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Ohjectives of thesis

European Spruce Bark Beetle (Ips typographus, Coleoptera, Scolytinae) is a devastating pest of spruce
trees present in forests across Europe. This bark beetle uses pheromone-mediated aggregation to
effectively owercome host defence. Considering pheromone communication, as an obwvious key factor in
mass attacks, intervention in pheromone biosynthesis of the beetle is a promising approach to curbing
spruce killing behaviour.

Main goal of this dissertation thesis is to study |ps typographus aggregation pheromone biosynthetic
pathways, related metabolism and underlying molecular mechanisms. The aim is to verify suggested
reaction mechanisms of the aggregation pheromone components mainly 2-methyl-3-buten-2-ol and
cis-verbenol as well as creation of monoterpenyl-esters as putative pheromone precursor. Furthermore,
the candidates for involved genes and enzyme families will be targeted by differential genome expression
approach and the functionality of these genes will be proved by functionally characterization techniques.

Methodology

This wark will cover the broad range of “omic” approaches. The metabolomics will be used to determine the
production profile of the pheromone compounds and related metabolites in the different beetle life stages
and treatments (JHIIl treatment). The beetle guts and corpuses will be dissected, extracted and measured
by spectrometric methods to compare metabolom and guantify target compounds. The transcriptomic
approach will cover the RNA sequencing of beetles tissues from various life stages and JHII treatment and
transcriptoms will be compared by Differential gene expression analysis with using sophisticated software
tool such as CLC work bench. The highly upregulated genes with respect to pheromone biosynthesis will
be selected and its production profile over the life stages will be supported with realtime guantitative
polymerase chain reaction (RT-gPCR). The best candidate genes will be functionally characterized using
specific expression among cell lines (bacterial, insect) and in vitro respected enzyme assays for achieving
end products.

Offficial document * Czech University of Life Sciences Prague * Kamycka 129, 165 00 Praha - Suchdol



The proposed extent of the thesis
100-120

Keywords
Ips typographus, Pheromone biosyntheses, Gene characterization, Transcriptomics

Recommended information sources

Birgersson, G. & Bergstrom, G. Volatiles released from imdividual spruce bark beetle entrance holes —
quantitative variations during the 1st week of attack. ). Chem. Ecol. 15, 2465-2483,
doi:10.1007/6f01020377 (1989).

Gilg, A.B., Bearfield, 1.C., Tittger, C., Welch, W.H., Blomguist, G.1., 2005. Isolation and functional
expression of an animal geranyl diphosphate synthase and its role in bark beetle pheromone
biosynthesis. Proc. Natl. Acad. 5ci. U. 5. A 102, 9760-9755.
https://doi.org/10.1073/pnas.0503277102

He, P, Mang, D.Z_, Wang, H., Wang, M_M., Ma, Y.F, Wang, 1., Chen, G.L, Zhang, F, He, M., 2020.
Maolecular characterization and functional analysis of a novel candidate of cuticle carboxylesterase in
Spodoptera exigua degradating sex pheromones and plant volatile esters. Pestic. Biochem. Physiol.
163, 227-234. https://doi.org/10.1016/j.pestbp.2019.11.022

Chiu, C.C., Keeling, C.I., Bohlmann, J., 2018. Monoterpenyl esters in juvenile mountain pine beetle and
sex-specific release of the aggregation pheromone trans -verbenol. PNAS 2-7.
https://doi.org/10.1073/pnas. 1722380115

Keeling, C.1., Blomquist, G_1_, Tittiger, C_, 2004 Coordinated gene expression for pheromone biosynthesis
in the pine engraver beetle, Ips pini (Coleoptera: Scolytidae). Naturwissenschaften 91, 324-328.
https://doi.org/10.1007/500114-004-0523-y

Keeling, C.1., Li, M_, Sandhu, H.K., Henderson, H., Man, M., Yuen, 5., 2016. Quantitative metabolome ,
proteome and transcriptome analysis of midgut and fat body tissues in the mountain pine beetle |
Dendroctonus ponderosae Hopkins , and insights into pheromone biosynthesis. Insect Biochem.
Mol. Biol. 70, 170-183. https://doi.org/10.1016/].ibmb.2016.01.002

Li, Z., Dai, L., Chu, H., Fu, D, Sun, Y., Chen, H., 2018. ldentification, expression patterns, and functional
characterization of chemosensory proteins in Dendroctonus armandi (Coleoptera: Curculionidae:
Scolytinage). Front. Physiol. 9, 1-14. hittps://doi.org/10.3389,/fphys.2018.00291

Roy, A., George, 5., Palli, 5.R., 2017. Multiple functions of CREB-binding protein during postembryonic
development : identification of target genes. BMC Genomics 1-14.
https://doi.org/10.1186/s12864-017-4373-3

Roy, A., Palli, 5.R., 2018. Epigenetic modifications acetylation and deacetylation play important roles in
juvenile hormone action. BMC Genomics 1-15. https://doi.org/10.1186,/512864-018-5323-4

Schiyter, ., Birgersson, G., Byers, 1A, Lofgvist, J., Bergstrém, G., 1987 . Field response of spruce bark
beetle, Ips typographus, to aggregation pheromone candidates. J. Chem. Ecol. 13, 701-716.
https://doi.org/10.1007/BF01020153

Official document * Czech University of Life Sciences Prague * Kammycka 129, 165 00 Prsha - Suchdol


https://doi.org/10.lO73/pnas.05O32771O2
https://doi.Org/10.1016/j.pestbp.Z019.ll.022
https://doi.org/10.1073/pnas.1722S30115
https://doi.org/10.10O7/s0OU4-OO4-0523-y
https://doi.Org/10.1016/j.ibmb.Z016.01.002
https://doi.org/10.33S9/fphys.2O18.O0291
https://doi.Org/10.l
https://doi.org/10.llS6/sl2S64-013-5323-4
https://doi.org/10.1007/BF01020153

Expected date
2023/24 WS — FFWS — State Doctoral Examinations

The Dissertation Thesis Supervisor
Ing. Anna Jlirosova, Ph.D.

Supervising department
Department of Forest Protection and Entomology

Advisor of thesis

Dr. Amit Roy

Electronic approval: 11. 1. 2024 Electronic approval: 11. 1. 2024

prof. Ing. Jaroslav Holusa, Ph.D. prof. Ing. Milan Lstiblirek, M5c, Ph.D.
Head of department Chairperson of Field of 5tudy Board

Electronic approval: 11. 1. 2024
prof. Ing. Robert Marusak, PhD.

Dean

Prague on 17_01. 2024

Offficial document * Czech University of Life Sciences Prague * Kanycka 129, 165 00 Prsha - Suchdol



ANNOTATION:

The European spruce bark beetle, Ips typographus is a key pest among spruce forests
across the many Eurasian regions including the Czech Republic. Host tree colonization
by I. typographus is mediated by aggregation pheromone blend, consisting of 2-methyl-
3-buten-2-ol and cis-verbenol synthesized from the beetle gut. The molecular trait of
pheromone biosynthesis research in I. typographus has not been conducted yet in
detail. In this research, our primary focus is to reveal the molecular level changes
relevant to pheromone biosynthesis across the bark beetle life stages. Followed by an
artificial hormonal treatment, by applying juvenile hormone Il (JH Il1), highlighting the
key pathway mechanism using sophisticated multi-omics approaches. we performed a
comparative analysis of metabolites (metabolomics), gene transcripts (transcriptomics),
and proteins (proteomics) from gut tissue and fat bodies of I. typographus in both sexes.

From a detailed Metabolomic analysis, both the various life stages study and JH llI
treated study have revealed higher amounts of 2-methyl-3-buten-2-ol in the gut of the
fed male (colonization stage), and JH lll treated male beetles. Interestingly, the content
of cis-verbenol was higher in the immature male gut (early stage) along with the fed
males, which is an interesting finding in this research. We also identified a certain
compound, verbenyl oleate (the possible storage form of cis-verbenol), in the beetle
body of the immature stage. A further differential gene expression (DGE) and differential
protein expression (DPE) analysis revealed possible candidate genes involved in the
biosynthesis of the quantified pheromones and related compounds. A novel
hemiterpene-synthesizing candidate isoprenoid-di-phosphate synthase (IPDS) from the
mevalonate pathway, proposed for 2-methyl-3-buten-2-ol synthesis was significantly
expressed in the pheromone-producing beetles. Other putative gene families such as
cytochrome P450 (CYP450) for cis/trans-verbenol synthesis, an esterase gene family
and glycosyl hydrolase gene family for concept of cis-verbenol storage/release were
covered in this research.

Findings from the pheromone biosynthesis research on I. typographus are the first such
reported results with related gene families. With the further characterization of the
identified genes, we can develop novel strategies to disrupt the aggregation behavior of
I. typographus and thereby prevent vegetation loss. This study also provides insightful
evidence of JH IllI's regulatory role in fundamental beetle metabolism, pheromone
biosynthesis, and detoxification in I. typographus bark beetles.

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

Hypothesis 1: Key life stages of Ips typographus facilitate information targeting changes
in molecular and metabolite levels to identify the aggregation pheromone biosynthesis

in the beetle.
In detailed objectives:

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

Il. To identify the key enzymes involved in the biosynthesis of cis-verbenol
synthesis from a-pinene sequestered from the host.
Il. To identify the key enzymes involved in the cis-verbenol conjugate storage

mechanism.

Hypothesis 2: The Juvenile Hormone Il 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:

l. To analyze the impact of Juvenile Hormone Ill on the expression pattern of key
enzymes from the mevalonate pathway (in the context of 2-methyl-3-buten-2-
ol/ipsdienol biosynthesis).

Il. To analyze the regulation of cis-verbenol (related to detoxification) after JH I
application.

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

and glycosyl conversion) in the storage and release of cis-verbenol.

12



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

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

m

vidovano [m3]
1000
1001 - 5000
5001 - 10 000
10001 - 20 000
20001 - 100000
100001 - 500 000
500 001 - 1000 000
> 1000 000

BRRRRCO0

Figure 1:Recorded volume of spruce bark wood loss in the Czech Republic (Knizek 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 (Jénsson et al., 2009;
Biedermann et al., 2019), the beetle’s attack dynamic plays a crucial role in dominating
the host tree defense mechanism (Byers, 1989). Bark beetle uses chemical cues to
establish social communication in the attack dynamics. An aggregation pheromone

blend consisting of 2-methyl-3-buten-2-ol and cis-verbenol was identified specific to /ps
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typographus (Bakke, 1976). Knowing the aggregation phenomenon of a beetle was
idolized to control the organism's behavior over the host, thus many monitoring and
control measures derived from the known pheromone compounds. Monitoring beetle
population methods such as pheromone trap catches, and tree traps by applying the
pheromone compounds on certain weak hosts and reducing the attack on many
healthier trees (Galko et al., 2016). Added to that, many control methods such as early
detection of the attacked trees, sanitation with insecticides, and removal of the attacked
trees are also in practice (Wermelinger, 2004; Hlasny et al., 2019). Irrespective of many
control measures, the pest outbreak was in exponential increase over the years 2015-
2020 in the Czech Republic (Knizek, 2020; Lubojacky 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 18t 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 (Szabé 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 (Przepidra et al., 2020; Hlasny et al., 2021). Addressing the bark
beetle activity in the spruce vegetation is challenging, as the beetle niche dynamically
changes with forest physiological conditions such as temperature and drought

(Biedermann et al., 2019).
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The success of the bark beetle population depends on selecting appropriate host trees,
implying the energy trade-off for the beetle over the years (Raffa et al., 2016, Figure 2).
This host selection process varies for different bark beetle species and includes two main
theories, active primary attraction to weakened tress (Lehmanski et al., 2023) and
random landing of emerged spreading beetles with the decision step based on close
encounter with tree smell and taste (Byers, 1989). For example, the Mountain Pine
Beetle, Dendroctonus ponderosae uses female beetles as a pioneer in the host section,
whereas, the Pine engraver, Ips pini uses male pioneers in host selection (Schmitz, 1972;
Sickle, 1989). In general, the pioneer sex in finding appropriate hosts for colonization are
male beetles for most Ips species. European spruce bark beetle, I. typographus is a
primary tree-killing pest for the spruce vegetation and has the male pioneer sex in host
selection, whereas a female is the pioneer sex for Dendroctonous species (Stadelmann
et al,, 2014; Seidl et al., 2016; Lehmanski et al., 2023). Added to that, random landing on
host trees and selection based on the host tree compounds also influence the selection
(Netherer et al., 2021). Hence, host selection by respective pioneer beetles and
appropriate chemical cues play a crucial role in the successful next generation with
optimum resource and physiological conditions for the beetle (Raffa, 1983; Bohlmann

and Gershenzon, 2009).

After host selection, the pioneer beetle uses chemical cues, known as pheromones, and
recruits further conspecific beetles for colony establishment against the host defense
mechanism. The influence of appropriate pheromone blends with species-specific
behavior in the field was studied in the early 1970s and 1980s (Bakke et al., 1977;
Schlyter et al., 1987). Even though pheromones act as short-distance emissions in intra
and inter-species communication and for long-distance host search. The pheromone
storage and release should be involved for the beetle survival ability. The success rate
of the beetle is not only determined by finding an appropriate host but also by
reproducing next-generation beetles with epigenetic inheritance (Netherer et al., 2021,

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

importance of the forest (Peltonen, 1999).

a) Landscape b) Habitat c) Tree d) Tissue
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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 (lvarsson et al., 1995).

Pupae Inside bark
-y
& i
Larvae / -t \
Immature

) - . beetle

)
ﬁ Life stages of bark beetle #‘
Q

Mating Sclerotized

beetles \ / beetle
m

fed beetle \ /
(host boring)

Flying

beetle ‘

4 Emerging
adult 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

Bergstrom, 1984).

Pheromone production varies across different life stages of the bark beetle lifetime
(Birgersson et al., 1984; Aw et al., 2010). The beetle ability to produce certain
pheromone components at the required development stage ensures the fitness and
success of the beetle. Thus, the importance of various life stages study from the bark
beetle, D. ponderosae for pheromone switches off and on mechanism was investigated

(Pureswaren et al., 2000).

The species-specific physiological recognition for beetle behavior at a certain life stage
with aggregation pheromones and repellent involving over 15 different compounds
have ensured the commercial aspect such as pheromone-mediated mitigation to the
situation with partial success in I. typographus management (Galko et al., 2016). Though
many pheromone research findings are used in the field of bark beetle management,
commercially available pheromone baits are used only for monitoring of seasonal and

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

Methyl-3-buten-2-ol), cV(cis-Verbenol), Step 3&4: Attracting more conspecific beetles Step 5:
Release of more aggregation pheromone from conspecific beetles, Step 6: Release of
pheromonal compounds le (ipsenol) and Id (ipsdienol) along with MB & cV, Step 7&8: Repelling
the conspecific beetles due to host depletion. Source: Byers, 1989.

24 Pheromones biosynthesis in bark beetle:

The first bark beetle pheromone component mixture (ipsdienol, ipsenol, and verbenol)
was reported in 1966 from Ips paraconfusus (Silverstein et al., 1966). Notably, Bark
beetle pheromone compounds such as ipsdienol, cis/trans-verbenol, and exo-
brevicomin show structural similarity to host tree compounds of some monoterpenes,
myrcene, and 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, *C-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 *C-labelled frontalin and it originates via the mevalonate pathway (Tittiger et al.,

2016).

The key aggregation pheromones from I. typographus male pioneer beetles are 2-
methyl-3-buten-2-ol and cis-verbenol, reported in earlier studies of the 1970s and
1980s with quantification of these compounds in attack stages of the beetle (Bakke,
1976; Birgersson et al., 1984). In [I. typographus, the hemiterpene aggregation
pheromone, 2-methyl-3-buten-2-ol with de novo origin was identified with a labeled
mevalonate as mentioned above (Lanne et al., 1989; Byers and Birgersson, 1990). These
studies clarified the sex-specific and localized aggregation of pheromone biosynthesis
from the midgut (Hall et al., 2002). Also, the bark beetle aggregation pheromone
biosynthesis takes place especially in their hindguts as soon as they start boring into the
bark. Later, the components reach the maximum amount during excavation of the

nuptial chamber.

cis-Verbenol, another aggregation pheromone of the bark beetle, I. typographus,
derived from host tree precursor 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 trans-verbenol in D. ponderosae (Chiu et al., 2019).

Also, the aggregation pheromone cis/trans verbenol role changes as converted into a
derivative verbenone. Various microbial roles in the context of pheromone conversion
of bark beetle, especially in species Dendroctonus frontalis, with a mycangial fungus
involvement (Brand et al., 1976; Hunt and Borden, 1990). Many research questions
related to bark beetle gut microbes are explored currently with the mentioned interests
(Adams et al., 2011; Chakraborty et al., 2020). Other male-specific components of /.
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).
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Figure 5A: Structure of pheromone components and relative precursors in Ips typographus.
Source: Birgersson et al., 1984.
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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 Il on pheromone biosynthesis have been subsequently
investigated in various species, including 1. paraconfusus (lvarsson and Birgersson,
1995), I. pini (Tillman et al., 1998; Blomquist et al., 2010), and D. ponderosae (Keeling et
al., 2016). JH Il 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 /ps 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, cis-verbenol (along with myrtenol as another detox product) is deposited in the

form of monoterpenyl fatty acid esters in the fat body (Chiu et al., 2018).
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Figure 6: De novo pheromone biosynthesis via mevalonate pathway in gut tissue
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The identified conjugates (verbenyl fatty acid esters) supply of the pheromonal
component, free cis-verbenol by hydrolyzing in adult males when needed. The gene
encoding for the formation of a verbenyl fatty acid ester and cleaving function was
presumed as a carboxylesterase or transferases, which acts on ester bond (Figure 7,
Chiu et al., 2018; Blomquist et al., 2021). In D. ponderosae, verbenyl conjugates are
proposed as a potential pheromone reservoir in adult males (Hughes, 1974; White et al.,

1980).
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Figure 7: The hypothesized biosynthetic origin of verbenol storage in bark beetles.
Biosynthesis of trans-verbenol, cis-verbenol, and myrtanolin 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, cis-verbenol,

phenylethanol, myrcene, verbenone (Bakke, 1976), and pheromone precursors such as
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fatty acid esters (Chiu et al., 2018). Thus, the concept of gene regulation with a switch
on/off mechanism for certain pheromone production should be analyzed in the relevant
life stage of the beetle. Specific enzyme regulation after JHIIl 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 Il (JH 1ll) 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 lll 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 lll 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 Ill, which is subsequently reduced as
the larvae undergo metamorphosis into pupae (Treiblmayr et al., 2006). In the pre-
metamorphic stages, JH lll 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 Il 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 Ill effects have primarily been studied concerning pheromone
biosynthesis induction. Many pheromone compounds such as Ipsenol and Ipsdienol,
known exclusively from /ps species been regulated by JH IIl (Hall et al., 2002). When the
beetles bore into the host tree, JH Il 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 lll 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 lll 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 lll-induced

pheromone induction (Tillman et al., 2004; Bearfield et al., 2009).

