Early studies reported that using an appropriate blend of aggregation pheromones in 

making pheromone traps, reduced over 30% of I. typographus infestation (Birgersson, 

1984). However, later it was reported that the method is only with limited success (Galko 

et al., 2016).  Another concept of certain trap trees, where the attractivity is boosted by 

applying the aggregation pheromones, is aimed at reducing attacked tree density 

(Wermelinger, 2004; Hlásny et al., 2019). However, favorable climate impact with rising 

temperatures increased the beetle population at an exponential rate (Lubojácký et al., 

2023). Thus, the classical methods were not efficient enough in controlling the beetle 

infestation (Bentz et al., 2010). Furthermore, in IPM strategies for pest insects, the 

ecological balance must be maintained with the least or no impact on non-targeted 

insect populations (Kogan, 1998), which differs from using nonselective insecticides. 

Hence, species-specific approaches were proposed to overrule the impact on other 

insects with many new possible approaches with molecular methods (Joga et al., 2016). 

Molecular methods such as RNA interference are a phenomenon of gene silencing on 

targeted organisms and are widely used in controlling pest management in many 

agricultural crop protection programs (Gordon et al., 2007; Zotti et al., 2015). By 

silencing a certain functional gene, a targeted insect can be retained with minimum 

damage to the crop hence preventing ecological loss of the pest. While this application 
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has an advantage with certain species specificity, the complex system in the gene 

silencing of Coleoptera insects is challenging and in bark beetles, almost no evidence of 

RNAi research can be identified till date (Joga et al., 2016). Targeting the species-specific 

non-lethal genes of the beetle along with characterizing them aims to address the pest's 

aggregation behavior with minimum ecological damage. A similar approach was 

demonstrated in a moth, Helicoverpa armigera when reproduction was modified by 

silencing genes responsible for sex pheromones production (Dong et al., 2017). 

However, selecting an appropriate delivery method for specific insect orders is 

challenging. In wood-feeding insects, the aspect of dsRNA delivery can be achieved by 

spraying over the tree trunk (Li et al., 2015) or by injecting it into the tree's sap stream 

(Hunter et al., 2012). The delivery of dsRNA by these methods will be used for effective 

silencing of the pheromone biosynthetic genes in the beetle upon phloem feeding. 

However, the appropriate method should be considered when choosing an effective 

outcome (Joga et al., 2021).  

This approach is familiar with existing forest pest management practices (i.e., 

silvicultural, biological), and can aid a multi-faceted management approach that keeps 

the tree-killing forest pest populations in the endemic stage while conserving the 

beneficial species. 
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3. SUMMARY OF WORK METHODOLOGY: 

This chapter contains the methods established to achieve the results mentioned in the 

following chapter. 

3.1 Ips typographus rearing conditions in the laboratory: 

Spruce logs (Picea abies) naturally infested with I. typographus (F0 generation) were 

obtained from plots at the CZU forest, near Kostelec nad Černými lesy. The infested logs 

were stored in a cold chamber (4°C) until used. Fresh spruce logs (app. 50 cm) were 

infested with F0 generation beetles (150 beetles per log) and maintained under 

laboratory conditions (70% humidity, 24°C,16:8 h day/night period, and ventilated 

plastic containers of 56x39x28 cm/45 l volume) for incubation to establish the F1 

generation. With four weeks of incubation time, the F1 generation of the beetle with 

different life stages was collected. The different life stages are larvae, pupae, immature 

beetles (golden-colored teneral beetles with soft cuticle), sclerotized beetles (beetles 

with dark cuticle, still in the breeding log), emerged beetles (beetles emerged from the 

breeding log), flying beetles (emerged beetles with 24 h of flying), fed beetles (males 

and females separately excavating nuptial chambers in an uninfested spruce log for 24 

h), mated beetles (male introduced first in an uninfested spruce log, followed by the 

introduction of a female after 24 h and collection of beetles from mating chambers after 

48 h). After collecting beetles at appropriate life stages, they were sorted according to 

sex and external morphological characteristics (Schlyter and Cederholm, 1981) (except 

larvae and pupae).  

The emerged beetles were sorted by sex and used for hormone (JH III) treatment. 

Acetone (0.5 µl; control) and 10 µg of JH III (0.5 µl of 20 µg/µl acetone) were applied 

topically on the abdomen of beetles. After application, beetles were kept under the 

laboratory conditions mentioned above for 8 h. Beetles were frozen in liquid nitrogen 

and stored at -80°C for further processing. Before analysis, the guts were dissected from 

beetles of different life stages (except larvae and pupae) for further metabolomic and 
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DGE analysis. In this study, the beetle body refers to the remaining tissue with the fat 

after the gut, elytra, and wings have been removed.   

3.2 Metabolomic Analysis: 

3.2.1 Gas chromatograph coupled to mass spectrometer (GC-MS) analysis: 

Guts were dissected from the frozen beetles and immediately submerged in 2 ml 

analytical vials (10 guts/100 µl) of cold pentane or hexane. The beetle body was placed 

in another vial with chloroform. (10 beetle bodies /1000 µl chloroform) (Birgersson et 

al. 1984; Birgersson and Bergstrom, 1989) 

GC-MS Agilent 7890B (Agilent Technologies, Palo Alto, CA, USA) employing time of flight 

mass analyzer Pegasus 4D (LECO, St. Joseph, MI, USA) was used for the separation, 

identification, and quantification of extracted compounds. One microliter of the extract 

was injected into a cold PTV injector (20°C) in split 10:1 mode. After injection, the inlet 

was heated to 275°C at a rate of 8°C/s. Separation was conducted on HP-5MS UI capillary 

column (30 m, 0.25 mm i.d., 0.25 µm film thickness) from Agilent. The GC oven 

temperature program was as follows: 40°C for 1 min; then ramped at a rate of 10°C 

min−1 to 210°C; then at 20°C min−1 to 320°C and held for 6 min. The total GC run time was 

29.5 min. Ions (ionization energy at 70eV) were collected in a mass range of 35-500Da 

with a frequency of 10Hz.  

