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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 /. typographus is mediated by aggregation pheromone blend, consisting of 2-methyl-
3-buten-2-ol and c/s-verbenol synthesized from the beetle gut. The molecular trait of 
pheromone biosynthesis research in /. 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-om/cs approaches, we performed a 
comparative analysis of metabolites (metabolomics), gene transcripts (transcriptomics), 
and proteins (proteomics) from gut tissue and fat bodies of /. 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 c/s-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 c/s-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 c/s/tra/is-verbenol synthesis, an esterase gene family 
and glycosyl hydrolase gene family for concept of c/s-verbenol storage/release were 
covered in this research. 

Findings from the pheromone biosynthesis research on /. 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 
/. typographus and thereby prevent vegetation loss. This study also provides insightful 
evidence of JH Ill's regulatory role in fundamental beetle metabolism, pheromone 
biosynthesis, and detoxification in /. typographus bark beetles. 

Keywords: Ips typographus, bark beetle, pheromone biosynthesis, multi-om/cs. 
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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 c/s-verbenol 

synthesis from a-pinene sequestered from the host. 

III. To identify the key enzymes involved in the c/s-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 c/s-verbenol (related to detoxification) after JH III 

application. 

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

and glycosyl conversion) in the storage and release of c/s-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 m 3 of forest area 

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

Figure l: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 (Jónsson 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 c/s-verbenol was identified specific to Ips 

Evidováno [m3] 

I I 1 001 

1 000 5 000 

13 



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 18 t h 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). 

14 



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, /. 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). 

a)Landscape b) Habitat c) Tree 

Vision? 
Olfaction! 

NHV 
Low monoterpene 

hydrocarbons? 

Vision? 
Olfaction! 

NHV 
High monoterpene 

hydrocarbons? 

Olfaction 
Oxygenated monoterpenes: 

Verbenone, 1,8-Cineol 
para-Cymene, 

frans-4-Thujanol 
Low Pheromone 

foo dry? 
old? 

d) Tissue 

Olfaction 
Taste 

Phenolics 
Terpenoids 

foo hot to handle? 
too young? 

Olfaction 
Pheromone: 

2-Methyl-3-buten-2-ol 
c/s-Verbenol, 

Ipsdienol? 

L 
DISPERSAL HOST SELECTION HOST ACCEPTANCE 

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). 

Inside bark Pupae 

Larvae 
Immature 

beetle 

r 
Life stages of bark beetle 

Mating 

beetles 

fed beetle 

(host boring) 

Sclerotized 

beetle 

Emerging 

adult beetle 

Flying 

beetle 

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 

Bergstrôm, 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 /. 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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fps typographus 

Figure 4. Ips typographus attack dynamics upon its natural host Picea abies explained in 8 steps 
Stepl: Pioneer Male finding host, Step2: Release of aggregation pheromone blend, MB (2-
Methyl-3-buten-2-ol), cV(c/s-Verbenol), Step 3&4: Attracting more conspecific beetles Step 5: 
Release of more aggregation pheromone from conspecific beetles, Step 6: Release of 
pheromonal compounds le (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, c/s/trans-verbenol, and exo-

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

myrcene, and a-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 a-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 /. 

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 /. typographus male pioneer beetles are 2-

methyl-3-buten-2-ol and c/s-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 /. 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. 

c/s-Verbenol, another aggregation pheromone of the bark beetle, /. typographus, 

derived from host tree precursor a-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 trons-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 /. 

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). 

Ipsdienol Ipsenol Verbenyl wax ester 

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

a-pinene c/s-Verbenol verbenone 

Figure 5B: Conversion of the tree precursor- a-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 /. paraconfusus (Ivarsson and Birgersson, 

1995), /. 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 
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ipsenol in /. 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 (-) a-pinene that adult beetles sequester 

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

process, c/s-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). 

Ipsdieno! 

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 c/s-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). 

a-Pinene 

Natal host source 

Hydroxylation in larvae by 
P450s such as CYP6DE1 

* O H 
trans- Verbenol 

O H 
c/s-Verbenol 

Esterification with long-
chain fatty acids by larvae 
R = C18:1 a n d C 1 6 

f/ans-Myrtanol 

O-Acyltransterase 9 

R S - C o A 

*OR / " ^ OR 
trans-Verbenyl ester c/s-Verbenyl ester trans-Myrtanyl ester 

Hydrolysis of esters in 
adult females upon host 
feeding or JH-treatment y 

' O H 
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Carboxylesterase 

'OH 
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Current Opinion in Insect S c « n c e 

Figure 7: The hypothesized biosynthetic origin of verbenol storage in bark beetles. 
Biosynthesis of trons-verbenol, c/s-verbenol, and myrtanol in D. ponderosae. Larvae in their natal 
host hydroxylate a-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, c/s-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 /. 

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 Ill-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 0- methyltransferase; MFE, methyl farnesoate epoxidase; FAE, farnesoic acid epoxidase; 
JHAMT, juvenile hormone acid O-methyltransferase; BR-C, Broad-Complex; Kr-hl, Kruppel 
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 lllumina, 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 etal., 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/) 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, lllumina (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 /. 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 

RNA/ 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 typographies rearing conditions in the laboratory: 

Spruce logs (Picea abies) naturally infested with/, typographus (FO 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 FO 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 I volume) for incubation to establish the Fl 

generation. With four weeks of incubation time, the F l 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 pi; control) and 10 pg of JH III (0.5 pi of 20 pg/pl 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 pi) of cold pentane or hexane. The beetle body was placed 

in another vial with chloroform. (10 beetle bodies /1000 pi 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, Ml, 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°Cat a rate of 8°C/s. Separation was conducted on HP-5MS Ul capillary 

column (30 m, 0.25 mm i.d., 0.25 pm 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 pm 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 was40°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, Ml, 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, Malmo, 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 pl/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 

ug/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 pi 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 u.1 

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

u.l/min using an Acclaim C18 column (150 x 2.1mm, 2.2 u.m; 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 O.lmin; 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 

v l . 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 

u.g) 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 IDTs 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-AACt 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-HCI, pH 7.5,1 mM EDTA, 150 mM NaCI, 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 pg of protein per sample was used for MS sample preparation. 

SP3 beads were used for sample processing. Five pi of SP3 beads were mixed with 30 pg 

protein in a lysis buffer and made up to 50 pi 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 pi 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 x 75 pm ID, PepMap C18, 2 pm particles, 100 pm 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 PepMaplOO, 5 pm particle size, 300 pm x 5 mm from Thermo Scientific. About 4 min 

at 18 pl/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-qlT, 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 x 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 /. 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, Malmo, 

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 /. 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 /. 

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/i.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 /. 

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 /. 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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1, I n t r o d u c t i o n 

Bark beetle attack: on spruce vegetation i n Eurasian forests are 
becoming a crit ical issue that needs to be addressed. Jps typsgraphus 
(Coleopteta, Curcujaonidae), espedally, is a destructive pest for spruce 
vegetatian i n European countries (Biederrcann et a L , 2019>. Specif
ically, i n the Czech Republic, vegetation loss was estimated at up to 14.5 
m i l l i o n m 1 dur ing recent years ( K m i e h , LJC-JLO. Tbe crisis caused by die 
beetle: i n spruce forests i n recent years has increased by many folds 
compared to previous reports (Huang et al . , 2CO'X Thorn and Seidl 
i : -I. 

1. rtpognzrVru': males are the pioneer sex i n titiding the suitable host 
tree during colonisation. After landing, males produce die aggregation 
pheromones; these males are then joined by conspeciiic beeties for the 
mass attack. Once enough beedes are recruited to overcome tree 
defence, anti-aggreganan conapourids are produced i n beede galleries to 
regulate the colonisation density w i t h i n the tree. The aggregation 
pheromones of J. fvpogrophus consist of two essential compounds: 2-
meuiyl-3-buten-ll-ol and cii-verbenol (Schlyter et a l . , L9S7J. l> ir ing 
colonisation, the pheromone compounds ipsdienol and ipsenol have 
been idendrled i n beetles aftet mat ing i n the gallery mating chambers, ha 
the latet colonisation phase, an anti-attractant verbenane is produced 
w i t h the possible involvement of tnicroorganisms (Hunt and Borden 

h C o r r e s p o n d i n g a u t i o r . F a c u l s y oC F o r e s s ^ - a n d W o o d s c i e n c e s . C c e c h L n i s ^ r s i s y OL L i f e S c i e n c e s F r a g u e . K a m y c k a l i s ? , 165 2.1 P r a h a 6 , S u d i d o l , C ^ e c h 

R e p u c l i c . 

sT-i7Hť] o d a r c r s - ; i r c c o v a a ^ : i - l l d . c s u cs ( A . J i o s w o v i O . 

b u r p s i / z d o L o r g . - ' l 0-101 c V ^ . i b m b . 2 0 2 1 . 1 U 3 6 S 0 
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A b b r e v i a t i o n s 

A N O V A Analysis of variance 
D G E Ciůerential seme expression 
FPP5 FamesyUi-phosphaDe synthase 
GPPS Geranyldiphosphate synthase 
IPD5 Isoprenaid^pbosphate synthase 
[PPI Lapentyldipbospbarfi Lsomerase 
K E G G l^rato EjKyclopedia. of Gens? and Genome: 
P C A Principal componenr analysis 

I vv J) for redirecting the arriving beetles to cbe surrounding unoccupieti 
trees (Byers and Birgersson 1990). Furthermore, most pheromanes are 
produced in dhe beetle's gut tissue {Byen ond Wood I ?31 >. The acbe

matic pathway putajtively involved in the production of various phero

mone compound; in J. ^pogrupfiui gut tissue is depicted i n F i g . I. 
The process of dc mnv? pheromooje OTQsynrhesis i n hark beetle out 

tissue has been described (Hal l et a l , 20023.2Methyl3-buDen2nl, In* 
tienuterpene aggregation pheionione af J. i^pograpFiui, was reported to 
be synthesised dc novo from mevalonate, based an results obtained f rom 
nJIa label l ing experiments i Lraine et aL. 190°). However, the reactions 
ami enzymes [nvolvevi i n rhe conversion of mevalonate pathway 

intemiediates into 2methyi3buten2i)L i n J. frpogrnpnus have not yet 
been described. A n enzyme, isoprenyl diphosphate synthase (IPD5) is 
considered to be involved i n prenyl nansfer and sequential carbocajtion 
formation from dimerhylal ly l diphosphate d i n i n g ^mediyl3buren2a] 
synthesis i n trees (Fisher et : .L . 2 ~.C'.'). Other LPDO are k n o w n for their 
invoLvemenr i n the biosynthesis of pheromone compounds such as 
rroncalin i n Dendrvcí&nuL pandcrosae (Keeling et a l . 20133 and mnr

gantiol i n the harlequin bug (Lancaster ec aL, 201 SO. To date, studies 
have shown that die mevalonate pathivay genes encoding 3r4iyilro3[y3

t:r I : o ; r ^ T . " j i A ; . idt.se i H . >' ,'ÍII.YL >•• '.; _.e J • 
glutaryl coenzymeA reductase (HMGKO, isopentyUiphasphate isom

erase i l P P l ) , famesyidipbospliate synthase (FFPS0, and 
geranyidiphosnhate synthase (GPPS) were up regulated after feeding 
i n J. pint C je l ing et al. , 2004). In I. diípUatíic, HMGEt [nbibitionreduced 
pheromone production (1 varsson et al. , I9°o>. Similar to feeding (attack 
stage of the beetle in colonisation), anotiier method involving the topical 
application of juvenile honnone (JH IE) is k n o w n to stimulate dle nava 
pheromone biosynthesis i n some, but nor a l l bark beetles (Keeling et at , 
2016; Ti l lman et a l . 1 W E , 2004]. 

Cis-verbena] is produced from me host treederived precursor 
opinene alter hydro iy ladon . w h i c h us catalysed b y cytochrome P450 
( C y M E O ) (Eenw.ck et al . , 197Ů). A ^milaT process for the synthesis of 
uTdnsverbenol from ap[nene using CyPůDEL ivas described i n 
D. pojaJcrosaf (Chiu et a l . 2319>. In #K sp., the CyP450 jjene family also 
has functions i n processes such as cudcular hydrocarbon synthesis 

IPDS 
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iCyP4G55//5ÍVJ (MacLean et i l . , 20 L G) and detoxification mechanisms 
(CyPĎDE33 (Nadeau e: a l , 2017). In addit ion, at the terminal step of 
ipsdienol synthesis, die hydroxyLatkjn of myrtrene is also catalysed by 
CyP4S0 ( C Y p o T l / T 2 j (Cong et a l . 2013D. Later, ipsdienol is oxidised 
into ipsdienone by ipsdienol dehydrogenase (Figueroa-Teran et a l , 
2 I1' 2). Yerbenone, an auti-attmctant far many bad; beedes, including 
!. tfposmpfsii, is presumably produced w i t h jut microbe; involvement 
• I— mzle and Boi'Jei". 1990; X u et aL 201; :•. n ; : , J)o.:gLi tlie p o : a b i l i t y of 
verbena! oxidation by beetles enzyme cannot be enhrely excluded. 
Other than the pheromnne; mentioned above, compounds such as 
trajĽ-veŕbenol, myrcene. phenylechanol, and tnyrrenol have also been 
detected i n ehe J. t^ojiTipmĽ gut (Birgersson et al . , I 984; Schlyter et a l , 
1907). However, the rales af these compounds on beetle behaviour, i f 
any, are not yet known. 

Recently, cis/iruns-Terbenol production from monaterpenyi fatty 
acid esters: of oxygenated monorerpeoe; has been reporred i n the fat 
body of ft pojaJfRKae (Chiu et al . , 2G1B). It was hypothesised that die 
CĽ/tm7Ľ-verbenol derivative verbenyl oleare and other i i n k n o w n esters, 
possibly represent the storage form of the phemmone i n earlier Lire 
stages (larvae, pupae, & immature] of bark beede. During colonisation, 
adult beetles hyidiolyse esters and release verbenol as pheromone; in i : e 
absence of the host-derived precursor (o-pinene). Hydrolysis of mono-
terpenyl esters requires the occurrence of a catalytic reaction involving 
esterase/lipase (Chiu et a l . . 20IE) . 

Disrupting pheromone biosynthesis b y targeting genes responsible 
tor the biosynthesis of key aggregation pheromanes i n gut tissue of 
!. rvpocr?ijVrei; could be a promising approach far managing the activity 
of this pest species. To achieve this goal, it is essential to identify 
candidate genes involved i n pheromone biosynthesis and the related 
compounds. In this study, w e performed metabolomic and tran-
scriptomic analyses of the pheromane biosynthesis at important lire 
stages of J. rvpognrpntL. The candidate gene famines involved ir. 
L hpsgnrphu; pheromone compounds biosynthesis was searched i n 
respective l i fe stages of the beede. The candidate genes involvement in 
certain life stage was validated using relative expression analysis. 

2, M a t e r i a l s a n d methods 

2.I. S tor ing car\&a~f>r\z for different Sife studies of L rjjwMľiarjftĽi 

uprúce logs (Piece afitts) naturally infested w i t h J. tjpognrpnus (FD 
generation) ware obtained from plots at Czech University of l i f e Sci
ences, Prague, near Kostelec nad Cemynai lesy. The infested logs were 

stored i n a co ld chamber (4'Ci unti l used. Fresh spruce lags (app. BO cm) 
were infested w m a F0 generation beetles ( I BO beetles per log) and 
maintained under laboratory conditions ( 7 0 ü humidity , 24 7 C, 16:8 h 
day/night per iod, and ventilated plastic containers of 56x39x28 cm/451 
volume} for incubadon to establish the F1 generation. After 3-4 weeks 
of incubation, F l generation beetles at different l i fe stages were 
col lected larvae, pupae, immature beetles (golden-coloured teneral 
beedes w i t h soft cudcle), sclerotised beede; I beedes w i t h dark cudcle, 
s t i l l in the breeding log}, emerged beetles (beetles emerged from the 
breeding log}, dy ing beedes (emerged beetles w i t h 24 h of dy ing i. fed 
beedes (males and females separately excavating nuptial chambers i n a n 
uninfected spruce log for 24 h), mated beetles (male introduced first i n 
an uninfested spruce log, followed by introduction of a female after 24 h 
and collection of beedes from mating chambers after 45 h). After col
lecting beedes at appropriate life stages, they were sotted according to 
sex and external morphological characteristics (Schlyter and Cederholm 
1331) (except larvae and pupae). 

Furthermore, the beetles that emerged were sorted by sex and used 
for hormone idH 111) treatment. Acetone (0.5 |d; control) and J H i n (20 
ug/ul acetone) were applied topically on die abdomen of beetles. After 
application, r^ede; .vsre J . ed i ur.der Iz.bcrr.rjory conditions mentioned 
above for S h . Beetles were frozen i n l i q u i d nitrogen and stared at - 3 0 1 C 
for further processing. Before analysis, the guts were dissected f r o m 
beedes of different l i fe stages (except larvae and pupae), and vis ib ly 
adhered foreign bodies from the gut were cleansed w i t h the help of a 
stereotnlcroscope for further metaboLamic and D G E analysis. In this 
study, the beetle body refers to remaining tissue wi th the fat after gut, 
elytra, and wings have been removed. 

2.2. MeQabolomic tmalysL 

2.2.1. Gas cfeonuirognaph coupled to mas: speeuwnesxr (GC-.VC.) analyst: 
Guts were dissected f r o m the frozen beedes, and immediately sub

merged i n 2 mi-analytical vials (10 guts/100 |d) of cold pentane. The 
beetle body was placed i n another v i a l w i t h d u o r o f o n n . (10 beetle 
bodies/10O0 u l chloroform) (Birgersson and Eergstrom. 1 989; Binjers-
s o n e t a L , 19841 

C C - M S Agilent 7390B (Agilent Technologies, Palo A l t o , C A , USA) 
employing time of flight mass analyser Pegasus 4D (1ECO, S t Joseph, 
M I , (ISA) was used far the separation, identification and quantification 
of extracted compounds. One microliter of the extract was infected into a 
co ld P T V injector ( 2 0 Q i n split I Or 1 mode. Aftet injection, the inlet was 
heated to 275 'C at a rate of 3 'C/s. Separation was conducted o n H P -
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SMS U l capil lary column (30 m , 0.25 m m L d . . 0.25 |im film thickness) 
from Agilent. The C C oven temperature program was as follows: 40 ̂ C 
for I nriTv then lamped at a rare of 10 'C m i n 1 to 2 ] 0 7 C; m e n at 20 'C 
m i n 1 to 3 2 0 7 C and held for 6 min The total OC r u n time was 29.5 mm. 
Ions (ionisation energy at 70eV) were collected i n a mass range of 
35-500Da w i t h a frequency of I O H E . 

T^TO-dimensional OTEoprehendve gas chromatography was 
employed using the same instrument: lor die separation and quantifi
cation of compound; i n beetle body extract. Here, injection i n split mode 
(100:1) mas used and secondary OC and modulator were programmed 
w i t h an offset of 5 'C and L 5 'C DO first dimension OC uvea, respectively. 
C o l u m n BPX-50 (SGE, Austral ia , 1.5 m, 0.1 m m L d , 0.1 |ira film thick
ness) was used for cwo-dimensional separation A modulat ion period of 
5 o was maintained far the whole length of the analysis. The temperature 
r H o s r a m w a s 4 0 ' = C ( ] , 7 m i n ) ; 10*= C/min210*C;20*= C / m i n 3 2 0 ' C ( 1 5 
min). The toral OC r u n time was 34.2 m i n . 

Automated specnal deconvolutian and peak finding algorithms were 
carried out using ChromaTOF software (LECO, 5L Joseph, M l , U S A J L In 
target compound analysis, peak areas of unique mass t o r n compounds 
mass spectrum were used for quantification. Linear calibration curves 
were constructed using responses of measured calibration mixture ; 
diluted from standards. F r o m the beetle body extract, verbenyl oleate 
and myrtenyi oleate were quantified based o n external calibration ac
cording to responses of standards prepared b y organic syntbesa ( Q u i 
e t a l . , 2013]. 

In non-target analysis, peak alignment tool was used to compare and 
:1±JJI all cziotur.tDgrapJiic s ignal ; wi th a :ign."2 :s r.c:;e r:.ic iC.'W 
higher than 25 i n al l samples of gut extract. Kan-target search i n die 
beetle body was then performed using a parameter of S/N =50 . The data 
were cleaned, normalized (constant taw sum), and evaluated using 
L. rii£.[ al c Muponen: anzjy zl: A • f a."tL".l lea;: : quare-
discriminant analysis (PL5-DA) i n SIMCA 15 software (Sartorius 5te-
d i m Data Analytics A B , Malmo, Sweden). Far tenmtive identification of 
compounds, comparison w i t h mass spectra at the National Institute of 
Standards and Technology ( N E T 20173 l ibrary was performed. For 
identity confirmation, retention indexes f r o m N15T or Detention time; of 
respective standards were used. 

2.2.2. Uara-higb-perforrjKmce uqzird' chramiitD$r<iphy-ck.cu-Qnpr<fy 
ionization -ntgfi reioumon inndrrn tnais spectrometry I.VHPLC-ESI-HEMC/ 
MS) analysis 

For nonpolar extraction, dissected guts (5 guts/sample) were 
collected i n ethyl acetate (5 ul/gut) and stored at — 3 0 1 C prior analysis. 
Out extracts (solvenr wi thout gut) were removed far nonpolar fract ion 
For polar extraction rest of solvent was removed b y a gentle stream of 
nitrogen and the remaining tissue was extracted (7 nn/gut) wi th M e O H - ' 
iiater/acetic acid 170/30/0.5 \ V) mixture contains 1 s C2-rnyristic a a c 
(1 ug/ml) standard. After s o n k a t i o n on ice (5 min) die tissue was dis
rupted w i t h a pie-chil led Eppendorf tip and sonicated an additional 5 
m i n . The samples were then cenhifuged at 4000 R P M for 3 m i n and the 
supernatant was collected i n new vial wi th 103 ul glass insert Cut ex
tracts w i t h nonpolar and polar fractions were used for UHPUC-HR.MS/ 
M S analysis. 

UHPUC-ESI-HR.VS/MS was performed at Ultimate 3000 series RSLC 
(Dionex) coupled w i t h (J-Exactive HF-X mass spectrometer i Thermo 
Fisher Scientific, Waltham, U S A ) . Water (solvent A ) and acetonitrile 
i solvent B, LiChrosolv hypergrade for L C - M 5 ; Merck, Darmstadt, Ger
many) , b o d i wi th 0.1*4 (v/V) formic acid (FJuent for LC-MS, Sigma 
Aldr i ch , Scauineim. Germany} were used far the b inary sotvent system-
After injection of 10 ul extract, chDomatographic separation was per
formed w i t h constant t low race of 300 ul/min using an A c c l a i m C I S 
column (15C x 2.1 m m , 2.2 |un Dionex. Bargenteich. Oermany). Sol
vent gradients (B 0.5-10014 y/v for 15 m i n ; 100% B for 5 m i n ; 100-0.5% 
y/v for 0. l m i n ; 0.544 for 5 m m ) were used. Ionization i n HE31 i o n source 
was achieved by 4.2 k V cone voltage, 35 V capil lary voltage and 300 ^C 
capillary temperature i n the transfer tube [n positive i o n mode and 3.3 

k V cone voltage, 35 V capillary voltage and 320 C capil lary temperature 
i n negative mode. Mass spectra were recorded i n the positive and 
negative ion mode at m/z 50 -500 mass range i n duphcace. Date 
dependent acquisition using TOPS routine was used iv i th one survey 
scan mass resolution 60.000 (HWFM) and 5 CID scans w i r i i 7,500 res
olution i n ca 0.5 s. Coll ision-induced dissociation (hcd) of quadrupole 
selected precursor 10.5 Da mass window) was done i n a coll ision cel l at 
typical normalized fragmentation energy 30 eV. F o r identif ication pairs 
of the accurate mass of ions and of their collision-induced ionization 
fragments iv i th the retention time values were Interpreted urir.g ;oft-
ivare X C A U B U R (Thermo Fisher Scientific, Walrham. USA). For identi
fication of metabolites samples were compared and statistically 
evaluated using software MetaboAnalyst 2.0, and determined masses 
compared w i t h database. The high-resolution L C - M S raw spectra were 
first centroided by converting them to m x X M L format using the M S 
Convert feature of Proteo Wizard 3.0.15324. Data processing was sub
sequently carried out wi th R Studio v]_] .463 using the Biaconducror 
X O i S package v 3.423 (Benton et a L , 2010); {Smith et aL. 2006; Tau-
tenbahn et aL. 2033), w h i c h contains algorithms for peak detection, 
peak deconvolution. peak alignment and gap HI ling The tesulnrig peak 
list was uploaded into Metaboanalyst 4.0 (Chong et a L , 2015), a 
web-based tool fot metabolomics data processing, statistical analysis, 
and functional interpretation where statistical analysis and modell ing 
was performed. Missing values were replaced using a (K-nearest 
neighbour) K N N missing value estimation. Data filtering was imple-
r.'.^r.teJ by c eiecar.g and :emc vir. j r. Lzzcnuz.ti ve v i r iz .b le ; aV.t i re 
characterized by near-consrant values throughout the experimental 
conditions by comparing their robust estimate interquartile ranges 
(IQR). Data ivas auto scaled. Out of the 5 0 2 0 m a s s features originally 
detected, were used for the Pr inc ipal Least Square rjascriminaut Anal 
ysis. F o r the identification of candidate metabolites, the i n d i v i d u a l 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 
P L - J a importance variables, t-test and Random Forest. This information, 
along iv i th retention time, accurate mass and MS/MS spectra were used 
to probe into existing literature and databases. M S / M S spectra files were 
also centroided and imported into G N P S (Wang et al.. 2016) for spectral 
matches and classical molecular networking. Daraset is available i n 
Dryad l ink (open access). 

2.3. Differential g m t expression (DGE) anolysi: 

C u t tissue ivas dissected using HNAJorcr solution (10 |il/gut), and 10 
guts per biological sample were obtained. RN A extraction was per
formed using the preoptimized protocol (Roy et a l . 2017). The quality 
and quantity of the extracted R N A were evaluated using agarose gel and 
(Jubir, respectively. Integrity was determined using the 2100 Bio-
analyzer system (Agilent Technologies. Inc). Good quality EM A samples 
(FJM>7) were senr for sequencing (150bp paired-end reads, m i n i m u m 
30 m i l . reads per sample) to Novo-gene sequencing company, China. 

2.3.1. SSfiA sequencing (RNA-seq.) analysis 
Cene expression from the HNA-seq. data ivas quantified using CLC 

workbench and standardised v i a a pie-optimised setting for mapping 
exan regions exclusively w i t h genome reference O i K v e l et aL. 2320). 
Furthermore, the biases i n the sequences datasets and different tran
script sizes were corrected using the T P M algori thm to obtain correct 
estimates for relative expression levels. F inal ly , empir ical D O E analysis 
ivas performed using the recommended parameters (Roy et aL, 2017; 
Roy and Pal l i 2013). For DCE. FDR corrected p-value cut off < 0.05 and 
fold change cut off : 4 -fold as a threshold value for being significanr. 
Dlrferennally expressed genes were functionally annotated using the 
"cloud blast" feature ivithin the "Eiasto2GO plug- in" i n C L C Genomic 

Workbench. Nucleotide blast ivas performed against the arthropod 
database w i t h an E-value cut off 1.0E-10. Both annexe and GO s l i m was 
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used ta improve the GO term identification further by e r a s i n g the three 
GO categories (biological process, molecular function, and cellular 
component" to search far name similarities. GO term and enzyme re
lationships i v i r h i n E E G G (Kyoto Encyclopedia, of Genes and Genomes) 
pathway database. 

2.3.2. Ouojirún^ir-ŕfraiTu7i£ PCR (qKT-PCR) analyx. 
Total R N A was extracted from mole gut tissue samples ta validate the 

U N A sequencing data. Twenty genes, including eight genes f r o m the 
mevalooate pathway, n ine genes from CyP450 and three gene esterases 
were selected for qBT-PCR based on the differential expression level and 
specific functions in Supplementary Table 1. Primers were designed 
using I D T s pr imer design software (wwvr.idtdna.cooaj. c D N A was syn-
thesised using an M - M L V reverse transcriptase kit tbllaiving the manu
facturer prococol qRT-PCR was performed using SYBR™ Green PGR 
master mix (Applied Biasysrems. USA) under the fol lowing parameters: 
K ^C for 3 m i n , 40 cycles of 9 5 ^ for 3 s, 60 : C for 2A s ( C b e n g e t a L , 
2018; Roy et a L , 201T). A melt ing curve was generated to ensure single 
product amplification and eliminate Ihe possibility of primer aimers and 
oonspecihe omphcons. The relad ve expression levels of the target genes 
were calculated using the 2 A A C : r method wi th two housekeeping genes, 
dbosomal ptorein Lfi and S1E, as a reference far normalisation (Ram-
akrishnan et al.. in p.ep.). Four biological replications, each wi th three 
technical replicates, were performed for each set of samples. 