26



Mevalonate pathway

l nobo Farnesyl-PP
Cholesterol 4 FP, FDH, FaDH
nvd Farnesoic acid
sro/spolspok/Cyp6t3 JHAMT A
:{;’" *(FAMm v
\MFE [/ JHAMT
m";“"' JHIN
v v
() Ecdysone JHm
P v
o -
! \. . II
\ /
N
v
o s
20E/EcR complex JH/Met complex
& l
. ——Kr-h1
/ —
BR-C E93
Metamorphosis Metamorphosis
to pupa to adult

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 Ill, juvenile hormone lll; 20E, 20-hydroxyecdysone; EcR, ecdysone
receptor; Met, Methoprene-tolerant; nobo, noppera-bo; nvd, neverland; sro, shroud; spo,
spook; spok, spookier; phm, phantom; dib, disembodied; sad, shadow; shd, shade; FP, farnesyl
phosphatase; FDH, farnesol dehy- drogenase; FaDH, farnesal dehydrogenase; FAMeT, farnesoic
acid O- methyltransferase; MFE, methyl farnesoate epoxidase; FAE, farnesoic acid epoxidase;
JHAMT, juvenile hormone acid O-methyltransferase; BR-C, Broad-Complex; Kr-h1, Kriippel

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 et al., 2021).
Gene characterization:

By completing the analysis of the gene sequencing with the above-mentioned methods,
obtained key gene functions certainly need to be validated and confirmed. Molecular
methods such as protein engineering the enzymes in living cells (bacteria or insect cells)
and followed by checking the activity using enzyme assays with specific substrates for
confirming the gene functions (Frick et al 2013; Lancaster et al., 2018). Another
approach is using RNA interference (RNA i) in silencing the respective gene and checking
for protein and targeted products in living organisms (Joga et al., 2016). Both the
mentioned methods facilitate knowledge for identifying the responsible function
especially biosynthetic genes of the crucial aggregation pheromone components has a
promising approach for the mentioned scenario of pest management. The practical

application of gene silencing is discussed in the next chapter.
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Figure 9: a) Overview of library preparation methods for different RNA-sequencing methods
Methods are categorized as short-read sequencing (black), long-read cDNA sequencing (green),
or long-read direct RNA-seq. (blue). b: Overview is shown of the three main sequencing
technologies for RNA-seq. from left to right, lllumina (Fluorophore labeling), Pacific Biosciences
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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 (Hlasny 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; Hlasny et al., 2019). However, favorable climate impact with rising
temperatures increased the beetle population at an exponential rate (Lubojacky et al.,
2023). Thus, the classical methods were not efficient enough in controlling the beetle
infestation (Bentz et al., 2010). Furthermore, in IPM strategies for pest insects, the
ecological balance must be maintained with the least or no impact on non-targeted
insect populations (Kogan, 1998), which differs from using nonselective insecticides.
Hence, species-specific approaches were proposed to overrule the impact on other

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

Molecular methods such as RNA interference are a phenomenon of gene silencing on
targeted organisms and are widely used in controlling pest management in many
agricultural crop protection programs (Gordon et al., 2007; Zotti et al.,, 2015). By
silencing a certain functional gene, a targeted insect can be retained with minimum

damage to the crop hence preventing ecological loss of the pest. While this application
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has an advantage with certain species specificity, the complex system in the gene
silencing of Coleoptera insects is challenging and in bark beetles, almost no evidence of
RNAi/ research can be identified till date (Joga et al., 2016). Targeting the species-specific
non-lethal genes of the beetle along with characterizing them aims to address the pest's
aggregation behavior with minimum ecological damage. A similar approach was
demonstrated in a moth, Helicoverpa armigera when reproduction was modified by
silencing genes responsible for sex pheromones production (Dong et al., 2017).
However, selecting an appropriate delivery method for specific insect orders is
challenging. In wood-feeding insects, the aspect of dsRNA delivery can be achieved by
spraying over the tree trunk (Li et al., 2015) or by injecting it into the tree's sap stream
(Hunter et al., 2012). The delivery of dsRNA by these methods will be used for effective
silencing of the pheromone biosynthetic genes in the beetle upon phloem feeding.
However, the appropriate method should be considered when choosing an effective

outcome (Joga et al., 2021).

This approach is familiar with existing forest pest management practices (i.e.,
silvicultural, biological), and can aid a multi-faceted management approach that keeps
the tree-killing forest pest populations in the endemic stage while conserving the

beneficial species.
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3. SUMMARY OF WORK METHODOLOGY:

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

following chapter.

3.1 Ips typographus rearing conditions in the laboratory:

Spruce logs (Picea abies) naturally infested with I. typographus (FO generation) were
obtained from plots at the CZU forest, near Kostelec nad Cernymi 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 c¢cm/45 | volume) for incubation to establish the F1
generation. With four weeks of incubation time, the F1 generation of the beetle with
different life stages was collected. The different life stages are larvae, pupae, immature
beetles (golden-colored teneral beetles with soft cuticle), sclerotized beetles (beetles
with dark cuticle, still in the breeding log), emerged beetles (beetles emerged from the
breeding log), flying beetles (emerged beetles with 24 h of flying), fed beetles (males
and females separately excavating nuptial chambers in an uninfested spruce log for 24
h), mated beetles (male introduced first in an uninfested spruce log, followed by the
introduction of a female after 24 h and collection of beetles from mating chambers after
48 h). After collecting beetles at appropriate life stages, they were sorted according to
sex and external morphological characteristics (Schlyter and Cederholm, 1981) (except

larvae and pupae).

The emerged beetles were sorted by sex and used for hormone (JH Ill) treatment.
Acetone (0.5 pl; control) and 10 pg of JH Il (0.5 pl of 20 pg/ul 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 pl) of cold pentane or hexane. The beetle body was placed
in another vial with chloroform. (10 beetle bodies /1000 pl chloroform) (Birgersson et

al. 1984; Birgersson and Bergstrom, 1989)

GC-MS Agilent 7890B (Agilent Technologies, Palo Alto, CA, USA) employing time of flight
mass analyzer Pegasus 4D (LECO, St. Joseph, MI, USA) was used for the separation,
identification, and quantification of extracted compounds. One microliter of the extract
was injected into a cold PTV injector (20°C) in split 10:1 mode. After injection, the inlet
was heated to 275°C at a rate of 8°C/s. Separation was conducted on HP-5MS Ul capillary
column (30 m, 0.25 mm i.d., 0.25 um 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-to 210°C; then at 20°C min-— to 320°C and held for 6 min. The total GC run time was
29.5 min. lons (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 um film thickness)
was used for two-dimensional separation. A modulation period of 5 seconds was
maintained for the whole length of the analysis. The temperature program was 40°C (1,7

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

Automated spectral deconvolution and peak finding algorithms were carried out

using ChromaTOF software (LECO, St. Joseph, MI, USA). In target compound analysis,
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peak areas of unique mass from the compound's mass spectrum were used for
guantification. 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 toolwas 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 inthe 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 ul/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 pl 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 pl
extract, chromatographic separation was performed with a constant flow rate of 300
ul/min using an Acclaim C18 column (150 x 2.1mm, 2.2 um; Dionex, Borgenteich,
Germany). Solvent gradients (B 0.5-100% v/v for 15 min; 100% B for 5 min; 100-0.5%
v/v for 0.1min; 0.5% for 5 min) were used. lonization in the HESI ion source was achieved
by 4.2 kV cone voltage, 35 V capillary voltage, and 300°C capillary temperature in the
transfer tube in positive ion mode and 3.3 kV cone voltage, 35 V capillary voltage and
320°C capillary temperature in negative mode. Mass spectra were recorded in the
positive and negative ion mode at m/z 80—-800 mass range in duplicate. Date-dependent
acquisition using the TOP5 routine was used with one survey scan mass resolution
60,000 (HWFM) and 5 CID scans with 7,500 resolution in a 0.3 sec. Colision-induced
dissociation (cd) of quadrupole selected precursor (0.8 Da mass window) was done in a
collision cell at typical normalized fragmentation energy 30 eV. For identification pairs
of the accurate mass of ions and of their collision-induced ionization fragments with the
retention time values were interpreted using software XCALIBUR (Thermo Fisher
Scientific, Waltham, USA). For the identification of metabolites samples were compared
and statistically evaluated using the software MetaboAnalyst 2.0, and determined
masses were compared with the database. The high-resolution LC-MS raw spectra were
first centroided by converting them to mzXML format using the MS Convert feature of
Proteo Wizard 3.0.18324. Data processing was subsequently carried out with R Studio
v1.1.463 using the Bioconductor XCMS package v 3.4.2 (Smith et al. 2006; Tautenhahn
et al. 2008; Benton et al. 2010), which contains algorithms for peak detection, peak
deconvolution, peak alignment, and gap filling. The resulting peak list was uploaded into
Metaboanalyst 4.0 (Chong et al., 2018), a web-based tool for metabolomics data
processing, statistical analysis, and functional interpretation where statistical analysis
and modeling were performed. K-nearest neighbor missing value estimation was used
to replacing gaps. Data filtering was implemented by detecting and removing non-

informative variables that are characterized by near-constant values throughout the
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experimental conditions by comparing their robust estimate interquartile ranges (IQR).
Data was auto-scaled. Out of the 3020 mass features originally detected, were used for
the Principal Least Square Discriminant Analysis. For the identification of candidate
metabolites, the individual mass features that contributed to the separation between
the different classes were further characterized by applying a range of univariate and
multivariate statistical tests to determine their importance including the Pls-da
importance variables, t-test, and Random Forest. Along with retention time, accurate
mass and MS/MS spectra, the generated information was probed with existing literature
and databases. MS/MS spectra files were also centroided and imported into GNPS

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

3.3 Differential gene expression (DGE) analysis:

Gut tissue was dissected using RNA later solution and 10 guts per biological sample were
obtained. Four biological replicate included three technical replicates for each biological
replicates were performed. RNA extraction was completed using the preoptimized
protocol (Roy et al., 2017; Sellamuthu et al., 2022). The quality and quantity of the
extracted RNA were evaluated using agarose gel and Qubit, respectively. Integrity was
determined using the 2100 Bioanalyzer system (Agilent Technologies, Inc). Pure RNA
samples (RIN>7) were sent for sequencing to NoVo gene sequencing company, China.
Sequencing was completed with NOVAseq6000 (PE150, 30 million raw reads). RNA (1
ug) 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 gRT-PCR based on the
differential expression level and specific functions in supplementary table 1. Primers
were designed using IDT's primer design software (www.idtdna.com). cDNA was
synthesized using an M-MLV reverse transcriptase kit following the manufacturer's
protocol. gRT-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
35, 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 NaCl, 1% N-octylglycoside, and
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0.1% sodium deoxycholate. Gut tissue in the buffer with protease inhibitor mixture
(Roche) was incubated for 15 min on ice. Lysates were cleared by centrifugation, and
after precipitation with chloroform/methanol, proteins were resuspended in 6 m urea,

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

The samples were homogenized and lysed by boiling at 95°C for 10 min in 100 mM TEAB
(triethylammonium bicarbonate) containing 2% SDC (sodium deoxycholate), 40 mM
chloroacetamide, and 10 mM Tris-2-carboxyethyl phosphine. Followed by, samples
were put in sonication (Bandelin Sonoplus Mini 20, MS 1.5) and the obtained proteins
were measured for concentration using a standard protein assay kit (Thermo Fisher

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

SP3 beads were used for sample processing. Five pl of SP3 beads were mixed with 30 ug
protein in a lysis buffer and made up to 50 ul 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 ul 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 um ID, PepMap C18, 2 um particles, 100 um pore size). In this
analysis, mobile phase buffer A (0.1% formic acid in water) and mobile phase buffer B
(acetonitrile and 0.1% formic acid) were used. Samples were loaded in a trap column of
C18 PepMap100, 5 um particle size, 300 um 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-gIT, 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 I. typographus genome
database. The C-termini of Arg and Lys were set for enzyme specificity, allowing the
cleavage of proline bonds with a maximum of two missed cleavages. Cysteine
dithiomethylation was selected as the fixed modification. Various modifications were
considered with N- N-terminal protein acetylation and methionine oxidation. Matches
between the run features from MaxQuant were used to transfer the identified peaks to
other LC-MS/MS systems. Runs based on masses and retention times (with a maximum
deviation of 0.7 min) were also considered for quantification. A label-free MaxQuant
algorithm was used for quantification (Cox et al., 2014). Data analysis was performed

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

3.5 Statistics:

Statistical analysis of quantified data was performed using a one-way analysis of
variance (ANOVA) and Fisher (LSD) test with a 95% confidence interval in the XLSTAT-
Student 2020 licensed version and TIBCO Statistics (USA, 2021). UHPLC-HRMS-MS data
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analysis was performed using MetaboAnalyst 4.0. G -MS data were cleaned for residua
of analysis, normalized (constant raw sum), and evaluated using principal component
analysis (PCA) in the SIMCA 17 software (Sartorius Stedim Data Analytics AB, Malmg,
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.

e Publication 1: Research findings show results after testing hypothesis 1 for the
respective pheromone compounds and expression of relevant gene families from key
life stages of I. typographus gut tissue using a comparative study of transcriptome and
metabolome. Ramakrishnan et al., 2022a.

e 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.

e Publication 3: The final publication contains findings after checking hypothesis 2 by an
artificial pheromone biosynthesis method of inducing the beetle with juvenile hormone
Il (JH 1) 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., Hradecky, J., Roy, A., Kalinov3, B., Mendezes C. R., Synek,
J., Blaha, J., Svatos, A., JiroSova, A., 2022a. Metabolomics and transcriptomics of
pheromone biosynthesis in an aggressive forest pest Ips typographus. Insect Biochem.
Mol. Biol 0965-1748. https://doi.org/10.1016/j.ibmb.2021.103680

Summary:

Publication 1 contains essential information after testing hypothesis 1 to identify
candidate genes involved in pheromone biosynthesis and the related compounds
across the key life stages of Ips typographus. In this study, we performed metabolomic
and transcriptomic analyses of the pheromone biosynthesis at important life stages of /.
typographus. Quantified pheromone metabolites from analytical methods confirmed
the specific life stages of the beetle to focus on the targeted objective. Also, the gene
expressions from the molecular methods were co-related with the pheromone occurring
life stages narrowed down the potential candidates. The candidates from three gene
families, mevalonate pathway with five genes key including isoprenoid-di-phosphate
synthase (IPDS), Cytochrome P450 genes, and esterase genes. The identified genes
from key life stages of male I. typographus that involved in pheromone biosynthesis
were identified from the respective life stages for significant gene expression patterns.
Identified gene candidates were proposed for the biosynthetic functions based on

relevant co-relation analysis and literature support from other bark beetle species.
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ARTICLEINFO ABSTRACT

Keywords: Buracian spruce bark beetle, Ips fypographus, iz a destructive pest in gpruce forests. The ability of I sypogrophus
Fheromene blosynthesis to colonise hoot rees depends on im massive aggregation behaviour mediated by aggregation pheromones,
Rk Tucete conzizting of 2-methyl-5buten-2-ol and cis-verbenal. Other binlogically active compeoumds such = ipedienal and
Bamen: verbenone have aloo been detected in the beede. Biomymthesia of 2-methyl-3-buten-2-ol and ipadienol de nove
lmmtimc from mevalonate and that of cis-verbenol from o-pinens cequestrated from the hoat have been reported in pre-
Cieres: liminary stdies. Howewer, knowledge on the molecular mechanioms underlying pheromone biosymthesis in this

peat iz currently limited. In this study, we performed metabolomic and differential gene expreszion (DOE)
amalyviz for the pheromone-producing lifs stages of I fypographus. The highest amoumts of 2-methyl-3buten-2-ol
(238 ng/gut) and cis-verbenol {23 ng/gut) were found in the fed male gut (colonization stage) and the immature
muale gut (=arly stage), recpectively. We aloo determined the amount of werbenyl oleate (the pomible storage form
of cir-verbenol), 2 monoterpenyl fatty acid ester, to be approximately 1604 ng/mg in the immatre stage in the
beatle body. DOE analyzic revealsd pogsible candidate genes imvohred in the biooynthesiz of the quantified
pheromones and related compounds. A novel hemiterpens-synthesizing candidate isoprenyl-di-phosphate oym-
thaze Ipl@271 gene proposed for 2-methyd-3-buten-2-ol symthesiz was found to be highly expressed only in the
fed mals bestle gut. Putative cytochrome P450 genes imvolved in ciz/trens-verbenol symtheciz and an scterage
gene Itypl 1977, which could regulate werbenyl oleats synthesiz, were identified in the immature male gut Cur
fmifingz from the maolacular anabmis of pheromone-producing gene familiss are the firet such results reported for
L typographus. With further characterization of the identified genes, we can develop novel strategies to disrupt the
aggregation behaviour of I sypogrophus and thereby prevent vegetadon loas.

I ppographus males are the pioneer sex in fnding the suitable host

tree during colonizadon. After landing, male: produce the aggregation

1. Inwroducton pheromones; thess males are then joined by conspecific beetles for the
mass attack. Once enough beetde: are recruited to overcome tree

Bark beetle attacks on spruce vegetation in Eurasian forests are  gopensa anaggresadon compounds are produced in beetle galleries to
becoming a critical issue that need: to be addressed. fps pypographuz regulate the colomisation density within the tree. The aggregation
(Coleoprera, Curculionidas), especially, & a destructive pest for spruce pheromones of I fypographus conzist of two estential compounds: 2-
vegetation in European counmies (Biedermann et al, 2019). Specif- ey 3 huten-2-0l and cis-verbenol (Schiyter et al, 1957). During
ically, in the Czech Republic, vegetation loss was estimated at up to 14.5 colonisation, the pheromone compounds fpsdisncl and ipsencl have
million m* during recent vears (Fnizek, 2020). The crisis causad by the been identifled in beetles after mating in the gallery mating chambers. In
beetles in spruce forests in recent years has increased by many folds thelamrculu:ﬁ:aﬁmphase,anauﬁ-armmmﬁarhenmbpmduzaﬂ

compared to previous repores (Huang et al, 2020; Thom and Seidl  with the possible involvement of microorganismes (Hunt and Borden
20186).
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Abbreviadonsz

AMOVA  Analyzis of variance

DGE Differential gene expression

FPPS Famesyl-di-phosphate synthaze

GPPS Geranyl-di-phosphate symthase

[PDS Isoprenoid-di-phosphate synthaze

IFFI Izopentyl-di-phosphate izomerase

KEGG Eyoto Encyelopedia of Genes and Genomes
PCA Principal component analysiz

1990) for redirecting the arriving beetles to the surrounding unoccupied
mees (Byers and Birgerszon 1990). Furthermore, most pheromones are
produced in the beetle’s gut tissue (Byers and Wood 1981). The sche-
matic pathway putatively involved in the production of various phero-
mone compounds in [. fypographus gut tizzue iz depicted in Fig. 1.

The process of de nove pheromone bicmmthesis in bark beetle gut
tissue has been described (Hall et al., 2002). 2-Methyl-3-buten-2-ol, the
hemiterpene aggregation pheromone of I fypegraphus, was reported to
be symthesized de nove from mevalonate, bazed on resultz obtained from
radiolabelling experiments (Lanne et al., 1939). However, the reactions
and enzyme: involved in the conversion of mevalonate pathway

o
J\li El';ma;lc-elw-’mll."c-'\-

oH O
woos., ML e
|

Mavalonate pathway

XN
m\}-f*

o

isopantanyl

]
ApRSTELE

PP )M
OPP

dimethylalby

diphosphata \ /diphnsphate

Inszct Biochemistry and Moleoular Bislogy 140 (2022) 103680

intermediates into 2-methyl-3-buten-2-ol in I fypographus have not yet
been described. An enzyme, izopreny] diphosphate synthasze (IPDS) is
considered to be mvolved n prenyl mansfer and sequential carbo-cation
formation from dimethylallyl diphosphate during 2-methyl-3-buten-2-ol
symthesiz in trees (Ficher et al | 2000). Other IPDS are known for their
involvement in the biosynthesiz of pheromone compounds such as
frontalin in Dendroctonus ponderosee (Eeeling et al, 2013) amd mur-
gantiol in the harequin bug (Lancaster et al, 2018). To date, studies
have shown that the mevalonate pathway genes encoding 3-hydrosgy-3--
methyl glutaryl coenzyme-A synthase (HMG-5), 3-hydroxy-3-methyl
glutaryl coenzyme-A reductaze (HMG-R), izopentyl-di-phosphate izom-
eraze  (IPPI), farnesyl-di-phosphate  symthase  (FPPS), amd
geranyl-di-phosphate synthaze (GPPS) were up regulated after feeding
in I pini (Feeling et al., 2004). In I duplicates, HMG-B inhibition reduced
pheromone production (Ivarsson et al., 1993). Similar to feeding (atntack
stage of the beetle in colonization), another method involving the topizal
application of juvenile hormone (JH II) iz known to stimulate de nove
pheromone biosynthesis in some, but not all bark beetles (Feeling et al.,
2016; Tillman et al. 1998, 2004).