Two-dimensional comprehensive gas chromatography was employed using the same 

instrument for the separation and quantification of compounds in beetle body 

extract. Here, injection in split mode (100:1) was used and secondary GC and modulator 

were programmed with an offset of 5°C and 15°C to the first dimension GC oven, 

respectively. Column BPX-50 (SGE, Australia, 1.5 m, 0.1 mm i.d, 0.1 µm film thickness) 

was used for two-dimensional separation. A modulation period of 5 seconds was 

maintained for the whole length of the analysis. The temperature program was 40°C (1,7 

min); 10°C/ min 210°C; 20°C/ min 320°C (15 mins). The total GC run time was 39.2 min.  

Automated spectral deconvolution and peak finding algorithms were carried out 

using ChromaTOF software (LECO, St. Joseph, MI, USA). In target compound analysis, 
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peak areas of unique mass from the compound's mass spectrum were used for 

quantification. Linear calibration curves were constructed using responses of measured 

calibration mixtures diluted from standards. Extracts from the beetle body were 

targeted and quantified for verbenyl oleate and myrtenyl oleate based on external 

calibration standards prepared by organic synthesis (Chiu et al., 2018). 

In non-target analysis, a peak alignment tool was used to compare and align all 

chromatographic signals with a signal-to-noise ratio (S/N) higher than 25 in all samples 

of gut extract. Non-target search in the beetle body was then performed using a 

parameter of S/N=50. The data were cleaned, normalized (constant raw sum), and 

evaluated using principal component analysis (PCA) and partial least square-

discriminant analysis (PLS-DA) in SIMCA 15 software (Sartorius Stedim Data Analytics 

AB, Malmö, Sweden). For the tentative identification of compounds, a comparison with 

mass spectra at the National Institute of Standards and Technology (NIST 2017) library 

was performed. For identity confirmation, retention indexes from NIST or retention 

times of respective standards were used.  

3.2.2 Ultra-high-performance liquid chromatography-electrospray ionization -high-

resolution tandem mass spectrometry (UHPLC-ESI-HRMS/MS) analysis: 

For nonpolar extraction, dissected guts (5 guts /sample) were collected in ethyl acetate 

(5 µl/gut) and stored at -80°C before analysis. Gut extracts (solvent without gut) were 

removed for nonpolar fraction. For polar extraction, the rest of the solvent was removed 

by a gentle stream of nitrogen, and the remaining tissue was extracted (7 ml/gut) with 

MeOH/water/acetic acid (70/30/0.5 v/v) mixture containing 13C2-myristic acid (1 

µg/ml) standard. After sonication on ice (5 min) the tissue was disrupted with a pre-

chilled Eppendorf tip and sonicated for an additional 5 min. The samples were then 

centrifuged at 4000 RPM for 3 min and the supernatant was collected in a new vial with 

100 µl glass insert. Gut extracts were analyzed for UHPLC-HRMS/MS using nonpolar and 

polar fractions. 

UHPLC-ESI-HRMS/MS was performed at Ultimate 3000 series RSLC (Dionex) coupled 

with a Q-Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, USA). 
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Water (solvent A) and acetonitrile (solvent B, LiChrosolv hypergrade for LC-MS; Merck, 

Darmstadt, Germany), both with 0.1% (v/v) formic acid (Eluent for LC-MS, Sigma Aldrich, 

Steinheim, Germany) were used for the binary solvent system. After injection of 10 μl 

extract, chromatographic separation was performed with a constant flow rate of 300 

μl/min using an Acclaim C18 column (150 × 2.1mm, 2.2 μm; Dionex, Borgenteich, 

Germany). Solvent gradients (B 0.5–100% v/v for 15 min; 100% B for 5 min; 100–0.5% 

v/v for 0.1min; 0.5% for 5 min) were used. Ionization in the HESI ion source was achieved 

by 4.2 kV cone voltage, 35 V capillary voltage, and 300°C capillary temperature in the 

transfer tube in positive ion mode and 3.3 kV cone voltage, 35 V capillary voltage and 

320 ̊C capillary temperature in negative mode. Mass spectra were recorded in the 

positive and negative ion mode at m/z 80–800 mass range in duplicate. Date-dependent 

acquisition using the TOP5 routine was used with one survey scan mass resolution 

60,000 (HWFM) and 5 CID scans with 7,500 resolution in a 0.3 sec.  Colision-induced 

dissociation (cd) of quadrupole selected precursor (0.8 Da mass window) was done in a 

collision cell at typical normalized fragmentation energy 30 eV. For identification pairs 

of the accurate mass of ions and of their collision-induced ionization fragments with the 

retention time values were interpreted using software XCALIBUR (Thermo Fisher 

Scientific, Waltham, USA). For the identification of metabolites samples were compared 

and statistically evaluated using the software MetaboAnalyst 2.0, and determined 

masses were compared with the database. The high-resolution LC-MS raw spectra were 

first centroided by converting them to mzXML format using the MS Convert feature of 

Proteo Wizard 3.0.18324. Data processing was subsequently carried out with R Studio 

v1.1.463 using the Bioconductor XCMS package v 3.4.2 (Smith et al. 2006; Tautenhahn 

et al. 2008; Benton et al. 2010), which contains algorithms for peak detection, peak 

deconvolution, peak alignment, and gap filling. The resulting peak list was uploaded into 

Metaboanalyst 4.0 (Chong et al., 2018), a web-based tool for metabolomics data 

processing, statistical analysis, and functional interpretation where statistical analysis 

and modeling were performed. K-nearest neighbor missing value estimation was used 

to replacing gaps. Data filtering was implemented by detecting and removing non-

informative variables that are characterized by near-constant values throughout the 
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experimental conditions by comparing their robust estimate interquartile ranges (IQR). 

Data was auto-scaled. Out of the 3020 mass features originally detected, were used for 

the Principal Least Square Discriminant Analysis.  For the identification of candidate 

metabolites, the individual mass features that contributed to the separation between 

the different classes were further characterized by applying a range of univariate and 

multivariate statistical tests to determine their importance including the Pls-da 

importance variables, t-test, and Random Forest. Along with retention time, accurate 

mass and MS/MS spectra, the generated information was probed with existing literature 

and databases. MS/MS spectra files were also centroided and imported into GNPS 

(Wang et al., 2016) for spectral matches and classical molecular networking. 