2.4. Statistic: 

Statistical analysis of quantified data. (GO-MS and qRT-PCR) was 
performed using one-way analysis of variance (ANOVA) and Fisher 
(LSD) test w i t h 986 í confidence interval i n ydJTAT-Studenr 2020 
licensed version. 

3, Resul ts 

3.1. MeErooiefuii: cnafysis 

3.1.1. GO-MS ojiaJysds 

3.1.1.1, Idcnáfteaáan of mecabolic compound: in j u i cdracrs obtained 
fnsa becies of aB. Ufc srag?:. Based o n the re lad ve abundances of com
pounds i n pentone gur extract, a principal component analysis (PCA) 
score plot was obtained. The PCA score plot cavers mare than 75* i or rhe 
variabil i ty i n the datoser and shows good separation between fed male 
guts and i n immature male gut extracts. For the separation of fed males, 
tl-.s 2-iueLr.yl-3-bucett-2-cl w i : die ".a'̂ d compound, v-l-.eie.-.s. tbľ 
immature males, the most decisive variables were cis-verbenol and 
myrtenol. Other lite stages did not separate to clusters. Odd-numbered 
hydrocarbons such as heptacosane IC27 I . pentacosane (C25) and their 
respective unsaturated hydrocarbons heptacosene and pentacosene 

J ? i > J i i n i u v T o r . J M V^ularH J i i L v j y Ht'fZOZZ) 

were round associated w i t h emerged and sclerotised stages (Fig. 2)L 

Another qualitative analysis of gut extracts from three male life 
stages (fed, sclerotised and emerged) snowed d e a r separation i n a P C A 
p l o t Tbe separation was influenced by the relative abundance of 2-
me1hyl-3-buten-2-oL as a decisive variable for fed males. Other com
pounds such as tt>verbenol, phenylethanol and tree compounds such as 
ot-plnene, [i-pinene hod lower influence. Interestingly, fatty acid esters 
(metityl oleore and methyl palnutate) were identified in the mentioned 
compounds. For emerged male gut extracts, the most decisive com
pounds were odd-numbered bydrocatbons heptacosane (C27), penta
cosane (C2S) and their respective unsaturated forms (heptacosene and 
pentacosene). In sclerotised male gut extracts, the most decisive com-
p o m d s were sesquiterpenes langipinene (CIS) and curcumene (CIE) 
(Supplementary F ig . I)L 

3.1.1.2. Qtiunajtamon of melnboShx: i>i gur extract: of bade: from, 
different tifc sto^ES. Levels of octire pberomone compounds 2-methyl-3-
buten-2-oL cti-verbenoL ipsdienol, and verbenone ivere quantified in the 
beetle's gut ( r i g . 3A). Concentrations ranged from trace amount to a 
i n j n i m i i m of 250 ng/'guL As expected, aggregation pheromone 2-
methyl-3-buten-2-ol ivas observed only in males: however, trace 
amounts were found i n females after mating. The highest amount of 2-
methyl-3-buten-2-ol was 233 ng/beetle g u t However, trace amounts 
(5 ng-6 ng/beetle gut) were found i n male beetles after emerging. 
Another aggregation pheromone. rii-verbenoL was quantified in the 
guts of immature beetles of both sexes (16-23 ng.'gut). After the scle
rotised stage, rii-verbenol disappeared and reappeared in later stages i n 
male beedes. Cts-verbenol shows high levels at later stages i n males such 
as flying, fed, and mated. A •riTniljr pattern was also found for an anti-
attractant, verbenone. However, levels of vefbenone were lower [<5 
ng/gut). Ipsdienol the compound typical i n mated ip: tvpograrVreti 
males, was detected in trace amounts U: 1 ng/gut) i n mated male guts 
(Fig- 3A>. 

Levels of other compounds present i n I. typo&aphuz gut extract w i t h 
the less k n o w n behavioural functions, such as irani-verbenol. myrtenoL 
p h m y l e t l u n o l and alpha-myrcene ivere also quantified. Trans-verbenal 
(23 ng/gur) and myrtenol 133 ng<gut o n average) were produced i n the 
gut of both immature males and females. Though these two compounds 
were not found i n sclerotised and emerging beedes, rrani-verbenol and 
myrtenol started reappearing along w i t h phenylethanol and alpha-
myrcene in the later mature male beetle gut (fed and mated stages) 
(?.g. SB). Further quantification of two hydrocarbons representatives 
(unsaturated heptacosene and saturated pentacosane) i n the beetle gut 
across the life stages showed the occurrence of the compounds i n the 
range of 200-600 ng/beetle gut in the emerged stage and 100-200 ng-' 
beetle gut i n other mature life stages of male beetles. The immature 
stage gut has the least amount (less than 5 0 ng-beetle gut). The amount 
of unsaturated heptacosene was three times higher than the amount of 
pentacosane (Supplementary Fig. 2.) 

-3D - 1 Í -10 - S 9 í 10 I S J.C- -0.6 - O J -0.3 0 0 0.2 HA 1A HA 
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O n e - w a y A f T O V A w i t h F i i r L e r : L C D l test w i t r . 9 5 ? * c o n f i d e n c e i n t e r v a l w i j d i i s l n r o c i s e d s s a g e as ODCISTO. g r o u p . k r e p r e s e n t s P 0 . 0 0 L . b " repreaeniE P c - 0 . D 1 , * 

repreiex . t s P 0 . 0 5 . X Lr. P L j . i n d i c a t e s that the ssane w a s n o c a n a l y s e d , x a * i s : z o e a n : j E . 

• M y r t e f i o l 

• írafis--verbôncjl 
• Pnan/lelňanol 
• A l p n a - M y r o e n e 

Stylus 

X 

Firr . 3 B J G C - M Í q u a r u a h c a t b r . of c o m p o u n d : • b e h a v i o Ľ i r n r J k ľ i D w r . i o b L a L n e J 

f r o m g u t C Ľ t u e o f J . typographic m a l e s a n d f e m a l e s at d i f f e r e n t l i f e s t a g e : . 

Scatisticri : O n e - w a y A ľ í O V A w i t h F i = h e x i L 3 5 1 sest m s l i 9 5 ^ c o r ô d e x j c e i n t e r v a l 

m u I ľ c l e r o t Ľ s e d : t á g e as cca-.trol g r o u p . ' k r e p r e s e n t s P 0.01 . ' r e p r e s e n t s P 

c - 0 . 0 5 . X Lr. F i g . i n d i c a t e s d i a s tbc r s a n e w a s n o c a n a l y s e d , x ajdrc m e a n i S G . 

3.1.1.3. íífľPTlŕ/rivitiJon of metabolúr: in be nie body. The n^tabalani ic 
prof i le ; of die extracts of the beetle body f r o m different life stages, 
including larvae and pupae, were compared (Tig. 4A) . W e a imed to 

compare semi-polar compounds, present: mainly, i n die fat body, w i t h 
relevance to pheromone biosynthesis. The P C A plot shows distinct 
separation of larvae fŕam other l i fe stages (-is;. 4 A i . This separation was 
associated w i m ethyl hexadecanoare (Fig. - A ) . The pupae and immature 
beede; ".vete clustered together. The cluster correcpondevi w i t h mono-
terpenyl ratty acid esters, especially verbenyl and myrtenyi oleare 
(-:g. - A ) . Other l i fe stages did not cluster efliciently. (Fig. 4A\). Furtfier 
2 D OC-MS cJaromatogiam from the mentioned samples provided clear 
d i s u i b u h o n af fatty a d d esters, i i i d u d i n f ; verbeny] palmitate, verbeny] 
oleare. myrtenyi oleare. and m a n y other unidentif ied fatty a d d esters 

(Fis- m. 
3.1.1.4. ípsanäfkaňon offoĽy add esters and hydrocarbons in Hit bíeät 
body. We quantified verbenyl aleate and myrrenyl-oleare i n the beetle 
body fram different l i fe stages, Including Larvae and pupae. Verbeny] 
oleare and myrtenyi oleate were quantif ied i n trace amounts (52 ng/mg 
of due body) for larvae and up DO 475 ng/mg: of the body i n pupae. 
Though ™rbenyl oleate was quantified up DO 1604 nfr.'mg of the beetle 
body and 1424 ug/'mg of the beetle body at an miniature stage of male 
and female, respectively, it was identified o n l y i n the male body i n later 
mature stages (sclerorjsed, emerged. Hying , fed, and mated), ranging 
50-200 ng/rng of body. Purther, m y r t e n y i oleate w a s also quantŤJjed ň 
larvae (17 ng/mg of rhe body) and pupae {511 ng/mg af me body). In 
the ir imiamre stage, myrrenyl oleate levels were higher i n males (519 
ng/mg of the body] than i n females (221 ng/mg of the body). Later, 
myrtenyi oleare could not be found i n mature stages Isclerou'sed, 
emerged and f lying) . Interestingly, myrrenyl aleate reappeared i n a fed 
and mated beetle body of male w i t h traces amounr (25-26 ng/mg of the 
body!), below the quantif ication l imi t . (F ig . 5 A J . Quantif icat ion of pre
viously mentioned two hydrocarbon representatives (unsaturated hep-
Ticosena and saturated pentaoosarje!) i n the beetle body across the life 
stages showed the Ľompounds occurrence i n sinular patrem as i n the 

49 

http://feina.es


K. iťiTijjJjLiPinjjJi *t iii. HruetrJTai'-JwTiiiiET'F' and M a b a i l o r ŕ í iíbjjjť 14í? fH-OZZj ľf. ' .^-^J 

O'ť^lHhjTI f h i 0 2 
A i n v ľ H i «i& X K ' szit ii:z-

CHTiDDntrri 1 rai .1WI 
0.1 o n 3 i 

C^nmpnnpiTl 1 ťľl 1 IV} 

F i j j . 4A. P i i x ^ i p s - c o n o c T j e n t a i u l y s k {PC A n l o c ) f o r C C - M j c i r o m i n ^ u r s m . P C A p . D t o r . the Left Í.TJOW; zrie d Ľ ľ t r i b j d D r . o ľ d i f f e r e n t _Lte n a n e z a n d o n z.ie riff.Ti 

i - i o w e d Ľ e : p e c c l - r e c o n v : o u ^ J : . T Ľ : L Í .-.Lz_f b c f b o d - - . 

M a s s e s 1 S i 

F i g . 4HJ tH- m m n n g r . ^ ( 3 ) [ram <Jd<5C-MS o f tDtal ian a m r e n t with tbc re-

JÍDD I t ) s h o w i n g Larry aeid c r c : ger-ei j t e d o n n - ' ŕ l ^ I - v e r b e n y l pa_rjitaií -. 
5- ven+jenyl aLeate*. D-myjtenyl a l e n t e ; 2,3,4^6,7,9,10,11- u n - I d e n t i f i e d fajdy i d J 

eatera. T Ľ j u e : immature nule body. 

beetle gut buc w i t h higher amaunr reaching 2D0O-10000 ng/mgof beede 
body (Supplementary F ig . 2.1 

The relative abundance af verbenyl aleate, methyl oleate (proposed 
residue from verbenyl oleace), and ris-verbenoL among differenr life 
J a ; e af male beede extract trom gut ami body are presented as a 
percentage (FLO. 3B). The results showed a correlation between die 
quantity of the three Miucoun-ds wi th a change across the Life stages. The 
immature stage showed h igh Levels of verbenyl oleate and cu-verbenal 
with less than 10*4 of methyl oleate. Lrnportandj', i n die fed males, 
where cti-verbeno] is produced, the percentage of vebenyl oleare as a 
putative precursor decreased abundance), and the percentage of 
methyl oleate and cfc-verbenoL as putative products increased. A similar 
pattern was also found i n mated beetle CFig. 5B)-

3.1. 1.5. Quanhflaitian af a\£tabalitcs in be chV p i t fjrtracr after JH 111 
tmnjncnt 2-Metnyl-3-buten-2<)l (60 ng/gut) Levels were sigmctcaudy 
higher i n male beetles after J H i n treatment compared to those after 
acetone treatment (control). Additionally, cti-verbenol (12- ] E ng/guc) 
Levels also increased, albeit w i t h l o w significance, i n male beetles after 
J H m treatment. Whereas female beetles produced a trace amount of 

these compounds i n both J H LTI treated and control groups. Traces of 
verbenone were detected i n both treatment of male and female out 
extracts (Fig. 6)L 

£1 .2. UHTLC-ESl-HRMS/MS analydi 
Ln U H P U C - H R M S / M S , merabolomic data were obtained for polar 

metaboLites to compLement G C " t a i data. We examined compounds 
relate.1 tc u l i e r m i n e ? i x y u c i i e i i s UnrargeteJ analysis was performed 
i n both positive and negative ion mode i n die mass range f r o m m/z £ 0 to 
nv'zSOO. Typica l ly , ca 3000 mass features were detected and automat
ical ly selected ror CLD fragmentation using the T0P5 instrument aLgo-
rirhms setting. Several hundred (500-6001 MS/MS spectra were 
collected i n an indiv idual run. These mass data were used far compound 
identif ication using the K network engine (Wang et a L , 2016), and 
obtained Library hies were manually evaluated and modif ied wherever 
needed. One hundred forty-six compounds were identified i n positive 
ion made and sixty-sane compounds i n negative mode (Raruakrishnan 
ec al . , i n prep.). They belonged to diverse structural classes. A m i n o 
aod/peptides were abundant in positive made data, l n negative mode, 
phenyl-propanoids were the most abundant class (Eamakrishnan et a l , 
i n prep.]. Metabolites i n individual life stages were w e l l separated both 
i n positive and negative i o n modes (Supplementary F ig . S). Several 
rompounds responsible for P C A data separations were identified 
(Ramakrishnan ec a l , in prep.] . However. pheromoue 
biosynthesis-related compounds could not be identif ied. 

W h i l e tracing potential precursors of 2-methyl-3-buxen-2-ol, we 
checked for isopenrenyl pyraphosphace (LPP) and/or dimethyla l ly l py
rophosphate i D M APPX ]c was detected as a m i n o t peak w i t h Rr 4.73 m i n 
at m/z 244.95760, and corresponding molecular formulae C 5 H 1 1 O 7 P 2 

[ M - H ] ' and delra —0.704 m m u was calculated. CUD spectra and Rt 
correspond to an authentic standard, and CID spectrum is characterised 
by intense m/z 7S.9573 PO= ion. L n d e r the used chromatographic 
conditions, w e could not separate a mixture of authentic 1PP and D M A P P 
standards and the peak is assigned as a mixture of both compounds. 
However, peak intensity was coo law co obtain reliable incegratian data, 
and other isobaric compounds were co-eluted i n this retention rime 
w i n d o w contaminating the mass spectra. However, upstream IPPy 
D M A P P incermediace. mevalanate-5-phosphace (Rt 9.2 m i n , m/z 
227.0323 C 4 H 1 2 P O 7 delta -0.312 m m u ; w i t h MS/MS fragments at m/s 
7S.95E1 (POJJ) and 9e.96E7(H 2PO I|) characteristic far monophosphate), 
was more abundant, providing better dam. Mevalonate-B-phosphare 
abundance peaks were found w i t h interesting patterns i n the male 
beetle gut The compound appeared w i t h h igh abundance i n the dying 
stage and its abundance reduced i n the fed stage. Later, Mevalonate-S-
phosphace reappeared i n the mated stage. A similar pattern was 
observed i n the female w i t h a law significance (Fig. 7]. 

3.1.2.1. Analysis of fatty ac id esters and glycoside at dsfferrnt ifi i iaoc; 
using UHPLC/HSMS-MS. We also detected the verbenyl and myrteny] 
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aleates using U r i T L C / H R - M S - M S similar to previously described Q C / M S 
identiflcation (see above) as iniDor peats at m/s 417.37227, CsaH+jOt 
Oil +• H J - , delta - 0 . 4 3 7 ma. The highest intensities were at early life 
stages, but due to overall low-intensity, data were not suitable for 
further analyses. In polar extracts analysed i n positive mode, potential 
diglycosides as tree peaks wi th 9.11,9.26, and 9.40 m i n Et (proportion 
53/25/21) at m/x 464_24B63, C j i H a a N O i u [ M +- N H j ] " , delta - 0 . 3 9 3 
were observed. C U D after the neutral loss of G l y - G l y - N H 3 adduct yielded 
an mrViTTn.-iriT.To ion at . 7 t - '£ 135.11096 C K J H J S indicated a potential 

terpene w i t h four double bond equivalents. It is accompanied by other 
carbocations at m/j 109.10173 (Ca His J, 107.08591 IC^Hnf, 93.07040 
( C T H ) , base peak) and 79.05479 (C&liV)- In negative mode, corre
sponding diglycosides were also detected at m/z 445.20761, 
C21H33OI0 , delta - 0 . 3 1 0 m u , [ M - H J . No authentic standard is avail
able, and the final structure should be further confirmed by chemical 
synthesis. But die presence of peaks and CID spectra indicate that these 
compounds are l ike ly diglycosides of oxidative products of n-pinene like 
tnyrtenol and cii/tran: vefbenols. 

3.2. DCE analyst: 

To further evaluate the expression profiles of genes associated w i t h 
the biosynlhesis of key pheromane components 2-metiiyl-3-buten-2-al 
and ns-verbenol, we chose the gut tissue from two important stages 
(unmature male and fed male!) of the beetle for RNA-seq. based tran-
scriptome analysis, fol lowed by validation b y qRT-PCR_ Among a total of 
23937 annotated genes in the I. r^pogrxtpJiui genome, the expression of 
11657 genes was found to be unregulated i n the fed male gut. and the 
expression of 7434 genes was upregulated in the inumture male gut 
(heat map, Fig. 3A j . 

It is k n o w n that mevalonate is involved i n 2-rnerhyl-3-buten-2-ol 
synthesis (Lattne et aL, 1939); moreover, our U rrPLC-HRMS/MS anal
ysis revealed the presence of mevalanate-5-phoGphate (a mevalonate 
pathway intermedtate) at different life stages in 1. tynognraiai:. There
fore, we targeted the mevalonate pathway genes. Interestingly, five of 
the targeted genes showed upregulated expression i n the led stage; these 
included genes encoding geranyl diphosphate synthase/isaprenoid 
diphjospnate ŝ Tithase ( I P C S ) ([typ09271), isopentyl diTThosphate: 
dunenayiallyl diphosphate isonaerase (IPPI) (ltyp04875), 3-hydroa-y-3-
meo>ylgliitarylOs«nz>me-A reductase (rfMC-FVl ( l typl7150) , 
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3-hydro^--3-naeih(ylglurar^^ synthase ( 7 H M G - 5 ) 

LTtyp09137), and phosphonievalonate kinase (PMTCj fltyp0oQ45) 
( F i g . S B ) . However, genes involved i n sesqui- and monarerpene irra-
thesis. such as those encoding farnesy] diphosphate vynth.w* iFPPS) 
([typ09272) ^ n J ipsdienol dehydrogenase iLrypL47KJ), showed down-
reguiated expression l a the led stage { F i g . GA and B ) . Along with the 
identified rPDSfleneJsimly {ItypOOZ?]];. rwo anhoLogs ofC-PP/Myrcene 
synthase genes lcypL7£73, [rypLTE&l also snowed moderately up 
regulated in the fed stage u ppQementary F i f v J . qRT-PCR v/as per
formed for the at^einent ianed genes, and the ex predion levels were 
consistenr with those obtained upon RNA-seq. qRT-PCR va l ida t im for 
the C PP£ ortha logs Ityp 17373 and l t y p l 7 B 6 l were not performed m d i i s 
study due to low read numbers in the E N A seq. analysis. ( T i g . S B ) . 

Using qRT-PCR, the expression level of the five abovenien honed 
mevalonajte pathway genes was validated i n rhe gut tissue of 
i1. rvppsng^KC at different Life stages [FLIT. 9). We calculated the relative 
expression of the genes at five mature male stages (sclerotised, emerged. 
-----A\? :ed ;±V- jr.j.ted ivriir. di? ir-ir . -aTLiie " ig= a :•=/•=.-en?-? 

genes, IPPI { I typOWE) , HMG-R <ltypl7150), HMG-S ([typ09137) and 
P M K fltypOe&l&X showed similar expression patterns in the emerged, 
hying, -and fed male gut. O n the odher hand, [PDS (lcypQ9.27l > expres
sion showed a sLgnihcarir upregulation Ip -•' 0.05> i n the red male gut 
only. This gene ivas moderately expressed i n the sclerotised. emerged, 
and dying stages and downregulated in the mated male j u t (Fig. 9)L 

Among t h e icylodirome P4E0 lCyP4S&J gene families, 55 CyP4S0 
genes were diffe r e n d al ly expressed in t h e gut t i s s u e at two l i f e stages 
(fed and immature m a l e ) . Among the CyP45Q g e n e s identified. 24 genes 
were upregulated. and 22 g e n e s were downregulated in T h e ted m a l e gur_ 
A neighbour-joining phyla gene tic tree was constructed based on 
sequence similarity w i t h a functionally k n o w n g s r * from D. pondcrcLcr. 
Sequences ivere obLklned f r o m the NCEI database to elucidate the 
e ^ ^ J ^ Q n a r y reJanonship o f CyP45u using rhe MEGA X program The 
thylogenetic tree showed se^en subgroups of kleniofled CyP450 genes-
(~ :g . I OA). These dusters had candidates ividhnames s u c h as CyP4S0- S 
l i k e , C y M 5 0 - 4 LLhe, and CyP450 9e2 l i k E , along with a few moerta in 
CyP4GTJ g e n e s (Ramak- -.hn--n •=; , ha prep J-. PbtenriaJ c a a i d i d a t B S Ityp 
M M <C13 and ltyo0390S (C2> showed h i g h snnuarity to the t n o F E -

vexbenol synthesising gene CyPfiDEL (a 1 l i k e ) , and Cnntifj Ityp0314ti 
<C33 and fryp03230 (C4) were E i r m l a r to d e c o K m c a t i a n CyP&DE3 ( a J 

l i k e > f r o m D. p-c-nJirvLor <C-upplernentury Table 1). C I a n d C2 i v e r e 

moderately upregulated, and C3 and d were downregulated in the f e d 
m a l e nur. • Fig. 10B). RNA-seq dam s h o w e d opposite expression patterns 
f o r C I , C2 , C3 , and C4 w h e n compared w i t h t h e qRT-PCR results (data 
D O : shown). 

Acconfcnjj to t h e RNA-seq dara, corutig sequences of Ityp OS 153 (C5), 
l typ0314o(C5^,and Ityp 01E34 (C7) showed similai i ty toCyP45MTl/ 
T2, w h i c h is involved i n ipsdienol synthesis t e a m other Ipz sp. Further
more, canhg seqiiences of Ityp 04142 (CE] and hyp ( M l 40 (C9) showed 
similarity ro CyP4G55/56. w h i c h is involved i n hydrocarbon synrhesis 
in bark beetle (^upr^eTueti tary Table I). qRT-PCR results of C5 to C9 i n 
the mated m a l e gut, compared with t h o s e in die sclerotised b e e t l e , 

showed upregulated expression of C5 and C7 in the mated male gut At 
this l i f e stage, synthesis o f ipsdienol pheromane is expected. C3 s h o w e d 

upregulated expression in the sdeiotised stage. C9 showed upregulation 
in mared stages, w h i c h corresponds ro a higher hydrc^arbon production 
(Fig. IOC, Supplementary Fig. 2 t 

In addition, ive c h o s e t h r e e esterase gene sequences f r o m t h e EMA 
seq. data. HI <Ityp_7ae4)1 E2 <lryp_Q4S0), and E3 {lryp_n977) showed 
similarity DO BT127766.1 in D. pcndervstK, which i s expected to p l a y a 
r o l e in f a r c y acid e s c e r storage CSupplemenrary Table I). The qRT-PCR 
resoles of these genes showed that E l expression was upregulated i n 
the fed m a l e guc and E3- expression w a s unregulated i n the irnmauire 
male gun Although the qRT-PCR resuk of E2 showed an expression 
patcern opposite to that o f t h e E_\ A-:eq data, the expression patcerns of 

R i p . 7. I n t e n s i t y oi putj-tiv-Ely i d e n t i f i e d m e v a l o n a t e - E - p b i o d u t e , .n: ±- p l o t t e d f o r T, Cypafp-apkus pit t u H r u u o b t a i n e d z t d i E f e r f - n t l ife- : t i p-sc. G' j t 

e x t r a c t 'i'i^C a r u l y ^ & J i ^ L r . j ar. U P L C - E J ] - M C . V . " i " — • • n i - - i - i n ••^^TLivc ion m o d e vriih T O P 5 i t i n r J n g wi^n. one p c e c u r s o i Loci KSCI a o d 5 S JCJITJ. E a r c 
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F i g . G A . R N A - o e q . J a t x H u t m a p ' T P M > ot the J j f l e r e n a a i l y expreooeJ genes i n f e d m a l e gut vs i m m a t u r e m a l e gut. T a e v a l u e ; were c h o s e n after F D R corrected P-

v a l u e , P < 0.05, [o.J change •. 4. R e d co lour , h i g h expression. B l u e couoisr. l o w expression. N u m b e r next to a r row shows :o ta . n u m b e r ot gene w i t h h i g h a n J l o w 

expreosion. N — 5. I F o r interpretat ion ot the references to c o l o u r in. this D g u r e i e j e n J . the reader is referred, to the W e b vers ion ot this article. > 
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7LF, 9 . R e l a t i v e c x p i t s s i D n o f m e v o l o n j t e p a t h w a y p e n e s i n niaJe j u t b s a u e o f r. iypo*rcph:i: j t d i f i e r e n t Life r t a j e a . 17 d e t e r m i n e d b y q P . T - P C P . . j^tizt icz : 

O n e - w a y A h i O V A v r i t k l ^ J u tKrt w i t h m n n . l ^ . i m e r ^ l w i ^ i Sclezudzed * ^ j t iz « K i 3 0 . " d b represent ; P < 0.00 L. b " lepreaen.^ P 0.01, ' 

cepce:er.t ; P < 0 .Q5. K - H. 

E l and E3 were consistent with those from die RNA-seq dam (Pig. 11). 