Cis-verbenol iz produced from the host tree-deriwed precursor
o-pinene after which iz catalyzed by cytochrome P450
(CyP450) (Remwick et al., 1976). A fmilar process for the synthesiz of
trans-verbenol from o-pinene using CyPSDEl was described in
D. ponderosae (Chiu et al | 2019). In Ips sp., the CyP450 gene family also
ha: functions in processes such as cuticular hydrocarbon zynthesis

2-methyl-3-buten-2-ol

)\/\/l\/\ — SHNTJ\/\/L\

geranyl diphosphate

A -

ipsenol

MyTCens

CyP450

OH
IDDLDH \w

ipadiencl

Fig. 1A, Proposed biosynthete pathways of Ips fypogrophus male pheromone bicoynthesio.Mevalonate pathway: biosymthesiz of pheromons components
hemiterpene 2-methyl-3-buten-2-ol and ipdienal Red: Structires of active pheromone compound: and monoterpeny] ester precursor, Blue: Bnoymes suggestsd to be
imvolved in proposed biosymithetic stepe. (For interpretation of the references to colour in this figure legend, the reader iz referred to the Web vermion of this article )
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(CyP4G55,//56) (MacLean et al., 2018) and detodfication mechanizms
(CyPGDE3) (Madeau et al, 2017). In addition, at the terminal step of
ipsdiencl symthesiz, the hydroxylation of myreene iz alzo catalyzed by
CyP450 (CYPOTL/T2) (Song et al, 2013). Later, ipedienol iz oxidized
into ipsdiencne by ipediencl dehydrogenasze (Figueroa-Teram et al,
2012). Verbenone, an anti-atoractant for many bark beedez, including
L typographus, is presumably produced with gut microbes involvement
(Hunt and Borden 1990; Xu et al., 2016), even though the peesibility of
wverbenol oxidation by beetle: enzyme cannot be entirely excluded.
Other than the pheromone: mentioned abowe, compounds such as
trans-verbenol, myreene, phenylethanol, and myrtencl have alzo been
detected in the I. fypographus gut (Birgersson et al., 1984; Schilyter eral,
1987). Howewer, the roles of these compounds on beetle behaviour, if
any, are not yet knowmn.

Recently, ciz/frans-verbenol production from monoterpenyl fanty
acid esters of oxygenated monoterpenes has been reported in the fat
boudy of D. ponderosar (Chiu et al., 2018). It was hypothesized that the
cis/trans-verbenol derivative verbenyl oleate and other unknown esters,
pocsibly represent the storage form of the pheromone in earlier life
stages (larvae, pupae, & immature) of bark beetle. During colonisation,
adult beetles hydrolyse esters and release verbenaol as pheromones in the
absence of the host-derived precursor (a-pinene). Hydrolyziz of mono-
terpenyl esters requires the ocowrence of a catalyde reaction involving
esterase,/lipase (Chiu et al., 2018).

Dizrupting pheromone bicsynthesiz by targeting genes responsible
for the bicsynthesiz of key aggregation pheromones in gut tizsue of
L gypographus could be a promising approach for managing the actvity
of thiz pest zpecies. To achieve thiz goal, it is essential to identify
candidate genes involved in pheromone biosynthesiz and the related
compounds. In this study, we performed metabolomic and tran-
seriptomic analyszes of the pheromone bicsynthesiz at importamt life
stagez of I bpographus. The candidate gene families imvolved in
L pypographuz pheromone compounds bicsynthesiz was zearched in
respecdve life stages of the beetle. The candidate genes involvement in
certain life stage was validated using relative expression analysis.

2, Materials and methods
2.1. Rearing conditions for different life stoges of L typographus
Spruce logs (Picea abies) naturally infested with I gpographus (FO

generation) were obtained from plots at Czech Universzity of Life Sei-
ences, Prague, near Kostelee nad Cermymi legy. The infested logz were
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Fig. 1B. Proposed biooymthetic pathways of fps
typogrophus male pheromone biomymthesia. Biooym-
thetic pathway of cis-verbenol via the hydroxylation
of pequestersad tres 0-pinene or through releass from
precursor monoterpeny]l esters. Red: Souctores of
active pheromone compounds and monoterpany]
ester precursor, Blue: Enzymes suggested to be
imvohred in proposed bioomthetic oteps. (Por
interpretation of the references to colour in this
figare legend, the reader iz referred o the Web
verzion of thiz article )

varbanaone

stored in a cold chamber (4° C) until used. Fresh spruce logs (app. 50 cm)
were mfested with FO generation beetles (150 beetles per log) amd
maintained under laboratory conditions (70% humidity, 24 =C16:8 h
day/night period, and ventilated plastic containers of S6x39x28 cm/45 1
volume) for incubadon to establish the Fl generation. Afver 3—4 weaks
of incubadon, F1 generation beetles at different life stages were
collected: larvae, pupae, immature beetles (golden-coloured teneral
beetle: with soft cuticle), sclerotized beedes (beetler 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
beatles (males and females separately excavating nuptal chambers in an
uninfested spruce log for 24 h), mated beetles (male introduced fArst in
an uninfested spruce log, followed by inroduction of a female after 24 h
amd eollecton of beetles from mating chambers after 48 h). After col-
lecting beetles at appropriate life stages, they were sorted according to
sex and external morphological characteristies (Schlyter and Cederholm
1951} (except larvae amnd pupae).

Furthermaore, the beetles that emerged were sorted by sex and used
for hormone (JH IT) meatment Acetone (0.5 pl; conorol) and JH I (20
pg/ul acetone) were applied topically on the abdomen of beetles. After
application, beetles were kept under laboratory conditions mentioned
above for 8 h. Beetles were frozen in liquid nitrogen and stored at —80'C
for further processing. Before analysis, the gutz were dissected from
beetles of different life stages (except larvae and pupae), and visibly
adhered foreign bodies from the gut were cleansed with the help of a
sterepmicroscope for further metabolomic and DGE analysis. In this
study, the beetle body refers to remaining tizsue with the fat after gut,
elytra, and wings have been remaosed.

22 Metsbolomic analysis

22 1. Gaz chromamgraph coupled to mass spectrometer (GC-MS) analysis

Guts were dizzected from the frozen beedes, and mmediately sub-
merged in 2 ml-analytical wials (10 guts,/ 100 pl) of cold pentane. The
beetle body was placed in another wial with chloroform. (10 beetle
bodies 1000 pl chloroform) (Birgersson and Bergztrom, 1989; Birgers-
som et al, 19840

GC-MS Agilent 78908 (Agilent Technologies, Palo Alto, CA, USA)
employing time of flight mass analyzer Pegazus 4D (LECO, St. Jozeph,
M, USA) was used for the separation, identification and quantification
of extracted compounds. One microliter of the extract was injected into a
cold PTV injector (20C) in splic 101 mode. After injection, the inlet was
heated to 275 °C at a rate of 8 “C/5. Separation waz conducted on HP-
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EMS Ul capillary column (30 m, 0.25 mm id., 0.25 pm film thickmness)
from Agilent. The GC oven temperatire program was as follows: 40 =C
for 1 min; then ramped at a rate of 10 °C min ! to 210° C; then at 20°C
min ! to 320°C and held for 6 min. The total GC run time was 20.5 min.
lons (ionization energy at 70eV) were collectsd in a mass range of
35-500Da with a frequency of 10Hz.

Two-dimenzional comprehensive gas chromatography was
employed uzsing the same insoument for the separation and gquantifi-
cation of compounds in beetle body extract. Here, injection in split mode
(100:1) was used and zecondary GC and modulator were programmed
with an offset of 5 °C and 15 °C to first dimension (GO oven, rezpectively.
Colormn BPY-50 (3GE, Australia, 1.5 m, 0.1 mm id, 0.1 pm fAlm thick-
ness) was uzed for nwo-dimensional separation. A modulation period of
5 zwas maintained for the whole length of the analysis. The temperature
program was 40 °C (1,7 min); 10°C/min 210 °C; 20°C/min 320 °C (15
min]. The total GC mm time was 39.2 min.

Automared speciral deconvolution and peak finding algoridums were
carried out uzing ChromaTOF software (LECO, St Joseph, ML, USA) In
target compound analysiz, peak areas of unique mass from compounds
mass spectrum were wzed for quantification. Linear calibration curves
were constructed using responses of measured calibration mixtures
diluted from standards. From the beetle body extract, verbenyl oleate
and myrtenyl oleate were quantified based on external calibration aec-
cording to responses of standards prepared by organic symthesis (Chiu
et al., 2018).

In non-target analyziz, peak alignment tool was used to compare and
align all chromatographic signals with a signal to noise rago (5/MN)
higher than 25 in all zamplez of gut extract. Non-target search in the
beetle body was then performed using a parameter of 5/N = 5. The data
were cleaned, normalized (constant raw sum), and evaluated uzing
principal component analysiz (PCA) and partal least square-
discriminant analyziz (PLS-DA) in SIMCA 15 software (Sartorius Ste-
dim Data Analytics AB, Malmo, Sweden). For tentative identificadon of
compounds, comparison with mass spectra at the Mational Institute of
Smandards and Technology (MIST 2017) library was performed. For
identity confirmation, retention indexes from NIST or retention tmes of
respectve standards were used.

222 Ulra-high-performanee liquid chrommography-elecrogpray
iomization -high resolution tandem mass pecrometry (UHPLC-ESI-HRME
MS5) analysis

For nonpolar extraction, dissected gutz (5 guiz/sample) were
collected in ethyl acetate (5 pl/gut) and stored at —80 ° C prior analysis.
Gut exmracts (zobrent without gut) were removed for nonpolar fracton.
For polar extracdon, rest of solvent was removed by a gentle stream of
nitrogen and the remaining tesue was extracted (7 ml/gut) with MeOH,
water,/acetic acid (70,/30,0.5 v/v) mixture contains C2-myristic acid
(1 pg/ml) standard. After sonication on ice (5 min) the tizsue was dis-
rupted with a pre-chilled Eppendorf tip and sonicated an additional 5
min. The samples were then centrifuged at 4000 RPM for 3 min and the
supematant was collected in new vial with 100 pl glass insert. Gut ex-
macts with nonpolar and polar fractions were used for UHPLC-HEMS,

UHPLC-ESI-HBMSE,/MS was performed at Ultimate 3000 series RELC
(Dionex) coupled with (-Exactive HF-X masc spectrometer (Thermo
Fisher Scientific, Waltham, USA). Water (solvent A) and acetonitrile
(zolvent B, LiChrozolvy hypergrade for LC-MS; Merck, Darmstade, Ger-
many), both with 0.1% (v,/%v) formic acid (Eluent for LC-M3, Sigma
Aldrich, Steinheim, Germany) were usad for the binary sobrent system.
After injection of 10 pl extract, chromatographic separagon was per-
formed with constant flow rate of 300 pl/min using an Acclaim C18
column (150 x 2.1 mm, 2.2 pm; Dionex, Borgenteich, Germany). Sol-
wvent gradients (B 0.5 100% v/v for 15 min; 100%: B for 5 min; 100-0.5%
w'w for 0. 1min; 0.5% for 5 min) were used. lonization in HES] ion source
was achieved by 4.2 kV cone voltage, 35 V capillary voltage and 300 °C
capillary temperamre in the transfer tube in positive ion mode and 3.3
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kV cone voltage, 35 V capillary voltage and EzﬁCcapciJla:}' [emperanre
in negative mode. Mazs spectra were recorded in the positive amd
negative ion mode at m/z 80-800 maszs range in duplicate. Date
dependent acquisition using TOPS routine was uzed with one survey
scan mass resolutgon G0,000 (HWFM) and 5 CID scans with 7,500 res-
olution in ca 0.3 z. Collision-induced dissociation (hed) of quadrupole
salected precurzor (0.8 Da mass window) was done in a collision cell at
typical normalized fragmentation energy 30 eV. For identification pairs
of the accurate masz of ions and of their collision-induced ionization
fragmentz with the retention dme values were interpreted using soft-
ware XCALIBUR. (Thermo Ficher Sciendfic, Waltham, USA). For ident-
fication of me@bolites zamples were compared amd statistically
evaluated using sofrware MetaboAnalyzt 2.0, and determined maszes
compared with databaze. The high-resolution LC-MES raw spectra were
first centroided by converting them to mz¥ML format using the MS
Convert feature of Proteo Wizard 3.0.18324. Dam processing was sub-
sequently cammed oot with R Stodio v1.1.463 using the Bioconductor
XCMES package v 3.4.2 (Benton et al, 2010) (Smith et al, 2006; Tau-
tenhahn et al., 2002), which containe algorithms for peak detecton,
peak deconvolution, peak alignment and gap filling. The resulting peak
list was uploaded into Metaboanalyszt 4.0 (Chong et al, 2018), a
web-based tool for metabolomics data processing, statistical analbyziz,
amd functional interpretation where statiztical analyzis and modelling
waz performed. Miszing value: were replaced using a (K-nearest
neighbour) FNM mizsing value estimation. Data filtering waz imple-
mented by detecting and removing non-informative variables that are
characterized by near-constant valves throughout the experimental
conditions by comparing their robust estimate interquartile ranges
(IQR). Data was auto scaled. Out of the 3020 masz features originally
detected, were used for the Principal Least Square Dizeriminant Anal-
vais. For the identification of candidate metabolites, the individual mass
features that conmibuted to the zeparaton between the different classes
were further characterized by applying a range of univariate amd
multivariate statistical tests to determine their importance including the
Plz-da importance variables, t-test and Random Forest. This information,
along with retention time, accurate mass and MS,/MES spectora were used
to probe into existing literature and databazes. M35,/MS3 spectra files were
alzo cenroided and imported into GNPS (Wang et al., 2016) for spectral
matches and elassical molecular networking. Dataset iz available in
Diryad link (open accesz).

2.3 Differentol gene expression (DGE) analysis

Gut tiszzue was dissected wsing RNAlater solution (10 pl/gut), and 10
quiz per biological sample were obtained. BNA extraction was per-
formed using the preoptimized protocol (Roy et al, 2017). The quality
amd quantity of the extracted FNA were evaluared using agarose gel and
Oubit, respectively. Integrity was determined using the 2100 Bio-
analyzer system (Agilent Technologies, Inc). Good quality RMA samples
(BIM:=7) were sent for sequencing (150bp paired-end reads, minimum
30 mil. reads per zample) to Novo-gene sequencing company, China.

2.3.1. RNA sequencing (RNA-seq.) analysis

Gene expression from the BNA-seq. data was quantified using CLC
warkbench and standardized via a pre-optimised setting for mapping
exon regions excluszively with genome reference (Powell et al., 20200
Furthermore, the biases in the sequences datazers and different tran-
script sizes were corrected using the TPM algorichm to obtain comect
estimates for relatve expression levels. Finally, empirical DGE analyzis
waz performed uzing the recommended parameters (Roy et al., 2017;
Foy and Palli 2013). For DGE, FOR corrected p-value cut off < 0,05 and
fold change cut off +4 -fold as a threshold value for being significant
Differendally expres=ed gene: were functionally annotated using the
“clowd blast” feature within the “Blazto2G0 plug-in” in CLC Genomie
Workbench. Mucleotide blast was performed against the arthropod
databasze with an E-value cut off 1.0E-10. Both annexe and GO zlim was
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used to improve the GO term identification further by crossing the three
G0 categories (biological process, molecular function, and cellular
component) to search for name similardes, GO term and ensyme re-
lationzhips within FEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway database.

232 Quantitrhive-RealTime PCR (gRT-PCR) analysis

Total RNA was extracted from male gut tiszue zamples to validate the
BMA sequencing data. Twenty genes, inchuding eight genes from the
mevalonate pathway, nine genes from CyP450 and three gene esterases
were selected for gRT-PCR bazed on the differential expression level and
specific funedons in Supplementary Table 1. Primers were designed
using [DT = primer design software (www.ididna com). cDMNA was ssm-
thesized uzing an M-MLV reverse manseriptase kit following the manu-
facturer protocol. gRT-PCR was performed using SYBR™ Green PCR
master mix (Applied Biosystems, USA) under the following parameters:
95 °C for 3 min, 40 cycles of 95°C for 3 =, 60 °C for 34 5 (Cheng et al
2018; Roy et al, 2017). A melting curve was generated to ensure zingle
product amplification and eliminate the possibility of primer dimers and
nonspecific amplicons. The relatve expreszion levels of the target genes
were calculated using the 2 2™ method with two houselieeping genes,
ribosomal protein L6 and 518, as a reference for normalization (Fam-
akrizhnan et al., in prep.). Four biological replications, each with three
technical replicates, were performed for each set of samples.

2.4, Seatistics

Statistical analyzis of quantified dama (GC-MS and gRT-PCR) was
performed using one-way analysiz of variance [ANOVA) and Fisher
(LED) test with 95% confidence interval in XLSTAT-Student 2020
licensed version.

3. Results
3.1, Membolomic analysis
3.1.1. GC-MS analysis

J.1.1.1. Idemtification of metabolic compounds in gut exrocts obtoined
Jrom beedes of ol life stages. Based on the relative abundances of com-
pounds in pentane gut extract, a principal component analysiz (PCA)
spore plot was obined. The PCA score plot covers more than 75% of the
variability in the dataset and shows good separation becween fed male
guiz and in immarre male gut extracts. For the separation of fed males,
the 2-methyl-3-buten-2-0l waz the wvital compound, whereas, for
immarure males, the most decisive wvariablez were ciz-werbenol and
myrtencl. Ocher life stages did not separate to closters. Odd-numbered
hydrocarbons such az heptacosane (C27), pentacosane (C25) and their
respecdve unsaturated hydrocarbonz heptacosene and pentacosens
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were found associated with emerged and sclerotized stages (Fig. Zh

Another qualitative analysis of gut exmact: from three male life
stages (fed, sclerotized and emerged) showed clear separation in a PCA
plot. The separation was influenced by the relative abundance of 2-
methyl-3-buten-2-ol, as a decizsive variable for fed males Other com-
pounds such as cis-verbenol, phenylethanol and mee compounds such as
a-pinene, f-pinene had lower influence. Interestingly, fatty acid esters
(methyl oleate and methyl palmitate) were identified in the mentioned
compounds. For emerged male gut extracts, the most decisive com-
pounds were odd-nmumbered hydrocarbons heptacosane (C27), penta-
cosane (C25) and their respective unsamurated forms (heptacosens and
pen@cccene). In sclerotised male gut extracts, the most decisive com-
pounds were serquiterpenes longipinene (C15) and curcumene (C15)
Supplementary Fig. 1L

3112 Cuantification of membolites in gt extrects of beetles from
diffferent Iife stoges. Levels of active pheromone compounds 2-methyl-3-
buten-2-ol, cis-werbenol, ipsdienal, and verbenone were quantified in the
beetle’s gut (Fig. 3A). Concentaton: ranged from trace amount t a
maximum of 250 ng/gut. As expected, aggregation pheromone 2-
methyl-3-buten-2-0l waz observed only in males; however, trace
amounts were found in females after mating. The highest amount of 2-
methyl-3-buten-2-o0l was 238 ng/beetle gur However, trace amounts
(5 ng-6 ng/beetle gut) were found in male beetles after emerging.
Another aggregation pheromone, cis-verbenol, was gquantfied in the
quiz of immature beetles of both sexes (16-23 ng/gut). After the scle-
rotized stage, cis-verbenol disappeared and reappeared in later stages in
male beedes. Cis-werbenaol shows high levels at later smges in males zuch
as flying, fed, and mated. A similar pattern was also found for an anti-
attractant, verbenone. However, levels of verbenone were lower (<5
ng/gut). Ipedienol, the compound typical in mated fps fpographus
males, was detected in race amounts (= 1 ng/gut) in mated male guts
(Fig. 3A).

Lenvels of ather compounds present in I fypegraphus gut extract with
the lesz known behavioural functions, such as mans-verbenol, myrtenol,
phenylethanol and alpha-myrcens were also quantfied. Trans-verbenol
(23 ng/gut) and myrtenol (38 ng/gut on average) were produced in the
gut of both immature males and females. Though these two compounds
were not found in selerotized and emerging beetles, mons-verbenol and
myrtenaol started reappearing along with phenylethanol and alpha-
myreene in the later mature male beete gut (fed and mated stages)
(Fig. 3B). Further quantification of two hydrocarbons representatives
(unsaturated heptacosene and saturated pentacosane) in the beetle qut
acrogzs the life stages showed the ocowrrence of the compounds in the
range of 200-600 ng/beetle gut in the emerged stage and 100-200 ng”
bestle gut in other mamre life stages of male beetles. The immaore
stage gut has the least amount (less than 50 ng/beetle gut). The amount
of unzaturated heptacocene was three times higher than the amount of
pen@cczane (Supplementary Fig. 2)
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Fig. 3A. OC-MS quantification of behavicurally active pheromone compounds from gut tissue of I ypogrophus males and females at different life stagea. Seatistica:
Omeway ANOVA with Ficher (LED) teat with 95% confidence interval with Sclerotized stape az control group. *** representz P < 0.001, ** represens P < 001, *
reprecents P < 0005, X in Pig. indicates that the stage waz not analyzed. x axiz: mean + 5B
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Fig. 3B. OC-MS5 quantification of compounds (behaviour unknownm) obtained
from gut tisoue of I fypogophus males and females at different life stages.
Seatigtica: Ome-way ANOVA with Picher (LSD) tegt with 35% confidence interval
with Gclerotized stage az control group. ** representz P« 0U01, * reprecenty P
< 0U05. X in Pig. indicates that the stage was not analyzed. x axiz: mean + 5B

3.1.1.3. Mentification of metoholites in beetle body. The metabolomic
profiles of the extracts of the beetle body from different life stages,
including larvae and pupae, were compared (Fiz. 4A). We aimed to

compare zemi-polar compounds, present mainly in the fat body, with
relevance to pheromone biosynthesiz. The PCA plot shows distinet
separation of larvae from other life stages (Fig. 4A). This separation was
associated with edhyl hexadecanoate (Fig. 4A). The pupae and immanure
beatles were clustered together. The cluster comesponded with mono-
terpenyl faty acid esters, especially verbenyl and myrtenyl oleate
(Fig. 44). Other life stages did not cluster efficiently. (Fig. 4A). Further
20 GC-MS chromatogram from the mentioned samples provided clear
diztribution of fatty acid esterz, including verbenyl palmitate, verbenyl
oleate, myrtenyl oleate, amnd many other unidentified fatty acid esters
(Fig. 4B).