3.3 Differential gene expression (DGE) analysis: 

Gut tissue was dissected using RNA later solution and 10 guts per biological sample were 

obtained. Four biological replicate included three technical replicates for each biological 

replicates were performed. RNA extraction was completed using the preoptimized 

protocol (Roy et al., 2017; Sellamuthu et al., 2022). The quality and quantity of the 

extracted RNA were evaluated using agarose gel and Qubit, respectively. Integrity was 

determined using the 2100 Bioanalyzer system (Agilent Technologies, Inc). Pure RNA 

samples (RIN>7) were sent for sequencing to NoVo gene sequencing company, China. 

Sequencing was completed with NOVAseq6000 (PE150, 30 million raw reads). RNA (1 

µg) was used for cDNA synthesis using the M-MLV reverse transcriptase kit following the 

manufacturer’s protocol and stored at −80°C for downstream analysis. 

3.3.1 RNA sequencing (RNA-seq.) analysis: 

Gene expression from the RNA-seq. data was quantified using CLC workbench and 

standardised via a pre-optimised setting for mapping exon regions exclusively with 

genome reference (Powell et al., 2020). Later, a TPM algorithm was used to correct the 

sequence dataset biases and variation in transcript sizes using correct estimates for 

relative expression levels. Finally, empirical DGE analysis was performed using the 

recommended parameters (Roy et al., 2017; Roy and Palli, 2018). For DGE, FDR 
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corrected p-value cut off <0.05 and fold change cut off ± 4 -fold as a threshold value for 

being significant. Genes that are differentially expressed were annotated using the 

“cloud blast” with functional features using a “Blasto2GO plug-in” in CLC Genomic 

Workbench. A nucleotide blast was performed against the arthropod database with an 

E-value cut off 1.0E-10. Both annex and GO slim were used to improve the GO term 

identification further by crossing the three GO categories (biological process, molecular 

function, and cellular component) to search for name similarities, GO term, and enzyme 

relationships within KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathway 

database. 

3.3.2 Quantitative-RealTime PCR (qRT-PCR) analysis: 

Total RNA was extracted from male gut tissue samples to validate the RNA sequencing 

data. Twenty genes, including eight genes from the mevalonate pathway, nine genes 

from CYP450, and three gene esterases were selected for qRT-PCR based on the 

differential expression level and specific functions in supplementary table 1. Primers 

were designed using IDT`s primer design software (www.idtdna.com). cDNA was 

synthesized using an M-MLV reverse transcriptase kit following the manufacturer's 

protocol. qRT-PCR was performed using SYBRTM Green PCR master mix (Applied 

Biosystems, USA) under the following parameters: 95°C for 3 min, 40 cycles of 95°C for 

3 s, 60°C for 34 s (Roy et al., 2017; Cheng et al., 2018).  A melting curve was generated 

to ensure single-product amplification and eliminate the possibility of primer dimers and 

nonspecific amplicons. The relative expression levels of the target genes were calculated 

using the 2-ΔΔCt method with two housekeeping genes as a reference for normalization 

and four biological replications. 

3.4 Differential protein expression (DPE) analysis: 

Frozen beetles were dissected under dry ice, and four biological replicates of each 

treatment were used for protein extraction and analysis. Each biological replicate 

contained tissue of three individual guts. Protein extraction was lysed in a cold buffer 

containing 50 mm Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% N-octylglycoside, and 
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0.1% sodium deoxycholate. Gut tissue in the buffer with protease inhibitor mixture 

(Roche) was incubated for 15 min on ice. Lysates were cleared by centrifugation, and 

after precipitation with chloroform/methanol, proteins were resuspended in 6 m urea, 

2 m thiourea, 10 mm HEPES, pH 8.0 and proceeded for digestion (Cox et al., 2014).   

The samples were homogenized and lysed by boiling at 95°C for 10 min in 100 mM TEAB 

(triethylammonium bicarbonate) containing 2% SDC (sodium deoxycholate), 40 mM 

chloroacetamide, and 10 mM Tris-2-carboxyethyl phosphine. Followed by, samples 

were put in sonication (Bandelin Sonoplus Mini 20, MS 1.5) and the obtained proteins 

were measured for concentration using a standard protein assay kit (Thermo Fisher 

Scientific, USA). About 30 µg of protein per sample was used for MS sample preparation. 

SP3 beads were used for sample processing. Five µl of SP3 beads were mixed with 30 µg 

protein in a lysis buffer and made up to 50 µl with TEAB (100 mM). Protein binding was 

induced by adding ethanol to a final concentration of 60% (vol/vol). The samples were 

thoroughly mixed and incubated at 24°C for 5 min. After SP3 was bound to the proteins, 

the tubes were placed on a magnetic rack, and the remaining unbound supernatant was 

discarded. Using 180 µl of 80% ethanol, beads were washed twice. After washing, 

samples were digested with trypsin (trypsin/protein ratio 1/30) and reconstituted in 100 

mM TEAB at 37°C overnight. Digested samples were acidified using trifluoro acetic acid 

for 1% final concentration. Finally, peptides were desalted using in-house stage tips 

packed with C18 disks (Empore) (Rappsilber et al., 2007). 