4. Discussion 

Our study provides 3 comprehensive met jbolomk analysis of pher-
omone production in 1 typo^rcpftus, followed by DGB analyse ibr oene; 

O. - .H IU " -JierJIJcn= h T I J V U '.XL i i i eu ' i i louu^ ^ i s V . 1 J 1 
the data from previous studies (Eiioersson et al, 1984) and eicend our 
knowledge regarding different beetle life stages, specifically focused on 
the key stages of aggregation pheromone production. As previously 
known, the aggregation pheromone blend of ! . typographic consists of 
2-methyl-3-buten-2-Dl ami cti-verbenol, ami these components were 
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O P 4 5 0 O E N E R E L A T I V E E X P R E S S I O N IN O U T T I S S U E 

loo. h.M ch.no. toj ^ „ , T 

P i g . 10 . AJ P b y l o g e n e t i c c l u s t e r i n g of CyP-450 genes b a s e d o n seouer.ce s i m i l a r i t y * lent iSied i n R N A - s e q . data . M e g a X . boot scrap 100 t imes. T h e h i g h l i g h t e d r e g i o n 

indicates g e n e : w i t h k n o w n f u n c t i o n s . B i R e l a t i v e e x p r e s s i o n of genes o f the C y P 4 5 0 larruiy. as J e t e r r n i n e J b y q R T - P C R . C I - C 4 { funct ional ly p r o p o s e d tor cts/r/unr 

v c r b e n a l synthesis) : Tiaoues c o m p a r e d I m m a t u r e m a l e gut vs f e d m a l e g u t C i C S - C 7 : A sequence l i k e C V P 9 T 2 < r u n c t i o n a i l y k n o w n toe i p o d i e n o l synthesis f r o m 

m y r c e n e t. C S a n d C 9 : A s e q u e n c e l i k e Cv?4<355 56 I . ' u n c t i o n a l y k n o w n tor h y d r o c a r b o n synthesis I. Tissues c o m p a r e d : m a t e d m a l e gut vs sclerotised beetle g u t 

highly abundant in the fed male gut i colonisation cage). Curpnsingly. 
the aggregation pheromone; :tarted appearing i n the beetle gut a : soon 
a : they emerged from the hose. Cis-verbenol, the compound derived 
from a tree precursor (a-pinene). i v x found more abundantly i n the 
inrmature stage; of both sexes and disappeared during beetle matura
tion. However, cu-verbenol reappeared i n quantifiable amounts in 
mature male beetles only, the sex at which pheromonal compounds are 
released. The linking of cu-verbenol to monoterpene detoxification 
among early life stages, such as larvae, pupae, and immature beetles, 
should also be considered i n this scenario. The content of verbenone 

follows a partem similar to that of cis-verbenol I residue of verbenone 
synthesis I among the various life stages. Ipsdienol is produced only i n 
mated males. Compounds with unknown biological activity, such as 
frans-verbenol, myrtenol, phenylethonol. and myrcene. were produced 
in more developed sages ot beetles with male sex-specific gut tissues, 
supporting the previous knowledge on these compounds (Birgersson 
e t a i . 1934X 

Similar to Chiu et a l (2013), we analysed extracts from the beetle 
body (focused on the fat body without the gut) and quantified the 
poxible detoxification products iverbenyl oleate and myrtenyl oleatei 
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r e f u n d to the W e t T e r o i n n o r thiz a r t i c e . 1 

from the beede' E body. Verbenyl aleate is a putative pherarnorie starage 
fart}' A d d ester. As ds-verbenal WasyndieEis pattens were seen among 
die different life stages of the beetle gut, we proposed that aleates were 
found mirially in the ijjmLature beetle of both sexes. Ir^ter, otuy TCrbenyl 
oleate synthesis continued with mule specificity in the mature beede 
body. Since we have also identified the fatty acid esters methyl aleate 
and methyl tHlmitate along with rhe cti-vefbenol duster in PCA at three 
male lite stages Isclerorised. emerged, and fed) in the Q C - M 5 analysis, 
we performed a correlation partem analysis based an the quantification 
of rhe mentioned compounds. The relative abundance of ds-verbenal 
verbenyl aleate, and methyl oleate chawed a n interesting pattern be
tween life stages. Moreover, co-reLation of rhe verbenyl aleate reduction 
and methyl oleate increasing w i t h pheramonal civvefbenal can be seen 
in fed and mated stages. Ar the immature stage, the abundance of ver
benyl oleate was high, whereas the abundance of melhy] oleate was low. 
From this finding, we propose that u-pinene and rnyrcene from rhe host 
source undergo detoxification into oxygenated mouoterpenes ds-ver
benol and myrtenol, which further bind to l ipid molecules, such as 
methyl aleate, ta farm verbenyl aleate and myrtenyl oleate and are 
steed Lr. die :o : b e y of.'. Cr^zrcfiw.^ d . i i r . g die early LLr-= iiar^s L I T E -
when feeding males tend to produce rii-verbenol as an aggregation 
pheromone compound, where ti-pinene is a limited resoutce. the stored 
esters can be broken down into dae required pheromones and residues of 
lengthy fatty adds. A similar concept was also proposed and studied in 
D. ponderaiar (CiJ.11 e: al 2 } ' ; ) . Our hypothesis of methyl aleate and 
cu-verbenol synthesis tram the monoterpenyl esters is a novel concept 
prspostx. y=: ir. r^ede plis:cr.'jQiie r : x ~ f E lued-jursrr.. T l i^uf i : . : d i e : 
detoxification products, such as verbenyl and niyttenyl digtycoddes of 
ajygenated manoterpenes were identified via UHPLC-HR-MS/MS, its 
involvement as pheromone storage requires further research. The 
occurrence of long c l ia in hydrocarbons i n rnale beetle j u t and body was 
following a similar pattern across the life stages w i t h a higher amount 
( 1 0 - 1 5 folds) i n beetle body than gut. Espedally the hydrocarbons were 
least occurred in immature stage and increased in emerged stage. Later, 
decreased in flying and fed stages. This pattern corresponds with beetle 
cudculat development and impregnation i n emerged beetles. Though, 
the hydrocarbon biosynthesis in insects is located in specialised ceEs -
oenocytes, hydrocarbons are transported towards other body parts 
through haemolymph i n the farm of liphophorines, which can be 
hypothesised as a source of hydrocarbons in gut extracts (Bagneres and 
Blomquist, 2 0 1 0 ) . 

J H i n induction for pheromotLe synthesis among bark beetles is well 
studied (Bearfleld et aL, 2 0 0 9 ; Chiu et aL, 2 0 1 8 ; Fang et aL, 2 0 2 1 ; 
Ti l lman et aL, 2 0 0 4 ) . However, not all Jpssp. fallow die same regulation 
partem after hotrrjone treatment (Tillruaci et al. . 2~C4)_ Here, we have 
attempted aggregation pheromone quantification from the I. QpognzfVreis 
sp. gut after J H Dl treatment for the first rime, and the treatment was 
shown to induce significant eft novo synthesis of the aggregation pher
omone 2-methyl-3-buten-2-ol. This finding is similar to the findings i n 
J. pfrti, where J H 111 treatment influences dc novo pheromone synthesis 
(Seybold and Tltnger 2 0 0 5 ) . Trace amounts of ds-verbenal another 
aggregation pheromone. and its residue verbenone. both of which are 
thought to be synthesised non-dc novo, were also found after J H [II 
treatment Thus, ds-verbenol may be synthesised after J H III treatment 
from rhe gut, as postulated in our hypothesis of verbenol release from 
the stored verbenyl oleate. This release could involve certain ester-
ase/lipase.'nydrolase gene families expressed in the gut tissue after the 
treatment {Chiu et aL, 2 0 1 8 ) . 

U H P L C / H R M 5 - M S showed the presence of mevalonare-E^pbjosphare 
at all life stages. Interestingly, higher amounts of mevalanate-5-
phosphare were produced during the flying male stage, fallowed by a 
reduction during rhe fed male stage and re-expression during the mated 
male stage (Fig. 7 ) . This finding indicates diat mevalonare-E^phiosphare 
could be an active substrate lor 2-methyl-3-buten-2-ol synthesis. The 
higher amount of mevalanate-E-phosphate during rhe flying; stage also 
supports previous data an flight musde activation driving or novo 
pheromone biosynthesis in other Jps sp.. O v a t i o n et a l . 1993). Since 
2-methyl-3-buten-2-ol is male-specific in I. f/fo^naprius, the abundance 
of the precursor mevalonate-5-phosphare in both sexes cannot be 
ignored. The mevalanate pathway involves a variety of isaprenoid 
metabolic pathways, and pathway intermediates can be expected to be 
found in both sexes. Thus, a further molecular study of de novo synthesis 
is required. 

Finding more o n relevant gene families involved i n rhe biosynthesis 
of vita] compounds that have provided clarified developmental knowl
edge in the class [nsecta (Blomquist et aL, 2 0 1 0 ; Jirosova et aL, 2 0 1 7 ) , 
we performed DCE analysis af the gut tissues and observed a distinct 
expression pattern of various gene families aftet annotation The gene 
families, including pheromone synthesis and detoxification genes, were 
upregulated after feeding. Based on a previous finding from Ipz sp., 
( lanne et aL, 19E9) and our metabolonuc data on 
mevalanate-5-phosphate intermediates, we narrowed down our study to 
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focus on mevalonate pathway p i e family members, including P.YVK 
fjtjp06045), HMG-S r j typ0gi37j , HMG-R [ttypl7150), IPP1 
([typ04S75) and IPIB([ iypOK71) .Tnese genes were stuiwn to influence 
pheromone production in Ips sp., especially HMG-R, which, when 
inhibited, completely suppress pheromone production pathways 
[[varsson etaL, I-J?;; T i l n i n n et s i . . 20C-). In particular, the Lsoprenoid 
gene family member isoprenyl diphosphate synthase (IPDS) - Ityp0927l, 
was identified in the fed male gut of J. typo&apfsiz, along with 2-medi-
yl-3-buten-l]-oL Hence, ive propose that I P D G could play the role of a 
• o w l hemirerperiDid prenyl transferase i n 2-me[hyl-3-buten-2-ol it 
novo synthesis. Though [ P D S is known to be involved in pheromone 
synthesis inather inserts (Lancaster e t a l , 2013], such as the bark beetle 
D. porafcraior Itruntalin pherornonej (Keeling et aL, 2013), we are 
proposing a Junction for JPDS in hemiterpene synthesis in the in imal 
family for the first time. The actual known function af [ P D S (also known 
as GPPS i i n the extension of myrcene synthesis (Gilg et al. 2005,2009) 
should also be considered. Based on the involvement of GPPS in myrcene 
synthesis, we identified other orthologs of TPDS/GPPS— l typl7E73 ami 
J typl73ol fromR.\A seq data (Supplementary Fig. 3). The expression 
of these orthologs was not as high as the proposed candidate Con-
•a_Ityp05271 in the fed male gut Thus, the low es press ion of die GPPS 
gene orthologs co-relates with the low ipsdienol (myrcene derivative) 
presence during the fed stage. Even though studies showing (he 
involvement of the mevalonate pathway in other bark beetles i Ee.tf-.ek 
et aL, 2009; Sarabia et aL, 2019) and inserts (Zhang et al., 2017> have 
been published, our study is the first reported detailed molecular anal
ysis of the gene family in Jps typo^aphuz sp., as per our knowledge. 

It is known that the CyP450 gene is involved i n verbenol synthesis in 
bark beetle sp., (\:. Je:.u et : ! . . 2017). Here, we found 56 CyP4S0 genes 
expressed i n the gut tissue off. typojnaphm, accounting for 66.6™ of the 
Dotal number of C y M 5 i i genes (E4) in the beetle genome (Powell et 
2020) .CyP450-Cl (Ityp3903) and C2 ( I t y p O ^ ) showed high sequence 
similarity w i t h CyP450 (A I like- C V P o D E l ) from D. pond/rosae involved 
in irscns-verbenol production CChiu et a l . 2019). In addition, we also 
identified candidate CyP4E0- C3 (ltyp3140) and C y M 5 0 - C4 (Ityp3230). 
showing sequence similarity ivith the CyP45fl gene family |A2 i k e ] 
-CYF6DE3, known to be involved in the detoxification in other bark 
beetles (\adeau ecaL. 2017). Though we selected candidates invc in 
two different functions, these four CyP450 genes were all expressed in 
the fed and immature life stages. As reported by Chiu et i L 1201?:', the 
gene involved i n iruns-verbenol production is also involved to some 
extent i n cis-verbenol synthesis and detoxiflcation mechanism involving 
n-pinene (Elekl and Pureed. 2011; RenwicketaL, 1976). We propose four 
identified candidates (CI-C4) as possible ds/tnons-v-erbenol synthesizing 
in the hark beetle, involving n-pinene. Functional validation of the gene 
candidate is required before naming the gene for the proposed function 
Furthermore, CyP4S0 genes. Ityp4140 (CS) and Hyp4l42 (C9), sirnilar 
to CVP4Gs involved in converting long-chain linear aldehydes and al
cohols into hydrocarbons, were identified w i t h the help of a known 
sequence from recent studies (MacLean et al. . I D KM. The location of 
sen-: • ss . : v, H.e : i : l i n : : _ - . ) j c : e : f n ; n . - : >IT.".-:JJ^ -
sects. In Coleoptera, the oenocytes were observed i n the fat body and 
tracheal system (Makki et a l . 2014). According to that the CTH4G5E 
gene putatively responsible for the terminal step of bydrocarbcn 
biosynthesis was previously found i n fat and the whole body of 
D. pondnvzat and L jmi (MacLean et a l . , 2013] Nadeau et a l , 2017; 
"Huber et al., 20C7). Hence, unforeseenidenriflcationof CVP4Gs (CS and 
C9) from our transcripcome analysis of gut tissue, therefore, can be 
Justified with a presumable assumption of oenocytes association from 
the tracheal system with the external layer of gut tissue. However, 
comparison of the gene expression in different tissues such as fat body or 
antennae comparison w i t h gut tissue and histological location of oeno
cytes is required to confirm the site of hydrocarbon synthesis in 
t. (jpsgniphus. Also. CyP450 (ltyp]S34 and Hyp3l53) , similar to 
CyP9T 1 i12. known for myrcene hydrolase, were proposed (Song et a l , 
2013). Though there is recent research on CyP6 involvement in 
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aggregation ptieramone production in other Jps sp. {Fang et al . , 2021), 
the conespcnding CyP45fl gene from the 6-like family needs to be 
identified tor further functional clarification i n ! . lypagraptwz. 

The esterase gene (Esterase FE+like and venom carboxylesterase - 6 
like) identified in this work shows high sunilarity with the esterase gene 
HT1277C6.1 fiom D. poFidcmsc sp., which is involved in a possible 
pheromone storage function (Bemier et a l , 20201 Respective candi
dates were selected from the transcriptome data based upon sequence 
similarity. To verify the proposed functional correlation the involve
ment of the esterase gene family identified i n this study in ds-verbenol 
storage as a fatty acid ester in the immature stage ivas evaluated. Further 
validation of the mentioned sequences in the life stages of J. tvpogn^Vitii 
showed that esterase l t y p l 1977 (B3) occurs in the immature stage. 
Since rii-verbenol occurs in the immature stage and verbenyl oleite i n 
the immature body, die proposed candidate can be considered a valid 
gene for functional study, also investigated in other bark beetles {Chiu 
et al . , 2018}. Further, we also hypothesise another two-step conversion 
of verbenyl oleate to CĽ-verbenol and fatty acids. The first step would be 
the bydrolyds of die oleate catalysed by another esterase/lipase, and 
consequently, the released fatty acid would be methylated by a putative 
melhyta^nsrerase. Haiiwver. gene/s responsible for the verbenol release 
from the stored fatty acid esters and the mentioned merhyltransrerase is 
uncertain from our study. Further functional chancrerisation is required 
for the validation of die identified putative genes. Our study leads to a 
deeper, more molecular understanding of pheromone biosynthesis i n 
J. fipogrrajftus. 
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Supplementary Table Si: Candidates chosen via local BLAST search from CyP450 

gene and esterase gene families, with reference to L typographus genome database. 

Unipro UGENE-2012 

Gene labels and 
hj notions proposed: 

Conti g 

numbers 

e- value B L A S T 

Score 

% 
identity 

Reference sequences 
from other barb 
beetles. (NCBI 
database]. 

Cytochrome P450 

Cis/Jrans-verbenal (CyP450 
9A1 like/CyP3DE1) (Chiu 
etal.2D1B) 

CI ItypOOJSG 3.3J125e-15 92 63 89 XM_019398558.1 

C2 Ityp03903 1.97311e-2i 127 65.92 XM_019398558.1 

(CyP45fl 6a2 like; 
CyPrJDE3) 

C3 Ityp03140 1 e- id 192 65 XM_0199 01630.1 

C4 (Nadeau e l al. 2017} Ityp 03230 9.329Gde-16 94 E U 5 XM_019398590.1 

Ipsdienol syndesis 
(CyFfiT2}<Song etal. 
20,13) 

C5 itypi:na?4 1.30301e-12 B1 69.59 DQ676820.1 

c e ltyp031J6 9.9721 Be-16 93 69.26 DQ679820.1 

C7 Ityp03153 • 991 962 I DQ679820.1 

Hydrocarbon synthesis 
(CyP4GH;53} (MacLeanet 
al. 2018} 

C8 ltyp041JO 2.01631e-17 100 65 11 JQE55659.I 

c s ltyp041J2 3.41223e-27 13S 65 81 JQE55659.I 

Esterase 

Proposed ror p-heromorie 
storage (Bernier K., 
Sergerie R., Keeling CI. 
E E A 2020. unpublished) 

E1 Ityp07094 0.110062 42 87 09 BT1277661 

E2 Ityp09460 3.3eca2e-oa 69 71.2 BT127766.1 

E3 Itypl 1977 2.2685Je-10 74 6651B BT1277661 
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Supplementary Table S2: Primers designed for genes from the mevalonate pathway 
gene family, IDT primer quest designing tool was used with primer length of 16-25 bp 
Tm-55-65, GC-50-60%. Amplicori size: 100-150 bp. 

Contig 

numbers. Gene names Primer sequence Lenglti Trn GC % Amplioon 

Ityp09271 IPDS-F CC CAGTTCTCTGTCC A A A T C 20 6 0 . 0 » 50 

IPDS-R G C T C A A T C T G T C C C A T C A C 19 60.015 52.632 103 

Hyp04e75 IPPWDMPPI-F G A G G C C C T A C T G A A C G A A A 19 61.22 52.632 

IPFL'DMPFI R A C T G A A C G C C C T G T G T A G IS 61.13 55.556 126 

Ityp09137 HMGS- F CTGGTTGTTGCTG GAGAC 18 60.048 55.556 

HMGS- R G G C A T T A G G G C C T A C A A T C 19 59.398 52.632 36 

Ityp17150 HMGR- F C A G A A C C T G G A G C C A A T G 18 o?.907 55.556 

HMGR-R G C A G A G T G G T T G A C C T A T T G 20 60.304 50 141 

ttyp06D45 PMK- F C T G C T C C T G T T A A G G A T G T G 20 60.049 50 

PMK- R ACC.CATCCTGTCCTCTTTC 19 50.139 52.632 133 

Ityp09272 F P P S - F G G G A A C G G A C A T T C A A G A C 19 60.133 52.632 

FPPS-R G T T C T G A C C T G C C G T A A T G 19 50.199 52.632 1 10 

Ityp 14703 IDLDH -F A T C C T C T C C T T G A C CTATCC 20 59.3 50 

IDLDH -R A T C G G A G T G T C G C A G A T A 18 59.362 50 32 
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Supplementary Table S3: Primers designed for trie nine selected genes f rom the 
i CyP450 gene family (C1-C9), IDT primer quest designing tool was used with primer 
i length of 19-25 bp Tm-55-65, GC-50-60%, Ampi icon size: 100-150 bp. 

Label Gene names Primer -sequence LengHi Tm G C "A Amplicon 

CI qCYPD04S6-F G T G T T A C A G C G G C A T G A T 18 60.043 50 

qCYPD04S6-R C T G A C G G G A T T G G A G G A T A 19 60.234 52.632 103 

02 qCYP03S03-F G T A T T C G C C T G C T C A T T C C 19 00.355 52.632 

qCYPD39D3-R C C G G T C T A C T G G A T C T G T T 19 60.392 52.632 114 

C3 2qCYP0314Q-F G G T G C C T G A C T T T C T A C A G 19 59.571 52.632 

2qCYPO3140-
R G T A G C C G A T G T C T C A A A C C 19 58.916 52.632 132 

C4 qcyp_3230-F C C A A T C G T C A C T G T T C T A C C 28 H.954 50 

qcyp_3230-R T C G T C T G G G T T G T C G T A A 18 60.241 50 143 

C5 qcyp_183d-F C C T T T C C T T G A T C G A C T C T G 28 59.722 50 

qcyp_1834-R C C C T G T G G A A C G G A T A A A C 19 59.951 52.632 121 

CG qcyp_314G-F G A A A G T G G C C T C C T G T T G 18 60.111 55.559 

qcyp_3116-R C A T G T C G C C C A C G T T A A G 18 1=0.393. 55.558 107 

C7 qcyp_3153-F G T G A G C G T T G G A A G G A A A 18 59.958 50 

qcyp_3153-R C A C T T C T G T T G G T C C G T T A G 28 1^0.15; 50 140 

C8 qcyp_4140-F C T G A A G T G C C C G A A G A A C 18 60.0J7 55.558 

qcyp_4110-R C A T C A A C A T C C A G G T C A T C C 28 £0.179 50 123 

Ci qcyp_4142-F A A C C G C A A T G G G T G T A A G 18 59.99S 50 

qoyp_J142-R G A G G A T G T C T G G A T A G A G G T A G 22 80.322 50 127 

! 

I 

I 
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Supplementary Table S4: Primers designed for the tliree genes {E1-E3) from the 
esterase gene family. IDT primer quest designing tool was used with primer length of 
1E-25 bp Tm-.&5-65: GC-50-60%, Amplicon size:100-150 bp. 

_j b e ! Gene names Primer sequence Length Tm G C % Amplicon 

E1 q_est_7D84-F G G GATGTTC C G A T G A A T A C G 20 60.152 50 

q_est_7D84-R T G C C A G G A C A C T C T C T A T C 19 60.1 19 52.632 122 

E2 q _ e s t _ S 4 » - F CTAGTG G C G C A G T T G A T T A G 20 60.315 50 

•_est_S4H)-ll G G G C A T A C T T G G A A G A T T G G 20 60.495 50 142 

E3 q_est_11977-F CTTC G T G G A G T T G A A G T G G 19 en. aes 52.632 

•_est_11977-F C C T C T A C ATC G G G CTCTAA 19 59.98 52.632 121 

F. 
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Supplementary Fig. S1 GC-MS 
metabolomics analysis of male beetle's 
gut extract. PC A plot fro in SIMCA 
software; separation of 3 life stages 
(immature, sclerotised, and fed). These 
stages were primarily involved in 
pheromone production, 
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Figure 52. GC-MS quantification of two hydrocarbon representatives (unsaturated 
fieptacosene and saturated pentacosane) from gut tissue and beetle body of I, 
typographus males at different life stages, x axis: mean ± SE 

GPP / Myrcene synthase 

Ityp09271 

Ityp17673 

Ityp17861 

0 2 4 6 e 1Q 12 

Log fold change 

Supplementary Figure S3. Relative expression of GPP/myrcene synthase gene 
isomers from HNA-seq. data in fed male gut vs immature male gut. Green: Proposed 
IPDS candidate for 2-rnethyl-3-buten-2-Dl synthesis. Black: isomers proposed for possible 
geranyhli-ptiospriate synthase (GPPS) function towards myrcene synthesis. 

7 

66 



6 
r -

t N 
- t -« r. 
c 

K 
F 

o 

O 

4C 

2C 

0 

•20 

-40 

-60 

• •• I •• 

° c u e £> 

• • 0 

• 

-40 -20 Q 20 4Q 60 
Component 1 {12.1 %) 

C M 

C M 

c 
CLl 
c 
o 

E 
o 

O 

SO 

20 

-20 

•40 -I 

B 
F \ i i s 

F .I 

V f l l t 

0 

-40 -20 0 20 40 
Component 1 ( 10-2 %) 

Supplementary Figure S4, Partial least squares-discriminant analysis (PLS-DA) of 
LHPLC-HR- MS/MS analysed metabolites from gut extracts of L typographus male 
beetle - different life stages. PLS-DA was performed using MetaboAnalist 5.D (Pang et al. 
2021), an online tool Tor streamlined metabolornics data analysis. The coloured areas 
represent 95% of the confidence interval. A : positive ion mode. B: negative ion mode. 
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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/i.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/, 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. 
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Metabolome and transcriptome related dataset 
for pheromotie biosynthesis in an aggressive 
forest pest I p s t y p o g r a p S w s 
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A R T I C L E I N F O 
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De-novo 
Omics 

A B S T R A C T 

Eurasian spruce bark beetle, Ips typagruphus. is an aggres
sive pest among spruce vegetation, 1. typograprnri host ttees 
colonization is mediated by aggregation pheromone, con
sisting of 2-metnyl-3-buten-2-ol and cis-verbenol produced 
in the beetle gut, Other biologically active compounds such 
as ipsdienol and vetbenone have also been detected. 2-
Methyl-3-buten-2-ol and ipsdienol are produced de-novo 
in the mevalonate pathway and cis-verbenol is oxidized 
from or-pinene sequestrated from the host The pheromone 
production is presumably connected with further changes 
in the primary and secondary metabolisms in the bee
tle. To evaluate such possibilities, we obtained qualitative 
metabolomic data from the analysis of beetle guts in dif
ferent life stages, We used Ultra-high-performance liquid 
chromarogtaphy-electfospray ionization-high resolution tan
dem mass spectrometry (UHPLC-ES1-HRMS/MS). The data 
were dereplicated using metabolomic software (XCMS, Cam
era, and Bio-Conductor) and approximately 3000 features 
were extracted, The metabolite was identified using GNPS 
databases and de-novo annotation in Sirius program followed 
by manual curation, 

DO! of original article: L0.1016,'j.ibmb.2021.103G8G 
' Corresponding author. 

E-mufj üürfress: jirasovaaK*l id.cz u.cz (A. Jirasova). 
Soda! media: if #AJirasova (A. Jirosova) 

hnps^doLorgJ 1fJ.1fJ1fi/jjdib.2fJ2 2.107912 
2352-3409/0 2022 The Authors). Published by Elsevier Inc. This is an open access airitle under the CC BY license 
(hnp:yycteaiivecomttions.otgyiitensesybyy4.oy) 
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Further, we obtained differential gene expression {DCE) of 
RNA sequencing data for mevalonate pathway genes and Cy
tochrome P450 (CyP450) genes from the gut tissue of the bee
tle to delineate their role on life stage-specific pheromone 
biosynthesis. CyP45u gene families were classified accord
ing to subclasses and given individual expression patterns 
as heat maps. Three mevalonate pathway genes and five 
Cyr450 gene relative expressions were analyzed using quan
titative real-time (qRT) PCR. from the gut tissue of differ
ent life stage maleyfemale beetles, as extended knowledge 
of related research article (Ramaknshnan et al., 2022). This 
data provides essential information on pheromone biosyn
thesis at tike molecular level and supports further research 
on pheromone biosynthesis and detoxification in conifer bark 
beetles, 

© 2022 The Authors). Published by Elsevier Inc. 
This is an open access article under the CC BY license 

(h:: c:;; c re a ti reco rr. rr.on s .o rg: I e r.s ehy/4jQf) 

Speci f icat ions TabJt 

Subject Omics: Metabolomics; Omics: Transcriptamics 
Specific subject area Molecular underpinning pheromone biosynthesis in Jps rypo^ephus. 
Type of dara Table, Image, Charr. 
How dara were acquired l."HE :I.L-E5]-rlR-M5i'MS meiabolomic analysis using MtetaboAnalyst 5.0 

RNA sequenced and analysed data using CLC workbench sofrware 
Quantiiarive real-time PCR using ihe 2-A A G meihad 

Dara formal Analysed dara. 
Parameters for data ccillecticirj Jps typegrapr; us gut [issue. Different life srages. 
Description of data collection Jps typograpfius different life stages were collected from rearing and used for 

sample processing. Prepared samples were used for various downstream 
process such as UNA extraction for sequencing in the llumina platform and 
erhylaoetate extraction fot meialwlomic analysis. 

Dara source location Institution: Czech university of Life sciences 
Ciry: Prague 
Couniry: Czech Republic 
and 
Institution: Max-Planck Institute for Chemical Ecology 
Ciry: Jena 
Country: Germany 

Dara accessibility Jps typograpfius different tissue UHPlC-HRMSj'MS dara: 
Dryad DOI: doi_l0.506t_tijyadJ7m0cfxws_v1 
turps :,','daiadryad.org,'s[a5hi'sha re,' 
fw 1 1 pH!RiaVftgia]iXczgVb4wOqd2- gplvIAATSOWDSEEEs 
Jps typograpfius different tissue RNA seq. data. 
accession number PKJNA679450 
Irtps:/ywww.ncbi.nlm.nih.gov/ bioprojecn1 PRJNA67 9450 

Related Research article R. Řamakrishnan. J. Hradecký, A. Roy, B. Kalinoví, C. ft. Menoezes. J. Synek. J. 
Bláha, A. Svatoš, A. jirosová, Metabolomics and transcriptomics of pheromone 
biosynthesis in an aggressive forest pen Jps typogropfius, Insea Biochem. Mol. 
Biol. (2022)0965-1746. 10.101 G,'j.ibmb.:0:l.]03G80. 
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Value or the Data 

* Provided dataset of various metabolites and relative gene families from the gut tissue of /ps 
typograpftus is valuable for researchers with interest in studying different life stages of the 
bark beetle. 

* Metabolomic data from UHPLC-HR-MS/MS analysis has provided insight of metabolites in 
different measurement modes and shared in dryad link. The acquisition methods of this data 
(using bioinformatics software programs such as GNPS, Sirus} are vital information for aid
ing similar analysis in the future and to developing bioinformatics tools for high-throughput 
menboiomiLS nno.lysis. 

* RNA seq. data revealed expression patterns of key gene families from the gut tissue of Turk 
beede life stages. This is valuable insight knowledge, allowing the researchers to follow up 
the present study with further research questions aligning with identified gene families. 

* information of standardized housekeeping genes and the quantitative real-time (qRT)- PCR 
data covers the knowledge gap not included in the related research article. 

* Henceforth, listed data in this article wil l be of added value for researchers to understand 
pheromone biosynthesis and metabolism of the related compounds in /. typographus and 
other bark beetle species and thus help to interrupt the beede aggregation over spruce veg
etation. 