3 1.1.4 Quamiification of fotty acid esters and hydrocarbons in the beetle
body. We quantified werbenyl oleate and myrtenyl-oleate in the beete
body from different life smges, including larvae and pupae. Verbenyl
oleate and myrtenyl oleate were quandfed in trace amounts (52 ng/mg
of the body) for larvae and up to 475 ng/mg of the body in pupae.
Though verbenyl oleate was quantified up to 1604 ng/mg of the beetle
body and 1424 ng/mg of the beetle body at an immature stage of male
and female, respectively, it was identified only in the male body in later
mature stages (sclerotized, emerged, flying, fed, and mated), ranging
50-200 ng/mg of body. Further, myrtenyl oleate was aleo quantified in
larvae (17 ng/mg of the body) and pupae (511 ng/mg of the body). In
the immature stage, myTenyl oleate levels were higher in males (519
ng/mg of the body) than in females (221 ng/mg of the body). Later,
myrtenyl oleate could not be found in mature stages (sclerotsed,
emerged and flying). Interestingly, myrtenyl oleate reappeared in a fied
and mated beatle body of male with traces amount (2526 ng/mg of the
body), below the quandfication mit. (Fig. SA). Quantification of pre-
viouzly mentioned two hydrocarbon representatives (unsaturated hep-
tacosene and saturated pentacocane) in the beetle body acroes the life
stages chowed the compounds ocourrence in similar pattern as in the
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Fig. 4B. Chromatogram () from QCx0C-MS of total ion current with the re-
gion (b) chowing [atty acid esters generated on my/z 134 1-verbenyl palmitate;
5- verbenyl oleate: G-myrtenyl oleare: 2 3,4.6,7.9,10,11- un-identified fasty acid
estern. Tisowe: immanare male body.

beetle gut but with higher amount reaching 2000-10000 ng/mgof beetle
body (Supplementary Fig. 2.)

The relative abundance of verbenyl oleate, methyl oleate (propozed
residue from verbenyl oleate), and cis-werbenol among different life
stages of male beede extract from gut and body are prezented az a
percentage (Fig. SB). The results showed a comelation between the
quantity of the three compounds with a change across the life stages. The
immature stage showed high levels of verbenyl oleate and cis-werbencl,
with less than 10% of methyl oleate. Importantly, in the fed males,
where cis-verbenol iz produced, the percentage of vebenyl oleate as a
putative precursor decreased (< 5% abundance), and the percentage of
methyl oleate and ciz-verbenol as putative products increased. A similar
pattern was also found in mated beetle (Fig. SB)

3.1.1.5. Quantification of metabolites in beetle gut extroct gfter JH I
treamment  2-Methyl-3-buten-2-ol (60 ng/gut) levels were significanty
higher in male beetles after JH I treatment compared to those after
acetone meatment (control). Additionally, cis-verbenol (12-15 ng/qutd
levels aloo increased, albeit with low significance, in male beetles after
JH I treatment Whereas female beetles produced a trace amount of

these compounds in both JH I treated amd control groups. Traces of
verbenone were detected in both mweatments of male and female gut
extracts (Fig. 6L

3.1.2 UHPLC-ESI-HRMS/MS5 analysiz

In UHPLC-HR MS5/MS, membolomic data were obtained for polar
metabolitez to complement GC/MS data. We examined compounds
related to pheromone biccynthesis. Untargeted analysiz was performed
in both positive and negadye ion mode in the mazs range from mys B0 to
my's BO0. Typically, ca 3000 mass features were detected and automat-
ically zelected for CID fragmentation wsing the TOPS inctrument algo-
rithms setting Several hundred (500-6000 MS/MS spectra were
collected in an individual run. These mazs data were used for compound
identification uzing the GNPS network engine (Wang et al, 2016), and
obtained library hits were manually evaluated and modified wherever
needed. Ome hundred forty-six compounds were identified in positive
jon mode and zixty-one compound: in negative mode (Famakrizhnan
et al., in prep.). They belonged to diverse structural classes. Amino
acid/pepddes were abundant in positive mode data. In negadve mode,
phenyl-propanoids were the most abundant class (Famakrishnan et al,
in prep.). Metabolites in individual life stages were well separated both
in positive and negative ion modes (Supplementary Fig. 3). Seweral
compounds responsible for PCA data separations were identified
(Ramakrishman et al, m prep). However, pheromone
bicsynthesis-related compounds could not be identifed.

While tracing potential precursors of 2-methyl-3-buten-2-ol, we
checked for isopentenyl pyrophosphate (IPP) and/or dimethylallyl py-
rophosphate (DAMAPP). It was detected az a minor peak with Br 4.73 min
at mys 24499760, and corresponding molecular formulae CsHip1O7Pz2
[M-H] and delta —0.704 mmu was calculated. CID spectra and Rt
correspond to an awthentie standard, and CID specoum iz characterized
by intensze m/z 759578 POy ion. Under the used chromatographic
conditions, we could not zeparate a mixture of authentic IPP and DMAPP
standards and the peak iz assigned as a mixture of both compounds.
Howrever, peak intenzity was too low to obtain reliable integration data,
and other izobare compounds were co-eluted in this retention time
window contaminating the mass spectra. However, upstream [PP/
DMAPP intermediate, mevalonate-5-phosphate (Rt 9.2 min m/z
2270323 CeHy2POr delta —0.312 mmu; with M5,/MS fragments at m/s
78.9581 (PO:) and 98.9687 (HyPO,) characteristic for monophosphate),
abundance pealz were found with interestng pattems in the male
beatle gut The compound appeared with high abundanee in the flying
stage and itz sbundance reduced in the fed stage. Later, Mevalomate-5-
phosphate reappeared in the mated stage. A similar pattern was
obzerved in the female with a low significance (Fig. 7).

3.1.21. Analysiz of fatty acid esbers and glycosides ar different life stoges
wsing UHPLC/HRMS-M5. We also detected the werbenyl and myrtenyl
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oleates vzing UHPLC/HEMS-MS zimilar to previously deseribed GC/MS
identification (zee above) az minor peaks at m/r 41737227, CasH4a0:
(M + Hi", delta —0.437 mu. The highest intencities were at early life
stages, but due to overall low-intensity, data were not suitable for
further analyzes. In polar extracts analysed in positive maode, potential
diglycosides as tree peaks with 9.11, 9.26, and 9.40 min Rt (proportion
53/26/21) at m/z 464.24863, CxHaeNOhe [M + NHa4]", delta —0.393
were observed. CID after the neutral loss of Gly-Gly-NH; adduect yielded
an informative iom at m's 13511696 CypH,s indicated a potential
terpene with four double bond equivalents. It is accompanied by other
carbocations at my's 109.10178 (CyH,5), 10708591 (CgH,, ), 93.07040
(C7Ha, base peak) amd 79.05479 (CzH7). In negative mode, corme-
sponding  diglycosides were also detected at m/z 44520761,
C21H33010, delta —0.310 mu, [M-H]. Mo authentic standard is avail-
able, and the final structure should be further confirmed by chemical
synthesiz. But the presence of peaks and CID specora indicate that these
compounds are likely diglyeosides of oxidative products of o-pinene like
myrtenol and cis/trans verbenols.

3.2 DGE analysis

Tao further evaluate the expression profiles of genes associated with
the biosynthesis of key pheromone components 2-methyl-3-buten-2-ol
amd ciz-werbenol, we chose the gut tissue from two Important stages
(immature male and fed male) of the beetle for ENA-zeq. based tran-
seriptome analysis, followed by validaton by gRT-PCE. Among a total of
23937 annotated genes in the I fypogrophws genome, the expression of
11657 genes was found to be upregulated in the fed male gut, and the
exprezzion of 7434 gene: was upregulated in the immature male gut
(heat map, Fig. AL

It is }mown that mevalonate iz involved in 2-methyl-3-buten-2-ol
symthesiz (Lanne et al | 1939); moreower, our UHPLC-HBMS/MS anal-
vais revealed the presence of mevalonate-5-phosphate (2 mevalonate
pathway intermediate) at different life stages in I oypographus. There-
fore, we targeted the mevalonate pathway genes. Interestingly, five of
the targeted genes showed upregulated expression in the fed stage; thesa
included gene: encoding geranyl diphocphate synthaze/isoprencid
diphosphate synthase (IPDS) (Igyp09271), isopentyl diphoephate
dimethylallyl diphosphate isomeraze (IPPI) (Iyp04875), 3-hydroxy-3--
methylglutarylCoenzyme-A  reductase  (HMG-F)  (Igypl 71500,
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Fhydrony-3-methylglutaryl Coenzyme-A synthaze (HMG-3)
(Iyp09137), amd phosphomevalonate kinaze (PME) (Ityp06045)
(Fig. 8Bl However, genes imvolved in sesqui- and monoterpens sym-
thesis, such as those encoding farmesyl diphosphate synthase (FPPS)
(Ityp09272) and ipedienol dehydrogenase (Ioypl4703), showed down-
requlated expression in the fed stage (Fig. SA and B). Along with the
identified IPDS gene family (Iypl@271), two orthologs of GPP/MyTeens
synthase genes Igpl7873, Igpl7E61 ako showed moderately up
regqulated in the fed stage (Supplementary Fig. 3). gRT-PCR was per-
formed for the abovementionsd genes, and the expression lewvels were
consistent with those obtained upon RMA-seq. gRT-PCR validation for
the GPPS orthologs Ityp1787 3 and Ivp1 7861 were not performed in this
study due to low read numbers in the RNA seq. analysis. (Fig. OB).
Using qRT-PCE, the expression level of the fve abovementioned
mevalonate pathway genes was validated in the gut tizsue of
L typographus at different life stages (Fig. 9). We calculated the relative

expression of the genes at five mature male stages (selerotzed, emerged,
flying, fed, and mated) with the immature stage wsad as a reference. Four

Relative abundance
10000

00000

sclarotized

Life stages

o
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genes, [PPI (Ityp04875), HMG-R (Itypl17150), HMG-S (Typ02137) and
PME (ItypDS5045]), showed similar expreztion patterns in the emerged,
flying, and fed male gut. On the other hand, IPD3 (Ioyp09271) expres-
sion showed a significant upregulation (p < 0.05) in the fed male gqut
only. Thiz gene was moderately expressed in the sclerotized,

and flying stages and downregulated in the mated male gut (Fiz. 9.

Among the cytochrome P450 (CyP450) gene families, 56 CyP450
genes were differentially expressed in the qut tizcue at two life stages
(fed and immature male). Among the CyP450 genes identified, 24 genes
were upregqulated, and 32 genes were downregulated in the fed male guc
A neighbour-joining phylogenste mee was constructed based on
sequence similarity with a functionally known gene from I ponderosae.
Sequences were obtained from the WCEBI databaze to elucidate the
evolutionary relationship of CyP450 using the MEGA X program The
phylogenetic tree showed zeven subgroups of Mentified CyP450 genes
(Fig. 10A). These clusters had candidates with names such as CyP450- 6
like, CyP450- 4 like, amd CyP450 Qe like, along with a few uncertain
CyP450 genes (Famakrithnan et al., in prep.). Potential candidates Ityp
0426 (C1) and Ityp03903 (C2) showed high similarity to the trams--
verbenol synthesizing gene CyPGDEL (allike), and Contg liyp03140
(C3) and Iypd3230 (C4) were similar to detoxification CyPGDES (a2
like) from D. ponderosae (Supplementary Table 1). Gl and C2 were
maderately upregulated, and €3 and C4 were dowmregulated in the fad
male gut (Fig. 10B). BMA-seq data showed opposite expresion patterns
for €1, C2, C3, and C4 when compared with the gRT-PCR results (data
not showm).

According to the BMA-zeq data, contig sequences of Ityp 03153 (C5),
Ityp 03146 (CG), and Iryp 01534 (C7) showed similaricy to CyP450-9T1
T2, which is involved in ipsdienol synthesis from ather Ips sp. Further-
mare, contg sequences of Ityp 04142 (C8) and Iyp 04140 (C9) showed
similarity to CyP4GE5,/56, which is involved in hydrocarbon synthesis
in bark beetle (Supplementary Table 1). gRT-PCR resultz of C5 to €9 in
the mated male gut, compared with those in the sclerotized beetle,
showed upregqulated expression of C5 and C7 in the mated malke gut. At
thiz life stage, symthesiz of ipsdienal pheromone iz expected. €8 showed
upregulated expression in the zelerotized stage. €9 showed upregulation
in mated stages, which corresponds to a higher hydrocarbon production
{Fig. 10C, Supplementary Fig. 2).

In addition, we chose three esteraze gene sequences from the RMNA
seq. data E1 (Ityp 7084), E2 (lyp 94600, and E3 (Ityp_11977) chowed
similarity to BT127766.1 in D. ponderosae, which iz expected to play a
role in fatty acid ester storage (Supplementary Table 1) The gRT-PCR
rezules of these genes showed that El expression was upregulated in
the fed male gut and E3 expression was upregulated in the immanre
male gut Although the gRT-PCE result of EX showed an expreszion
pattern opposite to that of the BMA-seq data, the expression patterns of

g
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El and E3 were consistent with those from the RMNA-seq data (Fig. 110, imvolved in pheromone biosynthesiz. Our metabolomics dam agree with
the data from previows studies (Birgersson et al., 1954) and extend our
4. Discusslon knowledge regarding different beetle life stages, specifically focused on

the key stages of aggregadon pheromone production. As previously
Cur zrudy provides a comprehensive metabolomic analysis of pher- known, the aggregation pheromone blend of I Hypegraphus consises of
omone producton in [ typographus, followed by DGE analysic for genes Z-methyl-3-buten-2-0l and cis-verbenol, and these components were
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highly abundant in the fed male gut (colonization stage). Surprizsingly,
the aggregation pheromones started appearing in the beetle gut as soon
as they emerged from the host Cis-verbenol, the compound derived
from a tree precursor (a-pinene), was found more abundantly in the
immature stages of both sexes and disappeared during beetle matura-
tion. However, cis-verbenol reappeared in quantifiable amounts in
mature male beetles only, the sex at which pheromonal compounds are
released. The linking of cis-verbenol to monoterpene detoxificaton
among early life stages, such as larvae, pupae, and immature beetles,
should also be consilered in this scenario. The content of verbenone

follows a pattern similar to that of cis-verbenol (residue of verbenone
synthesis) among the various life stages. Ipadienol is produced only in
mated males. Compounds with unknown biological actvity, such as
trans-verbenol, myrtenol, phenylethanol, and myrcene, were produced
in more developed stages of beetles with male sex-specific gut tiscues,
supporting the previous knowledge on these compounds (Birgersson
etal, 1984).

Similar to Chiu et al (2018), we analysed extracts from the beetle
body (focused on the fat body without the gut) and quantified the
possible detoxification products (verbenyl oleate and myrtenyl oleate)

12
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fram the beatle’s body. Verbenyl oleate is a putative pheromone storage
farty acid ester. Az cis-werbenol biosymthesiz pattemns were seen among
the different life stages of the beetle gut, we proposed that oleates were
found initially in the immature beetle of both saxes. Later, only verbenyl
oleate synthezis contnued with male specificity in the mamre beetde
body. Since we have alzo identified the famy acid esters medhyl oleate
and methy] palmitate along with the cis-verbenol cluster in PCA at three
male life stages (sclerotized, emerged, and fed) in the GC-MS analysis,
we performed a correlation pactern analysis bazed on the guantification
of the mentioned compounds. The relative abundance of cis-verbenol,
verbenyl oleate, and methyl oleate thowed an interesting pattern be-
rween life stages. Moreover, co-relation of the verbenyl oleate reduction
and methy] oleate increasing with pheromaonal cis-verbenol can be seen
in fed and mated stages. At the immature stage, the abundance of wer-
benyl oleate was high, whereas the abumdance of methyl oleate wasz low.
From thiz finding, we propose that a-pinens and myreene from the hosot
source undergo detoxificadon into oxygenated monoterpenss cis-wer-
benol and myrtensl, which further bind to lipid molecules, such as
methyl oleate, to form verbenyl oleate and myrtenyl oleate and are
stored in the fat body of I typographus during the early life stages. Later,
when feeding males tend to produce cis-verbenol az an aggregation
pheromaone compound, where «-pinene is a limited rezource, the stored
esters can be broken down mto 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 hypothesiz of methyl oleate and
cis-verbenol synthesis from the monoterpenyl esters is a novel concept
proposed wet in beetle pheromone storage mechanizmn. Though, other
detoxificadon products, such az verbenyl and myrtenyl dighyeosides of
oxygenated monoterpenes were identified via UHPLC-HB-MS/ME, itz
involvement as pheromone storage requires further research. The
occwrence of long chain hydrocarbons in male beetle gut and body was
following a similar pattern across the life stages with a higher amount
{10-15 folds) in beetle body than gut. Ezpecially the hydrocarbons were
least pecwrred i immature stage and mereased in emerged stage. Later,
decreazed in flying and fed stages. This pattern comresponds with beatle
cuticular development and impregnation in emerged beetles. Though,
the hydrocarbon bicsynthesis in insects is located in specialized cells -
oenocytes, hydrocarbons are transported towards other body parts
through haemolymph in the form of liphophorinesz, which can be
hypothesised as a source of hydrocarbons in gut extracts (Bagneres and
Blomaquizt, 2010).

JH I induetion for pheromone synthesis among bark beetles iz well
smudied (Bearfield et al, 2009, Chiu et al., 201%; Fang et al., 2021;
Tillman et al, 2004). However, not all Ips zp. follow the zame regulation
pattern after hommone treamment (Tillman et al. | 2004). Here, we hawve
attempred aggregation pheromone quantification from the L typogrophas
sp. gut after JH NI weatment for the first dme, and the meatment was
shown to induce significant de nevo symthesiz of the aggregaton pher-
omone 2-methyl-3-buten-Z-ol. This fnding is similar to the Andings in
I pini, where JH I treamment influences de novo pheromone synthesis
(Sevbold and Tictiger 2003). Trace amounts of cis-werbenol, another
aggregation pheromone, and itz residue verbenone, both of which are
thought to be synthesised non-de nove, were alzo found after JH I
treamment Thus, ci-verbenol may be synthesized after JH I treatment
from the gut, as posoulated in our hypothesis of verbenol release from
the stored werbenyl oleate. Thiz releasze could involve certain ester-
asze/lipaza /hydrolaze gene families expresad in the gut tssue after the
treatment (Chiu et al., 2018).

UHPLC/HEMES-MS showed the presence of mevalonate-5-phocphate
at all life stages. Interestingly, higher amountz of mevalonate-5-
phosphate were produced during the flying male stage, followed by a
reduction during the fed male stage and re-expression during the mated
male ztage (Fig. 7). Thiz inding indicates that mevalonate-5-phosphate
could be an active substrate for 2-methyl-3-buten-2-ol syntheziz. The
higher amount of mevalonate-5-phosphate during the flying stage also
supports previous data on fight musele actvation driving de nove
pheromone biosymthesis in other Ips sp., (Ivarscon et al, 199E). Since
Z-methyl-3-buten-2-ol is male-specific in I fypographus, the abundance
of the precursor mevalonate-5-phosphate in both sexes cannot be
ignored. The mevalonate pathway imwolves a variety of isoprenoid
metabolic pathwayz, and pathway intermediates can be expected to be
found in both sexes. Thus, a further molecular smdy of de nove synthesis
iz required.