3.4.1 NanoLiquid Chromatography (nLC)-MS/MS analysis: 

nLC-MS/MS analysis was performed with nano-reversed-phase columns (EASY-Spray 

column, 50 cm × 75 µm ID, PepMap C18, 2 µm particles, 100 µm pore size). In this 

analysis, mobile phase buffer A (0.1% formic acid in water) and mobile phase buffer B 

(acetonitrile and 0.1% formic acid) were used. Samples were loaded in a trap column of 

C18 PepMap100, 5 μm particle size, 300 μm x 5 mm from Thermo Scientific. About 4 min 

at 18 μl/min loading buffer with water, 2% acetonitrile, and 0.1% trifluoroacetic acid 

were used for loading. Peptides were eluted with a mobile phase B gradient of 4–35% 
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over 120 min. The eluted peptide cations were converted into gas-phase ions by 

electrospray ionization. A Thermo Orbitrap Fusion (Q-OT-qIT, Thermo Scientific) was 

used for the analysis. Survey scans of peptide precursors from 350–1400 m/z were 

performed using an Orbitrap at 120 K resolution (200 m/z) with a 5 × 105 ion count 

target. Tandem MS was isolated at 1,5 using a quadrupole, HCD fragmentation with a 

normalized collision energy of 30, and rapid scan analysis in the ion trap. The second 

mass spectral ion count target was set to 104, and the maximum injection time was 35 

ms. Precursors with charge states two to six were strictly sampled and the selected 

precursor and its isotopes were included in the dynamic exclusion duration of 30 s with 

10-ppm tolerance. Monoisotopic precursor selection was performed, and the 

instrument was run in 2 s cycles speed mode (Hebert et al., 2014).  

All data were analyzed and quantified using MaxQuant software (version 2.0.2.0) (Cox 

and Mann, 2008). The FDR was limited to 1% for both full proteins and small peptides. 

The peptide lengths of the seven amino acids are specified. An MS/MS spectral search 

was performed using the Andromeda search engine against the I. typographus genome 

database. The C-termini of Arg and Lys were set for enzyme specificity, allowing the 

cleavage of proline bonds with a maximum of two missed cleavages. Cysteine 

dithiomethylation was selected as the fixed modification. Various modifications were 

considered with N- N-terminal protein acetylation and methionine oxidation. Matches 

between the run features from MaxQuant were used to transfer the identified peaks to 

other LC-MS/MS systems. Runs based on masses and retention times (with a maximum 

deviation of 0.7 min) were also considered for quantification. A label-free MaxQuant 

algorithm was used for quantification (Cox et al., 2014). Data analysis was performed 

using Perseus 1.6.15.0 (Tyanova et al., 2016). 

3.5 Statistics: 

Statistical analysis of quantified data was performed using a one-way analysis of 

variance (ANOVA) and Fisher (LSD) test with a 95% confidence interval in the XLSTAT-

Student 2020 licensed version and TIBCO Statistics (USA, 2021). UHPLC-HRMS-MS data 
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analysis was performed using MetaboAnalyst 4.0. G -MS data were cleaned for residua 

of analysis, normalized (constant raw sum), and evaluated using principal component 

analysis (PCA) in the SIMCA 17 software (Sartorius Stedim Data Analytics AB, Malmô, 

Sweden). The data from transcriptome and proteome was normalized using CLC 

workbench 21.0.5 (QIAGEN Aarhus, Denmark) and MaxQuant software (version 2.0.2.0) 

respectively for significant data (P< 0.05).  
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4. RESULT SYNTHESIS: 

The result synthesis chapter is segregated with peer-reviewed three published scientific 

articles. 

• Publication 1: Research findings show results after testing hypothesis 1 for the 

respective pheromone compounds and expression of relevant gene families from key 

life stages of I. typographus gut tissue using a comparative study of transcriptome and 

metabolome. Ramakrishnan et al., 2022a. 

• Publication 2: Followed by the previous publication on pheromone biosynthesis across 

life stages of hypothesis 1, a special data set revealing added information from analytical 

methods, and the gene families which also related to other functions such as 

detoxifications from a specific life stage of I. typographus male and female gut tissue 

were highlighted here.  Ramakrishnan et al., 2022b. 

• Publication 3: The final publication contains findings after checking hypothesis 2 by an 

artificial pheromone biosynthesis method of inducing the beetle with juvenile hormone 

III (JH III) and focuses exclusively on the pheromone-related pathways from I. 

typographus male and female beetles using an elaborated transcriptome, proteome, 

and metabolomic analyses. Ramakrishnan et al., 2024. 
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4.1 Publication 1: 

Metabolomics and transcriptomics of pheromone biosynthesis in an aggressive forest 

pest Ips typographus 

Citation: Ramakrishnan, R., Hradecký, J., Roy, A., Kalinová, B., Mendezes C. R., Synek, 

J., Bláha, J., Svatoš, A., Jirošová, A., 2022a. Metabolomics and transcriptomics of 

pheromone biosynthesis in an aggressive forest pest Ips typographus. Insect Biochem. 

Mol. Biol 0965-1748. https://doi.org/10.1016/j.ibmb.2021.103680  

 

Summary: 

Publication 1 contains essential information after testing hypothesis 1 to identify 

candidate genes involved in pheromone biosynthesis and the related compounds 

across the key life stages of Ips typographus. In this study, we performed metabolomic 

and transcriptomic analyses of the pheromone biosynthesis at important life stages of I. 

typographus. Quantified pheromone metabolites from analytical methods confirmed 

the specific life stages of the beetle to focus on the targeted objective. Also, the gene 

expressions from the molecular methods were co-related with the pheromone occurring 

life stages narrowed down the potential candidates. The candidates from three gene 

families, mevalonate pathway with five genes key including isoprenoid-di-phosphate 

synthase (IPDS), Cytochrome P450 genes, and esterase genes. The identified genes 

from key life stages of male I. typographus that involved in pheromone biosynthesis 

were identified from the respective life stages for  significant gene expression patterns. 

Identified gene candidates were proposed for the biosynthetic functions based on 

relevant co-relation analysis and literature support from other bark beetle species. 
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4.2 Publication 2: 

Metabolome and transcriptome related dataset for pheromone biosynthesis in an 

aggressive forest pest Ips typographus 

Citation: Ramakrishnan, R., Roy, A., Kai, M. R., Svatos, A. & Jirosova, A., 2022b. 