1. Data Description 

The dataset we provided here is subjected to gut tissue of different life stages of the bark 
beetle, /. topograph us. Ultra-high-performance liquid chromatography-electrospray ionization-
high resolution tandem mass spectrometry {UHPLC-ESi-HR-MS/lvlS} data identified various 
metabolite compounds from the gut extracts using positive and negative ion mode and the re
sults were shared in Table 1. Multivariate analysis of U H P lC - H R - M S / M S is shown in both pos
itive and negative mode (Fig. l a and b]. Identified compounds clustering based on Partial least 
squares-discriminant analysis (PLS-DA) for different life stages of the beetle was given with dif
ferent colours in Fig. 1a and b. Specific compounds masses responsible for the separation of life 
stages were listed with respective mfz ratio and retention time (RT) in Fig. l a , B-G for posi
tive mode, and in Fig. lb, B-H for negative mode analysis. Fatty acids (C15 and CIS) quantita
tive data over life stages are shown in Fig. 2. Proportions of identified metabolite classes from 
Table 1 are shown as Venn diagrams for both positive and negative ion mode in Fig. 3. Insight of 
di-gfycosylated monoterpene alcohols was measured in both modes and masses were shared as 
peaks and CID spectra (Fig. 4). Mevalonate pathway compounds such as isopentyl-di-phosphace 
(IPP)/ dimethylallyl pyrophosphate {DMAPP} were visible in negative mode analysis with the 
help of synthetic standards and provided as peaks and CiD spectra (Fig. 5). 
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Fig. la. I'm- and multivariate analysis of UHPLC-ESI-HR-MS/MS analyzed metabolites extracted from different life stages 
of male /. typographus. (A) Partial least squares-discriminant analysis (PLS-DA) of positive ion mode acquired data. The 
colored areas represent 95% of the confidence interval between life stages of the beetle. (B-C) Correlation analysis of 
positive ion mode acquired mass features: (B) m/z 80.0844 at retention time (RT) 76 s. (C) m/z 168.0673 at RT 859 s. 
(D) m/z 201.1706 at RT 478 s. (E) m/z 245.615 at RT 1118 s. (F) m/z 346.2383 at RT 795 s. (G) m/z 365.3194 at RT 
1217 s. PLS-DA and correlation analysis were performed using MetaboAnalyst 5.0 |8|. an online tool for streamlined 
metabolomics data analysis. 
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Table 1 
Li5[ of all identified merabolires Tram UHPLC-HR-MS/MS measurement in both positive and negative ion mode using data 
dereplication in GNPS and manually ediied with the help of Sirius data annotations. Only possible precursor masses are 
listed in the table. 

Positive ion 
mode 

Precursor m/z 

159.113 

177.164 
179.129 

ISO. 132 
1B2.DS1 

187.143 
189.11 

189.134 
189.125 

192.061 

193.068 
194.142 

194. S3 S 
195.123 

197.125 
198.076 

203.15 
204.087 
204.131 
204.131 

209.092 
209.19 

215.139 
217.128 
219.134 
219.174 

220.117 
222.097 

229.086 
229.159 

231.17 
233.149 

237.221 
239.102 
241.031 

ID GNP5 pos 

dihydro-b-ionone 2-Butanone, 4-(2,6,6-trimethyl-2-cyclohexen-l-yl)- in 
55,8,11, in MeOH S4, 6, 7,8,3,10 no in GCMS 
lle-Pro-Ly 
Val-lle-Lys 
Tyrosine 
lle-lle-Lys 
Azelaic acid 

N.epsilon.-Acetyl-L- lysine 
Gly-lle 

L-Methionine, N-acetyl-
S-(5'-Adenosyl)-L-homo cysteine 
Val-lle-Arg 
Leu-Gln-Lys 
Leu-Glu-Lys 
Val-Phe-Lys 

3,4-Dihydroxy-L- phenylalanine 
N,N-DIMETHYLARGININE 
N-Acetyl-D-glucosam 

Acetyl-DL-ca rniti ne 
Phe-Leu-Lys 
L-kynurenine 
2,4,7,9-Tetramethyl-5-decyne-4.7-diol 
Pro-Val 

N-. alpha.-Ac etyl-L-arginine 

S e r - H 
Curcumo 
Pantothenic acid 
N Acetyl D glucosamine 
Resverarti 
lie-Pro 
V • I -11 e 
Thr-lle 
cis-9-Hexadecenoic acid 
Gly-Tyr 
CYSTINE 

(continued on n«r page) 
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Table 1 (continued) 

243.21 
244.165 

245.0 B5 
245.129 

245.1B6 
245.233 

246.181 
247.129 
251.046 
253.118 

256.263 
259.096 

259.129 

260.197 
261.144 
265.118 
265.252 

267.134 
267.172 

269.161 
272.163 

274.187 
275.2 
277.103 
277 .US 

277.216 
279.17 

281.113 
282.279 

284.294 
285.083 

288.203 
290.134 
291.0 8 6 
293.113 

293.247 
294.147 

295.165 
295.226 

295.226 
297.127 

298.097 

9(10)-EpOME 
rs-Pro  

ceatannol 

ie-Prrj 

e-Leu 

1-ACETYLSPERMINE 

Lys-Val 

^sp-Leu 

Ser-Phe 
Palmitamide 
Rhapontigenin 
L-Saccharopine gene I typ lTKf i 2/747645682 L< 
7.05172E-05 saccharopine dehydrogenase-like oxidoreductase 
lle-Lys 
lle-Glu 
Phenylacetylglutamine 
9-0ctadecenamide, (Z) 
Thr-Phe 

' - T | t ' 
His-lle 
Pro-Arg 
Val-Arg 
9-0xoOTrE 
L-.gamma.-Glutamyl-1.-glutamic Acid 
PyroGlu-Phe 
13 5-Hyd roxy-9Z,l 1E, 15Z-pctad e c atri en pi c ac i d 
Leu-Phe 

.alpha.-L-Asp-L-Phe 
9-0rtadecenamide, (Z)-
Octadecanamide 
Xanthosine 
lle-Arg 

Ophthalmic acid (tripeptide), stress, glut hi one analog 
(+)-Catechin 
PyroGlu-Tyr 

13(S)-HÜDE methyl ester 
Phe-Gln 
lle-Tyr 
9-Oxo-10E,l2Z-octadecadienoic acid 
13-Keto-9Z.UE-octadecadienoic acid 
Met-Phe 

M ETH YLTHIOADENOSIN E 

(continued on next page) 
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Table 1 (con [inu ed) 

302.206 
302.305 

303.05 
305.065 

307.083 
307.262 

311.123 
311.258 

313.155 
314.196 

315.195 
318. l S l 
322.273 
324.289 
325.113 
329.149 
329.268 
332.218 
332.561 
335.258 
338.341 
339.069 
339.281 
342 239 

345.144 
360.149 
369.351 
370.052 
371.102 

371.113 
3/1.315 
377.145 
384.114 
399.139 
399.235 
399.25 
4 0 0.342 
428.036 
430.161 
435.128 
454.292 
457. I l l 

l l e - G l f l 
D-erythrp-Sphir 
Quercetin 
Taxifolin 

Glutathione, oxidized 
9Z,11E,13E-Octadecatrienoic acid ethyl ester 

.alpha.-L-Glu-L-Tyr 

Monopalmitolein (9c) HliO 
Phe-Phe 
Heliotrine ?? 
1.4a-dirnethyl-9-OKO-7-propan-2-yl-3A10,l na-tetrahydro-2H-
phenanthrene-l-carboxylic acid 
Leu-Trp 
.alpha.-Linolenoyl ethanolamide 
Linoleoyl ethanolamide 
D [+) Gellobiose 
Tyr-Phe 
Monopalmitplein (9c)-H20 
Thr-Val-Leu 
.beta.-Nicotinamide adenine dinucleotide 
Monolinolenin (9c,12c,15c)-H20 
(Z)-l3-Docosenamide 
5-Aminoimidaiole-4-carboxamide ribonucleotid 
Monoelaidin-H20 
lle-Pro-lle 
T V r J V r ^ ^ ^ ^ 
D-(+)-Trehalose 
Cholestan-3-one, (5.alpha.}-
AD EN 051NE-MONO PHOSPHATE 

PyroClu-lle-Lys 
Hexanedioic acid, bis(2-ethylhexyl) ester 
(-)-Riboflavin 
Succinoadenosine 
S-ADENOSYLMETHIONINE 
PyroGlu-lle-Arg 

Tris(2-butoxyethylJ phosphate 
Palmitoyl carnitine 
Adenosine 5'-diphosphate 
Serratiochelin Seratia bacteria siderofor 
Naringenine-7-rhamnosidDgluco5id« {-I 
1-Pa lmitoyl-2-hydroxy-sn-glycero-3-phosphoethanola m 
Flavine mononucleotide 

(continued on next page) 
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Table 1 (continued i 

461.031 

465.102 

466.264 
466.329 
46S.30B 

471.105 

478.29Z 

480.243 

480.308 
480.344 
482.323 
482.36 
489.114 
496.339 

510.355 
522.355 
536-165 
60S.0B8 
610-134 
62S.194 
664.116 
675.676 
686137 
702.213 
744-553 
75S.221 
759.??? 
776.232 

Adenylcsuccinic acid  
I s o q u e r d t l n  

Rosiridoside B glycosilated OH-geranyl more likely glyc myrtanol NH4+ 
dduct C19H3809N 466.2637 delta 049 mu in 56 and ! 

sent in 57 GCMS 
T0P19 Psoriasis feature - Unknown FeaturelD=36G8 

1 - My ri stay I - sn - gl y cero - 3- p hos p hoch • I i n e  
4 (3,4 dihydroxyphenyl) 7 hydroxy 5 ft?5J3Rr45,55r6R] 3,4,5 trihydroxy 6 
(hy d roxy m eth y I) d v a n -? -y I) nxy th ro m e n - 2-o ne 
(5-((4-(5-(acetyl(hydrc>vy)amino)pentylaminc>)-4-oxobutanc}y|)-
hydroxyamino)pentylamino)-4-oxobutanoicacidíWfiř0pri3re 
O ^ ^ - t r i h y d ^ y - f t - í O ^ ^ - t r í h y d r o x y o ^ r ^ - y D o K y m e t h y D o K a n ^ - y l ) 2,6,6-

trimethykydohexene-l-carboxylate 480.2495 C21 H38 O l l N delta 1,04 

1 -f 9 Z-Octad e ce n oyl) - sn -gl ycero -3-p hos p hoet ha no la m i ne 
l-( 1 Z- Hexa d ece ny I) -sn -gl y cero - 3- p hos. p hoch o I i ne 
1 -St ea roy l -2 -h y d roxy-s ft-g ly ce ro-3 -ph osp h o et h a n o I a m i n e 
1- Hexa d ecy I -s n-g lyce ro-3 -ph osph oc ho I i ne 
Cytidin-5'-diphosphocholin 
Lyso-PC(16:0) 

l-Heptadecanoyl-sľt-glycero-3-phosphocrioľne 
l-(9 Z-Octad e cen oy I) - sn -gl y c ero - 3 - p h D S p hoch o I i n e 
Contaminants septum vial Thermo C4000-53 and C4000-54 serie 
URIDINE 5'-DIPH05PHO-N-ACETYLGALACTO5AMINE 

Contaminants septum vial Thermo C4000-S3 and C4000-54 serie 
Contaminant vial septum ThermoFis her C5000-44B 
NAD 

(Z)-13-Docosenamide (2M+HJ+ 

Contaminant vial septum ThermoFis her C5000-44B 
Contaminant vial septum ThermoFis her C5000-44B 

l-Stearoyl-?-linoleoyl-rn-glycero-3-phoiphoethanolanr 

A?a d i rach tin 

Contaminants septum vial Thermo C4000-53 and C4000-54 serie 

Contaminant vial septum ThermoFis her C5000-44B 

Negative ion 
mode 
Precursor rn/z 
174.041 
179.056 
187.098 
1SS.056 

l D G N P 5 n e < 3 

N - A C " V . A5P A-TA
D-FRUCTOSE 
Nonanedioate 
N-ACETYLGLUTAMATE 

(tantrnued on next page) 
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Table 1 (continued) 

1 9 L Q 3 5 

1 9 1 . 0 1 9 

1 9 3 . 0 3 5 

2 0 3 . 0 8 3 

2 0 3 . 0 8 3 

2 0 7 . 0 7 8 

2 0 9 . 0 3 

2 1 9 . 0 7 8 

2 2 1 . 0 8 2 

2 4 3 . 0 6 2 

2 4 5 . 0 9 3 

2 5 9 . 0 2 2 

2 6 7 . 0 7 3 

2 7 1 . 0 6 1 

2 7 5 . 0 1 7 

2 7 7 . 1 4 5 

2 8 5 . 0 4 

2 8 7 . 0 5 6 

2 9 7 . 1 5 2 

3 0 1 . 0 3 5 

3 0 3 . 0 5 1 

3 0 6 . 0 7 7 

3 1 1 . 1 5 

3 1 3 . 2 3 9 

3 2 1 . 0 4 9 

3 2 2 . 0 4 4 

3 2 3 . 0 2 9 

3 2 5 . 1 9 2 

3 4 1 . 1 0 9 

3 4 1 . 1 0 8 

3 4 6 . 0 5 5 

3 4 7 . 0 4 

3 6 1 . 1 6 6 

3 7 1 1 2 9 

3 7 5 . 1 3 1 

4 0 2 . 9 9 5 

4 2 6 . 0 2 2 

4 3 1 . 0 9 8 

4 3 1 . 1 5 6 

4 4 5 . 0 5 3 

4 4 5 . 2 0 8 

4 4 7 . 0 Ö 9 

Citric acid 
ISOCITRIC ACID 
GLUCURONATE 
TRYPTOPHAN 
L-TrYptophan 

« u o r M S u l f o n k a c id 

5-HYDROXYTRYPTOPHAN 
Die thy l p h t f c l a t » (NF) 

URIDINE ^ ^ ^ ^ ^ ^ 
N-acety Itr ypt o p ha n 
iLUCOSE 6-PH OSPHATE 
IN05INE 
Naringen in 

3 NATE 
MoNA:932219 DBP 
Tetrahydroxy-Flavone 
25J35)-3J5J7-tririYdroxY-2-(4-rivdroxYprienYl)-2J3-dihYdrochrorrteri-4-Qne 

Quercetin 
Taxifolin 
GLUTATHIONE REDUCED 
Pyrenophorol ?? 
12,13-DiHOME ^ ^ ^ ^ ^ ^ ^ 

THYMIDINE-MONOPHOSPHATE 
CMP 
URIDINE MONOPHOSPHATE 
linoleic acid (formic acid adduct) 
TREHALOSE 
Isomaltulose 
2' -DE OXY GUAN O 5IN E 5' -M O N O PH O 5PHATE 
INOSINE MONOPHOSPHATE 
2,3 - h i s ((4 - hy d r oxY-3-m et h o xy p h en yl) m et h yl) buta n e-1,4-d i o I 
Nortrachelogenin 
RIBOFLAVIN 

URIDINE 5'DIPHOSPHATE 

ADENOSINE 5'-DIPHOSPHATE 

Kaempf erol-3-Rhamnoside 
osmanthuside H in 56 57 

CD P-ETHANOLAM IN E 

-((3,4-dihydroxy-4-(hydroxymethyl)oxolan-2-yl)oxymethyl)-6-((6,6-
Jimethyl-4-bii 
Quercitrin 

(conrirjueu'on next page) 
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Table 1 [continued) 

452.278 
463.088 
478.294 
480.31 
503.162 

556.318 
558.064 
565.047 
571.294 
579.026 
588.074 
606.074 
609.146 

625.141 
662.101 
784.15 

l-Palmitoyl-2-hydrox 
Spiraeoside 
l-(9Z-Octadecenoyl)-5n-grYcero-3-phosphoethanolamine 
1 -Ste a roy 1-2 -h yd roxy-sn -gh/c ero-3 -ph os ph oeth a n ola m in e 

1-(9Z-0 et ad e c en oy I)-s n -g h/c ero-3-ph os ph och o lin e 
ADENOSINE DIPHOSPHATE RIBOSE 
Uridine-5'-diphospho-glucose disodium salt 
l-He>tadecanoYl-sn-grycero-3-pho5pho-(l'-myo-inositol) 

Uridine-diphosphate-glucuronic acid 
Q u a n o 5 i n c- 5' - d i p h osph o-b et a-L -f u c ose 
URIDINE 5'-DIPH05PHO-N-ACETYLGAWCTOSAMINE 
Rutin 
S^-d ihydroxy-Z- taVhydroxy^-KZS^R^S^SjeRj -äAS-t r ihydroxy-e-
(hydroxymeth yljoxa n-Z-yl)oxyphenyl)-3-((2S, 3R.45,55,6R)-3,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2-yl)oxych romen-4-one 
beta-Nicotin a mi de adenine dinucleondc 
FAD 

C'olor code  
aa nad short peptide 
acid, FA amide or ester 
nucleotide/nucleoside 
Phenylpropanoide 
Lipid 

res induced 
/Ipropanoid 

pheromone related 
Terpene 
Oxylipin 
Co-factor 
Siderophore 

not confident ID 
Contamination 
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• palmist sod 2nd peak/13C2 - mynii e asd • samuc as«].'1 3CZ • myns'.c acts 
• .j-Lholfnfc atiJ.;ia 3a;.'1^C2 - myrttiit acid • a Lirnlenie acid (18:ao)i'13C3 - myrisifc acM 
• liixJnate 1B ?n3C2 • rnynilic acid • it*aKU13C2 - (nyrist HH 
• lire mM'iXl • rtmitfc 

FigiZ. Intensities of nve essentia] fatty acids normalized TO "C3-jnyrisric imemal standard signal intensities plotted over 
life stages or J. typograpnus. Guts extiacts were analyzed on UHPLC-E5I-KR-MS/MS instrument in negative ion mode with 
TOP 5 scanning with one precursor ion scan and 5 MSj'MS scans. Bars represent rhe standard error of the mean, N = 3. 

Furtherly, RNA sequencing data is shown as he at maps for the expression pattern of the inter
ested gene families hetween the life stages of the beetle. Primarily, insight of gene families such 
as the mevalonate pathway genes as heat map expression (Fig. 7) and further sesquiterpene 
compound producing genes from the pathway was described using the quantitative real-time 
(qRT)- PCR (Fig. 8). Identified 56 Cytochrome P450 genes (CyP450) and their overall expression 
given as a heat map (Fig, 9), with specific suhclusters based on names acquired from Gene On
tology (GO) web reference using sequence similarity approach (Table 2). The expression partem 
of the CyP450 gene seven subclusters was provided separately as heat map expression pattern 
in Figs. 10A. 10B, IOC and 10D which belongs to CyP450 6 like, CyP450 9e2 like, CyP450 9a 1 
like, CyP450 4 like and unknown CyP450 respectively. Furthermore, we studied qRT- PCR data of 
functionally known CyP450 gene known with sequence similarity from other bark beetle species 
and provided their expression level between mated male gut tissue and mated female gut tis
sues of/ . rypograpfius in Fig. 11. Added information of the housekeeping gene list with thirteen 
genes was ranked and provided after standardization (Fig 6}, which supports the related re
search article [5] for future gene study in mentioned tissue of the beetle. 
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negative ion mode 

• aa nad short peptide 

• acid, FA amide or ester 

• nucleotide/nucleoside 

• phenylpropanoide 

• lipid 

• sugar 

positive ion mode 

• aa nad short peptide 

• acid, FA amide or ester 

• nucleotide/nucleoside 

• phenylpropanoide 

• l i p i d 

• sugar 

• stres induced 
phenylpropanoid 

Fig. 3. Venn diagram of metabolite classes from UHPlC-ESl-HR-MSi'MS measurement in both positive and negative ion 
mode using data dereplication in CNPS and manually edited with help of Sirius data annotations. Complete annotation 
is available in Table 1. 
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Fig: 4. A sections qf UHKC-£3-HfiJW^MS rroces plotted ct specie mass ranges (upper panel): From tap: negaiive ion 
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fi> m/z 46424^464.25 corresponding to [JW+NH4|l and MS/MS irace fi> 46424BS. Tree isobaric peats ire visible in both 
ion modes with similar intensities. The retention shift was due TO a Technical problem in one or the measurements. 
QD spectra /ram isolated fixed precursor ion scans fJower paneFJ: In negative inn mode, the intensive molecular peak 
is visible @> m/z 445.20635 wirh molecular composition C ^ H ^ O H , . Ion i> mjz 1&1.0445 wilh molecular composition 
CtH t0 s is a depooronated hexose. Two Fragmenr ions CjcH^Of, and C„ H n 0 9 resulted From a lass of dehydro-penrose or 
monoierpene neutrals, respectively. In positive ion mode, molecular addua peak is nor visible, bur low mass carbecarion 
Fragments (like Cm His and CTHS) indicare monoierpene agrycane. The proposed sirucrure af carbocation is given in ihe 
last C1D spectra. 
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Fig. 5. A sections of UHH.C-FS/-HR-MS/MS traces plotted ox specie mass ranges (upper panel): Comparison of the gut ex
tract with a mixture or IPP and DMAPP synthetic standards measured under identical conditions. From top: negative ion 
mode. MS trace 9 m/z 244.99-245.00 corresponding to |M-H| and MS'MS trace & 245.06: mixture of standards, neg
ative ion mode MS trace 9 m/z 24459-245.00 corresponding to |M-H| and MS/MS trace 9 244.93. Several peaks are 
visible in the expected retention window. Full scan MS spectra were collected from Rt 427-4.42 min. retention window. 
OD spectra from isolated fixed precursor ton scans (lower panel): From top: acquired spectra at Rt 4.82 min showing m/z 
244.99763 deprotonated molecular ion |M-H| and intense PO] ion at m/z 78.95799. The second plot is MS trace from 
Rt 4.27-4.42 min. showing intense deprotonated molecular ion |M-H] 9 m/z 24459710 with expected molecular com
position. The plot below shows C1D spectra of standards from isolated nxed precursor ion scans m/z 244.9259 showing 
a similar partem as in the nrst plot from the gut extract 

83 



16 R. torfflrJtrisňnon, A. Roy end M. Kai et aí./Dcttr ŕn Brŕe/ 41 (2022) 107912 

Table 2 
Identified 56 genes from CyiachromeP450 gene family K N A seq data were clustered as shown in the table. Seven sub-
cluster based on Multiple sequence alignment - Unipro U G E N E V33.0 maximum likelihood is given as the table with 
the color difference. Sub-cluster 5, 6, and 7 were shown in similar C Q I O U I S since [bey were closely related. Cytochrome 
name replaced as Cy from R N A seq. data and rhe names were given based upon G O web reference using CUT woitbench 
software. Tissue compared: Ted male gut and immature male gur. 

Contigs CyP names Contigs CyP names 

Cluster 1 Cluster 4 
Ityp04042 CyP450 Itypl6927 CyP450 307al-like 
Ityp 04 209 CyP450 CYP6CR2 Ityp03219 CyP450 CVP410al 
Ityp03230 CyP450 Ityp03221 CyP450 CYP410al 
Ityp03231 CyP450 Ityp03213 CyP450 CYP410al 
Ityp03902 CyP450 Ityp09555 CyP450 CYP410al 

Ityp03903 CyP450 ItypOBBBl CyP450 4c21-like 
Ityp02766 CyP450 CYP6BW2 Ityp05829 CyP450 
Ityp03904 CyP450 Ityp05826 CyP450 4V2-like 
Ityp0049 6 CyP450 Ityp05834 CyP450 4c21-like 
Ityp 1015 7 CyP450 CYP6B52 Ityp05836 CyP450 4C1-Iike 
Ityp03140 CyP450 CVP6QJlvl Ityp22414 CyP450 4c21-like 

Ityp08010 CyP450 CYPSDGlvl ltyp061B9 CyP450 4c21-like 
Ityp03872 CyP450 SAl-like Ityp22415 CyP450 4gl5-like 

Cluster 2 Ityp06190 CyP450 4gl5-like 
Ityp06081 CyP45C 9e2-like Ityp22416 CyP450 4c3-like isoform XI 
Ityp03146 CyP45€ 9e2 Ityp06191 CyP450 4c3-like isoform XI 
Ityp03153 midgut-spedficcy P450 Itypl7996 NADPH-dependent CyP450 reductase 
Ityp01834 CyP450 9e2-like Itypll675 NADPH-dependent CyP450 reductase 

Cluster 3 Ityp04142 CVP450 CVP4G55V3 
Ityp 14 212 probable cy P450 301al, ltypl2B66 CyP450 4d2-like 
Ityp 11191 CyP450 315al, Ityp09310 CyP450 CYP4CV1 

Ityp09248 CyP450 CYP49al Ityp04137 CyP450 4d2-like isoform XI 
Ityp IB 28 9 CyP45Q Ityp00542 CyP450 4c3-like isoform X2 
Ityp 03 031 CyP450 Itypl4975 CyP450 4C1-Iike 
Ityp 03 52 B CyP450 Ityp05150 CyP450 4C1-Iike 

Ityp07474 CyP450 13a 1-1 ike 
Cluster 5 Cluster 6 

ltypOB942 probable CyP450 2Ba5 Ityp07311 CyP450 6kl-like isoform XI 
Ityp 10 23 B probable CyP450 6al7 Ityp04213 CyP450 Ski-like 

Ouster 7 Itypl0797 CyP450 
Ityp01602 CyP450 Ityp01836 CyP450 9e2-like 
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Comprehensive gene stobility 

Rt>Pl.6 R b P S I f l G 3 P 0 H Act inC A c t i n B ArgK EF1 TubB U y o Atposeop R b P L 7 Rt>PS7 U b q 

<== Most stable genes Least stable genes ==> 
Fig. G. Validation of 13 housekeeping genes from /. (ypographus gut tissue using methods including bestkeeper. deltact. 
Genorm. and Normnnder. RbPLG- Ribosomal protein L6: RbPSI8- Ribosomal protein S18; G3PDH-Glyceralderydes 3-
phosphate dehydrogenase; ActinC- actin-5C; Act inB- A c t i n : ArgK- Arginine Kinase; EFI- Elongation factor l -a lpha ; TubB-
tubulin beta chain; M y o - myosin heavy chain, non-muscle isoform X 2 : Atpasebp- V-type proton ATPase catalytic subunu 
A : RbPL7- Ribosomal protein 17; RbPS7- ribosomal protein S7; UbQ- ubiquitin-conjugating enzyme E2 J2. Most stable 
Ribosomal proteinL6 (RbPl6) and RibosomalproteinS18 (RbPSIS) (The first two from left) were chosen for qRT -PCR data 
analysis. The values over the bar represent the normalization factor. 

Fig. 7. Heat maps representing eight mevalonate pathway gene expressions from RNA seq. data comparison. Tissue c o m 
pared: fed male beetle gut vs immature beetle male gut. The tree cluster shows the tissue difference w i t h 5 biological 
replicates. Red: high expression; Blue: low expression. Software used: CLC workbench and XLSTAT-Student 2020 Licensed 
version. Y-axis Left side was given w i t h contig number of transcripts annotated w i t h /. typographus genome. Y-axis Right 
side was labeled w i t h possible gene name from Gene Ontology (GO) reference. 
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GGT F P P $ IDOLDH 

Fig. S. qjRT-FtR data- different life stage m i l e gut tissue analyzed far expression of three genes from mevalonate path
way: GCT- geranylgeranyl transferase, FPS-Famesyl diphosphate synthase,and IDOLDH- Ipsdienol dehydrogenase.These 
genes were chosen due ra the least expressed in RNA-seq. data and involved in further sesquiterpene synthesis in the 
mevalonaie pathway. 
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Fig. 9. Hear map showing Expression oF idenritied CyTnthrome gene Family w i r h 56 genes From RJNA seq. d a r i T i s 
sue compared: Fed male gun vs immaiure male gun. The tree clusieiied [he [issue diFTerence w i r h 5 biological replicaies. 
Red: high expression; Blue: low expression. SoFtware used: CLC workbench and XLSTAT-Siudeni 3020 Licensed version. 
Y-axis LeFr side was given w i t h conijg l u m b e r oF Transcripts annorared wirh J. typography genome. Y-axis Righi side 
was labeled w i r h a possible gene name From CO reFerence. 
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Fig. 10A. Heat map from RNA seq. data analysis showing the expression pattern of CyP450 gene_ sub-duster 1 with 
possible C like gene family. Tissue compared: fed male gut vs immature male gut with 5 biological replicates. Red: high 
expression: Blue: low expression. Sofrware used: CLC workbench and XLSTAT-Student 2020 Licensed version. Y-axis Left 
side was given with contrg number of transcripts annotated with I. rypogaphus genome. Y-axis Right side was labeled 
with a possible gene name from GO reference. 
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Fig. 10B. Heat map from RNA seq. data showing ihe expression panern of CyP450 genes, sub-cluster 2 with possible 
9e2 like gene family. Fig. IOC: Heat map of TPM values showing CyP450 gene., sub-cluster 3 with possible 9a1 like gene 
family. Tissue compared: fed male gut vs immature male gut with 5 biological replicates. Red: high expression: Blue: 
low expression. Software used: CLC workbench and XLSTAT-Student 2020 Licensed version. Y-axis Left side was given 
with contrg number of transcripts annotated with /. rypographus genome. Y-axis Right side was labeled with the possible 
gene names from CO reference. 
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Fig. WC. Heat map representing the expression p a n e m of CyW50 gene_ sufj-duster 4 w i rh 4 like gene Tamily. Tissue 
compared: Ted male gu i vs immature male gu i w i rh S biological replicates. Red: high expression; Blue: low expression. 
Sofrware used: CLC woifcbencli and XLSTAT-Student 2020 Licensed version. Y-axis Left side was given w i t h contig n u m 
ber or transcripts annotated w i th \. g/pograpliNS genome. Y-axis Right side was labeled w i th The possible gene names 
from GO reference. 