Finding more on relevant gene families invobred in the bicoynthesis
of wital compounds that have provided clarified developmental knowd-
edge in the class Insecta (Blomguist et al., 2010; Jirosova et al., 2017),
we performed DGE analysiz of the gut tizsues and observed a distinet
expression pattern of various gene families after annotation. The gene
families, incliding pheromone synthesiz and detocdfication genes, wers
upregulated after feeding Based on a previous finding from fps sp.,
(lanne et al, 1989) apd ow metabolomic dalm oo
mevalonate-5-phosphate intermediates, we narrowed down our study to
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focus on mevalonate pathway gene family members, including PME
(Ityp06045), HMG-5 (gpdd137), HMGR (Ippl7150), IPPI
(Iyp04E75) and [PDS (Ioypl9271). These genes were chown to influsnce
pheromone production in fps zp., ecpecially HMG-R, which, when
inhibited, completely supprezz pheromone production pathways
(Ivarzson etal., 1993; Tillman et al., 2004). In particular, the izoprenoid
gene family member isoprenyl diphosphate synthase (IFDS) - Iyp09271,
was identified in the fed male gut of I. typographus, along with 2-meth-
vi-3-buten-2-ol. Hence, we propose that [PDS could play the role of a
novel hemiterpencid prenyl wansferaze in 2-methyl-3-buten-2-0l de
nove synthesis. Though IPDS iz known to be involved in pheromone
synthesiz in other insects (Lancaster et al., 2012), such as the bark beetle
D ponderosac (frontalin pheromaone) (Feeling et al, 2013), we are
proposing a functon for [PDS in hemiterpens symthesiz in the animal
family for the first time. The actual knowm function of IPDE (alzo known
as GPPS) in the extension of myreene synthesis (Gilg et al. 2005, 2009)
should also be considered. Based on the involvement of GPPS in myTcene
synthesiz, we identified other orthologs of IPDS/GPPS— Itypl 7573 and
Ioyp17861— from BNA zeq data (Supplementary Fig. 3). The expression
of theze orthologs was not as high as the proposed candidate Con-
g Ityp09271 in the fed male gut. Thus, the low expression of the GPPS
gene orthologs co-relates with the low ipedienc] (myTcene derivative)
prezence during the fed stage. Even though studies showing the
involvement of the mevalonate pathway in other bark beetles (Bearfield
et al., 2004, Sarabia et al., 2019) and insects (Zhang et al., 2017) have
been publizhed, our smidy iz the first reported detailed molecular anal-
yziz of the gene family m Ips Hypographues 2p., as per our knowledge.
Itis known that the CyP450 gene is involved in verbenol synthesis in
bark beetle sp., (Madean et al, 2017). Here, we found 56 CyP450 genes
expressed in the gut tizsuwe of I [ypognaphus, accounting for 66.6% of the
total number of CyP450 genes (54) in the beetle genome (Powell et al
20200 CyP450- C1 (Ttyp3903) and C2 (Ityp0496) showed high sequence
similarity with CyP450 (Al like- CYPSDE] ) from D. ponderosae involved
in trons-verbenol production (Chiv ec al, 2019). In additon, we also
identified candidate CyP420- C3 (Ityp3140) and CyP450- C4 (Iyp3 2300,
showing sequence similarity with the CyP450 gene family (A2 like)
-CYPADE3, known to be involved in the detoxification in other bark
beetles (Madean ecal., 2017). Though we zelected candidates involved in
owo different functions, these four CyP450 genes were all expressed in
the fed and immanure life stages. As reported by Chiu et al (2019), the
gene involved in frans-verbenol producton is also involved o some
extent in ciz-verbenol symthesiz and detowiffeation mechanizm involving
m-pinene (Feid and Purcell 201 1; Renwick et al., 1976). We propose four
identifted candidates (C1-C4) as possible cis/rans-verbenaol synthezizing
in the bark beetle, mvolving a-pinene. Functonal validation of the gene
candidate iz required before naming the gene for the proposed functon.
Furthermore, CyP450 genes, Ioyp4140 (CE) and Ityp4142 (C9), similar
to CYP4G: involved in converting long-chain linear aldehydes and al-
cohols into hydrocarbons, were identfied with the help of a knowm
sequence from recent studies (Maclean et al., 2018). The location of
oenocytes, cell: where hydrocarbons are synthesised, varies among in-
sects. In Coleoptera, the cenocytes were observed in the fat body and
macheal syztem (Makki et al, 2014). According to that, the CYP4GES
gene putatively responsible for the terminal step of hydrocarbon
biceymthesiz was previously found in fat and the whole body of
D. ponderesar and L pini (Maclean et al., 2013; Nadeaw et al, 2017;
Huber et al., 2007). Hence, unforeseen identification of CYP4Gs (CE and
C%) from owr tranccriptome analysic of gut tissue, therefore, can be
justified with a presumable assumption of cenocytes astociation from
the wacheal system with the external layer of gut tizsue. However,
comparizon of the gene expression in different tssues such as fat body or
antennae comparizon with gut dssue and histological locaton of oeno-
cytez is required to confirm the site of hydrocarbon synthesiz in
L typographus. Also, CyP450 (ltypl834 and Ityp3153), zimilar to
CyPOT1,/T2, lnown for myreene hydrolase, were proposed (Song et al,
2013). Though there iz recent research on CyPd involvement in
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aggregation pheromone production in other Ips zp. (Fang et al., 2021,
the comesponding CyP450 gene fom the G-like family needs to be
identified for further functional clarification in I typographus.

The exterase gene (Esterase FE4-like and venom carboxylesteraze - 6
like) identified in this work shows high similaricy with the esterase gene
BT127766.1 from [ ponderoza sp., which iz involved in a possible
pheromone storage function (Bernier et al, 2020). Respective camdi-
datez were selected from the transcriptome data based upon sequence
similarity. To verify the proposed functional correlation, the imvolve-
ment of the esteraze gene family ientified in thiz study in cis-verbenol
storage as a fatty acid ester in the Immature stage was evaluated. Further
validation of the mentioned sequences in the life stages of I (ypognaphus
showed that esterase Igyp_ 11977 (E3) occurs in the Immature stage.
Since cis-verbenol cecurs in the bnmaure stage and verbenyl oleate in
the immature body, the proposed candidate can be conzidered a valid
gene for functional rmdy, also investigated in other bark beetles (Chiu
et al., 2015). Purther, we alzo hypothesize another two-step comversion
of verbenyl oleate to cis-verbenol and fatty acids. The first step would be
the hydrolyziz of the oleate catalysed by another esterase,/lipase, amd
consequently, the released fatty acid would be methylated by a putative
methylransferaze. However, gene/s responsible for the verbenol releaze
from the stored fatty acid esters and the mentioned methyltransferase is
unecertain from our study. Further functional characterization is required
fior the validation of the identified putative genes. Jur study leads to a
deaper, more molecular understanding of pheromone bicsynthesiz in
L typographus.
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Supplementary Table 51: Candidates chosen via local BLAST search from CyP450

gene and esterase gene families with reference to /. typographus genome database.

Unipro UGENE — 2012

Gene labels and Contig e- value BLAST | % Reference sequences

functions proposed: identity | from other bark
numbers Score beetles. (NCEI

database].

Cytochrome PA50

Gizfranz-verbenal (CyP450

BA1 like/CyPEDET) (Chiu

et al. 2018)

[ | ltyp0049& | 3.34125e-15 | 52 63 83 XM_015898558 1

c2 ltyp03303 | 1.97311e-24 | 127 6592 XM_015898558 1

(CyP450 Ga2 likef

CyP8DE3)

3 ltyp03140 | 1 e-44 192 B85 XM _015901630.1

C4 (Madeau et al. 2017) ltyp03230 | 5.32%64e-168 | 54 6385 XM_015898580.1

lpsdienaol synthesis

(CyPET2) (Song et al.

2013

Ch htyp01834 | 1.80301e-12 a1 59.59 DQeTes20.1

CE ltyp03148 | 5.97218e-168 | 53 5928 DQETER20.1

CT htyp03153 (0 991 56.21 DQeTes20.1

Hydrocarbbon synthesis

(CyP4i355/58) (MacLean et

al. 2018)

Cg ltyp04140 | 2.04&81e-17 | 100 65.11 JEB55659 1

e htyp04142 | 3.41223e-27 | 136 65.81 JEB55659 1

Esterase

Proposed for pheromone

storage (Bernier K.,

Sergerie R.. Keeling Cl.

ESA 2020, unpublished

E1 ltyp0O7084 | 0110062 42 &7.09 BT127T66.1

E2 ltyp03460 | 3.36682e-08 | BB T1.2 BT127786.1

E3 htyp11977 | 2.26854e-10 T4 66 548 BT127T66.1

[}
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Supplementary Table 52: 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%, Amplicon size: 100150 bp.

Contig
numibers. Gene names Frimer sequence Length | Ton GC % Amplicon
leypDs271 IPDS-F CCCAGTTCTCTGTCCAAATC 20 50.033 | 50
IPDS-R GCTCAATCTGTCCCATCAC 19 §0.015 | 52.632 | 103
ltypD4875 | IPPI/DMPPI-F | GAGGCCCTACTGAACGAAA 13 51.22 52632
IPPI/DMPPI-R | ACTGAACGCCCTGTGTAG 18 61.13 55556 | 126
ltypDd3137 | HMGS-F CTGGTTGTTGCTGGAGAC 18 g0.048 | 55.556
HMGS- R GGCATTAGGGCCTACAATC 19 59898 | 52632 | 98
leyp17150 HMGR- F CAGAACCTGGAGCCAATG 18 589.907 | 55.556
HMGR-R GCAGAGTGGTTGACCTATTG 20 50304 | 50 141
ltyplelds | PMK-F CTGCTCCTGTTAAGGATGTG 20 50.04% | 50
PMK- R ACCCATCCTCTCCTCTTTIC 19 g60.18% | 52632 | 139
leypla272 FFPS-F GGGAACGGACATTCAAGAC 19 g0.183 | 52632
FFPS-R GTTCTGACCTGCCGTAATG 19 g50.19% | 52632 | 110
ltypi14703 | IDLDH -F ATCCTCTCCTTGACCTATCC 20 59.8 50
IDLDH -R ATCGGAGTGTCGCAGATA 18 59.862 | 50 92
3
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Supplementary Table 53 Primers designed for the nine selected genes from the

i CyP450 gene family (C1-C3). IDT primer quest designing tool was used with primer
i length of 18-25 bp Tm-55-65, GC-50-60%, Amplicon size:100-150 bp.

Label | Gene names Primer sequence Length | Tm GC % Amplicon
1 qCYPOD496-F | GTGTTACAGCGGCATGAT 18 50043 | 50
qCYPO0496-R | CTGACGGGATTGGAGGATA 19 80234 | 52,832 | 103
c2 qCY¥PO3S03-F | GTATTCGCCTGCTCATTCC 19 60355 | 52.632
qCY¥PO3803-R | CCGGTCTACTGGATCTGTT 19 80352 | 52,832 | 114
3 2qCYPO3140-F | GGTGCCTGACTTTCTACAG 19 59571 | 52.632
2qCYP03140-
R GTAGCCGATGTCTCAAACT 19 59916 | 52832 | 132
4 qoyp_3230-F CCAATCGTCACTGTTCTACC 20 59954 | 50
qoyp_3230-R TCGTCTGGEGETTGTCOGTAA 18 80241 | 50 143
Ch qoyp_1834-F CCTTTCCTTGATCGACTCTG 20 53722 | 50
qoyp_1834-R CCCTGTGGAACGGATAAAC 19 59951 | 528632 (12
CE qoyp_3146-F GAAAGTGGCCTCCTGTTG 18 60111 | 55.556
qoyp_3146-R CATGTCGCCCACGTTAAG 18 80393 | 55558 | 107
CT qoyp_3153-F GTGAGCGTTGGAAGGAAA 18 59858 |50
qoyp_3153-R CACTTCTGTTGGTCCGTTAG 20 80152 | 50 140
CE qoyp_4140-F CTGAAGTGCCCGAAGAAL 18 80047 | 55556
qoyp_4140-R CATCAACATCCAGGTCATCC 20 80179 | 50 123
e qoyp_4142-F AACCGCAATGGGTGTAAG 18 59993 | 50
qoyp_4142-R GAGGATGTCTGGATAGAGGETAG 22 80322 | 50 127
[
|
4
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Supplementary Table 54: Primers designed for the three genes (E1-E3) from the

esterase gene family. IDT primer quest designing tool was used with primer length of
18-25 bp Tm-55-65, GC-50-60%, Amplicon size:100-150 bp.

Label Gens names Primer sequence Length Tm GC % Amplicon
= q_est_T084-F GGGATGTTCCGATGAATACG | 20 60.152 | 50
q_est_T084-R TGCCAGGACACTCTCTATC 13 60115 | 52632 122
E q_est_S460-F CTAGTGGCGCAGTTGATTAG | 20 60.315 | 50
q_est_S4&0-R GGGCATACTTGGAAGATTGE | 20 G0.435 | 50 142
E q_est_11877-F CTTCGTGGAGTTGAAGT GG 19 60066 | 52632
q_est_11877-F CCTCTACATCGGGCTCTAA 19 53 B8 h2632 121
5
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Supplementary Fig. 81 GC-MS
metabolomics analysis of male beetle's
gut extract. PCA plot from SIMCA
software; separation of 3 life stages
{immature, sclerotizsed, and fed). These
stages were primarily involved in
pheromone production.
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Figure 52. GC-MS guantification of two hydrocarbon representatives (unsaturated
heptacosens and saturated pentacosane) from gut tissue and beetle body of [
typographus males at different life stages. x axis: mean £ SE

GPP | Myrcene synthase

Ityp09271
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Log feld change

Supplementary Figure 53. Relative expression of GPP/myrcene synthase gene
isomers from RMA-seq. data in fed male gut vs immature male gut. Green: Proposed
IPDS candidate for 2-methyl-3-buten-2-ol synthesis. Black: isomers proposed for possible
geranyl-di-phosphate synthase (GPPS) function towards nyrcene synthesis.
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Supplementary Figure 54, Partial least squares-discriminant analysis (PL5-DA) of
UHPLC-HR- MS/MS analysed metabolites from gut extracts of I fypographus male
beetle - different life stages. PL5-DA was performed using Metabobnalist 5.0 (Pang =t al.
2021), an online tool for streamlined metabolomics 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/j.dib.2022.107912

Summary:

Publication 2 contains essential information apart from publication 1, Ramakrishnan et
al., 2022a. The analysis of metabolomic and transcriptomic data from gut tissue of
important life stages of I. typographus provided information on various metabolites and
relative gene families with other functions along with pheromone biosynthetic
functions. Primarily, metabolomic data from UHPLC —HR-MS/MS analysis has provided
insight into metabolites in different measurement modes. The acquisition methods of
this data (using bioinformatics software programs such as GNPS, and Sirus) are vital
information for aiding similar analysis in the future and for developing bioinformatics
tools for high-throughput metabolomics analysis. Expression patterns of a
multifunctional gene family such as cytochrome P450, related to detoxification from
the gut tissue of bark beetle life stages. Information on standardized housekeeping
genes is vital for performing the quantitative real-time PCR analysis and filling the
knowledge gap in the respective research field. This publication is valuable knowledge,
allowing the researchers to make follow-up research questions evolved from the

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

Amricle hiscory:
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Keywords:

Pheromone biosynthesis
Bark beetle

Spruce

Gur rissue

De-novo

Omics

Eurasian spruce bark beetle, Ips typographus. is an aggres-
sive pest among spruce vegetation. I. typographus host trees
colonization is mediated by aggregation pheromone, con-
sisting of 2-methyl-3-buten-2-ol and cis-verbenol produced
in the beetle gut. Other biologically active compounds such
as ipsdienol and verbenone have also been detected. 2-
Methyl-3-buten-2-ol and ipsdiencl are produced de-novo
in the mevalonate pathway and cis-verbenol is oxidized
from «-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 liguid
chromatography-electrospray ionization-high resolution tan-
dem mass spectrometry [UHPLC-ESI-HEMS/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.

DM of original article; 10.1016/j.ibmb, 2021103680

* Corresponding author.

E-mail address: jirosovaa@fd.czuc (A, JiroSova),

Sodal media; ’ @A Jirosova (A, Jirosova)
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2352-3400/0 2022 The Author(s). Published by Elsevier Inc, This is an open access amicle under the CC BY license
(hrrp:/ [creativecommons,org licenses| by [4.0/ )

69


http://www.e
http://id.cz

R. Ramakrishnm, A. Roy and M. Kai et ol /Dara in Brief 41 (2022) 107912

Further, we obtained differential gene expression (DGE) of
RMA seguencing data for mevalonate pathway genes and Cy-
tochromeP450 (CyP450) genes from the gut tissue of the bee-
tle to delineate their role on life stage-specific pheromone
biosynthesis. CyP450 gene families were classified accord-
ing to subclasses and given individual expression patterns
as heat maps. Three mevalonate pathway genes and five
CyP450 gene relative expressions were analyzed using quan-
titative real-time [(qQRT) PCR. from the gut tissue of differ-
ent life stage maleffemnale beetles. as extended knowledge
of related research article (Ramakrishnan et al., 2022). This
data provides essential information on pheromone biosyn-
thesis at the molecular level and supports further research
on pheromone biosynthesis and detoxification in conifer bark

beetles.

i 2022 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
{ http://creativecommons.org/ licenses/ by /4.0/ )

Specifications Table

Subject

Specific subject area
Type of dara

How dara were acquired

Dara formart
Parameters for data collection
Description of data collection

Dara source locarion

Dara accessibility

Related Research amicle

Omics; Metabolomics; Omics: Transcripromics

Molecular underpinning pheromone biosynchesis in Ips oypographius,

Table, Image, Chart.

UHPLC-ESI-HE-MS/MS metabolomic analysis using MeraboAnalyst 5.0

EMA sequenced and analysed dara using CLC workbench sofrware
Quanritarive real-time PCR using the 2- AACT method

Analysed dara.

Ips ypographus gur tssue, Different life scages,

Ips ypographus different life stages were colleaed from rearing and used for
sample processing. Prepared samples were used for various downsiream
process such as RNA exrracrion for sequencing in the [lumina pladiorm and
ethylacetare exrraction for merabolomic analysis,

Institurion: Czech university of Life sciences

City: Prague

Country: Czech Republic

and

Insriturion: Max-Planck Instirure for Chemical Ecology

City: Jema

Country; Germanmy

Ips ypographus different tissue UHFLC-HEMS/MS dara;

Dryad DOL; doi_10.5061_dryad f7micBows_vi

htps:/ (datadryad.org/stash/share/

fw 11 pHIRK2WagkKbX czgVbdw Ogd2- spMAATSOWDSEEES

Ips ypographus different tissue ENA seq. dara.

accession number: PRIMAGTO450

hrps:| fwww nchi nlm.nih.gov| bioprojecy PRINAGT 9450

K. Ramakrishnan, ]. Hradecky. A. Roy. B. Kalinova, C. K. Mendezes, | Synek, |.
Bliha, A. Svarod, A, Jirofova, Merabolomics and transcripromics of pheromone

biosynrhesis in an aggressive forest pest Ips ypographus, Insect Biochem, Mol

Biol. (2022 )0065- 1748, 10,1016/ j.ibmb 2021103680,
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Value of the Data

+ Provided dataset of various metabolites and relative gene families from the gut tissue of Ips
typographus is valuable for researchers with interest in studying different life stages of the
bark beetle.

+ Metabolomic data from UHPLC-HR-MS5/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 GNPS5, Sirus) are vital information for aid-
ing similar analysis in the future and to developing bicinformatics tools for high-throughput
metabolomics analysis.

+ RMA seq. dara revealed expression patterns of key gene families from the gur tissue of bark
beetle 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 guantitative real-time (qQRT} PCR
data covers the knowledge gap, not included in the related research article.

+ Henceforth, listed data in this article will be of added value for researchers to understand
pheromone biosynthesis and metabolism of the related compounds in I typographus and
other bark beetle species and thus help to interrupt the beetle 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, I typographus. Ultra-high-performance liquid chromatography-electrospray ionization-
high resolution tandem mass spectrometry (UHPLC-ESI-HR-MS/MS) 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 UHPLC-HR-M5/MS is shown in both pos-
itive and negative mode (Fig. 1a and b). Identified compounds clustering based on Partial least
squares-discriminant analysis (PL5-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 m/z ratio and retention time (RT) in Fig. 1a, B-G for posi-
tive mode, and in Fig. 1b, B-H for negative mode analysis. Farty acids (C16 and C18) 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-glycosylated 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-phosphate
(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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of male I typographus. (A) Parial least squares-discriminant analysis (PLS-DA) of positive ion mode acquired dara. The
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metabolomics data analysis.
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Table 1

List of all identified merabolites from UHPLC-HR-MS/MS measurement in both positive and negarive ion mode using dara
dereplication in GNPS and manually edited with the help of Sirius dara annotations. Only possible precursor masses are
listed in the rable.