Metabolome and transcriptome related dataset for pheromone biosynthesis in an 

aggressive forest pest Ips typographus. Data in Brief, 41, 26. 

https://doi.org/10.1016/j.dib.2022.107912 

Summary: 

Publication 2 contains essential information apart from publication 1, Ramakrishnan et 

al., 2022a. The analysis of metabolomic and transcriptomic data from gut tissue of 

important life stages of I. typographus provided information on various metabolites and 

relative gene families with other functions along with pheromone biosynthetic 

functions. Primarily, metabolomic data from UHPLC –HR-MS/MS analysis has provided 

insight into metabolites in different measurement modes. The acquisition methods of 

this data (using bioinformatics software programs such as GNPS, and Sirus) are vital 

information for aiding similar analysis in the future and for developing bioinformatics 

tools for high-throughput metabolomics analysis.  Expression patterns of a 

multifunctional gene family such as cytochrome P450, related to detoxification from 

the gut tissue of bark beetle life stages. Information on standardized housekeeping 

genes is vital for performing the quantitative real-time PCR analysis and filling the 

knowledge gap in the respective research field. This publication is valuable knowledge, 

allowing the researchers to make follow-up research questions evolved from the 

postulated hypothesis 1, which can support the identified multifunctional gene families. 

 

https://doi.org/10.1016/j.dib.2022.107912
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4.3 Publication 3: 

Juvenile hormone III induction reveals key genes in general metabolism, pheromone 

biosynthesis, and detoxification in Eurasian spruce bark beetle. 

Citation: Ramakrishnan R, Roy A, Hradecký J, Kai M, Harant K, Svatoš A and Jirošová A 

(2024) Juvenile hormone III induction reveals key genes in general metabolism, 

pheromone biosynthesis, and detoxification in Eurasian spruce bark beetle. Front. For. 

Glob. Change. 6:1215813. http://doi.org/10.3389/ffgc.2023.1215813  

 

Summary: 

In publication 3, we checked hypothesis 2 by screening the changes in genetic-level, 

protein level, and metabolite level by application of Juvenile hormone III on the 

beetle, Ips typographus. With the multi-omic approach, the focus was on the induced 

changes that correlate with the requirements of adult beetles to aggregate pheromone 

biosynthesis. These changes are expected to occur in a sex-specific fashion. Further 

comparison analysis from this study revealed certain metabolic induction in specific 

sexes of the beetles with reconfirmation of the key candidates from gene families, such 

as key gene from the mevalonate pathway, isoprenoid-di-phosphate synthase (IPDS), 

and the Cytochrome P450 gene candidates for justifying the first and second objectives 

of the hypothesis 2. The third gene family of esterase genes and the additional 

candidates from the gene family of glycosyl hydrolases supported the verbenyl 

conjugates story. Later mentioned pheromone conjugates concept in I. typographus is a 

novel finding for the Ips species, which was tested as the third objective. 

http://doi.org/10.3389/ffgc.2023.1215813
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5. DISCUSSION: 

This study provided comprehensive insights into the pheromone biosynthesis in Ips 

typographus, which aligns with past research and provides many key in-depth findings 

up to gene level information that supports the research field strongly with evidence 

(Birgersson et al., 1984; Ramakrishnan et al., 2022a, 2022b). Another interesting 

phenomenon of inducing pheromone biosynthesis in bark beetles using juvenile 

hormone (JH III). To our knowledge, this research study is conducted for the first ever in 

I. typographus of different life stages and JH III treatment (induced hormone regulation), 

demonstrating pheromone biosynthesis aimed to test hypotheses 1 ( Key life stages of 

the beetle) and Hypothesis 2 ( JH III treated beetle). The I. typographus males, as the 

pioneer sex of the beetle in finding hosts have been focused on this study for 

aggregation pheromone biosynthesis. 

Ips typographus aggregation pheromone blend consists of 2-methyl-3-buten-2-ol and 

cis-verbenol. These components were highly produced by male colonizing beetles, 

which was again proved to be abundant in the respective male gut in this study. 

Surprisingly, the life stage research revealed that the aggregation pheromone cis-

verbenol started appearing in the juvenile beetles and disappeared during beetle 

maturation. Later, cis-verbenol reappeared as soon as they emerged from the host. cis-

verbenol, the compound particularly known for being derived from a tree precursor (α-

pinene), is also linked to monoterpene detoxification among early life stages of both 

sexes, such as larvae, pupae, and immature beetles. Other components from the beetle 

such as verbenone follow a similar pattern as in cis-verbenol (precursor of verbenone 

synthesis) among the various life stages. Ipsdienol, a compound known exclusively for 

Ips species was identified only in males from the mating chamber. Many compounds 

with unknown biological activity, such as trans-verbenol, myrtenol, phenyl ethanol, and 

myrcene, were also identified and quantified in gut tissues of I. typographus developed 

stages with specific sex (male), supporting the previous knowledge on these compounds 

and justifies the hypothesis 1 (Birgersson et al., 1984, Ramakrishnan et al., 2022a, 

2022b). 
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Followed by, hypothesis 2 was tested by the hormone induction using Juvenile hormone 

(JH III) for targeted pheromone biosynthesis research, which is available for many bark 

beetle species (Tillman et al., 2004; Bearfield et al., 2009; Chiu et al., 2018; Fang et al., 

2021). However, not all Ips sp. follow the same regulation pattern after hormone 

treatment, and Ips typographus was not addressed in this platform (Tillman et al., 2004). 

Here, we have attempted aggregation pheromone quantification from the I. 

typographus sp. gut after JH III treatment with a focus on de novo synthesis of the 

aggregation pheromones such as 2-methyl-3-buten-2-ol and the results were similar as 

in I. pini, where JH III treatment influences de novo pheromone synthesis (Seybold and 

Tittiger, 2003). Added to that, cis-verbenol and verbenone were also upregulated, thus 

a precursor-mediated biosynthesis was postulated for the pheromone cleaving 

mechanism from respective conjugates after JH III treatment. GC-MS measurements of 

gut tissue following the induction further revealed a significant increase in I. 

typographus male-specific compounds, such as myrtenol and phenyl ethanol. This 

suggests that the effect of JH III on pheromone biosynthesis is not limited solely to 

known behaviourally active compounds and to an extent the JH III also activates many 

detoxification and reproductive gene families on the beetle and is highly dependent on 

the sex of the beetle (Ramakrishnan et al., 2024). 