Fig. 10D. Heat map of TPM values representing Cy-P450gene_ sufj-duster 5, t; and 7w\6i un tnavn CyP450 gene fam
ily. Tissue compared: fed male gut vs immature male gur w i rh S biological replicates. Red: high expression; Blue: low 
expression. Software used: CLC workbench and XLSLAT-Srudem 2020 Licensed version. Y-axis Lefr side was given w i t h 
conrig number of transcripts annotated w i t h j . typogr^pfzus genome. Y-axis Right side was labeled w i t h rhe possible gene 
names from CO reference. 
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Fig. 11. ijJ?r PCfi data: Relative expression of CypALO genes C5-C9 in the mated male gut compared ro mated Female gut. 
C5-C7 aie CyP450 gene candidates possibly involved in ipsdienol synthesis. C8-CQ are CyP4S0 gene candidates possibly 
involved in hydrocarbon synthesis. The number of biological replicatesN = 4. 

2. Experimental Design, Materials and Methods 

Beetle rearing conditions and gut dissections were mentioned in relevant research article [5]. 
Before analysis, the guts were dissected from beedes of different life stages for further analysis. 

2.1. Ultra-tiigi-performance liquid chromatography- eifttrospray ionization -tiigti resolution tandem 
mass spectrometry (VHPLC-ESi-HRMSfMS} analysis 

Cut tissue was dissected (5 guts /sample) and collected in ethyl acetate (5 ul/gut) for storage 
at -SO °C before analysis. Gut extracts (solvent without gut) were removed for the nonpolar 
fraction. For polar extraction, rest of the solvent was removed hy 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 L 3C 2-myristic acid (1 ug/ml) standard. After sonicatiori 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 ul glass insert Cut extracts with nonpolar and polar fractions were used 
for UHPLC-HRMS/MS analysis [5] . 

U H PLC-ESI- H RMS/ MS was performed at Ultimate 3000 series RSLC (Dionex) coupled with 
Q- Ex active HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, USAJ^ Water (solvent A) 
and acetonitrile (solvent B, LiChrosolv hyper grade 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 ul extract, chromatographic separation was 
performed with a constant flow rate of 300 ul/min using an Acclaim C18 column (150 x 2.1 mm, 
2.2 prn; Dionex, Borgenteich, Germany). Solvent gradients (B 0.5-100% v/v for 15 min; 100% B 
for 5 min; 100-0.53t v/v for 0.1 min; 0.5% for 5 min) were used. Ionization in HESI ion source 
was achieved hy 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 mfz 30-800 mass range in duplicate. Date-dependent acquisition using 
TOP5 routine was used with one survey scan mass resolution 60,000 (HWFM), and 5 CID scans 
with 7500 resolution in ca 0.3 s. Colision-induced dissociation (ficd) of quadrupole selected pre
cursor (0,8 Da mass window) was done in a collision cell at typically normalised fragmentation 
energy 30 eV. For identification pairs of the accurate mass of ions and their collision-induced 
ionization fragments with the retention time values were interpreted using software XCALIBUR 
(Thermo Fisher Scientific, Waltham, USA). 
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To identify metabolites, samples were compared and statistically evaluated using the software 
MetaboAnalyst 5JO [3,8|, 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 ProteoWizard 3J0.18324 Data processing was subsequently carried out 
with R Studio vl.1,463 using the Bioconductor XCMS package v 3.4.2 [1,9,10], which contains al
gorithms for peak detection, peak deconvolution, peak alignment, and gap filling. The resulting 
peak list was uploaded into MetaboAnatyst 5.0 [3,8], a web-based tool for metabolomics data 
processing, statistical analysis, and functional interpretation where statistical analysis and mod
eling were performed. Missing values were replaced using a (K-nearest neighbor) KNN missing 
value estimation. Data filtering was implemented by detecting and removing non-informative 
variables characterized by near-constant values throughout the experimental conditions by com
paring ttieir robust estimate interquartile ranges (IQR). Data was auto-scaled out of the 3020 
mass features originally detected, using the Principal Least Square Discriminant Analysis PLS-DA 
[4]-

To identify candidate metabolites, the individual mass features that contributed to the sepa
ration 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, r-test, and Random Forest This informadon, along with retention time, accurate mass, 
and MSfMS spectra were used to probe into existing literature and databases. MS/MS spectra 
files were also centroided and imported into CNPS |111 for spectral marches and classical molec
ular networking. The obtained database hits were manually evaluated. First, we looked for the 
quality of mass spectral peak matching, and later, we considered only reasonable hits. The hits 
related to contaminations were determined at this stage and are labeled in black. Obtained hits 
were collected in Table 1 and colored depending on the biosynthetic class of described com
pounds. 

2,2. Differentiai gene expression (DCE) Analysis 

2.2.1. K/VA sequencing (UNA seq.) analysis 

Dissected gut tissues were put in RNAlarer solution (10 pl/gul} and 10 guts per biological 
sample were used. RNA extraction was performed using the pre-optimized protocol [6,5]. The 
quality and quantify of the extracted RNA were evaluated using agarose gel and Qubit, respec
tively. Integrity was determined using the 2100 Bioanalyzer system (Agilent Technologies, Inc). 
Better quality RNA samples (RIN > 7) were sent for sequencing (150 bp paired-end reads, mini
mum 30 mil. reads per sample) to Novo-gene sequencing company, China [5J. 

Quantification of gene expression from the RNA sequence data was performed using CLC 
workbench was used to standardize by pre-optimized setting for mapping exon regions exclu
sively with genome reference. The biases in the sequences datasets and different transcript sizes 
were corrected using the TPM algorithm to obtain correct estimates for relative expression lev
els. Finally, Empirical analysis of differential Gene expression (DGE} was performed using tfie 
recommended parameters |6.7]. For DGE, FDR corrected p-value cut off < 0.05 and fold change 
cut off of ± 4 -fold as a threshold value for being significant. Differentially expressed genes 
were functionally annotated using the "cloud blast" feature within the "Blaslo2GQ plugin" in 
CLC Genomic Workbench. Nucleotide blast was done against the arthropod database with an E-
value cut off IJOE-10. Botti, annex and CO slim was used to improve the GO term identificanion 
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 Encyclopedia of Genes and Genomes) pathway database [5]. 

2.22. Quanrrrarive red-rime-TO ftjfiT-PCRJ analysis 
qRT-PCR was used to validate the list of selected genes. Primers were designed using IDTs 

primer design software as given in Tables 3 and 4. cDNA for RT-qPCR was synthesized using RNA 
from respective- gut rlssLC ;jr.ipic-s. cDNA w:.s synthesized using an VI-VIIV teverse ii\inscriptase 
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Table 2 
Primers designed far mevalonaie pathway gene Family in IDT primer quest designing rool w i r h primer lengih of 18-
25 hp Tm-55-65, Gt~-5D-&0£. Ampl icnn size: 1 DO-150 bp. Modified From Table 52 cF relative research article |5|. 

•. • Gene 
ľunners . names Primer sequence Lengrfj Till A m p i icon 

1 IrypOOľll GGT-F G G M C A C C C A G T T G T a a A 2D 60.932 50 
GGT-R GAnTXCrGnT^THľTTTG 1? 60.369 55.556 [28 

2 Iryp09272 F P P 5 - F GGGAA£GGACATT1CAAGAC IS 60.133 52.632 
FPP5-R GTTCTGACCTCCCGTAATG H 60.199 51632 II u 

3 Iryp14703 1DLDH -F ATCCTCTCGTGACCTATCC U 1 59.8 :•<> 

1DLDH -R ATCGGACTGTCGCAGATA IS 59.362 92 

Table 4 
Primers designed For selected nine CyP450 gene Families (CI -C9). IDT primer quest designing tool w a s used, w i i h primer 
lengih oF 18-25 bp Tm-55-65 . GC-50-6DK, A m p l i t o n size:1Q0-15O bp. Modif led From Table 53 From relative research 
article |5L 

Primer names 
w i t h cant ig 

Label numbers. Primer sequence Length Im CC=! A m - . i i x n 

C5 qryp_lS34-F C C T m O T G A T C G A C T C T G 20 59.722 50 
qryp_lS34-R C C C T G T & G A A C G G A T A A A C 1!) 502351 52.632 121 

CG qcyp_3146-F GAAAGTGGCCTCCTGľTG It. GO 111 55.556 
qcyp_3l45-R CATCTCGCCCACCTTAAG Iii 50.393 55.555 1017 

C7 qcyp_3l53-F CTGAGCGTTGGAAGGAAA In 59558 :-l 
q c y p _ 3 l 5 i - R C A C T T a C T T C G T C C C T T A G 20 50.152 51 140 

Ľ 3 qcyp_414Q-F CTGAAGTGCCCGAAGAAC 1ft 50.047 55.555 
qcyp_4140-R C A T C A A C A T C C A G C T C A T C C 20 60.T79 5i 123 

CH qcyp_4142-F AACCCCAATGGGTCTAAG 1ft 59.999 51 

qryp_4142-R G A G G A T C T C T G G A T A G A G C T A G 22 60.322 ",i 127 

kit following rlie manufacturer protocol. Resulted in cDNA samples were diluted up to 1:4 with 
nuclease-free water, and qRT-PCR was performed using 5YBR™ Green PCR master mix (Applied 
Biosystems, USA} under the following parameters: 95 r,C for 3 min, 40 cycles of 95 °C for 3 s, 
60 "C for 34 s [2,7,5]. Melt curves were generated to ensure single product amplification. The 
expression levels of the target genes were calculated using the 2-A ACt method with optimized 
two housekeeping genes as a reference for normalization with four biological replications. 
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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. 
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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 /. typographus is a 

novel finding for the Ips species, which was tested as the third objective. 
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Juvenile hormone III induction 
reveals key genes in general 
metabolism, pheromone 
biosynthesis, and detoxification in 
Eurasian spruce bark beetle 
Rajarajan Rarnakrishnan", Am it Roy 1, Jaromír Hradecky 1, 
Marco Kai £, Karel Harant 3, AleS SvatoS 2 * and Anna JiroSová 1** 

'Faculty DF Forestry a n d W D D d S c i e T ^ e s . C z e c h Unve'sity of Life Sc iences F r a g j e . P-zgue . C z e c h a. 
3 Man F l a n o rut :ute F o r C h t T i ca l EcDlDCfy, J e n a , Germarr/ , 3 L a h a r a t o , y d Mass Spectrometry , 

B r O C E V , Faculty Dr S c i e n c e C h a r e s Universrtyin FYagut, Prague. Czechia* H hisntij[e D F O r g a n c 

C h e m i s t r y a n d Biochemistry. C z e c h A c a d e m y DF Sc iences . Prague, C z e c h i a 

I n t roduc t ion : In recent years, barlť beet le Ips rypograpftirs, has caused extensive 
damage to European N o r w a y sprues forests th rough widespread outbreaks. 
This pest emp loys phe romone-ass i s ted aggregat ion to o v e r c o m e tree defense, 
r as j . t r r ; n n a ; : a : t i c k i o n •";•:( : ; - t c s L ' J.a~y r o r : • "c .og ica . =nc : Í - ; Í C J . 
processes in I. typography are under the regulat ion o f juveni le h o r m o n e III 
(JH Nil. inc lud ing tine biosynthesis of aggregat ion p h e r o m o n e s and assoc ia ted 
detoxi f icat ion mono te rpene conjugates. 

Ob jec t ives a n d M e t h o d s : In this study, w e topical ly appl ied juveni le h o r m o n e 
III [JH III) a i d per fo rmed me tabo lom ics , transe r ip tomics. a n d p ro teomics in I. 
typography bo th sexes, w i t h focused a ims ; 1. Highl ight tine J H 111-regulated 
metabol ic p rocesses ; 2. Identify p h e r o m o n e b iosynthes is- l inked genes ; and 3. 
Investigate J H Ill's impact on detoxi f icat ion conjugates l inked t o phe romona l 
c o m p o n e n t s . 

Resu l ts : N u m e r o u s gene famil ies we re enr i ched after J H III treatment, 
including genes assoc ia ted w i th catalyt ic and ox ido reduc tase activity, esterases, 
phosphatases, and m e m b r a n e transporters. Sex-spec i f ic en r i chments for 
reproduct ion- re la ted artd detox i f icat ion genes in females and metabo l i c 
regulat ion g e n e s in males were observed. O n the protein level we re en r i ched 
m e t a l i o n b i n d i n g a n d t r a n s f e r a s e e n z y m e s i i ma le beetles. After JHI11 treatment, 
mevalonate pathway genes, inc lud ing termina l isoprenyl d iphosphate synthase 
(IPDSJ, we re exclusively IS- fo lds upregulated in males, prov id ing ev idence of 
de novo b iosynthesis of p h e r o m o n e c o m p o n e n t s 2 - m e t h y l - 3 - b u t e n - 2 - o l and 
ipsdienol . In addi t ion, c y t o c h r o m e P 4 5 0 genes likely involved in the biosynthesis 
of c ř s / f «ns -ve rbeno l , detoxi f icat ion, and format ion o f ipsd ienol , we re i - f o l d 
u pregulated in the ma le gut. The ir icrease i n g e r e express ion c o rrelated w i th the 
heightened p roduc t i on o f the respect ive metabo l i tes . Detox i f icat ion conjugates, 
verbenyl o leate in the beet le fat body and verbenryl d ig lycos ides in the gu t 
we re i nduced by JHIII appl icat ion, w h i c h con f i rms the h o r m o n e regula t ion of 
their fo rmat ion . T h e J H III induct ion also increased the gene con t igs esterase 
and g l ycosy l hydrolase up to proteins f r om male gut tissue. T h e esterase 
was p roposed to release p h e r o m o n e c rs -verbeno l in adult males by breaking 
d o w n verbenyl oleate. The corre lat ing analyses con f i rmed a reduct ion in the 
abundance o f verbenyl o leate in the induced male beetle. 
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R a m a l i n d v u n e t a l . 

C o n c l u s i o n : r e sata prov ide ev idence of dH III s regulatory role in the 
express ion of g e n e s and" e n z y m e s related bo fundamen ta l beet le metabo l i sm, 
p f i e io fnone biosynthesis, and detox i f icat ion in I D S typographies. 

E m m 

Ips typograprms, juvenile hormone 111, hormonal regulation, mevalonate pathway, 
CyP450, esterase, monoterpenyl dig lyccsides, isoprenyt d i phosphate synthase 

1 Introduction 
'[ho KLJ-LFJJJI Spruce Bark Emetic (Jps lypographui, Coleoplera: 

Curculioriidae) is a pest that severely affects Norway spruce [Picm 
litres) survival across Eurasia (Ward el aL, 1022). In recent years, 
changing climate patterns ranking in extended periods of drought, 
along with human-induced factors such as establishing monoculture 
spruce tree plantations, have played a role in exacerbating its outbreaks 
rjHlasny et aL. 2021). In the Czech Republic, from 201R. till 2022, over 
50 mill ion m J of spruce forest have been recorded with barb bcetlc-
tntcsled wood (Knizekctal , 2023) . In Europe as a whole, J. typography 
has killed twice as many trees in the past decade, approximate])- 70.1 
million m 1 of timber, nearly all DK it Norway spruce (Fatatca el aL, 2023). 

In the class [reseda, many morphologjeal and behavioral changes, 
such as body development, reproduction, parental care, mating 
behavior, moll and growth, diapause, and many other functions are 
hormonally rcgulaled ([indra et aL, 1013; Smykal el i l . , 2014) . The two 
most important classes of insect hormones are cedysleroids. and 
juvenile hormones {Pandey and EUoch. 20] J } . In Colenptera 
pheromone biosynthesis concepts, juvenile hormone ]][ (Til [ID is the 
most studied I Kcelirig et a l , 2 0 Lft). The primary function of these 
hormones Is to maintain juvenile characteristics and prevent 
premature metamorphosis (Goodman and Cusson, 2 0 1 2 ) . |H III is 
synthesized in the exocrine gland corpus allalum and transported 
through the hcmolymph by binding proteins to its Urgcl receptors 
(rindra and Battova, 2020) . JH 11 [ has been extensively used lo study 
many gene families involved in insect growth and metamorphosis, 
along with social behavior { kiddi fc-rd et al., 2010; Trumbo, 2018). 

First instai insect Larvae initially contain a high titer of 11 [ HI. 
which is subsequently reduced as, the larvae undergo metamorphosis 
into pupae (I rcihlmayr el al., 2006). In the pra-melamorphi: stages, 
1111 [1 has been studied for its influence on the development of larval 
muscles and the prothoracic glands producing ecdyslerolds. as well as 
its role in restructuring gut development, fat body, and epidermis in 
various inseel species(Riddiford et aL, 2 0 0 ] ; Riddifurd. 2 0 ] ] ; Jindra 
et aL, 2012) . In the adult insects. [11 l l [ influences yarious aspects, 
including phcromonc production (Tillman et al., 2 0 0 4 ) and social 
behavior (Trumbo, 1 I • J, caste determination (; iristinn et a l , 2 0 0 6 ] ! 
aggression and display (Kmlen etal . , 2006) , migration [Zhu el al., 
2009) , and neuronal remodeling ([cinwand and S .M I I . 2 0 2 1 ) . 

In bark beetles, 111 111 effects have primarily been studied in 
relal ion lo phcromonc biosynthesis induction. When the beetles bore 
Into the hotttrecJEI l l[ is released from the endoenne gland. initialing 
a series of hormonal signaling processes that lead to the production of 
aggregation phcromonc componenIs i n male beetles (I3akke el a]., 
1577; Schlytcr et al., 1987). In nature, this potent blend attracts 
conspectfjes, both males and females, lo mass attack to help overcome 

tree defense. In controlled laboratory conditions, phcromonc 
biosynthesis induction can be achieved by topically applying ] E 3 I [1 on 
the beetle abdomen (Byers and Birgcrsson. 1990; Ivaisson et al., 1993; 
Scybold d a l . 1995; Tillman et a l , I99Ě}. This method triggers the de 
novů symhesis of pheromone compounds while avoiding potential 
interference with the metabolic pathways involved in Ihe digestion of 
ingested phloem tissues. Pheromone induction using ] H [11 has been 
demonstrated in bark beetles such as JJJS pwri. Dendrocforiifi 
ponaeroaw, and Ips lypogmgifrui (Nardi el al., 2002: Tillman el al., 
2004; Zhang et al. , 2017; Fang et aL, 202 L a i * Ramikrishnan el al., 
2022a). However, certain Ips species such as J. conruadi and lpí 
grand, icoili í, have been reported to he unresponsive to Ml 11 [-induced 
pheromone induction (Tillman et al., 2004; BearAcld et a l , 2009). 

"[he molecular-level effects of IE! I l l on pheromone biosynthesis 
have been subsequently Investigated in various species, including Ips 
paraconfusvs [Ivarsson and Birgcrsson, 199?), ips pim" (Tillman etaL, 
1998; Bbmquist et aL, 2010), and Lfcifjirorta\us pondemsae (fceeling 
d al., 20 J fc)- JH III i n l u c l i n n has been found to activate multiple gene 
families responsible for pheromone biosynthesis, especially i n the 
mevalonatc pathway (Saraba'aet al., 2019). 

In I. iypt^raphus, male pioneer beetles produce aggregation 
phcromonc Mends made up of several terpenoid compounds 
2-memyl-}-rMnen-2-nl, cfs-verbenol and minor amount of ipsdienol, 
after successfully boring into the tree bark. Both 2-melhyl- 3-bulen -
2-ol and ipsdienol are synthesized in beetle guts through the 
mevalonate pathway {Figure I; Ram akr i shram et al., 2022a). In the 
context of bark beetle pheromone biosynthesis, previous sludieshave 
identified key enzymes in the pathway (Tillman et al., 1998). The 
pathway involves the condensation of acetoacctyl-CoA with 
acetyl-CoA catalyzed by 3-hydraxy-3-n\eíhýt glu'aryi cofHzyme-A 
syrrífrase l .HMG-5) , followed by a reduction of hydroiymelhyl 
glularyl-CoA to mevalonate, catalyzed by 3-hydswiy-3-!xct)ryl sfutosyl 
coenzyme-^ redíírliijp (E1MÍ! Ri [.alec, the mevalonate is 
cJiosphorylaled by pírospírotr^ vakmotr kinase (PMEO, followed by 
several steps of modification to form the isopienoid biosynfhefic 
units, isopentenyH diphosphate and dimethyl a l M diphosphate 
(Buhaeseuand Izzedine, 2007). Condensation of two isoprenold units 
calalyzed by geranyf diphespliate sypilnflsz" (QPPS) synthesizes, geranyl 
diphosphate, the precursor of bark beetle monotcrpenoidpberomones, 
such as myrccne and ipsdienol (Gilg el al., 1005; keebn g et aL, 2006; 
BearAeld et a l , 2009; Ramakrishnan et a l , 2022a). In I. typography a 
gene was recendy reported that likely encodes an rsíprepjvJ-cířírjcupAaíe 
imrnnst-'TPDS) lesponslhle for converting dimcthylaJyl dipbosphatc 
into 2-methyl-3-bulen-2-o], a transformation unique in insects 
(Ramakristmanet aL, 2022a). Epsdienol biosynthesis also invokVeslhe 
oxidation of myrccne: calalyied by the cytochrome P450 enzyme 
CyP450TI/T2 (Sandstrom et aL, 2006). 
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The third phcrrnnonal component in I. typepaplms, cis-verbenol, 
Is not synthesized lie novo but is instead produced through the 
CyEMjO catalyzed oxidation of (-)-n-pincnc that adult beetles 
sequester fiom ihe tree (Renwick et al., 1976; C h i u el al . , 2019). 
.additionally, a substantial amounl of C M vcrhenol has been detected 
in the gut of immature beetles thai devdop inside the bark, which is 
believed to be a result of detoxification of toxic a-pincne by these 
juvenile beetles (Rarnakrishrian et al.. 2022a). A s part of this 
deloxiftcalion process, efs-verbenol (along with myrlenol as another 
detni product) is neposited i n me form of monolcrpenyl fatty acid 
esters in the rat body (Chin et a l , 201*; llamaknsbnan et aL, 2022a). 
These conjugates can be hydrclyied tD provide free rfj-terbenol in 
adult males when a supply of this pheromonal component is needed. 
In J. lypaftTGphus, a candidate gcr.L cr.codir.u. a carboiylesterase (fatty 
acyl transferase) foi the formation of vcrbcnyl oleate (a fatty acid 
ester) i n juvenile beetles was proposed and another carboiylesterase 
with ester bond cleaving; function was suggested to be present in adult 
males (Ramakrishnan et a l , 1022a,h). Another rrs-verbena! 
ctmj ugalcs. created through diglycosylation. has recently been 
discovered in the gut tissues o f f . 'ypojpaphusi Ramakrishnan et al., 

t. Detoxification via glycosyration is a common feature in 
insects {I [illiou el al.. 2'.:2 l ) , wi lh L1 DP-fiiycosytlroprsrerases being 
commonly studied as detoxification enzymes (Dai el a]., 2021; Eriwell 
et al . , 2021). In 7. typographus, cis-verbenyl diglycotylale has been 
proposed as a potential parallel reservoir for the pheromonc c«-
vcrbenol released by adult males, a hypothesis that aligns wi lh early 
hypotheses in D. poiukrosat (Hughes, 1974; White et a l , 1980). The 
clfccl <\ I ; nt i. orma".ion 'I these dĉ  ixaticatlonc I I V L ^atesor 
cleavage into pbcTomonc-precursorshas not been studied yet. 

To learn more about the effect of 111 111 on back beetle mctaboUsm, 
we topically applied IH III do I. typosnrphui and analyzed changes at 
the levels of gene transcripts, proteins, and metabolites in both sexes, 
[he primary tissue studied was the gut, the site of pheromonc 

biosynthesis and detoxification. 
We hypothcrLie that IE 11 [1 will induce correlated changes in genes, 

proteins and metabolites that reflect the requirements of adult beetles 
to aggregate and overcome me aefense of ihcir host trees by feeding en 
the phloem and reproduce. These changes are expected ID occur in a 
sex-specific fashion. We also hypothesize that JE1 [IE will induce 
pheromonc biosynthesis and the detoxification of spruce defense 
metabolites, especially those involved in the formation of 
aggregation pheiomones. 

By checking the above-mentioned hypothesis, genetic-level 
research of the bark beetle. J. typopsphus can lead to practical 
implications using R N A JHitenerencc silencing of targeted genes and 
Influence ihe pheromonc melabolism. The R N A i technique fot 
CDleoptcran (wood-boring) insects has proven tor highly susceptible 
and demonstrated recently on Insects such as Emerald ash borer, Asian 
longhorn beetles, Chinese While pine beetle and Mountain pine beetle 
(Rodrigues et aL, 2017: Dhandapani et aL, 202ft Kyre et aL, 2020). 

2 Materials and methods 

2.1 Beetle rearing 

Spruce logs (Picen ufries) naturally infested wi lh 1. typographns 
were collected from the Czech University of E.ife Sciences, Forest 
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Enterprise i n Koslelcc and C e m y m i lesy, Czech Republic. The 
infested legs were slorcd in a cold chamber (4^C) unti l further use. 
[he fresh spruce logs (approximately 50 em) were infested with FO 
generation, beetles (150 beetle! per log) and maintained under 
Laboratory conditions (70% humidity, 24'C, Ib-.Sh day/night 
P T ' T K - J . and ^enlilJted p l - i ^ k -Jt-niJincr- M ''- • "-'> • If cm-A7-1. 
volume! for incubation to establish the F l generation. After 
4 weeks of incubation, I'L generation beetles were roller ted and 
soi led for male and female beetles. Subsequently, the beetles were 
treated with 0.5 u [. of acetone (control) or 0.5 u l of a solution of 
20 pg/ul [ H III in acetone (10 ug o f |H III} topically on the 
abdomen of the beetles. After application, the beetles were kept 
under laboratory conditions for 3 b. Beetles were f r o w n i n l iquid 
nil rogen and stored al -HO^C until further use. Before analysis, the 
guts were dissected from stored frozen beetles for further 
downstream analysis. In this study, the beede body refers to the 
tissue with fail remaining after removing ibe gul, elytra, and wings 
(Ramakrishnan e l a]., 2022a.b). 

2.2 Metabolome 

2.2.1 Gas chromatographic-mass spectrometry 
analysis 

t h e frozen beetles were disscetcd to extract their guts, which 
were then placed in 2 m L analytical vials containing 100 p i of cold 
pentane (10 guls per vial). The beetle bodies were placed i n separate 
vials containing 1 mL of chloroform (L0 beetle bodies per vial). The 
extracts are obtained after overnight incubation at4^C and tissue free 
solvents were separated using a short centrifuge < 4,000 rpm,30s) and 
me J I 'T imccli(-n. 

A Pegasus 4 D G C x G C - M S system ( L E C O , St. Joseph, M l , 
U 5 A ) employing an A n i e n t 7,390 fl and a consumable-free 
modulator was used to analyze the samples. One microliter of the 
extract was injected into a cold E T V injector (IOC) i n split mode at 
a ratio of 1:3. After injection, the inlet was heated to 27S°C at a rate 
of ETC/s. Separation was conducted on an E1P-5MS L"l capillary 
column (30m, 0.15 mm i.d., 0.25pm him thickness, Agilent) coupled 
tD BPX- FO (1.2 m, 0.1 m m i .d . , 0.1 p m ftl m thickness, SGE). The G C 
oven temperature program was as follows: 40^C for 2 min ; then 
ramped at a rale of L0=C: nun" ' to200°C- then at 5 " C m L n " 1 to J20 C C 
and held for 15min. The second-dimension oven modulator had 
onsets of 5*C and L 5 M , respeetively. The modulation period was 5 s. 
The total G C runtime was 57 min. Ions (ionizal ion energy of 70 eV) 
were collected in the mass range of 35-500 D a at a frequency 

Kid 

Automated spectral deconvolution and peak-finding algorithms 
were applied using C h r o m a T O F software ( L E C O , St. Joseph, M l , 
U S A ) . FDT identification of the compounds, the mass spectra and 
retention indexes from the National Institute of Standards and 
Technology {N 1ST. 2017) mass spectral c ustomized library' were 
used. En the case of fatty acid ester (oleate) was identified using a 
targeted search using mass spectra and retention indexes obtained 
from synthetic standards (Chiuet aL, 10IS) measured under same 
conditions as in o u i previous studies (Ramikrish nan et al., 2022a). 
Relative abundances were defined as the percentage of the peak area 
oftbe lui'e'-. 'd metabolite in relation to the sum of peak areas of all 
peaks in the chromatogram 

2.2.2 Ultra-high-performance liquid 
c h roní ato g ra p hy-electro spray i o n i zation 
-high-resolution tandem mass spectrometry 
analysis 

The polar fraction of guts was extracted by adding methanol, 
water, and acetic add in a ratio of 70/30/0.5 (vVv) at a volume D Í 7 m L 
per gut. The mixture contai ned l ; C 2 -myristic acid (I pg/mL) as an 
internal standard. 1 he gul tissue was sonicated on ice for 5 min and 
disrupted using a pre • chilled Eppendorf tip. The samples were then 
centrtfugedat 4000 I t l ' M for 3 min, and the supernatant collected in 
a new vial with a IDOpI. glass insert. The polar fractions of gut 
extracts were subjected to UE1 PLC • E1 ELMS'MS analysis. 