Positive ion
mode ID GNPS pos
Precursor m/z
159.113

dihydro-b-ionone 2-Butanone, 4-(2,6,6-trimethyl-2-cyclohexen-1-yl)- in
177.164 55,8,11, in MeOH 54, 6, 7,8,9,10 no in GCMS
179.129
180.132
182.081
187.143
189.11

189.134
189.125

192.061
193.068
194.142
194.636
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 Curcumol
220,117
222.097
229.086
229,159
23117

233,149
237.221
239.102
241.031

(coneinued on next page)
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Table 1 (continued)
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24321

244,165
245.085
245.129
245.186
245233
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
277.118
277.216
279.17
281.113
282.279
284.294
285.083
288.203
290.134
291.086
293.113
293.247
294.147
295.165
295.226
295.226
297.127
298.097

Diphenylphosphate

Tributyl phosphate

9-0x00TrE

135-Hydr: Z,11E,157-octadecatrienoic acid

9-Octadecenamide, (Z)-

13(5)-HODE me ester

9-0Ox0-10E,12Z-octadecadienoic acid
13-Keto-92,11E-octadecadienoic acid

(concinued on nexr page)
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302.206
302.305
303.05

305.065
307.083
307.262
311123
311.258
313.155
314.196

315.195
318.181
322,273
324.289
325113
329.149
329.268
332218
332561
335.258
338341
339.069
339.281
342,239
345.144
360.149
369.351
370.052
371102
37123

371315
377.145
384.114
399.139
399.235
399.25

400.342
428.036
430.161
435.128
454.292
457.111

97,11E,13E-Octadecatrienoic acid ester

Monopalmitolein (9c) -H20

Heliotrine ?7

.alpha.-Linolenoyl ethanolamide

Monopalmitolein (9¢)-H20

Monolinolenin (9¢,12¢,15c)-H20

Monoelaidin-H20

Cydopentasiloxane, decamethyl-

Tris(2-butoxyethyl) phosphate

Palmitoylcarnitine

1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine
Flavine mononucleotide

(continued on nexe page)
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Table 1 (concinued)

464081 Adenylosuccinic acid
465.102
466.264
466.329 TOP19 Psariasis feature - Unknown FeaturelD=3668
468.308 1-Myristoyl-sn-glycero-3-phosphochaoline
471,105
[5-{{4-(5-(acetyl[hydroxy)amina)pentylamineo)-4-oxobutanoyl)-
478,292 hydroxyamino)pentylamino)-d4-oxobutanoic acid siderophore
480,308 1-{9Z-Octadecenayl)-sn-glycera-3-phosphoethanalamine
480.344 1-{1Z-Hexadecenyl)-sn-glycero-3-phosphochaoline
482,323 1-Stearoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine
482.36 1-Hexadecyl-sn-glycero-3-phosphocholine
489.114 Cytidin-5"-diphosphocholin
496.339 Lysc-PC{16:0)
510.355 1-Heptadecanoyl-sn-glycero-3-phosphocholine
522.355 1-(9Z-Octadecenoyl)-sn-glycero-3-phosphocholine
536,165 Contaminants septum vial Thermo C4000-53 and C4000-54 serie
GO8.088 URIDINE 5'-DIPHOSPHO-N-ACETYLGALACTOSAMINE
610.184 Contaminants septum vial Thermo C4000-53 and C4000-54 serie
628.194 Contaminant vial septum ThermoFisher C5000-44B
664.116 MAD
675.676 {Z}-13-Docosenamide (ZM+H)+
702.213 Contaminant vial septum ThermoFisher C5000-44B
744,553 1-Stearoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine
758.221
758,222 Azadirachtin
7768.232 Contaminant vial septum ThermoFisher C5000-44B
Megative ion
mode D GNPS neg
Precursor my/z
179.055
187.098 MNonanedioate
188.056  N-ACETYLGLUTAMATE

(continued on next page)
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191.035
191.019
193.035
203.083
203.083
207.078
209.03

219.078
221.082
243.062
245.093
259.022
267.073
271061
275.017
2717.145
285.04

287.056
297.152
301035
303.051
306.077
31115

313.239
321.049
322.044
323.029
325192
341.109
341.108
346.055
347.04

361166
373.129
375.131
402.995
426.022
431.098
431.156
445053

445.208
447.089

Citric acid
ISOCITRIC ACID
GLUCURONATE

Diethyl phthalate (NF)
URIDINE

MoNA:932219 DBP

4-{decan-4-yl)benzenesulfonic acid

Pyrenophorol ??
12,13-DiHOME

THYMIDINE-MONOPHOSPHATE

cmp

URIDINE MONOPHOSPHATE

linoleic acid Ifurnicaﬁdaddllﬂl

2'-DEOXYGUANOSINE 5'-MONOPHOSPHATE

RIBOFLAVIN

URIDINE 5'-DIPHOSPHATE
ADENOSINE 5'-DIPHOSPHATE

CDP-ETHANOLAMINE

{continued on next page)
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Table 1 (continued)

452278 1-Palmitoyl-2-hydro 3 hoethanolamine
463.088
478.294 1-(9Z-Octadecenoyl)-sn-glycero-3-phosp hoethanolamine
480.31 1-Stearoyl-2-hydroxy-sn-glycero-3-phos phoethanolamine
503.162
556.318 1-(9Z hosphocholine
558.064
565.047
571.294
579.026
588.074
606.074
609.146

625.141
662.101 beta-Nicotinamide adenine dinucleotide
784.15 FAD

Color code

acid, FA amide or ester

FA
Li ‘id

Omylipin
Co-factor

not confident ID
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Fig. 2. Intensities of five essential fary acids normalized 1o 2 C;-myristic internal standard signal intensities plotted over
life stages of [ cypographus. Gurs exracts were analyzed on UHPLC-ESI-HE-MSMS instrument in negative ion mode with
TOP 5 scanning with one precursor ion scan and 5 M5/MS scans, Bars represent the standard error of the mean, N = 3.

Furtherly, RNA sequencing data is shown as heatmaps for the expression pattern of the inter-
ested gene families between 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 guantitative real-time
(gRT} PCR (Fig. 8). ldentified 56 Cytochrome P450 genes (CyP450) and their overall expression
given as a heat map (Fig. 9), with specific subclusters based on names acquired from Gene On-
tology (GO) web reference using sequence similarity approach (Table 2). The expression pattern
of the CyP450 gene seven subclusters was provided separately as heat map expression pattemn
in Figs. 104, 108, 10C and 10D which belongs to CyP450 6 like, CyP450 9e2 like, CyP450 9a1l
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 gurt tis-
sues of I typographus 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
M aa nad short peptide

m acid, FA amide or ester

® nucleotide/nucleoside
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m lipid
W sugar
positive ion mode
® aa nad short peptide

® acid, FA amide or ester
® nucleotide/nucleoside
® phenylpropanoide

m lipid

W sugar

m stres induced
phenylpropanoid

Fig. 3. Venn diagram of metabolite classes from UHPLC-ESI-HR-MS/MS measurement in both positive and negative ion
mode using data dereplication in GNPS and manually edited with help of Sirius dara annotations, Complete annotation
is available in Table 1.
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Fig. 4. A secrions of UHPLC-ESI-HE-MS/MS mraces ploceed ar specific moss ranges (upper panel): From mp; negative ion
mode, MS trace @ myz 445 20-445 32 corresponding o [M-H|~ and MS/MS trace @ 445177 ; positive ion mode MS trace
i m/z 464.24-464.25 corresponding o [M+NH, |- and M5/MS race @ 4642488, Tree isobaric peaks are visible in both
ion modes with similar intensitees, The retention shift was due o a technical problem in one of the measurements.
D specera from isolgeed fived precursor fon stans (lower pmel): In negative ion mode, the inensive molecular peak
is visible @ m/z 44520685 with molecular composition G Hyy Oy, lon @ myz 1610445 with molecular composition
{;H:0; is a deproronated hexose. Two fragment ions CyzHa 0 and O Hp 0 resulted from a loss of dehydro-penmose or
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fragments (like CyoHis and CHs) indicare monoterpene aghlycone, The proposed strucrure of carbocarion is given in the
last CID specira

82



R Ramakrishnan. A. Roy and M. Kai et al./Dara in Brief 41 (2022) 107912 15

#lsv2518_191220_neg_rel_IPP_DMAPP_GPP...

RT) 360548
10 am A
o, 'l a9
" am e
lm 4N as: s 450
9
Sm an 49
41 sy
» 40 4 am
9
SWJ AN 433
2 LETIP
44T
LT R
0
00 s
)
0
a8 as 40 42 4 a8 48 50 &2
Tee (min)
1 Tan s
monm 116.03867 2445970
Py CaMe 0 10891 M
o BAMED OiF  mncenzs OO gy | japamr ss0saes CHsOsPs 227ypey M 017
248 A0
Hiy 012,
100 CaHy 029y
- Ta3srry 9100058 1S UNI0 1TEASME  J070804T 226 G801
0yp  Ca¥ali (0o ogre 1290100 HOgP; HyQrP2  CrHuOy CsHyOsP2
¢ o
O F
108 2448576
Qo 15892405 1re o8t JMANY CoeMn 0P,
= o ¢ 10106386 122 #6287 HOsP: 1307P: qagaumse C:MeOr®s
w 0 0 2 140 i 180 200 2 0

miz

N 424ED
wmmn-mm;{mﬁ- pESI

Fuit res (10 0000-800 DO00Y
Ah2510_191203_neg MeOH HZ0_83_16u1

N 4086
'IC' FINS - g €55 4 Ful me2

&% et 67 [S0.0000- 27000000 ME
MS!B_ G1205_neg MeCHHI0_83_15u0

NL 102€9

AVee 24 EG4TT.246 DN F FTMS .« p EBI
Frl reg (TO OCEN-MT DCXN0) M5
akn2518_100720_ig_ral_FP_DMARF_OPP_
PRI

WL TOET

TG F: FING - p €54 3 Full ms2

4 (34 ooy WS

HITRENCAI 67 150, 0000-0000
M'B 1020 neg rel FF_DMAPP GPP

£4

NL: 3 sees
w25 10_101200_neg_NeOH HI0_BS_ 15w 1h RT:
482 AVIF nua «p ES| d Fullmis2
245 I57A@N0I1 67 190,5000- 270 000)
NL T e
@318 1 1w

RI220_reg_ret IPP_DMAPP_GPP.
avdunlvﬁnzub uﬂ
FTMS - p E5!Full ms [70 0000-000 0000)

NL: 4 MET

VIS0 101270 reg e (PR DMAPP GEP FPP_1uw
2004 RT.489 AV 1F. me 0 EE1 d Fub 2

244 TGN A7 156.0000-6000.000%

Fig. 5. A seaions of UHPLC-ESI-HR-MS/MS traces plotred ar specific mass ranges {upper panel); Comparison of the gur ex-
tract with a mixeure of IPP and DMAPP synthetic standards measured under identical conditions. From top: negative ion
mode, MS trace @ 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 @ myz 244.99-245.00 corresponding to [M-H]- and MS/MS trace @ 244.93. Several peaks are
visible in the expecred retention window. Full scan MS spectra were collected from Rt 4.27-4.42 min, retention window.
(D specrra from isolared fixed precursor ion scans (Tower panei); From top: acquired spectra ar Rt 4,82 min showing m/z
24499763 deprotonated molecular ion [M-H]~ and intense PO;~ ion at m/z 78.95799. The second plot is MS trace from
Rt 427-4.42 min. showing intense deprotonated molecular ion [M-H]~ @ m/z 24499710 with expected molecular com-
position. The plot below shows CID spectra of standards from isolated fixed precursor ion scans myz 244.9259 showing
a similar pamtern as in the first plot from the gut extract

83



Table 2

R. Bamakrishnan, A. Roy and M. Kai er al./ Dara in Brief 41 (2022) 107912

Identitied 56 gemes from CyrochromeP450 gene family RNA seq dara were clustered as shown in the rable. Seven sub-
cluster based on Multiple sequence alignment - Unipro UGENE w330 maximum likelihood is given as the table with
the color difference, Sub-cluster 5, &, and 7 were shown in similar colours since they were closely related. Cywochrome
name replaced as Cy from ENA seq. dara and the names were given based upon GO web reference using CLC workbench

software, Tissue compared: fed male gur and immarure male gur.

Contigs CyP names Contigs CyP names
Cluster 1 Cluster 4
Ityp 04042 CyP450 ltypleg27 CyP450 307al-like
Ityp 04209 CyP450 CYPECR2 Ityp03219 CyP450 CYP410al
ltyp03230 CyP450 Ityp03221 CyP450 CYP410al
ltyp03231 CyP450 ItypD3218 CyP450 CYP410al
Ityp03902 CyP450 Ityp09555 CyP450 CYP410al
ltyp03503 CyP450 Ityp05831 CyP450 4c21-like
ltyp02766 CyP450 CYPEBW 2 Itypl5829 CyP450
Ityp 03904 CyP450 Ityp05826 CyPa50 av2-ike
Ityp 00456 CyP450 ItypD5834 CyP450 4c2 1-like
ltyp 10157 CyP450 CYPEBS2 Ityp05836 CyP450 AC1-like
ltyp03 140 CyP450 CYPeEDJ1v1 Ityp22414 CyP450 4c21-like
Ityp 08010 CyP450 CYPEDG1v] Ityp06189 CyP450 4c2 1-like
ltyp03872 CyP450 GAL-like ltyp2 2415 CyP450 4gl15-like
Cluster 2 Ityp06190 CyP450 4g15-like

Ityp22416

CyP450 4c3-like isoform X1

Ityp06191

CyP450 4c3-like isoform X1

Itypl7996 NADPH-dependent CyP450 reductase
Itypl1675 NADPH-dependent CyP450 reductase
Cluster 3 Ityp04142 CYPA50 CYPAGS55v3
ltypld212 | probable oy P450 301al, |ltypl2866 CyP450 4d2-like
ltyp11191 | CyP450 315a1, ItypDo310 CyP450 CYPACV
ltyp09248 | CyP450 CYP49al Ityp04137 CyP450 4d2-like isoform X1
ltyp18289 | CyP4s50 Ityp00542 CyP450 4c3-like isoform X2
ltyp02031 | CyP4s0 Itypl4575 CyP450 4C1-like
ltyp0DB528 | CyP450 Ityp05150 CyP450 4C1-like
Ityp07474 CyP450 18al-like
Cluster 5 Cluster &
[typOBa4 2 probable CyP450 28a5 Ityp07311 CyP450 Bk1-like isoform X1
ltypl0238 |probable CyP4506al7  |Ityp04213 CyP450 Bk1-like
Cluster 7 ItyplO797 CyPa50
ltypOlB02 | CyP450 Ityp0 1836 CyP450 Se2-like
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Comprehensive gene stability
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ROPLE ROPS18 G3POH ActinC  ActinB  ArgK EF1 Tub8 Myo Atposebp ROPL7 ROPS7 Ubg
<== Most stable genes Least stable genes ==

Fig. 6. Validation of 13 housekeeping genes from I. typographus gur tissue using methods including bestkeeper, deltact,
Genorm, and Normfinder. RbPL6- Ribosomal protein L6: RbPS18- Ribosomal protein S18; G3PDH-Clyceraldehydes 3-
phosphate dehydrogenase; ActinC- actin-5C; ActinB- Actin; ArgK- Arginine Kinase; EF1- Elongation factor 1-alpha; TubB-
tubulin beta chain; Myo- myosin heavy chain, non-muscle isoform X2; Arpasebp- V-type proton ATPase catalyric subunit
A; RbPL7- Ribosomal protein 17; RbPS7- ribosomal protein $7; Ubg- ubiquitin-conjugating enzyme E2 J2. Most stable
Ribosomal proteinl6 (RbPLG) and RibosomalproteinS18 (RbPS18) (The tirst two from left) were chosen for gRT -PCR data
analysis. The values over the bar represent the normalization factor.
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Fig. 7. Heat maps representing eight mevalonate pathway gene expressions from RNA seq. data comparison. Tissue com-
pared: fed male beetle gut vs immarture beetle male gur. The tree cluster shows the tissue difference 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 contig number of transcripts annotated with I. cypographus genome. Y-axis Right
side was labeled with possible gene name from Gene Ontology (GO) reference.
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Fig. 9. Heat map showing expression of idenrified Cytochrome P450 gene family with 56 genes from ENA seq. dara Tis-
sue compared; fed male gur vs immarure male gur. The tree clustered the tissue difference wirh 5 biological replicates.
Red: high expression; Blue: low expression. Software used: CLC workbench and XLSTAT-Smudent 2020 Licensed wversiomn.
Y-axis Left side was given with contig number of transcripts annotared with . cypographus genome. Y-axis Right side
was labeled with a possible gene name from GO reference.
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Fig. 10A. Heat map from RNA seq. data analysis showing the expression partern of CyP450 gene_ sub-cluster 1 with
possible 6 like gene family. Tissue compared: fed male gur vs immarure 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 contig number of ranscripts annotated with I. typographus genome. Y-axis Right side was labeled
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Ryp03148 CyPas0 9e2
) 1
Rypoeos CyPas0 9e2-like
Ityp03153 midgut-specific CyP450
Ityp01834 CyPas0 9e2-like
B
Immature male gut Fed male gut
Ityp08528 CyPaso
Ryp11191 CyPaso JIS:’lo,'onﬂr;o;r;ondrilI-lib
Ityp09248 CyP450 CYPa9al
Ityp14212 probable CyP4a50
30121, mitochondrial
Ityp03031 CyPas0
Ityp18289 CyPaso
C Immature male gut Feod male gut

Fig. 10B. Hear map from RNA seq. data showing the expression pauern of (yP450 genes_ sub-cluster 2 with possible
9e2 like gene family. Fig. 10C; Heat map of TPM values showing CyP450 gene_ sub-cluster 3 with possible 9a1 like gene
family. Tissue compared: fed male gur vs immarure male gur 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 contig number of transcripts annotated with I. typographus genome. Y-axis Right side was labeled with the possible
gene names from GO reference,
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Fig. 10C. Hear map representing the expression parern of CyP450 gene_ sub-cluster 4 with 4 like gene family, Tissue
compared: fed male gur vs immarure male gur 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 contig num-
ber of ranscripts annotared with [, oypographus genome, Y-axis Right side was labeled with the possible gene names

from GO reference.
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Fig. 10D. Hear map of TPM values representing CyRé50 gene_ sub-cluseer 5 6 and 7 with unknown CyP450 gene fam-
ily. Tissue compared: fed male gut vs immarure male mur with 5 biological replicares, Red: high expression; Blue: low
expression, Software used; CLC workbench and XLSTAT-Student 2020 Licensed version, Y-axis Left side was given with
contig number of rranscripts anno@ed with [ cypographus genome. Y-axis Right side was labeled with the possible gene
names from GO reference,
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Fig. 11. gRT PCR dara: Relative expression of Cyp450 genes (5-(9 in the mared male gur compared o mared female gur.
(5-C7 are CyP450 gene candidares possibly imvolved in ipsdienol synthesis, CB-CO are CyP450 gene candidates possibly
imvolved in hydrocarbon synthesis, The number of biological replicares N = 4.

2. Experimental Design, Materials and Methods

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

2.1. Ulira-high-performance liquid chromatography- electrospray ionization -high resolution tandem
mass spectrometry (UHPLC-ESI-HRMS/MS) analysis

Gut tissue was dissected (5 guts (sample) and collected in ethyl acetate (5 pljgut) for storage
at —80 °C before analysis. Gut extracts (solvent without gut) were removed for the nonpolar
fraction. For polar extraction, rest of the solvent was removed by a gentle stream of nitrogen,
and the remaining tissue was extracted (7 milfgut) with MeOH/waterjacetic acid (70/30/0.5 vjv)
mixture containing “C;-myristic acid (1 pg/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 ul glass insert. Gut extracts with nonpolar and polar fractions were used
for UHPLC-HRMS/MS analysis [5].