2-methyl-3-buten-2-ol biosynthesis concept (de novo from the beetle): 

Aiming the first objective from the hypotheses, the pheromone precursors were 

measured in detail using metabolomics of UHPLC-HR-MS/MS, which revealed the 

presence of many compounds in positive and negative modes, especially mevalonate-5-

phosphate. at all life stages. The evident presence of mevalonate-5-phosphate in the 

flying male beetles, followed by a reduction during the fed male stage and reappeared 

during the mated males, provided the compound’s possibility as substrate in pheromone 

biosynthesis. Hypothetically, mevalonate-5-phosphate could be an active upstream 

substrate for 2-methyl-3-buten-2-ol synthesis. The higher amount of mevalonate-5-

phosphate during the flying stage also supports previous data on flight muscle activation 

driving certain de novo pheromone biosynthesis in other Ips sp., (Ivarsson et al., 1998). 
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Thus, the mevalonate pathway study involving a variety of isoprenoid genes from the 

pathway with intermediate components was targeted in both sexes for respective 

functions. 

A further intent to verify the primary objective, with relevant approaches to highlight 

the gene family involved in the biosynthesis of 2-methyl-3-buten-2-ol has provided 

clarified knowledge of our bark beetle species. The DGE analysis of the gut tissues with 

I. typographus genome annotation revealed distinct expression patterns of certain gene 

families as in other research of many Insects with similar interests (Blomquist et al., 

2010; Jirosová et al., 2017). In our study, genes involving pheromone synthesis and 

detoxification genes were upregulated after feeding in the beetle. By co-relating on a 

previous finding from Ips sp., (Lanne et al., 1989) and our metabolomic data on 

mevalonate-5-phosphate intermediate, we narrowed down the analysis on mevalonate 

pathway gene family members, including PMK (Ityp06045), HMG-S (Ityp09137), HMG-R 

(Ityp17150), IPPI (Ityp04875) and IPDS (Ityp09271). These genes were shown to 

influence pheromone production in Ips sp., especially HMG-R, which when inhibited, 

completely blocks pheromone production pathways (Ivarsson et al., 1993; Tillman et al., 

2004). In particular, the isoprenoid gene family member isoprenoid-di-phosphate 

synthase (IPDS) - Ityp09271, was identified in the fed male gut of I. typographus, along 

with 2-methyl-3-buten-2-ol (Ramakrishnan et al., 2022a). Since the mevalonate pathway 

supplies the five-carbon and the up-regulation of the entire mevalonate pathway in fed 

adult male beetles, we proposed that IPDS could play the role of a novel hemiterpenoid 

prenyl transferase in 2-methyl-3-buten-2-ol de novo synthesis. Though IPDS is known to 

be involved in pheromone synthesis in other insects (Lancaster et al., 2018) such as the 

bark beetle D. ponderosae (frontalin pheromone) (Keeling et al., 2013), we are 

proposing a function for IPDS in hemiterpene synthesis in the animal family for the first 

time. The actual known function of IPDS is also known as GPPS, in the extension of 

myrcene synthesis (Gilg et al., 2005; Gilg et al., 2009). Based on the involvement of GPPS 

in myrcene synthesis, we identified other paralog genes of IPDS/GPPS— Ityp17873 and 

Ityp17861— from reported different life stage RNA-seq data. The expression of these 
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isomers was not as high as the proposed candidate Ityp09271 in the fed male gut. Thus, 

the low expression of the GPPS gene isomers co-relates with the low ipsdienol (myrcene 

derivative) presence during the fed stage. Even though studies showing the involvement 

of the mevalonate pathway in other bark beetles (Bearfield et al., 2009; Sarabia et al., 

2019) and insects have been published, our study is the first reported detailed molecular 

analysis of the gene family in Ips typographus sp., as per our knowledge.  

Similarly, after topical treatment with JH III, male I. typographus overexpressed certain 

upstream genes of the mevalonate pathway, including PMK (Ityp06045), HMG-S 

(Ityp09137), HMG-R (Ityp17150), and IPPI (Ityp04875) in the gut. In addition, the 

upregulation of IPDS (Ityp09271) was observed as well as protein levels after treatment. 

Hence, this gene is a primary candidate for encoding the biosynthesis of the 

hemiterpene 2-methyl-3-buten-2-ol, which has not yet been functionally demonstrated. 

The upregulation of Ityp09271 aligns with the significant increase in 2-methyl-3-buten-

2-ol content observed in the male gut after the treatment and corresponds with the 

biosynthetic pathway proposed in our previous study (Ramakrishnan et al., 2022a). In 

females, there was also reported upregulation of another IPDS, an ortholog of geranyl-

di-phosphate synthase (Ityp17861) (Ivarsson et al., 1993; Ramakrishnan et al., 2022a, 

2022b, 2024). 

cis-Verbenol biosynthesis concept: 

cis-Verbenol biosynthesis focused on the second objective of the hypotheses, which 

involves the oxidation of (-) α-pinene that adult beetles sequester from the tree 

(Renwick et al., 1976; Chiu et al., 2019). It is already known that the CYP450 gene is 

involved in verbenol synthesis in bark beetle sp., (Nadeau et al., 2017). Here, we found 

56 CYP450 genes expressed in the gut tissue of I. typographus (Ramakrishnan et al., 

2022b), accounting for 66.6% of the total number of CYP450 genes (84) in the beetle 

genome (Powell et al., 2020). CyP450- C1 (Ityp3903) and C2 (Ityp0496) showed high 

sequence similarity with CYP450 (A1 like- CYP6DE1) from D. ponderosae involved in 

trans-verbenol production (Chiu et al. 2019). In addition, we also identified candidate 

CYP450- C3 (Ityp3140) and CYP450- C4 (Ityp3230), showing sequence similarity with the 
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CyP450 gene family (A2-like) -CYP6DE3, known to be involved in the detoxification in 

other bark beetles (Nadeau et al., 2017). Though we selected candidates involved in two 

different functions, these four CYP450 genes were all expressed in the fed and immature 

life stages. As reported by Chiu et al. (2019) the gene involved in trans-verbenol 

production is also involved to some extent in the cis-verbenol synthesis and 

detoxification mechanism of α-pinene (Renwick et al., 1976; Reid and Purcell, 2011). We 

propose four identified candidates (C1-C4) as possible cis/trans-verbenol synthesizing 

from α-pinene in the bark beetle. Functional validation of the gene candidate is required 

before naming the gene for the proposed function. Furthermore, CYP450 genes, 

Ityp4140 and Ityp4142, similar to CYP4Gs involved in converting lengthy aldehydes and 

alcohols into hydrocarbons, were identified with the help of a known sequence from 

recent studies (MacLean et al., 2018). Also, CYP450 (Ityp1834 and Ityp3153), similar to 

CYP9T1/T2, known for myrcene hydrolase, was proposed (Song et al., 2013). Though 

there is recent research on CYP6 involvement in aggregation pheromone production in 

other Ips sp. (Fang et al., 2021), the corresponding CYP450 gene from the 6-like family 

needs to be identified for further functional clarification in I. typographus. 