UHFLC-ESE-HRMS/MS was performed using an Ultimate 3,000 
series KS1.C system (Dioncx) coupled to a Q-[inactive H F - X mass 
spectrometer (Thermo Fisher Scientific). Solvents A-watcr and 
B-acelonilrileiE.iChrosolv hyper grade far L C - M S ; Merck, Darmstadt, 
Germany), both with 0.1 % vtv Ibimic acid (eluent for L C - M S , Sigma 
Aldrtcb, Steinheim, Germany), were used for the binary solvent 
system. 10 p i . of the extract was injeded, and cr.romatDgraphtc 
separation was performed with a constant flow rate of 300 pi./min 
. L J I I V J a:'. . w l - i i m ^ ker.in ' l í n - 2 1 m m . . . p r v Pmn^s. 
Eorgenleicli, Germany). SoLvenl gradients (B0J-100ft v/v Ebf L5mdrr 
100% Bfor 5min; 100-0.51*, v/v for 0.1 mim 0.5% lor 5 min) were used. 
Ionization in the EIFil ion source was achieved by 4 J k V cone vohage, 
35V capillary vohage, and yXfC capillary temperature in the transfer 
tuhe in positive ion mode and 3.3 k\" cone voltage, 35 V capdlary 
vollage, and 32D 5C capillary IcmperaLure in negative mode. Mass 
spectra were recorded in both modes at a mass range of m/z Si)-1100 in 
duplicate. T he obtained fragments with retention time values were 
intcTprclcd using X C A L E E U R software ('Lrjcrmtr I'isher Scientific, 
Waltham, United Slates; Ramakrishnan et aL, 2022a,b). Metabolite 
samples were compared and statistically evaluated using 
MetahcAnalysl 4.0, and the determined masses were compared wilh 
the database ((Ifiong el aL, 20 Li). The amounts of three diglycosides 
of oxygenated monoterpenes (verbeno]) were determined with mass 
spectra obtained from our previous work (Rare, akrishnar. et aL, 2012b). 

2.3 Transcriptome 

2.3.1 Sample preparation 
The beetle guts were dissected in RNAlatcr. Four biological 

replicate included three technical replicates each containing lOpoolcd 
guts was used Total R N A was extracted from male gut tissue samples 
using a pre-optimized protocol (ScUamutbu et al., 2022) and sent for 
sequencing with a NOVAseqíOOO (FEÍ150,30 million raw reads) after 
quality determination using an agarose gel and a bioanalyzer. R N A 
(Ipg) was used for c D N A synthesis using the M - M L V reverse 
transcriptase kit fallowing the manufacturer's protocol and stored at 
—SO'C for downs! ream analysis. 

2.3.2 Differential gene expression analysis 
RNA-seo. Data were analyzed using C L C workbench 21.0.5 

(QIAGEQV Aarhus, Denmark) with a pre-optimized setting for 
mapping exon regions with genome reference (Tslaseer el al., 2023). 
l-LXthermore. sequence ditasels and relative transcript depression 
levels were obtained using T P M values. Finally, an empirical LK3E 
analysis was performed using the optimum parameters 
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(PtamaJcrishnan el aL, 2022a). Genes with a false discovery [ale 
([ ;]>R)-corrected value a f p cut-oif of <0.05and a fold change cut-off 
of i fouj-fold as a threshold value for being significant. Differentially 
expressed genes were functionally searched in a d o u d B L A S T using 
the C L C Genomic Workbench. Gene Qnlology term identification 
was performed using three categories (biological processes, molecular 
functions, and cellular components), and similar names were 
identified from the Kyoto ELncyclopcdi a of Genes and Genomes 
pathway database (Kmcbtsa, 2001; Kanehi ha el aL, 2017). 

2.3.3 Quantitative-real time PCR analysis 
To validate Ute U N A seq. Data, genes were selected forql tT-FCR 

based on thci r varied expression levels. Printers, were designed using 
IDT primer design software (Supplementary Table 4). A synthesiied 
c D N A template was used for q l l T - P C R validation using SYBR™ 
Crcen PCR master m i l (Appbed Biosystcms, United. Slates) under 
the following parameters: ^ " C for 3 m i n , 40 cycles of 95 = C for 3 s. 
and 60 = C for 34. s. A m i l ting curve: was generated to ensure stnglc-
prodnct amplification and eliminate the possibility of primer dinners 
and no nspedtic amp Loons. The relative expression levels of the target 
genes were calculated using the I " n method with two housekeeping 
genes (Sellamulbu et al., 2012) as a reference for normalization with 
four biological replications. 

2.4 Proteome 

2 4.1 Sitrple preparation 
Froren beetles were dissected under on dry ice, and four biological 

replicates of each treatment were used for protein detraction and 
analysis. Each biological replicate contained tissue of three individual 
guts. PrcUcin extraction was lysed in cold buffer containing 50 m m 
lr: : > I pi I V I iv.M I." iv.M I I . N , Ay i.hv.. ;.id,.-. 

and 0.1% sodium dccecychalate. Gut tissue in the buffer with protease 
inhibitor mixture (Roche) was incubated for IF min on ice. Lysates 
were cleared by centrifugal ion, and after precipitation wilh chloroform/ 
methanol, proteins were resuspended in 6 m urea, 2 m thiourea, 10 mm 
HEFES,pHtVO and proceeded for digestion ( C o i etaL, 2)014). 

2.4.2 Protein digestion 
The samples were homogeniied and lysed by boiling at 95"C for 

id min in K B m M T E A B (triethylammom'um bicarbonate} containing 
1% SDC isoditnn dcrrxy etiolate), 40 m M cbloroacetamide, and 10 m M 
Tris (I-carboxyethyl) phosphine, and further sonicated (BandcLin 
Sonoplus Mint 20, M S 1.5;. 1 he protein concentration was determined 
using i standard protein assay kit (Thermo Fisher Scientific). About 
30 ug of protein per sample was used for MS sample preparation. 

SPJbeads were used for sample processing. Five ul of SP3 beads 
were mixed with 30 pg protein i n a lysis buffer and made up to 50 u l 
with T E A B (LOOmM). Protein binding: was induced by adding 
ctbanol lo a ö nal concentration of 60% (vol/vol). The samples were 
thoroughly mixed and incubated at 24 for 5 min . Auer SP J was 
bound lo the proteins, the tubes were placed on a magnetic rack, and 
the remaining unbound supernatant was discarded Using LBO|i]. of 
80% ethanol, beads were washed twice. After washing, samples were 
digested with trypsin (trypsin/prolcin ratio L/30) and reconstituled 
in 100 raM T E A B al 37*C overnight. Digested samples were acidified 
with triiluoro acetic add (TFA) to a final concern ral ion of J %. Fina. Jy, 

F;Dnbef s n Fcreste a n d G l o b a l C h a n g e D5 

peptides were desalted using in-bousc stage tips packed with C I S 

disks (Empore; llappstlber d al., 2 0 0 7 ) . 

2.4.3 Nanoliquidchromatography-MS/MS 
analysis 

n l . C - M S i ' M S analysis was performed with nano-reversed-phase 
columns (FASY-Spray column, 50 cm x 75 p m I D PepMapCIS, 2 pm 
particles. 100 urn pore size). In this analysis, mobile phase buffer A 
(0.1% formic acid in water) and mobile phase buffer B (acetonitrilc 
and 0.1% formic acid) were used. Samples were loaded i n a trap 
column of C I S PepMap 100,5 pm particle size, 200 |im x 5 m m from 
Thermo Scientific. About 4 min at IBpL/mtn loading buffer with 
water. 2% acctonitrile, and 0.L% trifluoroacclic acid were used for 
loading. Peptides were duted with a mobile phase B gradient of 
4-3S% over 120 min. The eluted peptide cations were converted into 
gas-phase ions by clectrospray ionization. A Tbenrto Orbit rap Fusion 
(Q-OT-qlT i Thermo Scientific) was used for the analysis. Survey 
scans of peptide precursors from J50 to l,4Q0mi'z were performed 
using an OrNtrap at 120 K resolution (2D -m•':'!• '.:ith a 5 x 10* inn 
count target. Tandem M S was isolated at i ,5 Th using a quadrupole. 
11 C D fragmentation w i l h a normalized colbsLon energy of 30. -ind 
rapid scan analysis in the ion trap. The second mass spectral ion 
count target was set to I0H, and the maximum injection time was 
JSms. Precursors with charge state 1-6 were stricdy sampled. The 
dynamic exclusion duration was set to 30s with a IOppm tolerance 
around the selected precursor and its isotopes. Monoi so topic 
precursor selection was then performed [he instrument was run in 
top-speed mode with 2 s cycles (I [chert d a l , 2014X 

A l l dala were analyzed and quantified using MaxQuant software 
(vers™ 2.0.2.0-, Car. and Mann, 2008). The FDR was Limited lo I * for 
both full proteins and s m d l peptides. The pept ide lengths of the seven 
amino acids arc specified An MS/MS spectrd search was performed 
using the Andromeda re arch engine against the f. ryy^rttpUm genome 
database. The C-termini of A rg and Lys were set for enzyme spcatinty. 
allowing the cleavage of prol inc bonds with a maximum of two missed 
cleavages. Cysteine dithiomcfhylatjon was selected as the t o e d 
modification. Various modifications were considered wi lh 
N • N • termtnd protein acetylatlon and methionine oxidal ion. Matches 
between the run features from MaxQuant were used to transfer the 
identified peaks to other L C - M S 7 M S systems. Huns based on masses 
and retenl ion times (wilh a maximum deviation of 0.7 min) were also 
considered for quant iftcation. A label-free M a i Q u a n l algorithm was 
used for quanl ification (Cor el aL. 1-: J -i). Data analysis war. performed 
using Perseus I J6.15J0 (Tyanova et aL, 2016). 

2.5 Statistics 

L C - M S data analysis was performed using MetabcAnalyst 4.0. 
• C x G C - T O F - M S data were cleaned for residua of analysis, normalized 
(constant raw sum), and evaluated using principal ccanponenl analysis 
(PCA) in the SI M C A 1 7 software (Sartorius Stedim Dala Analytics A E , 
Malmo, Sweden). T-1cst with 9 S S confidence interval was used to 
compare the abundance of control and treatment groups in T115CO 
Statistics (United Slates, 2021). The data from transcriptomc and 
proteome was norrndLzed using C L C workbench 21.0.5 (QTAGEN 
Aarhus, Denmark) and MaxQuant soflwanc (version 2.0.2.OJ 
respect ively, and significant data ( I K O . O S ) were extracted for further 
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analysis. qRTdala W A S analyzed Midi one-way A N O V A . Fisher l-SP 
test in T IBCO Statistics (United States, 2021). 

3 Results 

3.1 Total gene enrichment analysis from 
guts of males and females after JH III 
topical treatment 

The functional aspects of III III influenced gene families from 
adult males and females were gained by a gene enrichment analysis, 
the data gained from differential gene expression (DGH) with 
significance (FDR-corrected value of p <0.05). 

In males, the analysis re waled that a significant number of 
enriched genes were involved in metabolic processes. Additionally, 
functions such as catalytic activity, ester hydrolase, phosphatase 
activity, transporter and gK/cosyltransferase activities were also 
determined to be over-represented after f i t III treatment by 
enrichment analysis. Gene functions related to lyase activity, small-
molecule metabolic processes, carbohydrate metabolic processes, and 

h p d biosynthesis were also over represented Most importantly, 
wc found that gene groups involved in pheromone biosynthesis 
functions, including isoprenohl biosynthesis, metabolic processes, and 
dephosphorylauon were enriched. Gene functions related to 
oxidorcductase and alkaline phosphatase activity had the least 
coverage in terms of gene sequences (Figure 2A). 

In female gut tissue, the I S A showed enrichment of membrane 
related and membrane transporter activity related genes rather than 
metabolic synthesis genes as in males. Several gene groups with 
functions related to detoxification, such as carboxytic acid 
transmembrane transporter, organic acid membrane transporter, 
amino acid transporter, alkaline phosphate activity, phosphatase 
activity, and protein dephosphorylauon wen.- identified as enriched. 
Genes responsible for oxidorcductasc and catalytic activities, 
phosphoric ester hydrolase activity, phosphatase, and lipid metabolism 
process had higher sequence coverage in females than males, 
furthermore, metal ion binding genes such as zinc ion binding and, 
caibohydratc metabolic process gene families Here identified exclusively 
in female gut tissue, the gene groups for lyase activity and hydrolase 
activity were enriched in females as in males and many unknown genes 
were clustered under the "others" category "(Figure 2B). Taken together. 

• 9 

. r 

. r 
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G e n e e n r o l m e n t analysis of transcripts f r o m m a l e gut tissue (A) a n d terns'* nut tissue IB) after J Mill treatment. T h e data set were given as a test set 

b l u e ) t o reference set Ired) gene families k n o w n f r o m reference websites as G e n e O n t o l o g y The possible f u n c t o n s of the genes w e e i=:ed against 

the percentage of s e q u e n c e c o v e r a g e 
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3.2 Total protein enrichment analysis from 
guts of males and females after JH III 
topical treatment 

T h e l i s t o f d e t e c t e d p r o t e š as w i s o q g a n i i e d . b i s c d D I T f u n c t i o n a l 

r e l e v a n c e . Ln Ihc m a l e g u t t i s s u e a f t e r 1]] 111 u r e a t n i e n r , the i d e n t i f i E d 

p r o t e i n s c l u s t e r e d i n t o J i - S k n o w n , f u n c t i o n s , w h i l e i n t h e t reated, 

a e m a l e Brut t o r m c d i R ú f u n c t i o n a l g r o u p s . O f t h e s e , 3d7 g r o u p s w e r e 

c o m m o n t o b o t h m a l e - t r e a t e d a n d f e m a a e - r j e a r j s a g u t s a m y i l e s . . S i m i l a r 

to g.LZCrí- c n r i i n n c o l a j iahiTu; , b o t h s c i e s e x h i b i t e d i h c k i g k e s t H L U D h e r s 

o f p l o s m a m e m b r a n e - a s s o c i a t e d p r o t e i n s : ( a t o p i c n e n t a r y T i h l e 5 ) . 

T h e f u n c l i o n a l g r o u p s S d ^ n d b c d . i n m a l e and. female g u t s af ter \\\ 

111 t r e a t m e n t w e r e Jarg.rJ;. r rimilac. P r o t e i n s r e l a t e d t o t h e n u c l e u s a n d 

n u c l e o l u s , A T P i r i d R K A b i n d i n g p r o t e i n s w e r e e n r i c t i e d Ln b o t h , 

sexes . H o w e v e r , i n m a l e s , , t h e n u m b e r o f p r o t e i x i s w i t h , f u n c t i o n s 

r e l a t e d t o m e t a l i o n b i n d i n g i n d . t r a n s f e r i s c i c l i Y i t y w i s h i g g l e r 

c o m p i r c d t o females- C 3 "^X W h e r e a s , i o t h e female g u t , t h e 

r e p r o d u c t i o n - r d a L e d . e m b r y a d e v e l o p m e n t p r o t e i n s w e r e h i g h e r 

p r o t e i n c u m b e r s (I l g u r e i B ; S i i p p l e T o e n t i r j T a b l e i ) . N e v e r t h e l e s s * 

t k c d i n e r e n c c s - b e t w e e n m a J c a n d t e m i l c guts j J t e r 1 H III t r e a t m e n t 

w e r e m i n o r i n l e n n s o f - a e n c t r o n i c n a - t s m i d p r o t e i n e n r i c h m e n t s . 

3.3 Metabolome 
3.3.1GC-MS analysis of extracts from guts and 
bodies of males and Females after JH III topical 
treatment 

LurlrncLs o f the g u t s a n d b o d i e s o f m a l e a o d f e r r u l e J. iypo^raphus 

beetles- s u b j e c t e d t o 1EEE11 t r e a t m e n t , were- c o m p a r e d t o t h e i r 

r e s p e c t i v e c o n t r o l groups^, u s i n g c o m p r e h e n s i v e L w o - d u r n e n s i o o a l 

gas d i r o m a t o s r a p h y . 

' E h e i n i t i a l P r i n c i p a l C o m p o n e n t A n a l y s i s [ P C l A . i r e v e a l e d a 

d i l l io c L s e p a r a t i o n o f [II EE1 t r e a t e d m a l e guL s a m p l e s i i a m c o n t r o l , 

s a m p l e s t r e a t e d w i t h a c e t o n e . T h e f i r s t t w o c o m p o n e n t s o f t h e P C A 

p l o t a c c o u n t e d f o r J o . 5 % o f t b c v a r i a o c e i o t h e d a t a ( s e e F i g u r e 4 A ) . 

I h e p r i m a r y c o m p o o n d r e s p o n s i b l e f o r i b i s s e p a r a t i o n was- i d e o c u ä c d 

as L b c m a i n J. typopviphuL i g g r e g a t i o n p h e r o m o n e c o m p o n e n t , . 

ľ - r n e t h y l - 3 - b u t e n -2 i i L A d d i t i o n a l l y , c o m p o u n d s s u c h , i s i i s -

v e r b e n o L i n d . p h c n y l e t h i n o L ( m a l e - s p e c i f i c c o m p o u n d ) a l s o 

c o n t r i b u t e d t o t h i s s e p a r a t i o n . I n c o n t r a s t , c o n t r o l m i l e g u t s 

c o n t a i n e d o n l y p h e n y l e t h a n o l a n d t r a c e u n o u o t s o f c i f - v e r b e n o l , . 

a l o n g w i t h t r a c e s o f o t h e r c o m p o u n d s s u c h as v e r h e n o n c . i p s d i e n o l , 

a n d m y r t e i M i ] i n t e r bo u rolcrr .er_" :arY \-\ s u r e I) . 

[ h e r e l a t i v e a b u n d a n c e o f t h e p h e r o m a n c p r e c u r s o r v e r b e n y l 

o lea tc w a s d e t e r m i n e d i n extracts- f r o m h o I h . t h e g u t s a n d t h e b o d i e s , 

( i n c l u d i n g t h e fa t b o d f ) o f beetles- f o l l o w i n g f H III t r e a t r n e n t a n d . 

c o m p a r e d t o a c o n L r o l (see ' }. I r . b o t k m a J c a n d t c m a k b e e t l e 

cod.]-' e x t r a c t s , 111 E l l t o p i c a l t r e a t m e n t l e d t o a s i g n i f i c a n t i n c r e a s e : 

( l . S x . i n m a l e s ; l . : x i n f e m a l e s ) i n t h e l e v e l s o f v e r b e n } - ] c J e a l e 

c o m p a r e d t o t h e c o n t r o l g r o u p . 

[ h i s t r e n d was- aJso o b s e r v e d i n e x t r a c t s f r o m f e m a l e g a t s {ISí 

i n c r e a s e ) . H J o w e v e r P i n t h e g u t e x t r a c t s o f m a l e b e e t l e s , . \\ \ IU 

t r e a t r n e n t r e s u l t e d , i n i s i ^ n i i l c a n t d e c r e a s e ( l . B x d e c r e a s e ) i n t h e 

r e L a t i n a b u n d a n c e o f T T i b e n y l o l c a l e c o m p a r e d bo t h e c o n t r o l g r o u p 

T h i s d e c r e a s e is l i k e l y o t t n b u t a b l e c l e a v a g e : o f t h e s e m o n o t e r p e n e 

con^ujjabes t o g i v e t h e free: p K e r o m o n e tis -T -TerbenoL ( r e f e r t o 

>."[ j i c a L s o l u l e a r n o x j c d o f v i e r b e n y ] oleaLe i n dirJe r e o t b e e t l e 

Lite s t a d i a w a s I S D n - a / r n g o f b e e t l e b o d y w e i g h t , as p r e v i o u s l y 

q u i n t i f i e d . ( K a m a k i i s h o a n et i l . , ľ u ľ l i ) T h e c o n t e o t o f f r e e cis-

v e r b e n o l i n l h c g u t s o f f r e s h l y e m e r g e d beet le w a s 5 n g i ' g u l , w h i c h can. 

b e c o m p a r e d w i t h c o n t r o l b e e t l e s i n t h i s s t u d y . 

3.1.2 UHPLC-ESI-HRMS/M5 analysis of guts 
extracts of males and females JH III topical 
treatment 

. M e t a b o l i c p r o f i l i o g o f n o n - v o l a r i l e a n d p o l a r c c o n p o u n d s i n t h e 

g u t t i s s u e s o f [hi I l l - t r e a t e d m a l e s a n d f e c n a l ŕ s w a s c o n d u c t e d u s i n g a 

i i - r i i ' n - i 

1 l i l i H II 1 = 113 

f z---.z: 
F t o i s H n m r i r n i r e n t a r a l y s a s o T p r o r s H n s l r o m ( Ä | m a t a q u : - J s s u a a n d ( B l l a n - r a l a o u i I I S S J C a r a F J H I H ľ ^ a u T o r r fha p o s s b l a p r i w d n l u r i o i o r e ; v J i h 
d q n r > i a r > i H p • - D D 5 J i M ] < z \ \ n r a • M r r a r i n r ; r>5f is - t rk ir , l "Xipr<Jlsäin iwrbiáz a r n U n f i d l n ďils n o u r s - £ É H O ' r o n v r i n g ^ i r c U c r & v w r J i tortuprecan 
n u n c a n ; arc- g h m i r i i x n c 4 a r n o r n a r ŕ ' i a b r ä & . 

F r o r t s r s - l n F o r a r t S j i n c I C l o D a . C n a n o t ŕ * O T t c m 1 - : 
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p-

r FP • 

npuiFfil I Id-l.TJil : L s n l h s r 1 ! ! i n i i m l í ť i i 

111 1J 
ft =rlncpil rxHrpcm c í l t a n ziyr^ •pZjiJa' corn J nd = tJirrtr\ad by rezsGi:-ME lYnrn L r^no^ptme: girt SOTXxesaner J l - l l rtduc-jon h both saxes Tha 
k e y c o t r p o n e m . raspondblu -VDT s»cwabcri ara highugrrod r i r n d o a t o f - a A - Fhenylad-ryl alcohol. MB-2-madryl - . J -rKrtan -3 -nl . rřV-eta-verbeno! 
(ft ^ M a « a D j n c 3 n í í si Verband ostnrln L rvi: c-zvzv r t ee 11 n b id;,' - l i r>j r d r; LT IESU • vnoh 1; afuvJHIII nduc-jon cornperad :n iha con-jo MA. 
Mates-topfcai^trustedurtfiacomno - crrrtrcri. Ms4as :r^D*calry noaniid ^din JHIII - us^jnerc FA =cfTri3E:DpliaAfr T H ^ n d i n a c e r r ^ ronrjol 
FJ Farnen rrxdrjuyunarjcdwrn JHII - n u T n e f i c Siausücs T wer vJhh pored ndupunJom p a r - s n o M r s 1 1 • rep rcsifi b p - : D . Q 0 1 " r n o r e s E r o s 
p-íGOl ^rBpTE3rbp-=DLD5. 

Tii>r t a r g e t e d a n a l y s u via . U i i J I C ! . 1 ] J K M S i n both . p o s r i l ř v e i r u l 

n e g a l i v e i o n u i o d e . ! L AJÍ unsuperrised m i j J ü v a r i i t e P<IA f a s e m p l o y e d 

to a s u ^ 5 d i f f e r e n c e s a m o n g Ü i c s a m p L g r o u p s . 

In b o t h i o n n o d e s m e a s u r e m e n t s , . \\i [ [ [ - treated m a l e s a n d females 

d u s l e r e d disfcincL f r o m t h e ccoiLmL g r o u p . ]TI t h e negat ive » • m o d e * l b e 

P C a m ] y s ú e x p l a i n e d 55 a n d e - L . 2 % o f t h c total var iance- in . m a l e s a n d 

i « m ] M . i i e s p ^ K l i v ^ ^ e E - ] : i g u r ^ I ^ l e J Ü . [ 0 the p o s i t i v e 5CID m a d e , the 

P C " e x p l a i n e d 00 a n d E O % o f Lhe t o t a l v a r i a n c e i n m a l e s a n d f e m a l e s , 

l e a a p c i r t i v e ^ {see F i g u r e 5 A r r i g h t ) . T r i e d e t e r m i n a t i o n o f t h e t o t a l 

a b u n d a n c e o í v c r b o n y l digtyoosadjes w a s - c a l c u l i t c d as t h e s u m . o f t h e 

pcalc areas f i o m t h e - t h r e e i n d j v i d i i a l v e r b e r r j d d i g f y r ^ p e a k s . A f t e r 

t r e a t m e n t w a n ]EE H I i n beetles, t h e total i t u o d i n c e o f cU g l y c o l des 

c o m e u l s i g n m r r i n L l y increased i n t h e guts o f b o t h sexes c o m p a r e d bo the 

a c e t o n e - t r e t t e d c o n t r o l s . T h e r e - " H i s n o s i g n u c a n l d i f f e r e n c e i n Lht-

i n d u c t i o n o f t h e s e c o m p o u n d s - t y |"l I |[[ b e t w e e n males- i n d f e m a l e s 

( a c t F i g u r c 5&). T h e n e t u n i a m o u n t o f ú t e s e c o m p o u n d s p e r beetfc -gnt 

c o u l d n o t h e d e t e r m i n e d d u e l o t h e l a e h o f s t a n d a r d s . 

3.4 Regulation of genes and proteins after 
JH III treatment in transcriptome and 
protecme of adult males and female 
beetles 

3.4.1 Transeriptorne-differential gene expression 
analysis 

<>vera]l r D G E a n a l y s i s u s i n g t h e CH', w o r k b e n c h f r o m t h e R N A 

s e q u e n c e d a t a o b t a i n e d f r o m beetle- guts p r o v i d e d a d e a r d i s t i n c t i o n 

b e t w e e n g e n e s e t s i n \\\ [ [ [ - t r e a t e d versus- c o n t r o l neetles a n d m a l e s 

v e r s u s f e m a l e s , w i t h s a m p l e s f r o m e a c h g r o u p c l u s t e r e d t o g e t h e r i n 

p r i n o p i l c o m p o n e n t analysis- ( • L p r j c m e n l a r y F i g u r e 2 A). A f t e r 1]] 

[[] t r e a t m e n t , a p p r o x i n i a t e l y 7 L 0 t ia i i sc r rpts - were- u p r e g til t i e d , and. 

^ • ^ e r e d o K T u e g u l a t c d i n m a l e gut t i s s u e o n l y , d : - d i - p v - ^ i - i n a V e n n 

m a g n o x i ( ] : i g u r c C\A]LOD Lhe o t h e r h a o d V u i femaie g u t t i s s u e o n l y a 

t o t a l o f 51-9 t r a n s c r i p t s w e r e u p r c y u l a t c d , a n d t i i r L s c r i p t s . w e r e 

d o w n r e g u l a t e d . H o w e v e r ; i p p n ^ x i m a t e l y S r ] S 5 t r a n s c r i p t s w e r e 

LIT r e g u l a t e d , a n d - 4 , 5 9 5 t r a n s c r i p t s w e r e d o w n r v e u l a l e J i n be "J - , m a l e 

a n d remaJe gut t i ssues . N r M a b h - , l3ic Lotal n u m b e r e J ^ u s u n r e g u l a t e d 

after t r e a t m e n t i n t h e Q i a i e - beetle g u t w a s h i g h e r C L 0 . 3 S 5 t r a n s c r t r t s ) 

t h a n t h a t i n t h e f e m a l e b e e t l e s t r a n s c r i p t s ] F i g u r e ti.V. 

S u p p l e r r j e n r a u y T a b l e 1). 