UHPLC-ESI-HRMS/MS was performed at Ultimate 3000 series RSLC (Dionex) coupled with
Q-Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, USA). Water (solvent A)
and acetonitrile (solvent B, LiChrosolv hyper grade for LC-MS; Merck, Darmstadt, Germany), both
with 0.1% (vfv) formic acid (Eluent for LC-MS, Sigma Aldrich, Steinheim, Germany ), were used
for the binary solvent system. After injection of 10 pl extract, chromatographic separation was
performed with a constant flow rate of 300 pl/min using an Acclaim C18 column (150 =« 2.1 mm,
2.2 nm; Dionex, Borgenteich, Germany). olvent gradients (B 0.5-100% vfv for 15 min; 100% B
for 5 min; 100-0.5% v/v for 0.1 min; 0.5% for 5 min) were used. lonization in 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
TOPS 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 (hed) of quadrupole selected pre-
cursor (0.8 Da mass window) was done in a collision cell at typically normalised fragmentation
energy 30 V. 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 5.0 [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 3.0.18324. Data processing was subsequently carried out
with R Studio v1.1.463 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 MetaboAnalyst 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 their 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 mulrivariate statistical tests to determine their importance including the PLS-DA importance
variables, t-test, and Random Forest. This information, along with retention time, accurate mass,
and MS/MS spectra were used to probe into existing literature and databases. MS/MS spectra
files were also centroided and imported into GNPS [11] for spectral matches 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. Differential gene expression (DGE) analysis

2.2.1. RNA sequencing (RNA seq.) analysis

Dissected gut tissues were put in RNAlater solution (10 pljgut) and 10 guts per biological
sample were used. RMNA extraction was performed using the pre-optimized protocol [6,5). The
quality and quantity of the extracted RMA 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 Movo-gene sequencing company, China [5].

Quantification of gene expression from the RMA 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 the
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 “Blasto2GO plugin” in
CLC Genomic Workbench. Nucleotide blast was done against the arthropod database with an E-
value cut off 1.0E-10. Both, annex and GO slim was 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 Encyclopedia of Genes and Genomes) pathway database [5].

2.2.2. Quantirative real-time-PCR (qRT-PCR) analysis

gRT-PCR was used to validate the list of selected genes. Primers were designed using IDT's
primer design software as given in Tables 3 and 4. cDNA for RT-gPCR was synthesized using RNA
from respective gur tissue samples. cCDNA was synthesized using an M-MLV reverse transcriptase
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Table 2
Primers designed for mevalonate pathway gene family in IDT primer guest designing tool with primer length of 18-
25 bp Tm-55-65, GC-50-60%, Amplicon size; 100-150 bp. Modified from Table 52 of relative research article [5].

Conrig Gene
Sno. numbers. names Primer sequence Lengrh Tm G Amplicon
1 IrypD0111 GGI-F GGAACACCCAGTTGTCTCTA 20 60932 50
GGT-R GACTGGCTGCTGTCTTTG 18 60369 55556 128
2 IrypD9272 FPPS- F GLGOAACGGACATTCAAGAC 19 60163 52632
FPPS- R GITCTGACCTGOCGTAATG 19 G0.199 52632 10
3 Iryp 14703 IDLDH -F ATCCTCTCCTTGACCTATCC 20 50.8 50
IDLOH -R ATCGGACTGTCGCAGATA 18 50,862 50 02

Table 4

Primers designed for selected nine CyP450 gene families (C1-C9). IDT primer quest designing tool was used with primer
length of 18-25 bp Tm-55-65, GC-50-60%, Amplicon size;100-150 bp., Modified from Table 53 from relarive research
article [5],

Primer names

with conrig
Label numbers, Primer sequence Length Tm G Amplicon
5 ayp_1834-F CCTTTCCTTCATCCACTCTG 20 50722 50

ayp_1834-R CCCTCTGRAACGCATAAAL 10 50051 52632 121
6 ayp_3146-F GAAAGTGGOCTCCTGTTG 18 60111 55.556

ayp 3146-R CATGTCGOCCACGTTAAG 18 60393 55.556 107
) ayp_3153-F GTCAGCGTTGGAAGCAAA 18 50858 50

ayp_3153-R CACTTCTGTTGGTCCCTTAG 20 60152 50 140
CB ayp_4140-F CTCAAGTGCOCGAACAAL 18 50,047 55.556

aoyp 4140-R CATCAACATOCAGGTCATCC 20 60.179 50 123
o aoyp_4142-F AMCCCOAATGGGTCTAAG 18 50009 50

ayp 4142-R GAGCATCTCTCCATAGAGGTAG 22 60322 50 177

kit following the manufacturer protocol. Resulted in ¢DNA samples were diluted up to 1:4 with
nuclease-free water, and qRT-PCR was performed using SYBR™ 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 [2,7,5]. Melt curves were generated to ensure single product amplification. The
expression levels of the target genes were calculated using the 2-AACt method with optimized
two housekeeping genes as a reference for normalization with four biological replications.
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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 Ill on the
beetle, Ips typographus. With the multi-omic approach, the focus was on the induced
changes that correlate with the requirements of adult beetles to aggregate pheromone
biosynthesis. These changes are expected to occur in a sex-specific fashion. Further
comparison analysis from this study revealed certain metabolic induction in specific
sexes of the beetles with reconfirmation of the key candidates from gene families, such
as key gene from the mevalonate pathway, isoprenoid-di-phosphate synthase (IPDS),
and the Cytochrome P450 gene candidates for justifying the first and second objectives
of the hypothesis 2. The third gene family of esterase genes and the additional
candidates from the gene family of glycosyl hydrolases supported the verbenyl
conjugates story. Later mentioned pheromone conjugates concept in I. typographus is a

novel finding for the Ips species, which was tested as the third objective.
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Juvenile hormone [ll induction
reveals key genes in general
metabolism, pheromone
biosynthesis, and detoxification in
Eurasian spruce bark beetle

Rajarajan Ramakrishnan®, Amit RoyY, Jaromir Hradecky®,
Marco Kai? Harel Harant®, Aled Svato3®* and Anna Jirosova'*t

Faculty of Forestry and Wood Sciences, Czech Uriversity of Life Sciences Prague, Prague, Crechia,
“Max Planck Institube for Chesmical Ecology, Jena, Germany, ‘Labaratony of Mass Spectrometry,
BIDCEV, Faculty of Science Charies University in Prague, Prague, Crechia, *institute of Organic
Chemistry and Biochemistry, Czech Academy of Sciences, Prague, Czechia

Introduction: In recent years, bark beetle ips typographus, has caused extensive
damage to European Morway spruce forests through widespread outbreaks.
This pest employs pheromone-assisted aggregation to overcome tree defense,
resulting in mass attacks on host spruce. Many morphological and behavioral
processes in L typographus are under the regulation of juvenile hormone 1
(JH 111}, including the biosynthesis of aggregation pheromones and associated
detoxification monoterpensa conjugates.

Objectives and Methods: In this study, we topically applied juvenile homone
1 (@H 1} and performed metabolomics, transcriptomics, and proteomics in [
typographus both sexes, with focused aims: 1 Highlight the JH lll-regulated
metabolic processes; 2. [dentify pheromone biosynthesis-linked genes; and 3.
Inwestigate JH 1II's impact on detoxification conjugates linked to pheromonal
COMPOnents.

Results: Mumercus gene families were enriched after JH Il treatment,
including genes associated with catalytic and oxidoreductase activity, esterases,
phosphatases, and membrane transporters. Sex-specific enrichments for
reproduction-related and detoxification genes in females and metabolic
regulation genes in males were observed. On the protein level were enriched
mietal icn binding and transferase enzymes inmale beetles. After JHII treatment,
mevalonate pathway genes, including terminal isoprenyl diphosphate synthase
(IPDS), were exclusively 25- folds upregulated in males, providing evidence of
de novo bicsynthesis of pheromone components 2 -methyl-3-buten-2-ol and
ipsdienol. In addition, cytochrome P450 genes likely imvolved in the biosynthesis
of cis/trans-verbencl, detoxification, and formation of ipsdiencl, were 3-fold
upregulated in the male gut. The increase in gene exprassion comelated with the
heightened preduction of the respective metabolites. Detoxification conjugates,
verbenyl oleate in the beetle fat body and verbenyl diglycosides in the gut,
were induced by JHIII application, which confirms the hormone regulation of
their formation. The JH Il induction also increased the gene contigs esterase
and glycosyl hydrolase up to proteins from male gut tissue. The esterase
was proposed to release pheromone cis-verbencl in adult males by breaking
down verbenyl oleate. The correlating analyses confirmed a reduction in the
abundance of werbenyl oleate in the induced male beetle.
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Conclusion: The data provide evidence of JH IlI's regulatcry role in the
expression of genes and enzymes related to fundamental beetle metabolism,
pheromone biosynthesis, and detoxification in lps typographus.

EETWORDS

Ips typographus, juvenile hormone I, hormonal regulation, mevalonate pathway,
CyP450, esterase, monoterpenyl diglycosides, isoprenyl di phosphate synthase

1 Introduction

The Eurasian Spruce Bark Beetle (Ips typographus, Coleoptera:
Curculionidae) is a pest that severely affects Morway spruce (Picea
abies) survival across Eurasia (Ward et al, 2022). In recent years,
changing chimate patterns resulting in extended periods of drowght,
along with human-induced factors such as establishing monoculture
spruce tree plantations, have played a role in exacerbating its outhreaks
{Hlasny et al.. 2021). In the Czech Republic, from 2018 till 2022, over
50 million m® of spruce forest have been recorded with bark beetle-
infested wood (Knizek et al, 2023). In Burope as a whole, I typographus
has killed twice as many trees in the past decade, approximately 70.1
million m” of timber, nearty all of it Norway spruce (Patacca e al, 1023).

In the class Insecta, many morphological and behavioral changes,
such as body development, reproduction, parental care, mating
behavior, molt and growth, diapause, and many other functions are
hormonally regulated (indra et al, 2013; Smivkal et al., 2014). The two
muost important dasses of insect hormones are ecdysteroids and
juvenile hormones (Pandey and Bloch, 2015). In Coleoptera
pheromone biosynthesis concepts, juvenile hormone 111 (JH 111) is the
muost studied (Keeling et al, 2016). The primary function of these
hormones is to maintasin juvenile characteristics and
premature metamorphosis (Goodman and Cusson, 2012), JH I is
synthesized in the exocrine gland corpus allatum and transported
through the hemolymph by binding proteins to its target receptors
(findra and Bittova, 2020). TH 11T has been extensively used to study
many gene families involved in insect growth and metamorphosis,
along with social behavior { Riddiford et al., 2010; Trumbao, 2018).

First instar insect larvae initially contain a high titer of JH 111,
which is subsequently reduced as, the larvae underge metamorphosis
into pupae (Treiblmayr et al, 2006). In the pre-metamorphic stages,
JH 111 has been studied for its influence on the development of larval
muscles and the prothoracic glands producing ecdysternids, as well as
its rode in restructuring gut development, fat body, and epidermis in
warious insect species (Riddiford et al, 2001; Riddiford, 2002; Jindra
etzl, 20030 In the adult insects, JH 11T influences various aspects,
including pheromone production {Tillman et al., 2004) and social
behavior (Trumbao, 2018), caste determination {Cristino et al., 2006)
aggression and display (Emlen et al, 2006), migration (Zhu et 2l
2009}, and neuronal remodeling (Leinwand and Scott, 2021),

In bark beetles, JH I effects have primarily been studied in
relation to pheromone bicsynthesis induction. When the beetles bore
into the host tree, TH 111 is released from the endocrine gland, initisting
a series of hormonal signaling processes that lead to the production of
aggregation pheromone components in male beetles (Balkke et 2l
1977; Schlyter et al, 1987). In nature, this potent blend attracts
conspecifics, both males and females, to mass attack to help overcome
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tree defense. In controlled lsboratory conditions, pheromone
biosynthesis induction can be achieved by topically applying TH 111 on
the beetle abdomen (Byers and Birgersson, 199(; Ivarsson et al, 1993;
Seybold et al, 1995; Tillman et al., 1998). This method triggers the de
nove synthesis of pheromone compounds while avoiding potential
interference with the metabolic pathways involved in the digestion of
ingested phloem tissues. Pheromone induction using JH 117 has been
demonstrated in bark beetles such as Ips pini, Dendrocionus
ponderosae, and Ips fypographus (Mardi et al, 2002; Tillman et al,
2004; Zhang et al.. 2017; Fang et al, 2021ab; Ramakrishnan et al.,
2027a). However, certain Ips species such as [ confusus and Ips
grandicollis, have been reported to be unresponsive to JH HI-induced
pheromone induction (Tillman et al., 2004; Bearfield et al., 2009).

The molecular-level effects of JH 111 on pheromone biosynthesis
have been subsequently investigated in various species, induding fps
paraconfusus (Ivarsson and Birgersson, 1995), Ips pin {Tillman et al,
1998; Blomquist et al, 2010), and Demdractoms ponderosae (Keeling
et al, 2016). TH 11T induction has been found to activate multiple gene
families responsible for pheromone biosynthesis, especially in the
mevalonate pathway (Sarabia et al, 2019),

In I typographus, male pioneer beetles produce aggregation
pheromone blends made up of several terpennid compounds
1-methyl-3-buten-2-ol, cis-verbenol and minor amount of ipsdienol,
after successfully boring into the tree bark. Both 2-methyl-3-buten-
I-ol and ipsdienol are synthesized in beetle guts through the
mevalonate pathway (Figure |; Ramakrishnan et al, 2022a). In the
context of bark beetle pheromone binsynthesis, previous studies have
identified key enxymes in the pathway (Tillman et al. 1998), The
pathway involves the condensation of scetoacetyl-CoA with
acetyl-CodA catalyred by 3-hydrosy-3-methyl glutaryl coenzyme-A
symthase (HMG-S), followed by a reduction of hydrogmetiy
glutaryl-CoA to mevalonate, catalyzed by 3-hvdroxy-3-meth! glataryl
coenzyme-A  reductase (HMG-R). Later., the mevalonate is
phosphorlated by phasphomevalomate kinase (PME), followed by
several steps of modification to form the isoprenoid biosynthetic
units, isopentenyl diphosphate and dimethy] alld diphosphate
(Buhaescu and [rzedine, 2007). Condensation of two isoprenoid units
catalyzed by geranyl diphosphate synthase (GPPS) synthesizes geranyl
diphosphate, the precursor of bark beetle monoterpenoid pheromones,
such as myrcene and ipsdienol (Gilg et al., 2005; Keeling et al, 200s;
Bearfield et al,, 2009; Ramakrishnan et al., 2022a). In I. fypographus, a
gene was recently reporied that likely encodes an iopresn-diphosphate
synthase (IPDS) responsible for converting dimethylally diphosphate
into 2-methyl-3-buten-2-0l, a transformation unique in insects
(Ramakrishnan et al, 2022a). Ipsdienol biosynthesis also imvolves the
oxidation of myrcene catalyzed by the cytochrome P450 enzyme
CyP450T1/T2 (Sandstrom et al, 2006)
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FACURE 1
Proposed pheromone biosynthesis pathweary with relative gene families from gut tissue and fat body of ies typographus after topical application of JHIIL
Red cofour fomt highlights the pheromone compounds and relative gene families that are explained in this reseanch artiche.

The third pheromonal component in 1. typographus, cis-verbenol,
is not synthesized de move but is instead produced through the
CyP450 catalyzed oxidation of (—)-a-pinene that adult beetles
sequester from the tree (Renwick et al., 1976; Chiu et al., 2019).
Additionally, a substantial amount of cis-verbenol has been detected
in the gut of immature beetles that develop inside the bark, which is
believed to be a result of detoxification of toxic a-pinene by these
juvenile beetles (Ramakrishnan et al, 2022a). As part of this
detoxification process, cis-verbenol (along with myrtenol as another
detox product} is deposited in the form of monoterpenyl fatty acid
esters in the fat body {Chiu et al., 2018 Ramakrishnan et al, 2022a).
These conjugates can be hydrolyzed to provide free cis-verbenol in
adult males when a supply of this pheromonal component is needed.
In I typographus, a candidate gene encoding a carboxylesterase (fatty
acyl transferase) for the formation of verbenyl oleate (a fatty acid
ester) in juvenile beetles was proposed and another carboxylesterase
with ester bond deaving function was suggested to be present in adult
males (Ramakrishnan et al, 2022ab). Another cis-werbenol
conjugates, created through diglycosylation, has recently been
discovered in the gut tissues of I fypographus (Famakrishnan et al,
2022a). Detoxification via glycosylation is a common feature in
insects (Hilliow et al, 2021}, with UDP-glwcospliransferases being
commonly studied as detoxification enzymes (Dai et al, 2021; Powell
et al., 2021). In L typographus, cis-verbenyl diglycosylate has been
proposed as a potential parallel reservoir for the pheromone cis-
verbenol released by adult males, a hypothesis that aligns with early
hypotheses in D. pomderosae (Hughes, 1974; White et al, 1980). The
effect of JH 111 on the formation of these detoxification conjugates or
cleavage into pheromone-precursors has not been studied yet.
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To learn more about the effect of JH [11 on bark beetle metabolism,
we topically epplied TH 11T to I typographus and analyzed changes at
the levels of gene transcripts, proteins, and metabolites in both sexes.
The primary tissue studied was the gut, the site of pheromone
biosynthesis and detoxification.

We hypothesize that [H I11 will induce correlated changes in genes,
proteins and metabolites that reflect the requirements of adult beetles
to aggregate and overcome the defense of their host trees by feeding on
the phloem and reproduce. These changes are expected to ocour in a
sex-specific fashion. We also hypothesize that TH 11T will induce
pheromone biosynthesis and the detoodfication of spruce defense
metabolites, especially those involved in the formation of

By checking the shove-mentioned hypothesis, penetic-level
research of the bark beetle, I fypographus can lead to practical
implicatioms using RNA imterference silencing of targeted genes and
influence the pheromone metzbolism. The RMAiQ technique for
Coleopteran (wood-boring) insects has proven for highly susceptible
and demonstrated recently on insects such as Emerald ash borer, Asian
longhorn beetles, Chinese White pine beetle and Mountain pine beetle

[Rodrigues et al, 2017: Dhandapani et al, 2020: Kyre et al, 2020).

2 Materials and methods
2.1 Beetle rearing

Spruce logs ( Picea abies) naturally infested with I typographus
were collected from the Czech University of Life Sciences, Forest
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Enterprise in Kostelec and Cernymi lesy, Czech Republic. The
infested logs were stored in a cold chamber (4°C) until further use.
The fresh spruce logs (approximately 50.cm) were infested with FO
generation beetles (150 beetles per log) and maintained under
laboratory conditions (70% humidity, 24°C, 16:8h day/might
period, and ventilated plastic containers of 56 = 39 x 28 cm/45 L
volume) for incubation to establish the Fl generation. After
4 weeks of incubation, Fl-generation beetles were collected and
sorted for male and female beetles. Subsequently, the beetles were
treated with 0.5 pL of acetone (control) or 0.5 pL of a solution of
20 pgipl TH 11 in acetone (10 pg of JH 1T} topically on the
ghdomen of the beetles. After application, the beetles were kept
under laboratory conditions for 3h. Beetles were frozen in liquid
nitrogen and stored at —80°C until further use. Before analysis, the
guts were dissected from stored frozen beetles for further
downstream analysis. In this study, the beetle body refers to the
tissue with fat remaining after removing the gut, elytra, and wings
(Ramakrishnan et al., 2022a,b).

2.2 Metabolome

2.2.1 Gas chromatographic-mass spectrometry
analysis

The frozen beetles were dissected to extract their guts, which
were then placed in 2ml analytical vials containing 100 pl. of cold
pentane (10 guts per vial). The beetle bodies were placed in separate
vials containing 1 ml of chloroform (10 beetle bodies per vial). The
extracts are obtained after overnight incubation at 4°C and tissue free
solvents were separated using a short centrifuge (4,000 rpm, 305} and
used for injection,

A Pegasus 40 GCxGC-MS system (LECO, 5t Joseph, MI,
UsA) emploving an Agilent 7890 B and a consumable-free
modulator was used to analyze the samples. One microliter of the
extract was injected into a cobd PTV injector (20C] in split mode at
a ratio of 1:3. After injection, the inlet was heated to 275°C at a rate
of 8°C/s. Separation was conducted on an HP-5MS UT capillary
column (30m, 0.25 mm i.d., 0.25pm flm thickness, Agilent) coupled
to BPX-50 (1.2 m, 0.1 mm i.d.. 0.1 pm film thickness, SGE). The GC
oven temperature program was as follows: 40°C for 2min; then
ramped at a rate of 10°C min~" to 200°C; then at 5°C min™" to 320°C
and held for 15min. The second-dimension oven modulator had
offsets of 5°C and 15°C, respectively. The modulation perind was 5.5,
The total GC runtime was 57 min. lons (ionization energy of 70eV)
were collected in the mass range of 35-500Da at a frequency
of 100 Hz.