The effect of JH III- treatment on CYP450 enzymes was also studied, but this was only 

feasible at the gene transcript level as CYP450 proteins could not be identified in our 

proteomics work. In the transcriptome analysis, we searched for gene candidates with 

sequence similarities to functionally known genes from other bark beetle studies, 

including those involved in cis-verbenol biosynthesis (Chiu et al., 2019; Ramakrishnan et 

al., 2022a), detoxification mechanisms (CYP6DE3), and ipsdienol biosynthesis 

(CYP9T1/T2) (Song et al., 2013; Nadeau et al., 2017; Ramakrishnan et al., 2022a and 2022  

b). 

Interestingly, CYP450 genes in all three functional classes were upregulated after JH III 

treatment with CYP6DE1, known in another bark beetle species for its role in trans-

verbenol biosynthesis (Chiu et al., 2019). The contigs from I. typographus male gut 

exhibited lower expression levels compared to the gene contigs suggested for 

detoxification (CYP6DE3) and ipsdienol biosynthesis (CYP9T1/T2) (Sandstrom et al., 
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2006). The effect of topically applied JH III on pheromone biosynthesis appears to be 

broader than just the induction of de novo synthesized compounds. In addition to 

regulating isoprenoid biosynthesis, this hormone affects the production of pheromonal 

components by influencing a variety of other biosynthetic mechanisms such as the 

hydroxylation of host tree monoterpenes (Ramakrishnan et al., 2024). 

Pheromone storage concept:  

Testing the final objective of the hypotheses, I. typographus life stages and JH III 

treatment influence trace amounts of cis-verbenol and verbenone, which proves that 

precursor-mediated biosynthesis, was also found induced after JH III treatment. Thus, 

cis-verbenol may be synthesized after JH III treatment from the gut, as postulated in our 

hypothesis of verbenol release from the stored verbenyl oleate. This release could 

involve certain esterase, hydrolase, and fatty acyl transferase gene families expressed in 

the gut tissue after the treatment (Chiu et al., 2018). 

Since cis-verbenol biosynthesis patterns were seen among the different life stages of the 

beetle gut, we showed that verbenyl oleates were found to be initially in the immature 

beetle of both sexes. Later, only verbenyl oleate synthesis continued with male 

specificity in the mature beetles. Similar to a study in D. ponderosae by Chiu et al. (2018) 

we analyzed extracts from the beetle body (focused on the fat body without the gut) 

and quantified the possible detoxification products (verbenyl oleate and myrtenyl 

oleate) from the beetle’s body. Verbenyl oleate is a putative pheromone storage fatty 

acid ester for the pheromone, cis-verbenol. The relative abundance of cis-verbenol, 

verbenyl-oleate, and methyl oleate showed an interesting pattern between life stages. 

Moreover, the co-relation of the verbenyl oleate reduction and methyl oleate increasing 

with pheromonal cis-verbenol can be seen in fed and mated stages. At the immature 

stage, the abundance of verbenyl oleate was high, whereas the abundance of methyl 

oleate was low. From this finding, we propose that α-pinene from the host source 

undergo detoxification into oxygenated monoterpenes cis-verbenol and myrtenol, 

which further bind to lipid molecules, such as methyl oleate, to form verbenyl oleate 

and myrtenyl oleate and are stored in the fat body of I. typographus during the early life 
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stages. Later, when feeding males tend to produce cis-verbenol as an aggregation 

pheromone compound, where α-pinene is a limited resource, the stored esters can be 

broken down into the required pheromones and residues of lengthy fatty acids. A similar 

concept was also proposed and studied in D. ponderosae (Chiu et al., 2018). Our 

hypothesis of methyl oleate and cis-verbenol oleate synthesis from the monoterpenyl 

esters is a novel concept proposed yet in the beetle pheromone storage mechanism. 

Added to that, other detoxification products, such as verbenyl and myrtenyl diglycosides 

were identified via UHPLC-HR-MS/MS for possible pheromone storage.  cis-Verbenol 

was also synthesized after JH III treatment from the gut, as mentioned hypothesis of 

verbenol release from the stored verbenyl oleate (Ramakrishnan et al., 2022a, 2022b). 

The esterase gene (Esterase FE4-like and venom carboxylesterase – 6 like) identified in 

this work shows high similarity with the esterase gene BT127766.1 from D. ponderosa, 

which is involved in a possible pheromone storage function (Bernier et al., 2020). 

Respective candidates were selected from the RNA seq. data based upon sequence 

similarity. To verify the proposed functional correlation, the involvement of the esterase 

gene family identified in this study in cis-verbenol storage as a fatty acid ester in the 

immature stage was evaluated. Further validation of the mentioned sequences in the 

life stages of I. typographus showed that esterase Ityp11977 (E3) occurs in the immature 

stage. Since cis-verbenol occurs in the immature stage and verbenyl oleate in the 

immature body, the proposed candidate can be considered a valid gene for functional 

study, also investigated in other bark beetles (Chiu et al., 2018). Further, we also 

hypothesize another two-step conversion of verbenyl oleate to cis-verbenol and fatty 

acids. The first step would be the hydrolysis of the oleate catalyzed by another esterase, 

and consequently, the released fatty acid would be methylated by a putative 

methyltransferase.  