3.4.2 Proteome-differential protein expression 
analysis 

T h e results, o f t h e DFE analysis , o f \E I l l - t r e a t e d beetle gut t i ssue 

y i e l d e s l a c o m p r e h e n s i v e list o f i d e n t i f i e d p r o t e i n s - e x h i b i t i n g a 

s i g n i f i c a n t f o l d c h a n g e i n t h e i r e r p r e s s i o n f o l l o w i n g t r e a t m e n t 

S a r n p l e s f r o m e a c h tieaJtcnerit (]E[ ME v s . c o n t r o l ) w e r e d u s t e r e d i n 

p r i n o p t J c o i D p o o e o t a n a l y s i s [' : ' 7 . i - r r . L r . L i r y F i g u r e 2 B ) . Et i s 

n o t e w o r t h y thkLt j X h o u g t i TM 111 L r e a t m e r n i s c o n ^ n t i o n a l y a s s c o a t c d 

w T l h p h c r o m o n e p r o d u c t i o n i n a d u l t m a l e beet les , t h e reroaJe b e e t l e 

gut t i s s u e e x h i b i t e d a h i g h e r n u m b e r o f i d e n t i b e d . p r o t e i n s af ter 

t r e a t m e n t , &45 v e r s u s 229 i n r r _ i l « . A m o n g t h e t o t a l n u m b e r o f 

L T T C g i L a r e c p r o L e i r . s , T P v H - r e m a l e - s p e c i n c , 302 w e r e female s p e c i f i c 

a n d L-15 w e r e d e t e c t e d i n b o t h m a l e a n d f e m a l e guts . A m o n g Lhe total 

n u m b e r o f d m n r e g ulate d p role u i ^ c ^ p r o reins m a l e s p e c i f i c , r - Q i w r e 

Frorters- In Forasts a n d Glooa^ C nanoe r * O T t c r s i 1 - : - i : 
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PHMM - . f i r 

(A) ^nncapai o a r n p o n a n t analyse c ° C A J or c o r n p O L n a s u a r x n c a Dy U H P t C - t 5 i - f - # i M V M 3 rayss m e a s u r e d r negative pert) a n a poemva r n o o o 
ingrt j T h o data shows the averat separat ion of 1 t y p o a r a p / u s Q J I san-ptas a*sx J H i i i voat rnorr r m a l a a n a ' o m a t t l o o w n j ( 8 j U n M D of 
WttOenyt cJi c j f j ^ J d e s tn i rypograpnus q u teaue after J M B r v i u c o o n MA, Males i c o c a i y treated *ntn a c e t o n e - control . M J . Mates topically treated 
wrtn J W - treatment. J A Ferrates t o o c a l y treated wttn a c e t o n e - control , FJ. Females toptcaDy treateo w m > * ; - n e a t r n e m T test w n n paired 

p < 0 0 O t 

f e m a l e s p c c i i i c a n d 27 w e r e d e t e c t e d i n b o t h m a l e a n d f e m a l e g u t s 

3.4.3 Comparison of transcriptome and proteome 
T o n a r r o w d o w n the u p - r e g u l a t e d g e n e s truer, m a l e g u t t i ssue w i t h 

p o s s i b l e f u n c t i o n a l s i g n i f i c a n c e , w e c o m p a r e d t h e c o n t i g lists f r o m t h e 

D G E a n d D T E a n a l y s e * ( F i g u r e 6 C ) . A l t h o u g h t h e n u m b e r o f i d e n t i f i e d 

p r o t e i n s w a s 100- f o l d l o w e r t h a n t h e n u m b e r o f t r a n s c r i p t s f r o m t h e 

D G E a n a l y s i s , t h e resul ts o f t h e c o m p a r i s o n h e l p e d i d e n t i f y a u n i q u e 

set o f g e n e c o n t i g ? f o r f u r t h e r e v a l u a t i o n . T h e m a l e g u t t i ssue h a d 129 

c o n t igs f r o m t r a n s c r i p t a n d p r o t e i n a n a l y s i s , n a m e s are p r o v i d e d i n 

S u p p l e m e n t a r y T a b l e 3 A . T h e k e y m e v a J o n a i x r ^ a t } i w a > g e T w r i V r ^ 2 7 l , 

i s o p r e n y l - d i p h o s p h a t e s y n t h a s e (11*1)5) g e n e ( f u n c t i o n a l l y p r o p o s e d 

t o r 2 m e t h y l 3 b u l e n 2 o l s y n t h e s i s ) , w a s a m o n g t h e h i g h l y 

u p r e g u l a l e d g e n e c o n t i g v O t h e r m e v a l o n i c p a t h w a y g e n e s s u c h as 

I t y p 0 6 0 4 5 p b o a p h o m e v a l o r u t c k i n a s e ( P M K ) . h y p 0 9 1 3 7 . 

Frontiers In F c r a i t s a n d G ^ O O A C " U D Q C 
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P r o t e i n s 

9 
T r a n w r l p t t P r o t e i n s 

%13 279 

J w r r represents : r * ' 

i n O B B a n d H Q H k S 

c - * u : T j » i rernate 3_r tissue afar JWI! --cj:r-<j-r. j p :r--:*v uproQ-jjcon ma ^ 
jut tissue P T K ana yellow color represents female qui tissue The g r a p f i Dotow v e m 
3 prolans recuatec n Dotrt saws after treatment |C) cornpartsan of ucrsquuted gen 
after ^eatmerr. .Jvern cutfotn was .ce>3 tor *ne enrx^anjon analysts 

> V d r o x y 3 m c t h y l g l u l a r y l C o A s y n t h a s e ( H M G -S) , a n d I t y p 0 4 8 7 5 . 

u o p e n t c n ^ - o ^ - p h o a p r i a l c i s m n e r u c ( 1 P P I ) w e r e a l s o u p r c g u l a t e d at 

t h e g e n e t r a n s c r i p t l e v e l A s i m i l a r p a t t e r n w a s s e e n f o r t h e c o n t i g s 

i n v o l v e d i n h y d r o l a s e f u n c t i o n ( l i s t e d i n t h e t a b l e as m r r o n n a s c ) . 

w h i c h a r e k n o w n t o h a v e a f u n c t i o n a l r o l e f o r g l v c o s r l h y d r o l a s e 

a c t i v i t y , a c t i n g o n g l y c o s y l b o n d s ( G O 0 0 1 6 7 9 6 ) . a n d t r a n s f e r a s e 

c o n t i g s , s u c h as a c e t y l t r a n s f e r a s e a n d U D r - g l u c u r o n c ^ t r a n s f c r a s e 

( J M g l i l i J ^ i i l m S u p p l e m e n t a r y T a b l e 3 A ) . M a n y rjfcxmmnl a n d 

m e m b r a n e t r a n s p o r t e r c o n tag v. s u c h as V - t y p e A T P a s e s , w e r e a l s o 

u p r e g u l a t e d . w h i l e s e v e r a l g e n e s t h a t h a v e a n u i i k n o w n f u n c t i o n w e r e 

i d e n t i f i e d a m o n g t h e m a l e s p e c i f ic u p r c g u l a t e d g e n e c o n t i g s 

( S u p p l e m e n t a r y T a b l e 3 A X 

T h e f e m a l e g u t t i s s u e h a d a p p r o x i m a t e l y 1 8 3 c o n t i g s 

f r o m t r a n s c r i p t s a n d p r o t e i n a n a l y s i s ( F i g u r e 6 C ; 

S u p p l e m e n t a r y T a b l e 311). A l t h o u g h t h e n u m b e r i d e n t i f i e d i n 

f e m a l e s w a s h i g h e r t h a n t h a t i n m a l e s , m e v a l o n a t e p a t h w a y g e n e s 

w e r e n o t p r e d o m i n a n t i n t h e List o f i d e n t i f i e d c o n t i g s i n f e m a l e s . 

H o w e v e r , a n o t h e r g e r a n y I d i p h o s p h a t e s y n t h a s e ( h y p 1 7 4 6 1 ) w a s 

u p r e g u l a t e d - F u r t h e r m o r e , g e n e f a m i l i e s , s u c h as g l y c i n e 

d e h y d r o g e n a s e , u b i q u i t m c a r b o x y 1 t e r m i n a l h y d r o l a s e , a n d 

v i t e l l o g e n i n - l i k e , w i t h f u n c t i o n s l i k e l y i n d e t o x i f i c a t i o n a n d o o c y t e 

f o r m a t i o n , w e r e f o u n d t o b e u p r c g u l a t e d ( S u p p l e m e n t a r y T a b l e 3 B ) . 

S i m i l a r t o m a l e s , m a n y g e n e s r e l a t e d t o m i t o c h o n d r i a - r e l a t e d 

r i b o s o m a l p r o t e i n s , e l o n g a t i o n ••. b i n d i n g p r o t e i n s , a n d m a n y 

f u n c t i o n a l l y u n k n o w n g e n e s a n d p r o t e i n s w e r e a l s o f o u n d t o 

b e u p r c g u l a t e d ( S u p p l e m e n t a r y T a b l e 3 5 ) . 

3.4.4 Regulation of the mevalonate pathway after 
JH IN treatment (involved in de novo pheromone 
biosynthesis) 

C o m b i n i n g g e n e a n d p r o t e i n e x p r e s s i o n w i t h q R T - P C R a l l o w e d a 

m o r e c o m p r e h e n s i v e o v e r v i e w o f t h e effect o f If f i l l t r e a t m e n t a n d sex 

o n t h e s t e p s o f t h e m e v a l o n a t e p a t h w a y , w h i c h m a k e s t h e 

/. typographic a g g r e g a t i o n p h e r o m o n e s a n d p h e r o m o n e p r e c u r s o r s de 

novo. I n f o r c n a t i o o w a s l o r t h e u p r e g u l a t i o n o f t h e f o l l o w i n g 

g e n e s b y R N A - S c q a n d q R T - P C R : P M K ( I t y p 0 6 0 4 5 ) . H M G S 

0 t y p O 9 I 3 7 ) . H M G R ( I t y p l 7 I 5 0 ) . I P P 1 ( I t y p 0 4 8 7 5 ) . a n d I P O S 

( l r y p 0 9 2 7 1 ; I \gm M j l N o t a l l o f t h e s e s t e p s w e r e i d e n t i f i e d at t h e 

p r o t e i n l e v e l , b u t a n a l y s i s r e v e a l e d t h e u p r e g u l a t i o n o f H M G - S , 11*1*1, 

a n d I P D S , N o t a b l y , w e f o u n d that t h e I P D S g e n e w a s u p r c g u l a t e d b y 

u p t o 3 S - f o l d i n m a l e g u t t i s s u e c o m p a r e d w i t h t h a t i n f e m a l e g u t 

t i s s u e a f t e r J H I U t r e a t m e n t ( F a g u r e 7 3 ) . B e s i d e s t h e I P D S g e n e . 

F r o c C e n i n Forests a n d G l o n * C h a n g e 
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T r e a t m e n t s p e c i f i c i n m a l e | M J v s . M r t ) 

EjEIIIKnpCl I 
M P M A I 
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| ftp u i M . ' ^ 
• T f M H - H p A f 

i P r r V L e i n a 

: cH i 

i : J 
i - v ; . H 

I. 

- i n 

Sex specif ic aftEr t r e a t m e n t ( M J F J ] 

IT"* 1 

LI M M d - 1 

M -iva ton a i t p a : h IV-J v h e y r; -ar-i zr: • r,i^ c-a rc-am h 
L T B T E U LLILLI n o a r d p o r w m f i - and qfir-PC^ arufyds o r rrysuv-qirt 
•ssuc- -jAj TrEffjrert spaciflc In ruin >JH I w aoa:onc{ iBj E o . -
spec.-'ic arlw 7«rjrifliT • J T H U w ItfTHlai Fhcsthornfl^apcraia > d n a » 
fFMHj. s-hrjflJroFy - I TrwfriYl ĉ iiaryl c o M u ^ n a - A s ^ r r J H o a \-WG-EI 
3 - hyiJra Fry - 3 -m B&trf 'ii±ar^ cosni^Tnja-A reducKK |HMG-F|. 
eaDpiaixyl-rj-price w o ^ r Y . - a -phospanu 
! • • • • - T - j : r . MA Mala r o c k i r w r a c • • • • • n : c - r - r . i r r t r r t 
MJ. MjfcG tOCiGlLlY IT*-Ltd WtJl JH - LJIUiTT»m FA. FOTTUifiS 
riiinfcaly V W C J I H J IMth J C C L C D - D - C O I T J C H . FJ Fumatos raplcalt/ u o a w d 
w n > I :r-KU-iLfi: r, . TlMero1 b o 1 n : :::c: mr-curt s - r a 
The c j c p r D s s o n PJT IL ITL ! ;o r t h y [ j c r ^ b T T E U I J L I . 3 " c - - q h » f i n a hoar 
r u p along with leg ôtd c t u n g a craph 

H M Q - S was also significantly L T r e g i i l i L e L . i n |l I III LrcaLcd male guL 
L A S L L C Mmpirrd . w i n ika ! in. t r e a t e d females I. ~ ')- A[3aacici colly, 

w e ilso found L h a l L T n was exclusively i t u n d a o l in proteins f r o m 
f e m a l e guL tissue ifter Lj"u.txDeTiI. (Su^lenj^nLary F5giLP? 3). 

3.4.5 Regulation of the cytochrorrieP4_iO 
{CyP450) genefamity after .]H III treatment 
{involved in pheromone biosynthesis and 
pheromone formation from host tree precursory 

A similar c o m c - i n e d approach w a s t a l u n . t o explore- t h e 
r e g u l a t i o n o f CyFiSD 1 genet t h a t a r e iovoli-Ted in pheromone1 

biosynthesis h y EuNA-Seq ami qRT- PGR.; •• proteios- o f t h i s f a m i l y 
were d c L c c L c d Ln. our p r o t e o c n i c i o v e s l L g a J t i o n CyPASD c o a i t i g s 
showing cs-picision pjJtLems ahai-Te a Z-fold change whh a signilloar-L 

••illue txfp- ljrtD.05) were •ronfirrncd byqElT-PCH analysis-. .Anioiig 
the ronligs pmnously proposed lo be involved io pheromone 
biosycrUieais (Rjmoj.ri i .Knir. cL i L r 2CC2i), cooLigs ltyp3503 and. 
[typDa5^ (proposed, for •vcrteiioL jynthesis.i, cooLigs ]tj-piL4[J 
(proposed fardelai.irjcaJtioiJi]Pand [typ5155 (pioposcri for ipsdienol) 
were all found to be upiegulaled gcocs inthc III 111-L re a Led. J R O J E -gut 
arid are amoogthe mcwlliighl.y iipTeguLaJufdgeoes-n^ejJured : r Iriii 
iturdj (Figure S). 

3.4.6 Regulation of esterase gene family after JH 
III treatment (involved in formation and cleavage 
of verbenyl Faiiy acid ester conjugates-possible 
pheromone precursors) 

\ rri' "H L1 Lhc csLerase- genex proposed frii ofHiverling the Jtojod. 

veitenrleslertDnf-TerlieDDLltyp] LP77 (mmich occuned in the early 
life singe] was ont significaolty inJluenccdb\" R i [[[ IreaJtrnerjl in males 
aocorojng to transcriptDmc and pmtonmearjalysis. Etawevrr. jnotner 

esLe-raj^cooug, ItypffiitO.. ms found to ne upregulaled. in the- protein 
arjalysdi and qRT- PC P. but down regal a bed. in the: EINA-Seq. 
U^rascriplome(l:rL:i^.-V). Ln femnle guL tissue, nooe of these cool igs 
were Detected, ncept tnr ]typl ] P77 in qPT-PCM (]:ig-jre ^IS]L 

3.4.7 Regulation of Glycosyl hydrolase gene 
family after JH III treatment (involved in 
formation and cleavage of verbenyl diglycoside 
conjugates possible pherornone precursor) 

When comparing D G E and DPEdJulyxes io male-guL tissue, a 
sel of gene fajoJiei known. Cor gLycosj-l-hydiolue Junction 
I C O '.i'T^.j wis SL^niilcanLly jpre?Lla:ec. ifter " I " hreaLmcnL.il 
both the Lranscripl aod proLeio levels with roale specificity. "I bis -gene 
timiJy no ir l f as ihundaoL as ihe gcocs of themcvalnnaJtc paLhwai.; 
m i y cleai^e stored verlwnj-] glucosLdve coniu^aLe's to give the free 

pheTomooe.Twe]ve^enecointiijs were delected from the tb.roily. Lour 

o f w h i c h were aJso detected and significantly uprcguLitexl i t tKe 
prcJj-in LeTcftl. Itjpl L770. [tjp00535. ElypOOg43rarjd lrypfl425rjLTJiese 
were: also upregidaJtcd by qElT-PCR exoepl Lor conlig [typL177D 
i J . Allthree c on tigs were more nrrcguLitcd in moJcs lhan 

Ln reiDj.les.O :is:JT* J 0B)i inr femnles, D G E , DrE r anjd .qKT-PCR d i d 

D D I show consistent upre^iilaiioD after l l ] ] ] l trealmeolt 
SnpplemeotaLTf Figure 4). 

4 Discussion 

4.1Changes in gene expression, proteins, 
and metabolites after JHIII application to t. 
Typographus, highlighting overall 
metabolic regulation 

Ibe topical application of]E[ IEE Lo adult beetles has heeo studied, 

in many bark.beetle species [\__-.ingcLal. IDIoi; TiaiietaL r 2G20]Llii 
J. \ryr^.\iphui, we: hive identined niuncroLis metihoLc paLhways 
afJecEed. \vf this hormone 1 by changes in their geoes, proLcins, and. 
DxelnbelLtes. fM EIE trealcnent has been demoostraied Lo iocuce 
pherDirjone 1 cicmoLnjesis in male: I. iypo^m^\T\:s CTclusLvcly i r J ihi-
LormalLOD ofmoooleTpcne 1 dctouEci t ion ccoiiiL^ites Ln both sexes 
These findings c D O T B Late with, the earlier reported impact of ]EE IEE on 
other baric beetles such as D. jHnr-sLenKa ( ' X 

F r o n t i e r s In F o r n s t s : r J G l o s a . C n a n n c 1 1 f~-:-it c r s i r : ••: 

106 

file:///-WG-EI
http://Rjmoj.rii.Knir
http://hreaLmcnL.il
file:///__-.ingcLal


R i r u k r s h n a n <t aL 

III ] ] [ t r e a t D i e nt, l e d t o t l i e n p U h l c u p i r e g u l i i 1 . i o r j o f m e t a t c J i c 

p r o c e s s e s a n d r e l e v a n t m c m c - r a n e t T a n x p o r t e r i , c o n s i s t e n t i v i l J i 

a h s e r v a t i D d s o t h e r I p s s p e c i e a ( K e e l i n g e l a l r 2 H S ) _ E n 

a d d i L r n . t h e r e w e r e s L r o n g d i f f e r e n c e s i n ^ e n * e x p r e s s i o n p a t t e r n s 

b e t n - e e o m i l - L - s a n d l e r n i l e s e>f J . ri /pnj^irjiFrcJj : e n c o m p a s s i n g 

T r e a t m e n t s p c c i l i c i n m a l e ijLMJ v% M A | 

ir'—Z. — - — 

j 

r - j r . i - . n - . 

•|FT 

II nn 
If * V P U C M H trotum.! K I T P U J U U BTpajlja 
2 | 

i! 
F O B I 
Cy :Ddirofna a n n a c o n i l a s a a c r e s n o n p a r : a m In Lr-znocrp^nH 
a n t l q F T T - P C H a j r r j K e a t r i jr-zlhi s I r c r i" ^ w a r j c i r a j m a k a u r n s s u a 
a * i * r J H I I u v H i n i B n i T r H a n w t a r l r r d i ^ i ^ r w r ^ r d i - , o - vj. 
M i i t l a p r C j U y Lii-^s-d w n h a c c t o m - c o n i r a , V d . ^ i B s r c j p i c a l J y 
T K L i d r t t 1 - J H I I - vkHTJTvrE f v - 4 T h e - B t p r a s s n n p-aTbi-rn o f U ~ M 
t i i ] EfU I L J L . b g h s n Ln a h a i r n a p a I a n ; w c i o q JD>!d c h a n g e g r a p h 

f u D c t i o D 5 s u c h a x c a t a J f l i i : a c t i v i t y , rajd0.red.LLctaxe a c t i v i t y , 

cs-te r a s e s , a n d p h o s p h a t a s e i . 

I n c n i l e b e e t l e s , t h e t r e i t m e r j i p r i m i r i l y i n f l u e n c e d m e t a h r J i c 

regulation, w h e r e a s , i n f e m a l e s , i t Led. i o t h e i n d u c t i o n i>f r u m m - , J i 

rep r e a c t i o n - r e l n i e d g c o c s s u c h as v i t e l l o g e n i n s [ b i m l n d Ln o o c y t e 

b i o s y n t h e s i s ) . T h i s o b s e r v a t i o n c a n Jit t h e - w e l I • - i > : u i n c o l e d 

i n f l u e n c e o f 11 i []] o n p a r e n t i n g h c r i i v i o r s i n s c c i a l i n - M c t i { T r u m h 

X [• a d d i t i o n I D I L J J J I J m e m b r a n e t r a n s p o r t e r a jc t ivi ly g e n e s Ln 

f e m a l e g u t s , g e n e s r c g u L i t i n g d e l o D u G c a t i o D p r o c e s s e s , s u c h a s 

c a r b o c j - l a s e a i n J . u b i q u i t j j i - c a r k o c j - ] h y d r o l a s e s w e r e u p r e g u l a t e d 

( V j p r l c m c n L i i y T a b l e JIJ). 

A 1 a n p I c m e n L a r r p r o L e i • e n r i c h m e n t a n a l y s i s i n t h i s - s t u d y a l s o 

£ a u i i J . s c s . n ^ t f c d J l j e r e r L c c 5 after III ]]] t r c a L T T i e r i L "[ j ir j m a l e g u t w a s 

E n riched w i t h p ra te - ins i n v o l v e d i n m c l a - h o l c p r o c e s s e s a n d rjransferase 

a c t m l y - r e l a t e d pmateins . T h e s e s t e p s a r e J c e y i r j t h e p hie m m o n e 

b i o j y i j l h e s u o f J . p i c m e e r a n a l e s . In Ih-i- f e r r L a l e I T J L a f ter 

L r c a L m e D L , t h e c n i b r y a l e v e L 3 p m e n r . - r d . a l e d p r o L e i n s w e r e a m o c i g 

t h o s e i j p r e g u l i l e d ( o v e r LOO p r o t e i n c n j i d i d i J t c s - ) , . w X i c h c o r r e l a t e d 

w i t h i h e J l n d i n ^ E - f v i L c l l c i g c r j i n i L p T e g L i J a l i c - n l i l h e g e n e l e v e l . K c - t h 

sexex d e r j i o c u t r a l e d u p r e ^ u ] a t 5 a i i p r o L e i n j i n v o l v e d io n i j c L e j j and. 

rUi.TTi-rirTivTn p r o c e s s e s . U n e r p e c l e d l y , djetrnfJcaJtioci p r o d u c t s D l L r i e 

bcrrt t r e e i r o n - T l e r p e i r e -pi D d i e , i - e r t e n j - ] f a t t y a c i d e s t e r s y w e r e 

i n d u c e d i n t h e -guts a f l w t h u u i W p ] ] ] ] . [ h i s finding. s u n p i K l - ; t h e 

rvj^ijnlly p m p o s e d h y p o t h e s i s lh . i t d e l e x i f i c a t i o n C L H i i L L g i l e s - a r e 

p r a d u x e d i n b o t h s c i c s o f b a j + h e c l j e s a n d b J r j e r d i ' i - T c r t c d La p h c r n c T L C i r j e 

b a m - c d h c s i s t o t h e greatcsL extent i n t h e p i o n e e r s c i i n r ias t fiodiDg-

t h e r m l c s i n J . tppoftmphus ( i i h i u et a l , 2TJ L P; r t a m z J c r L ^ h n a n e l aJ.. 

Ji 1 J I i ) . h 'ever t f je lcssv " t h e p a t h w a y s - i n v o h n d i n deloadErj . l J r ja i i n d . 

p h e i a r n c i n e b i o s v n l h e i i s n e e d m D i e sludy l a o n d e i s l a n d J i e l i n k a g e s 

b e t n e e o t h e m . 

. . h j _ > : i 

1 ^ n P f M 4 r t 

I r e a t r n e n l speci-fic in n u l e 

h>U L mJ# * r 11 *i wtr mi 
V . M A 

1 1 

-J 

1 • 
£ . 1 

IL'J|J t ] 1 J J 

s c w l n i E n u r i t t * 

I. L 1104460 

r ^ g j i i n a . Ei iArasd 

U H l L t f 

T r e a t m e n t s p e c i f i c In f * m j i l c 

]tt ¥X f A J 

npit 

U r A 

*-J J *f .-• < 

LN,<H 

i- E . . 

• T r a n s c r i p t Si 

, , 5 T 

• 
I t V p l l B T T 

F J C T V t r i u r 

i l n i n p I i l ^ r * - ^ 
1" n n l i [ j 

I L L U D S f l e L 

rpi|piFjrpnj£ C i r n p ^ i 

E E w a s f t ; « M t 3 r : ^ 5 « ^ ' i ^ ^ M r w r n r -Jm -jzmtntxamk. p r a i e o n a . a n d q R T - P I R arva tyds r r c f n i r y p o g r a L V i j a m a t a ( A l a n d ' n r n a b a i p l a m D S S L B 

a r i f i f J H I I t r a M n n a i L M A , V ^ l a 5 : r ^ c a K T a a : a d " A l i h a D Q r D r i a - c c n t r r j i . h+J M O L B S b a o l c a L y " croertBd w t h JIHL1 - u * ] r m o m . F A . F o r n a i i H - i t c i i c a L y 
q ' u r n d w n h a c a t a o E - - c a o r r r J : J . = C T , U I B S i c p c a t h - T « c a d i v t i t i JHII I - u i s a r j T i Q n : i V - A T T i Q ^ s p r s s s l D n c o r w r n a c f t r w g o n a t r a n s c r l p r s a r c q f ^ a i In a 
h e n : m a p a i o n ^ A l L h r a 4 d i r r j n ; « ^ n p r 
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T r e a t m e n t s p e c i f i c i n m a l e ( M J v% M A r 

r i. i - •. r' i: i • 

i ifln n Li 
I U P I I J T Ď h w f l K í t UppMWJ hwfl-USfc 

S e n Í p e c i f i t a f r e i t r e a t m * m | M J V ; F J| 

Hni put IH IIJI u • |H-. 
" 1 FP 

n l i l - nl L 
|r řú]LTr(J 

r Z--.r.:z 

CLyzttú h y c r ' i 4 a » • p í f i ů cen i>q5 t * r r - i ^ a o n r > : c a T h i r í r a a c r j 
praii iHrts a n d q T T - F C R a n a l y s o M A . M a l í t r o p t c a l r r - i r * a * d w r J i 
a o s c o n c - - c o n trní ; K U . M a l e s l o p K a l y r c a i ů d i d m J H I I - - j r a a i n a n : 
FA, F y r r a t e r a c l ^ l r ^ i r ů í w d w r J i a c e t o n a - c o m r a l F J : ů m a U e ; 
r j ů p t a l y - j T í a i í d inflíi J H I — i r u r w i L . 4 - 4 T r u a r o f t a r h l - n í z 
m n d a r d arrcr T T » í ] r j r a E l . a i p a r w r n s c f t r u t u n a t r a n s c r l p t e are-
o h m L n a hear m a p a r n g w t t h l r j q r a U c r w i i u - g r a p f i 

4.2 Identification of key genes responsible 
for pheromone biosynthesis 

T v / o o f the m a j o r m a l e a g g r e g a t i o n p b e r o r n D T i f r c a r r i p o n c n t s o f 

J. h-T'Ljf'LjpiViLf ire i s r jpr jenoidsproducesl ^ e r i G ' H c i r i v t h e m c v a l a n a t e 

p a t h w a y w e r e i-donLiiicd (I ~ j. "The ge nes for t h i s p a t h w a y h i w 

b e e n annotated i n the J. rtTJCflnaprrirj genome ^PorweO e l a l , 302 I; 

N u « r et a L , 2 0 1 3 ) , ind m a n y c J them axe s h o w n h e r e to 

b e u n r e g u l a t e d eaLdixsLvcly i n m a l e s . A f t e r TEE ]]] t r e a t m e n t , t h e s e 

genes h a v e a l s o b e e n i m p l i c a t e d i n p h i m o n e f e e m a L i o n i n o L h e T .[p.1: 

s p e c i e * ( K e e l i n g e : aL, 2.0G4J. 