Added to that, we also identified four contigs from the glycosyl hydrolase gene family 

that were overexpressed exclusively in the male gut after treatment. However, the 

uncertainty in the abundance of male-specific verbenyl diglycosides (not similar to 

verbenyl ester), together with low quantity in the gut and absence in the fat body 
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(unpublished data), we presume that these compounds are more likely a detoxification 

product rather than a pheromone precursor. Thus, we have observed a strong induction 

of JH III on the formation of both verbenyl conjugates discussed. Originally, these 

compounds served as binding agents for the detoxification product of α-pinene, 

specifically cis-verbenol in our case, but additionally, our findings proved that verbenyl 

fatty acyl esters are possessed by adult males as an alternative pheromone precursor 

(Chiu et al., 2018; Ramakrishnan et al., 2022a). We would like to highlight that, the fatty 

acid esters and glycosides concept from this study exceed the existing knowledge from 

the literature in the bark beetle study (Ramakrishnan et al., 2024).  
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6. CONCLUSION: 

In conclusion, the findings from this research establish a foundation for understanding 

the genetic mechanisms behind pheromone biosynthesis in different life stages of I. 

typographus. Followed by, the method of Juvenile Hormone III treatment on the beetle 

has ensured the occurrence of the relative gene families from the I. typographus gut 

tissue.  

The primary conclusion confirmed the first objective from hypotheses 1 and 2, by 

proving the involvement of mevalonate gene families in the male I. typographus gut at 

the fed life stage (attacking stage)and JH III treated beetle, towards the key aggregation 

pheromone, 2-methyl-3-buten-2-ol. Initially, the compound mevalonate-5-phosphate as 

an intermediate from the pathway was identified, which supports the past findings of 

labeled mevalonate in the 2-methyl-3-buten-2-ol. Followed by, the genes PMK 

(Ityp06045), HMG-S (Ityp09137), HMG-R (Ityp17150), IPPI (Ityp04875), and an IPDS 

(Ityp09271) were identified and quantified from the pathway of feeding male beetle 

guts. Furthermore, hypothesis 2 was justified by confirming the pathway key candidates 

also in protein level after inducing the pheromone using JHIII on the beetle ensures the 

key gene, IPDS to target for reducing the 2-methyl-3-buten-2-ol biosynthesis. 

 The secondary conclusion confirms the second objective in the hypotheses, which is the 

concept of cis-verbenol biosynthesis in the beetle. Enough evidence persists for the 

conversion of tree precursor (α-pinene) into verbenol by a key Cytochrome P450 

(CYP6DE1). Using sequence similarity to the functionally validated gene, Ityp03903, and 

Ity0496 are the key gene candidates from I. typographus gut tissue of certain life stages 

and JHIII treated beetle. Among a total of identified 52 CYP450 genes, the proposed 

candidates can potentially target to reduce the cis-verbenol biosynthesis. 

The third conclusion is to highlight the final objective of the hypotheses, the storage 

concept of the verbenol components. As the beetles could not access the tree 

precursors all their lifetime, storage of the component during the resource availability is 

certain for many insects.  Key genes such as Esterase EF4, Ityp11977, and Ityp09460 are 
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the potential candidates that are proposed for storing and releasing these verbenol form 

esters, verbenyl oleate. Furthermore, an additional concept of verbenyl-di-glucoside 

derivatives (a by-product from detoxification) from the beetle has been proposed for 

similar storage and sex-specific release using a glycosyl hydrolase, Ityp11770, Ityp00943, 

Ityp00535, and Ityp04256. Nevertheless, later-mentioned gene families fail to meet the 

criteria of sex-specific importance. Along with the respective pheromonal components 

the other male-specific functionally unknown components such as myrtenol, myrtanol, 

or phenylethanol were identified and quantified. On the gene level, biosynthetic gene 

families were reported in the data set of the mentioned research publications.  

Taken together, this study approach and findings could lead to engineering effective 

pest management strategies, such as RNA interference, aimed at manipulating the mass 

attack behavior of this aggressive pest (Joga et al., 2021). Hence, this study leads to a 

deeper, more molecular understanding of the pheromone biosynthesis of Ips 

typographus. 
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7. RECOMMENDATIONS FOR FUTURE DEVELOPMENT OF THE 

RESEARCH FIELD: 

Though many aspects of pheromone biosynthesis from the beetle, Ips typographus have 

been covered in this study, the research also involves certain limitations. Many potential 

gene candidates were identified based on relative abundance for co-relation study with 

analytical results. However, further functional validation of the reported genes is 

required to support the claims. Hence, a logical next step is to conduct research on the 

functional expression of the identified gene candidates for in vivo and in vitro model 

systems. The in vitro assay can be performed to express the targeted genes, by cloning 

the desired gene length into bacterial expression vectors such as pDEST15, generating 

an N-terminal his-tag fusion in Escherichia coli bacterial cells. The expression can also be 

performed in insect (Spodoptera frugiperda -sf9) cell lines using specific vectors such as 

pFastBac and pENTR4 vectors for gene families of Cytochrome P450 and esterases.  This 

approach will lead to describing the gene/enzyme function by performing substrate-

specific enzyme assays to detect the targeted end products. For enzyme assay, 

substrates with radioactive labeling can also be utilized for monoterpenes enantiomers 

such as +/- α-pinene, +/- β-pinene, and +/- limonene with variations as required and 

derive novel findings with the help of established analytical methods. Furthermore, the 

approach of this research lays the background for performing similar research on more 

bark beetle species.   

8. PRACTICAL APPLICATION OF THIS RESEARCH FINDINGS: 

Modern techniques like gene editing using CRISPR and silencing by RNA interference for 

the targeted potential genes can facilitate this study's findings. The latter-mentioned 

RNA-i can be efficiently incorporated by synthesizing a double-stranded RNA (dsRNA) 

from a species-specific target gene with an appropriate delivery mechanism. Although 

the use of RNAi in integrated pest management is a newly considered methodology, its 

potential has so far been successfully demonstrated for several groups of insects with 

species speficicty. Thus, our study contributes not only to a general knowledge of the 

biosynthesis of unique pheromones in this species, can also enable to the identification 

of targets for future eco-friendly management. 
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