I n m a l e J. f j p j ^ T Y i - i ' i u s , t o p i c a l t r e a t m e n t w i t h . JEE III Led bo trie 

o v e x e x p r c s s i D n o f c e r t a i n , u p s t r e a m genes o f t h e m e v a J o n a t e p a t h w a y ; 

i a d u d i n ^ TM K ( [ t y p 0 r i 0 f l 5 ) 1 E [ _ « • - & ( E t y p W ] .37). E E M C i - R 

(]typ 17150) , a n d E F F E fltypG4S75). w e r e r e l a t i v e l y o v c r e x p r c s s e d i n 

t h e guL ED a d d i t i o n , t h e u r p r e g u l a l i o n n f l F D S ( [ l y p W i ? ] J w a s 

• b s e r T e d i t b a t h Lhe L r a n K r i p t and. p r o t e i n levels , '[bus gene- i s a 

c a n d i d a l * f o r e n c o d i n g t h e b i o s y n t h e s i s o f Lb e h c m i l r r p c n e 2 - m c l h y l • 

•5-QLjien-2-DL . •which h a s n o t vet b e e n f u n c t i o n a l l y d e m o n s t r a t e d . T h e 

u p r e g u l a t i o n c i : l t y p 0 9 2 7 L a l i g n s u n t i l t h e s i g n i f i c a n t ID ore Ln 

2 - m e t h y l - 3 - b u l e n - 2 - o ] c o n t e n t o b s e r v e d Ln t h e m a l e gut after t h e 

t r e a t m e n t a n d c o r r e s p o n d s w i l n t h e n i o s y n J t h c l i c p a t h w a y p r D p o s e d 

i n o u r p r e v i o u s s t m l y {I^JTT . ik . - . - ihr i n .-. J . I ' ' . . ! l ED t i m J e - s , Uitzt 

w a x a l s o r c p a r L e d i r p r e g u l a L i o n o f i r c l h t - r E P D ! ^ . a n Í T I b í i l o u j . o f 

gerarjyl J i p r K K p r i a l e l y n t b a i e ( E t y p - L 7 E 4 £ ] ; I v a r s m o c L a l . 1^93). 

I n a - d d i t i K H j t D t n e - o b s e r v e d . i o c r c a s e - i n . t n e l n c l s o f 2 - m c U i y L - 3 • 

b u L e n - l - r J i u i j a j u c e d b y J E E I I I . t w o í ] t l n - r p h í T - a a i o n e - L D r n p o r u c i r i L ; v.e-ze 

a l s o i i p r e g u L a J t c ± LpsdaenoJ . ' p r e s u m a b l y p r x - d u x i d u!r irow) aorJ f i r -

v c r b e - n o l O i t n l y s y n ú í c n i e d f r o m a - p L i r e D e J a n d s e q u e s t e r e d as a f a t t y 

a c i d carter ( k a r a a k x i s n D a r . e: a l . , I l i j L C C - M S m e a j i L r e m f l - n t s - c J | u l 

Lixxne 1 f c J I o w u i g l J i i i n d u c t i o n f u r t h e r r e v e a l e d a. l i u j i i i i c i n t i n c r e a s e 

i n J. \ryffijnphi(5 m a J e - s p e c i f J c o o m p o u r j c L s , s u c h a s r n f T t e n o l . a n d . 

pJien} -] e t h a r j c J f• • L r T _ Í T T J r n i l a r y E : i r / j - . - A l t h o u n h b e X n - i D r a J 

• k l i\n~y k x t h e - s c c i o m p i i u D d s l i J i n o L b e e n r e p o r L e i i n J". typographic, 

t h e j a l s o p r o d u c e d }yy l b e p h e r a r r j a D C - p r r x l u c i n i j . sea: o f re la ted b a r k 

i p e d e s v f i p n m J e r a M i e a n d J . _p i r s i . K n e r e l b e i r inpreguLaliaTi a f t e r t h e 

L r c a l m e n t l i a s a l s o b e e n d j « u m c n t c d ( ! ! ^ u l . r r e : aL, IfXň, J O Iř i ) . T h i s 

sugges ts t h a t i h e e l É e c t o f f H H I o n p h c r o m o D C b i o s y n t h e s i s is D D ! 

l i m i t e d s d l e h - t o L n o ffzi t - í h i r . Ť ů c a l l y a c i r ,T •r-oenpe- LUI d s . 

[ h e erfect o f |]3 IEE- i r e i l m c n l o n iIyP45C> e n z y m e s - w a x a l s o 

s t u d i e d , b u t t h i s n - i s o u l y f e a s i b l e at t h e g e n e I r a o s c r i p l l e v e l a s 

C y P i S D p r o t e i n s c o u l d n c n L b e l r d e n t u i e d i n o u r p r o t c o m i c s " w o r k In 

t h e I r a u K r i p t o r r i e ani rys is> v/c s e i r c h e d f o r g r n e u n d i d a l e s w i t h 

s e q u e n c e s i m i a r i t i c s - l o f u n c t l a D a i l y ICDDKTI g e n e s f r o m o t h e r b a r k 

b e e t l e s t u d i e s , i n - d u d i n g t h o s e i r r v o l v e d i n í d í - v c r b c n o L b a o e r y o l h e s i s 

C C i J i i et a i r 2 0 1 9 : R a m a J o i s h n i n e l a l , 2 D 2 2 a ) „ d e t o d n ^ t i o n 

r n e c h a D i s c n i f C y P i Q l i i - ) , a n d i p s d i e n o L b i o F j - T i t h e s i s L C j ^ T L / T ] ; . 

S a n s e t a l , 2 D I 3 ; NTadeau e l a U 2 0 L ? X 

I n t e r e s t i n g l y . i l v P J 5 C J s g e n e s i n a l l t h r e e f u r L c u o n a i d a s s e s w e r e 

u r r e g u l a J t c d a f t e r ]EE EEE r j T c a l r n c n l w n l J i C y P u L i l i ] , k n o w n i n a n o t h e r 

b i r k b e e i l e s p e c i e s f o r i t s r r Jc i n r n o i f - i ' e r b e n o l b i o o y n t h e s i s ( C ! n i u 

ct a l . 101 9)L T h e c o r r u g s f r o m J . J/pojifnaorr i I J m a l e g<J L e i h i h ř l e d ! • vec r 

e x p r e s s i o n l e i e l s c n m p i r e d t o the- g e n e e o n t i g s s u g g u s t i - J f o r 

d e t o i i n c i t i a a i ( C y T S D E 3 ) a n d i p s d ^ n t i l b i o s y n t h e s i s O I ^ r g T E . T I ; 

S a n d s t r o m et a L . - ) . T h e effect o f t o p i c a l l y a p p l i e d | H EE! o n 

p h e r o m c n e b i o s y n t h e s i s a p p e a r s t o l ie n r o a d e r t h a n Tost t h e i n J i i r f a o j i 

• f dt F M M J s y n t h e s i x e d C D m p o u n d s . En a d d i t i o n t o r e g u l a t i n g 

i s n p r e n o i d b i o s y n t h e s i s , t h i s h o r m o n e affects t h e p r n d j u c t i o n o f 

p l i e r o r n o n a l c o r n p o n e n t s b y i n f l u e n r i n g a v a r i e t y D t a r j S e r b i o s y r j f l h B l i c 

r n c c h i r . i sans s u c h a s t h e h y d r o ^rytaJtxiD o f h o s t t r e e r n o o o t c r p e n e s . 

4.3 Effects of JH III on the formation and 
cleavage of detoxification conjugates 
related to pheromonal components 

I n t h i s s t u d y ; t o p i c a l l y a p p l i e d J H EE] a l s o i n f l u e n c e d t h e 

p r o d u c t i o n o f v e r b e n y ] - f a t t y a c i d e s t e r a n d v e r b e n y l - d j g h y c o s i d cs> 

w h i c h a r e c o n j u g a t e s o f t h e p h e r o m o n e Í Í Í - T e r t e o c J . S i n c e cis-

v e r b e n c J m a > ' a l s o b e r e g a r d e d as- a d e t o l i i i c a t i o n p r o d u c t o f C E - p i n e n e , 

i t s e s t e r s , a n d g l y c o s i d e s m a y h e l p t o a l l e v i a t e t o n i c i t y b y s t a b i h d n g 

t h e i n i t i a l [ a e t o i d £ n a t i o c i p r o d u c t E Eoniirvcr. o u r m a i n o h i e c t i v c w a s t o 

t e s t t h e h y p o t h e s i s t h a t these e s t e r s a n d g l y c o s i d e s a r e p r e c u r s o r s o f 

d s - v c r b c n o l i n a d u l t m a l e s - w h e n t h e y n e e d t o release large q u a n t i t i e s 

o f t h e s e p h e r o m c o i e s - d u r i n g t h e a t t a c k o n t h e h o s t t r e e . 

] : u r l l ^ r T r j 3 r c r t h e C D r n p n u n i d , h r i ^ c n y L o J í - a i e r i r - J u ^ d D T i o n e r H 3 ED 

Lrealmeij t has s Lg.oi b r a n d v Lnd u>: o d i • tJ-j: Ért bodies o f b o t h sexes o f a d u h 

b e e t l e s . T h e i n d u c t i o n , rale LVA- Í LOtirnes- h i g h e r i n f e m a l e s t h a n Ln m a l e s . 

V f r p r w Y i u s l y e s t a h l k h c d f r o m t h e p r o d u c t i n n c u r v e c d t h i s c c r n p o u n d 

a t d i f f e r ent l i l e sLa4j.es 1. . T . i L - : . i . _ i T i a r : s. a l . . H i ) Lhal verberryl olesate 

F r o r t í T S I n F O T B S L S arid í l o ^ a . C n a n p t 15 r r o n t i r s i r o^c 
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a c u n d a r H D e i s m a l e - s p e c i f i c d u r i n g adraH b e e t l e stages. H m w c r , i n lb Is 

K i i d y , W E r e p o r t l l u l • j r u n c n L . L i n a l s o i r jduce its p a o o u c u b n La f e m a l e 

a d u l t h e c l l e t . T h i s - r i n d i n g suggests a. s t r o n g l e g u b t o r y m l c for T I 111 L a 

d i e k - r r n a L c n o f Lhcsc c o m p o L u i c j i n t h e beetle. 

[ j ic c o n t e n t o f v e r b e n y l oleate I n l i n e gut Lx 1 0 0 t i m e s l o w e r . K i r 

. r "J-/.- ILl b o d y iK J. h - ^ n p a p A i X j : ("ff^rn^LriA-njn aL, i D l J a j i . D e s p ilff 

t h e g u t b e i n g tike s i te f o r b i o s y n - . h u s i s o l th.is c o m p o u n d c u r i n g l l - L -

; u v c n J c stages a n d Laler i n a d L i h m a l e s f ree c i * - i e r b c n o l release o c c u r s . 

A l s o , ] H []] i n d u c e d o n i o c r c a s e i o v e r b e o y l aLeatc a b u n d a n c e i n 

f e m a l e guLs s i m i l a r La t h a t io Lhe rat t o d y a n d r e d u c e d its c a n Lent i n . 

m i l e guLs. T h e s e findings s u p p o r t the. e x i s t i n g h y p o t h e s i s t h a t the. 

c l e a v a g e o f T e a t e n yl fatLy a c y ] esters is s p e c i f i c l o a d u l t males- a n d t h a t 

l e r b e n y l e s t e r * s e r v e - a x p r e c u r s o r s f o r t h e active- p h c r o r n o n i l c i r -

v e r b e n a ! i n p i D U C T en ale- J . tyjw^n^rJius {\':. i m i k r - s k r . a n eL aL..l'.'-li}. 
] k i L k the f o r m a t i o n a n d d r i a v n g e s teps a f v c r r j e n y l f a l t y a c i d esters a r e 

r e g u l a t e d b y \\i ]]], in-dira t ix ig t h a i Lfje r e s p o n s i b l c e n z y m e s [esterase, 

a l s o l o i o w o as c a r b o x y l e s t e rases o r ta t ty a c i d , t r a n s fe rases) are l i k e l y 

r e g u l a t e d at t h e g e n e o r p r o t e i n l e v e l . 

[ h e e s t e r a s e c o o t a g l t y p J \ 9?7, w h i c h was p r e v i o u s l y m o o r l e d i n 

e a r l i e r l i f e s t a g e s o f I. typography f o r verbe-nyl . tatty j c y l e s t e r 

j f a n n a l i a n ( r U m i l u ^ s h r i a n et a L r 2 M 2 a j L w a s a l s o i d e n t i f i e d i o t h e g u t s 

o f b e e L l c s after t r e a t m e n t . T h i s o b s e r v a t i o n a l i g n s w i t h t h e z i n c i n g L~iaL 

t h e c a n d i d a t e [ t y p l L 9 7 7 w a s e x c l u s i v e l y e x p r e s s e d [ i s s h o w n i n 

q R T - P C P. a n a l y s i s ) i n t h e f e m a l e g u t a J ler t reat m e n : ( s e e !. 

W c a l s o i d e o l i b e d a n o t h e r c o n t i g f r o m esterase - EtyplrPi&O', e x p r e s s e d 

i n . t h e m a l e guL following Lhe t r e a t m e n t - o n i n c i d i n g w i t h a r e d u c t i o n 

i n v c r b c D y l e s t e r l e v e l s . ] h i s o b s e r v a t i o n l e n d s us t o p r o p o s e Lhe 

n i o h e m e r r l o J t h i s e s t e r a s e c a n d i d a t e i n t h e r e lease o f c i * - v e r b e n a L 

t h r o u g h Lne c l e a v a g e o f e i t e r b o n d s i n d i e m a l e g u L a n o v e l f i n d i n g i n 

J. typographus. It i s w o r t h n o t i o g l h a l t h i s esterase is k n o w n f a r s e v c m i 

d r n o r i n c a t i o n f u n c t i o n s i n o t h e r insects ( i ^ l a o D t r u i s t et a l . , J CO I) . 

Ln o u r p r e v i o u s s t u d y , o t h e r c i s - v c r b c n y l c o n j u g a t e s i n t h e g u t s o f 

b e e t l e s w e r e i d e n t i f i e d as t h r e e n r L K o y l - d a g l j ^ s a d e s d i a f e r i n g 

s t r u c t u r a l l y b y g l y c w i d i c p a r t s ( R n r r o J u r i s h n a o e l a l . r 2 0 2 2 1 , 0 ) . 

Cjjy cosy] a l e d a l c o h o l s are k n o w n t o s e r v e as d e l o ] d f i c a d n n p r o d u c t s , 

a n d t h e y m a y h a v e r e l e v a n c e La n a r k b e e t l e p h c r o m o n e b i o s y n t h e s i s 

i n o t h e r s p e d e s ( l i l c a n q u i s L e : a l . 2 D 2 I ) . ] n L h i s s L u d y . w e o b s e r v e d a 

s i g n i f i c a n t 1 0 0 - t b l d i n c r e a s e i n m c c o n l e n L o f L r i e s e c c r n p o u n d s i n t h e 

g u t s fallowing t h e t r e a t m e n t , a n d t h i s i n d u c t i o n s h o w e d s irr . i . i : rates 

i n b o t h s u e s o f a d u l L b e e t l e s . T h i s D e m o n s t r a t e s the 1EL" [[[ r c i j u l a L i o n 

o v e r the i n r m n t i D i i o f t h e s e o n m p o u n d s . 

F u r l h e n r j o r e , . t o l e s t t h e h r p o L n e s i s t h a t i J i e s e c o m p c u n d s c r - i i U i 

l e r v e a s a J l e r n a L h e p h e r o o n o o a l c i s - i e r b c n n l p r e c u r s o r s , w e s e a r c h e d 

a n d i d e n t i f i e d bor p o s s i b l e g e n e s W T U U D s p e c i f i c g l y c o s y i h y d r o l a s e 

g e n e f i m i l i e s . L i t e r , l l i e g e n e f o r p o t e n t i n i m a l e - s p e c i f i c r e l e a s e Li> 

f ree C L r v e r n e n a L N o t a b l y , w e i d e n t i f i e d f o u r c o n L g s f r o m t h e g l y c o s y i 

h y d r a Lose g e n e f a m i l y that w e n o v e r e a p r e s s e d e x c l u s i v e hy i n Lhe m a l e 

g u t l i t e r t r e a t m e n t . I l o w e v e r , . t h e O D C c r t a i n r r i n t h e a b u o d a o c e o f 

m a l e - s p e c i f j r l e r h e n y l d i g r y c o s i d e s - ( o n t s i m i l a r t o v e r b e o y i c s L c r ] r 

t n g e t h e r w i t h l o w c n i n t r L y i o t h e g u t a n d a b s e n c e i n t h e f i t b o d y 

( u o p u b l i s h e d d a t a j we p r e s u m e t h a t t h e s e c o m p o u n d s are m o r e l i k e l y 

a J e t D x i i i c a t i a o p r o d u c t r a t h e r t h a n L p h e r n m n n e p r e c u r s o r . T b u s , 

w e nave , o b s c n - ^ e d a s t r o n g i n d u c t i o n o f |1] l [ [ o n l h e f o r m a L i o n o f 

b o t h v e r b e n y l c o n j u g a t e s d i s c u s s e d . O r i g i n a l l y , t h e s e o a o o p o u n d s 

serve- i s b i n d i n g i g e o L s f o r t h e d e t D x i f i c a t l a n p r o d u c t o f n - p i n e n e r 

s p e c i f i c a l l y c u - v e r b e n o I i n o n r c i s e , h u t i d d r L i c - n i l l y , o u r f u i d i n g s 

p r o v e d t h a t v e r b e n y L fatty a c y l es ters a r e p o s s e s s e d b y a d u l t m a l e s as 

j r . i l k m a u v e p h e r o m o n e p r e c u r s a r f .\- .•: al . l l 1 IH - I l i m a l t r i i l i D a n 

et a L r 3 a i l a ) . 

] ] e n c e , o h t i i n i n g t h e s p e c i f i c g e n e c a n d i d a t e s d i r e c t s u s to 

p r a c t i c a l a p p l i c a t i o n b y t a r g e t i n g l h e g e n e s o f p h e r o r o n n e 

b i o s y n t h e s i s - Lor s i l e n c i o g i n J. f i r j ^ n r p J i d u . l i r g e t i n g t h e s p e c i e s -

s p e c i f i c n o n - l e l h a l g e n e s o f t h e b e e t l e a l o n g w i t h cnaaact c r a z i n g t h e m 

a i m s t o a d d r e s s t h e pest 's a g g r e g a t i o n b e h a v i o r w i t h m i n i m u m 

e c o l o g i c a l d a m a g e . A l i m i lar a p p r o a c l i w a s - d e m a n s t r a t c d i n a m o t h , 

E L e l k o v e r p a a r m i g e r a w h e n r e p r o d u c t a a n w a s m o d i f i e d , h y s i l e n c i n g 

genes r e s p o n s i b l e r o r s e x p h e m r n o n e s p f r j d W l i o o ^ l J o c i g e t a l . . 2 0 1 7 ) . 

l h e m a i n o b j e c t i v e o f R t C A i - b a s e d F o r c s L p e s t m a n a g e m e n t is to 

r e d u c e l l ie forest cer t p o p u l a t i o n level b e l o w the e p i d e m i c level ( ! : L - i f v 

e t a L , 2 0 2 l ] . S u n i l a r r y P genes i r r v o T F e d i n p h c r o m a n e p r a d u c t i o n i n b a r k 

b e e t L c s c a . n b e t a r g e t e d via. R N A i l o d i s r u p t c o m m u n i c a t i o n , s u c h as 

a g g r e g i t i o o o f p h c r o m a n e sagoal f o r a m a s s a t t a c k io J. r v p ^ g n r n f e j * . 

j i i w e v e r . s c l c c l i n g a n a p p r o p r i a t e d e l i v e r y m e t h o d for s p e c i f i c i n s e c t 

o r d e r s is c h a l l e n g i n g . ] n w o o d - f e e d i n g i n sects* the- aspect o f d s P J N A 

d e l i v e r y c a n h e a c h i e v e d , b y s p r a y i n g o v e r t h e tree t r u n k ( l i e t a L , 2fl 15) 

o r b y i n i e c t i n g it i n t o t h e tree's s o p s t r e a m (! i n r r . e r e -. i . . 1012}. l h e 

d e l i v e r y o f d s H I V A b y t h e s e m c L l y i c s w i D . b e u s e d for c n c c t r v e s J c n c b g 

o f l h e p h e r o m o n e b i o s y n t h e t i c g e n e s i n t h e b e e t l e u p o n p h l o e m -

r e e d i n g . H o w e v e r , a p p r o p r i a t e m e t h o d s h o u l d b e c o n s i d e r e d w h i l e 

c h o o s i o g L h e boc e t fec t ive o u t c a m e i. >?aet a L , 2021) . T h i s a p p r o a c h i s 

f i m i l i a r w i t h e n s t i n g f o r e s t p e s t m a o a g c m e o L p r a c t i c e s ( L e r 

s a l v i c u l t u r a l , c o o l o g a c i l ] , a n d c a n l i d a m u l L i - f a c e t e d m a n a g e m e n t 

a p p r o a c h , that k e e p s t h e t r e e - k i l l b i g forest pes t p o p u l a t i o n s i n t h e 

e n d e m i c stage w h i l e c o n s e r v i n g Lhe b e n e f i c i a l s p e c i e s . 

] n c o n c l u s i o n , t h e s e h r i d i n g s - es tabl ish , a f o u i u L i i x H i f o r 

u n d e r s t a n d i n g the- g e n e t i c m e c h a n i s m s u n d e r l y i n g p h e r o m o n e 

b i r j s y o l h e s i s i n J. iyp-igmphiir- f o l l o w i n g ] ] ] ]]] I r e a t m e o L I l o w c v e r , a 

l o g i c a l o e x t s t e p w o u l d b e l o c o n d u c t f u n c t i o n a l v a l i d a t i o n o f t h e 

i d e n t i f i e d gene c a n d i d a t e s i n v o l v e d i n p h e r a m o o e b i o s y T i t h c s i s . T h i s 

a p p r o a c h c o u l d l e a d to ef fec t ive pesL m a n a g e m e n L straLegies^ s u c h as 

R H A i n t e r t e r e n c c , a i m e d a t m a n i p u l a l J D g l l i e m a s s attack b e h a v i o r o f 

LKis a g g r e s s n e - p e s t ( J . . - : i-)• 

D a t a a v a i l a b i l i t y s t a t e m e n t 

A l l Lhe d a t a a n d r e s o u r c e s g e n e mi : o i f o i t h i s s t u d y a r e i n c l u c i e d Ln 

d i e a r t i c l e a n d l h e suppLemenJtal m a t e r i a l s . T h e l u V A s c q u e n c e s h a r e 

b e e n s u b m i t L e d i n h ' t H u n d e r Lhe a c c e s s l o o P R I T J / A P H T d f l . T h e 

P r o t c o m c d a t a h a v e b e e n Lubcnjltcd i n l ^ L e o m e X c h a n g e u n d e r the 

i d e n t u n e r n X D 0 3 9 2 d i . W e a r e w i l l i n g , l o s h a r e a l l t h e d a t a a n d 

r e s o u r c e s i o L h b s t u d y w i t h the p u b l i c 

E t h i c s s t a t e m e n t 

E t h i c a l a p p r o v a l was n o t r e q u i r e d f o r l h e sLudy i n v o l v i n g a n i m a l s 

i n a c c o r d a n c e w i t h t h e l o c a l l e g i s l a t i o n a n d i n s t i t u t i o n a l r e q u i r e m e n t s 

b e c a u s e W e h a v e p e i LuuLied. a l l b e e t l e e i p e r i a n e n t s t h a t c o m p l y w i t h 

t h e A R P J V 1 L g u i d e l i n e s a n d w e r e c a r r i e d o u t i n a c c o r d a n c e w i t h 

( S c i e n t i f i c P r o c e d u r e s ) A c t , l&So" a n d a s s o c i a t e d g u i d e l i n e s , E U 

D i r e c t i v e 2 0 M i . ' i i i / L ' L " f o r a n i m a l e x p e r i m e n L s . 

A u t h o r c o n t r i b u t i o n s 

HPc conccpluaJiTatiao, melhodalogy, formal analysis, resource^ 

and writing - origbial draft. Aft JuVA-seq .̂ data curalion. molecular 

F r o n t i e r s In F o m s t s a n d G i o b a i . C h a n p o f T o n t c r : i r c 
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w o r k s u p p o r t , a n d w r i t i n g - r e v i e w i n - i edi t ing . . J r L Q C - m ŕ L i t č i n m i : 

d a t a o n a r j s i s a n d m c l J i o d w r i l d o g . M e L U H P l C T h l E Ľ M 5 - M 5 dala . 

anarj -sis . \Q\: p r a t c o m i c s d a t a a n i r y s i s oxid c r u s h e d , w r i t i n g . A S : 

U H P L C V H P J r f S - j M S d a l i a n a l y s i s and. r e a Ť e w i n g . A I : 

•: Dii Ľ c p i líni ixati •:• n , m e t n a d o l o gy, foruiaJ acedysis , w r i t i n g . - r e v i e w a n d 

e d i t i n g , a j i d s t r p e r v i s i a o i . A l l a u t h o r s c o n t r i b u t e d t o l b e i r t i c J e arid, 

a p p r o v e d t b c s u b m i t t e d v e r s i o n . 
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Supplementary Figure 1:GCXGC-MS data- Quantification of Pheromone compounds from 
I. lypographuz male gut tissue after JHUI induction. MA- Males topically treated with acetone 
- control; MJ- Male* topically treated with JHTJI - treatment Tos error bar indicates standard 
error. T>=3. 
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Supplementary Figure 2 A: PC A of transcriptooie data (E£NA- sequeraejiing) analysis from 
I. typographus gut tissue after JHEI induction in r>cdi sex . MA- Males topically treated with 
acetone - control; MJ- Males topically treated with JIILTI - treatment FA- Females topically 
treated with acetone — control. FJ-Females topically treated with JH3II — treatment. N=4. 
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Supplementary Figure 2B: PC A of proteome data ifroniZ fypogn^kus gut tissue after JHEI 
induction in both sex . MA- Males topically treated with acetone - control: MJ- Males topically 
treated with JHL7I - treatment FA- Females topically treated with acetone — control, FJ-
Females topically treated with JHIJJ - treatment N=4 
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Supplementary Figure 3: Mevalonate pathway gene contigs relathie expression in /. 
typograpfws female gut tissue after JHIII treatrnent phDsphcmevalcnate kinase fPiVTX)J-
hydroxy-3-methyl glutaryl coenzyme-A synthase (HMG-S), 3-hydroi»y-3-methyl glutaryl 
coenzyrne-A reductase (HMG-R). isor̂ ntyl-di-phosphate isomerase (IPP1), aud ssoprernti-di-

pkaspate synthase (TFDS). The error bar indicates standard error. MA- Males topically treated 
with acetone — control; MJ- Males topically treated with JHIII - treatment, FA- Females 
topically treated with acetone - control, FJ-Females topically treated with JHIII - treattnent 
N=4. 
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Supplementary Figure 4: GlycosyL hydrolase gene c o n t i g B . relative expression of in female 
gut tissue after JHIII treatment The error bar indicates standard error. MA- Males topically 
treated with acetone - control; Ml- Males topically treated with JFLTII—treatment. FA- Females 
topically treated with acetone - control, FJ-Females topically treated with JHTH - treatment 
N=4. 
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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 

/. 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 /. 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 

c/s-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 c/s-

verbenol started appearing in the juvenile beetles and disappeared during beetle 

maturation. Later, c/s-verbenol reappeared as soon as they emerged from the host, c/s-

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

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 c/s-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 /. 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 /. 

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

Tittiger, 2003). Added to that, c/s-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 /. 

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 

/. 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; Jirosova 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 

(Itypl7150), 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 /. 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— Itypl7873 and 

Itypl7861— 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 /. typographus overexpressed certain 

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

(Ityp09137), HMG-R (Itypl7150), 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 (Itypl7861) (Ivarsson et al., 1993; Ramakrishnan et al., 2022a, 

2022b, 2024). 

c/s-Verbenol biosynthesis concept: 

c/s-Verbenol biosynthesis focused on the second objective of the hypotheses, which 

involves the oxidation of (-) a-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 /. 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- CI (Ityp3903) and C2 (Ityp0496) showed high 

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

trons-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 c/s-verbenol synthesis and 

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

propose four identified candidates (C1-C4) as possible c/s/trons-verbenol synthesizing 

from a-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 (Itypl834 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 /. 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 c/s-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 /. 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, /. typographus life stages and JH III 

treatment influence trace amounts of c/s-verbenol and verbenone, which proves that 

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

c/s-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 c/s-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, c/s-verbenol. The relative abundance of c/s-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 c/s-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 a-pinene from the host source 

undergo detoxification into oxygenated monoterpenes c/s-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 /. typographus during the early life 
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stages. Later, when feeding males tend to produce c/s-verbenol as an aggregation 

pheromone compound, where a-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 c/s-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. c/s-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 c/s-verbenol storage as a fatty acid ester in the 

immature stage was evaluated. Further validation of the mentioned sequences in the 

life stages of /. typographus showed that esterase Itypll977 (E3) occurs in the immature 

stage. Since c/s-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 c/s-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 a-pinene, 

specifically c/s-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 /. 

typographus. Followed by, the method of Juvenile Hormone III treatment on the beetle 

has ensured the occurrence of the relative gene families from the /. 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 /. 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 (Itypl7150), 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 c/s-verbenol biosynthesis in the beetle. Enough evidence persists for the 

conversion of tree precursor (a-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 /. 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 c/s-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, Itypll977, 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, Itypll770, 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 +/- a-pinene, +/- 6-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-/ can be efficiently incorporated by synthesizing a double-stranded RNA (c/sRNA) 

from a species-specific target gene with an appropriate delivery mechanism. Although 

the use of RNA/' 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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