Automated spectral decomvolution and peak-finding algorithms
were applied using ChromaTOF software (LECO, St Joseph, MI,
UsA). For identification of the compounds, the mass spectra and
retention indexes from the Mational Institute of Standards and
Technology (NIST, 2017) mass spectral customized library were
used. In the case of fatty acid ester (oleate) was identified using a
targeted search using mass specira and retention indexes obtained
from synthetic standards (Chiu et 2L, 201 8) measured under same
conditions as in our previous studies (Ramakrishnan ef al, 2022a).
Relative abundances were defined as the percentage of the peak area
of the targeted metabolite in relation to the sum of peak areas of all
peaks in the chromatogram.
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2.2.2 Ultra-high-performance liguid
chromatography-electrospray ionization
-high-resolution tandem mass spectrometry
analysis

The polar fraction of guts was extracted by adding methanol,
water, and acetic acid in a ratio of 70¢30/0.5 (v/v) at a volume of 7 mL
per gut. The mixture contained “C2-myristic acid (1 pg/mL) as an
internal standard. The gut tisswe was sonicated on ice for 5min and
disrupted using a pre-chilled Eppendorf tip. The samples were then
centrifuged at 4000 RPM for 3min, and the supernatant collected in
a new vial with a I00pL glass insert. The polar fractions of gut
extracts were subjected to UHPLC-HRMS/MS analysis.

UHPLC-ESI-HRMS/MS was performed using an Ultimate 3,000
series RSLC system (Dionex) coupled to a Q-Exactive HF-X mass
spectrometer (Thermo Fisher Scientific). Solvents A-water and
E-acetonitrile (LiChrosolv hyper grade for LC-MS; Merck, Darmstadt,
Germany), both with 0.1% viv formic acid (eluent for LC-MS, Sigma
Aldrich, Steinheim, Germany), were used for the binary solvent
system. 10pL of the extract was injected, and chromatographic
separation was performed with a constant flow rate of 300 pLfmin
using an Acclaim C18 column (150=21mm, 22pm; Dionex,
Borgenteich, Germany). Solvent gradients (B 0.5-100% v'v for 15 min;
100% B for 5min; 100-0.5% wiv for 0.1 min; 0.5% for 5 min) were used.
lonization in the HES] jon source was achieved by 4.2kV cone voltage,
35 capillary voltage, and 300°C capillary temperature in the transfer
tube in positive ion mode and 3.3kV cone voltage, 35V capillary
voltage, and 320°C capillary temperature in negative mode. Mass
spectra were recorded in both modes at a mass range of mJz 80-800 in
duplicate. The obtained fragments with retention time values were
interpreted wsing XCALIBUR software (Thermo Fisher Scientific,
Walthamn, United States; Ramakrishnan et al, 2022ab). Metabolite
samples were compared and statistically evaluated using
MetaboAnalyst 4.0, and the determined masses were compared with
the database (Chong et al., 201 8). The amounts of three diglycosides
of oxygenated monoterpenes (verbenol) were determined with mass
spectra obtained from our previous work (Ramakrishnan et al, 202256).

2.3 Transcriptome

2.3.1 Sample preparation

The beetle guts were dissected in RMNAlater. Four biological
replicate included three technical replicates each containing 10 pooled
guts was used. Total RN A was extracted from male gut tissue samples
using a pre-optimized protocol (Sellamuthu et al, 2022) and sent for
sequencing with a NOVAseqa000 (PEL50, 30 million raw reads) after
quality determination using an agarose gel and a bipanalyzer. RMA
(1pg) was used for cDMNA synthesis using the M-MLV reverse
transcriptase kit following the manufacturer’s protocol and stored at
—80°C for downstream analysis.

2.3.2 Differential gene expression analysis

RMA-seq. Data were analyzed using CLC workbench 21.0.5
(QIAGEN Aarhus, Denmark) with a pre-optimized setting for
mapping exon regions with genome reference (Maseer et al., 2023).
Furthermore, sequence datasets and relative transcript expression
levels were obtained using TPM values. Finally, an empirical DGE
analysis was performed using the optimum parameters
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Famakrishnan et al, 2022a). Genes with a false discovery rate
{FDR)-corrected value of p cut-off of <0005 and a fold change cut-off
of + four-fold as a threshold value for being significant. Differentially
expressed genes were functionally searched in a doud BLAST using
the CLC Genomic Workbench. Gene Ontology term identification
was performed using three categories (hinlogical processes, molecular
functions, and cellular components), and similar names were
identified from the Kyoto Encyclopedia of Genes and Genomes
pathway database (Kanchisa, 2002; Kanehiza et al, 2017).

2.3.3 Quantitative-real time PCR analysis

To validate the RNA seq. Data, genes were selected for gRT-PCR
based on their varied expression levels. Primers were designed using
1DT primer design software (Supplementary Table 4). A synthesized
cDMNA template was used for qRT-PCR validation wsing SYBR™
Green PCR master mix (Applied Biosystems, United States) under
the following parameters: 95°C for 3 min, 40 cycles of 95°C for 3s,
and 60°C for 34s. 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 caloulated using the 2** method with two housekeeping
genes (Sellamuthu et al, 2022) as a reference for normalization with
four biological replications.

24 Proteome

241 Sample preparation

Frozen beetles were dissected under on dry ice, and four biological
replicates of each treatment were wsed for protein extraction and
analysis. Each biological replicate contained tissue of three individual
guts. Prodein extraction was lysed in cold buffer containing 50 mm
Tris—HCI, pH 7.5, I mM EDTA, 150mM NaCl, 1% N-octylglycoside,
and 0.1% sodium deoxycholate. Gut tissue in the buffer with protease
inhibitor mixture (Roche) was incubated for 15min on ice. Lysates
were cheared by centrifugation, and after precipitation with chloroformy
methanol, proteins were resuspended in 6 m urea, 2 m thiourea, 10 mm
HEPES, pH 8.0 and proceeded for digestion (Coxcet al, 2014).

24.2 Protein digestion

The samples were homogenized and lysed by boiling at 95°C for
10 min in 100 mM TEAB (triethylammonium bicarbonate) containing
% SDC (sodium deaxycholate), 40 mM chloroacetamide, and 10 mM
Tris {2-carboxyethyl) phosphine, and further sonicated (Bandelin
Sonoplus Mini 20, M5 1.5). The protein concentration was determined
using a standard protein assay kit {Thermo Fisher Scientifich. About
30pg of protein per sample was used for M5 sample preparation.

&P3 beads were used for sample processing. Five pl of 5P3 beads
were mixed with 30 pg profein in a bysis buffer and made up to S0pL
with TEAE {100mM). Protein binding was induced by adding
ethanol to a final concentration of 60% (volivol). The samples were
thoroughly mixed and incubated at 247C for Smin. After SP3 was
bound to the proteins, the tubes were placed on 2 magnetic rack, and
the remaining unbound supernatant was discarded. Using 180yl of
0% ethanol, beads were washed twice. After washing, samples were
digested with trypsin (trypsin/protein ratio 1/30) and reconstituted
in 100mM TEAB at 37°C overnight. Digested samples were acidified
with trifluoro acetic acid {TFA) to a final concentration of 1%. Finally,

Frontiers in Forests and Global Change

103389ffgc 2023 1215613

peptides were desalted using in-house stage tips packed with CI18
disks {Empore; Rappsilber et al., 2007).

2.4.3 Nanocliguid chromatography-M5/MS
analysis

nLC-M5/MS analysis was performed with nano-reversed-phase
columns (EASY-Spray column, 50 cm x 75 pm I, PepMap CI18, 2pm
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
codumn of C18 PepMap 100, Spm particle size, 300pm x 5 mm from
Thermo Scientific. About 4min at 18 pL/min loading buffer with
water, 2% acetonitrile, and 0.1% trifleorcacetic acid were used for
loading. Peptides were eluted with a mobile phase B gradient of
4-35% over 120 min. The eluted peptide cations were converted into
gas-phase ions by electrospray ionization. A Thermo Orbitrap Fusion
{-OT-gI'T. Thermo Scientific) was used for the analysis. Survey
scans of peptide precursors from 350 to 1,400 m/z were performed
using an Orbitrap at 120K resolution {200 m/'z) with a 5 107 jon
count target. Tandem MS was isolated at 1,5 Th using a quadrupaole,
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 10%, and the maximum injection time was
35 ms. Precursors with charge state 2-6 were strictly sampled. The
dynamic exclusion duration was set to 30s with a 10 ppm tolerance
around the selected precursor and its isotopes. Moneisolopic
precursor selection was then performed. The instrument was run in
top-speed mode with 2s cycles (Hebert et al, 20040

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 M5/MS spectral search was performed
using the Andromeda search engine against the I. fypographus genoms
database. The C-termini of Arg and Lys were set for enzyme spedficity,
allowing the cheavage 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 coddation. Matches
between the run features from Max(Quant 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 Max(Quant alporithm was
used for quantification { Cox et al, 2014). Data analysis was performed
using Perseus 1.6.15.0 {Tvanova et al, 201&).

2.5 Statistics

LC-MS data analysis was performed using MetaboAnalyst 4.0,
GCxGC-TOF-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,
Malmé, Sweden). T-test with 95% confidence interval was used to
compare the shundance of control and treatment groups in TIBCO
Statistics (United States, 2021). 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, and significant data (jp<0.05) were extracted for further
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analysis. qRT-data was analyzed with one-way ANOVA, Fisher LSD
test in TIBCO Statistics (United States, 2021).

3 Results

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

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

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

103389/#fgc 20231215813

lipid biosynthesis were also over-represented. Most importantly,
we found that gene groups involved in pheromone biosynthesis
functions, including isoprenoid biosynthesis, metabolic processes, and
dephosphorylation were enriched. Gene functions related to
oxidoreductase and alkaline phosphatase activity had the least
coverage in terms of gene sequences (Fizure 2A).

In female gut tissue, the GEA 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 carboxylic acid
transmembrane transporter, organic acid membrane transporter,
Genes responsible for oxidoreductase and catalytic activities,
phosphoric ester hydrolase activity, phosphatase, and lipid metabolism
process had higher sequence coverage in females than males.
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 28). Taken together,
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the gene enrichment anabysis provided valuable insights into the over-
representation of genes in males and females afier JH 111 treatment.

3.2 Total protein enrichment analysis from
guts of males and females after JH [l
topical treatment

The list of detected proteics was organized based on functional
relevance. In the male gt tissue afier JH 111 treatment, the identified
proteins clustered into 456 known functions, whils in the treatsd
female gat formed 489 functional groaps. OF these, 347 groups were
common to both male-treated and female-treated gut samples. Similar
to gene enrichment analysis, both sexes exhibited the highest numbers
of plasma membrane-associated proteins {Supplementary Table 5).

The functional groups identified in male and female guts after TH
111 treatment were lurgely similar. Proteins related to the noclews and
nucleclus, ATP and ENA binding proteins were enriched in both
mﬁmr.hmﬂuﬂunurnbuufpmimwiﬂi&m
related to metal iom binding and transferase activity was higher
Em'l:lpi.lttl to females (Figure 340 Whereas, in the female gut, the
reproduction-related embryo development proteins were higher
protein oumbers (Figure 35; Supplementary Table 5). Mevertheless,
the differences between male and female guts after JH 111 treatment
were minos in texms of gene transcripts and protein enrichments.

3.3 Metabolome

3.3.1 GC—MS analysis of extracts from guts and
bodies of males and females after JH Il topical
treatment

Extracts of the guts and bodies of male and female I typographes
beetles subjected to JHIN treatment, were compared to their
respective control groups, using comprehensive two-dimensional
gas chromatography.

10,3389 /Tge 2023 121501

The imitial Pri.ncipal Component Analysis (PCA) revealed a
distinct separation of [H [I1 treated male gut samples from control
samples treated with acetone. The first two components of the PCA
plot accounted for 46.5% of the variance in the data (see Figure 44,
The primary compound responsible for this separation was identified
as the main I typographus apggregation pheromone component,
2-methyl-3-buten-2-0l.  Additionally, compounds such as ois-
werbenol  and Fh:uﬁﬁ]u.nul {m:ll!s]:euﬁn: :m'upl:-l-l-‘n.llﬂl almm
contributed o this separation. In comtrast, control male gues
contzined only phenylethanol and trace amounts of cis-verbenal,
along with traces of other compounds such as verhenone, ipsdienal,
and myrtenal (refer to Supplementary Figure 1)

The relative abundance of the pheromone precursor verbenyl
oleate was determined in extracts from both the guts and the bodies
(induding the fat hody) of beetles following [H III treatment and
nnmpmrltni.n:mtml{sn: Figure 4E). In both male and female beetls
baody extracts, JH I topical treatment led to a significant increase
(15% in males, 15x in females) in the levels of verhenyl cleat
comipared to the contral group.

This trend was also observed in extracts from female guts (15x
increase). However, in the gut extracts of male heetles, TH I
treatment resubted in a significant decrease (1.8x deoease) in the
relative abundance of verbenyl cleate compared to the contral groap.
This decrease is likely attributable deavage of thess monoterpens
conjugates to give the free pheromone ds-verbenol (refer to
Figure 4B). The ahsolute amount of verbermy] cleate in different beetle
lifz stadia was 150ng/mg of bestle body weight, as previcusly
guantified {Ramakrishnan et al. 20222) The content of free ds-
verbenal in the guts of freshly emerged beetls was 5 ng/gut, which can
be compared with control beetles in this study.

3.3.2 UHPLC-ESI-HRMS/MS analysis of guts
extracts of males and females JH Il topical
treatment

Metabolic profiling of non-volatile and polar compounds in the
gt tissues of [H 11-treated males and females was conducted using a
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non-targeted analysis via UHPLC/HRMS in both positive and
to assess differences among the sample groups.

In both ion modes measurements, JH [I-treated males and females
dustered distinct from the control group. In the negative fon mode, the
P amalysis explained 55 and 61.2% of the total variance in males and
females, respectively, (sex Figure 54, left). In the positive jon mode, the
Pﬂa?hhadﬂﬂmﬂmdﬂuua]ﬂrhmehmﬂﬂandin:lﬁ.
respectively, (see Figure 54, right). The determination of the total
abundance of verbeny] dighcosides was caliculated as the sam of the
treatment with JH 111 in beetles, the total abundance of dighycosdes
content sign#icantly increased in the guts ofboth sexes compared to the
acetone-treated controls. There was no Sgnificant difference in the
hd.udi:nufﬂﬂmmpﬂmdsbrl'HIIIL males and femal
{see Figure 58). The actual amount of these compounds per beetle gat
could mot be determined due to the lack of sandards.

3.4 Regulation of genes and proteins after
JH 1l treatment in transcriptome and
Eergetttl}mne of adult males and female

es

3.4.1 Transcriptome-differential gene exprassion
analysis

Owerall, DGE analysis using the CLC warkbench from the BNA
sequence data obtained from beetle guts provided a dear distinction
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=1:]

hestween gene sets in [H [I-treated versus control beetles and males
wersus females, with samples from each group clustered together in
principal compaonent analysis (Supplementary Figure 1A), After TH
II1 treatment, :F]ml:im:l.l.eh'ﬂﬂ transcripts mmupr:guhied. and
545 were downregulated in male gut tissue only, as depicted in 2 Venn
diagram (Figure AL On the other hand, in female gut tissue only a
total of 518 transcripts were upregulated, and 456 transcripts wene
downregulated  However, q:-prnnmnd}- 5,155 tramscripts wene
upregulated, and 4,595 transcripts were downregulated in both male
arsd femnale gut tissues. Modably, the total number of genes upregulated
afier treatment in the male beetle gut was higher (10,385 I:ra.nscripu}
than that in the female beetles (9682 tramscripts Figure 64;

Supplementary Table 1]

3.4.2 Proteome-differential protein expression
analysis

The results of the DPE analysis of [H [ -treated bestle gut tissue
yickled a comprehensive list of identified proteins exhibiting a
signihcant fold change in their expresion following treatment.
Snmplufmmud:umlmm{mﬂlumtm]]mnzdlmﬂudin
principal component analysis (Supplementary Figure 2B) It is
notewarthy that although [H 111 treatment is conventionally associated
with pheromene production in adult male beetles, the female bectle
gut tissue exhibited a higher number of identifsd proteins afier
treatment, 4% versus 229 in males. Among the total number of
Lq:reguh.!rl proteins, ?Dwmmale—:paci.ﬁ:. 302 were Ernnlerpeuﬁc
and 145 were detected in both male and female guts. Among the total
munberufﬂm\guhzﬂrmiﬂu.ﬁpmhﬂ'mmalefpedﬁc.ﬁpm
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female specific and 27 were detected in both male and female guts
(Figure 6B; Supplementary Table 2).

3.4.3 Comparison of transcriptome and proteome
- ible functional signif we comp d the contig lists from the
DGE and DPE analyses (Figure 60). Although the number of dentified
proteins was 100-fold Jower than the number of transcripts from the

Frontiars In Forasts and Glodal Changs

DGE analysis, the results of the comparison helped identify a unique
set of gene contigs for further evaluation. The male gut tissue had 129
contigs from transcript and protein analysis, are provided in
Supplementary Table JA. The key mevalonate pathway gene Ryp09271,
isoprenyl-diphosphate synthase (IPDS) gene (functionally proposed
for 2-methyl-3-buten-2-0l synthesis), was among the highly
upregulated gene contigs. Other mevalonate pathway genes such as
Ityp0s045 phosphomevalonate  kinase (PMK), Ityp09137,
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3-hydroxy-3methyl glutaryl Co-A synthase (HMG-S), and IypM875,
isopentenyl-di-phosphate isomerase (1PPI) were also upregulated at
dzpewdemhrpmmmhhm
d in hydrolase function (listed in the table as myrosinase),
whchmkwwnbhwa&ndmdmkhdwbydmhu
activity, acting on glycosyl bonds (GO:0016798), and transferase
contigs, such as acetyltransferase and UDP-
(highlighted in Supplementary Table 3A). Many ribosomal and
membrane transporter cantigs, such as V-type ATPases, were also
upregulated, while several genes that have an unknown function were
(Supplementary Tahle 3A).

The female gut tissue had approximately 183 contigs
from transcripts and protein  analysis (Figure 6C
Supplementary Table 38). Although the number identified in
females was higher than that in males, mevalonate pathway genes
were not predominant in the list of identified contigs in females.
However, another geranyl-diphosphate synthase (Ityp17861) was
upregulated  Furthermore, gene families, such as glycine
dehydrogenase, ubiguitin carboxyl-terminal hydrolase, and
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formation, w!t!foundbbewuhhd (Supplementary Table 38).
Snnihrtnmlu.uunygmu lated to mitochondria-related
ribosomal p elongation factors, binding proteins, and many
fmmﬂya&mgmxn&mmhbudw
be upregulated (Supplementary Table 38),

344 Regulaﬁonofthemevalonate pathway after
JH Il treatment (involved in de novo pheromone
biosynthesis)

Combining gene and protein expression with gRT-PCR allowed 2
more comprehensive overview of the effect of JHIII treatment and sex
on the dqu of the mcnlonl: pathway, which makes the
L typographus aggregation ph and ph de
novo. hhmmdnndhth:mdmd’&ﬂwug
genes by RNA-Seq and qRT-PCR: PMK (Ityp06045), HMG-S
(Ityp09137), HMG-R (kypl7150), IPPI (ityp0M875), and IPDS
(Ityp09271; Figure 7A). Not all of these steps were identified 2t the
protein level, but analysis revealed the upregulation of HMG-S, 1PP1,
and IPDS. Notably, we found that the IPDS gene was upregulated by
up to 35-fold in male gut tissue compared with that in female gut
tissue after JH 111 treatment (Figure 78). Besides the [PDS gene,

frontiarsin.ceg

105



Ramakrishnan at al
A Treatment specific in male (M) vs MA)
]
h;:;“.,-._.;:“ Lomry'rg paraisine
\ 5 S [ [e—
- O Transcripts
12 ; O Proteins
n - ClghT
&
8
£
HEE
-
2 ! rl i
o - - - .
PIIE HIHE-5 HNK-R PEl PO
L]
Sex specific after treatment (MU vs Fl)
5 Hear mag of CoaRTipoL
W . B
w] o~
- =
bw|”
= 49 -
3w
Ly
Pl HMG- 5 HKG-R 1PA (L]
=10 4
m B
RCURE7

Maxalonais pathway key gans contigs spression patiarn in
rarsoipioma and probecms and gRT-POR anstysis of mals gut
Hesus {A) Treatmant specific In mala (JHE v acetone). (B Sax-
specific after Teatmant (male vs femala]. Fhosphomesaslonais knasa
[P, S-hyydnay-3-mathiyd giukaryl coanmyma-A nthasa HMG-5]
S-onay-3-methyl glutarg coanymae-A reduciass (HMG-R),
Eopentyl -ol-phosphate somarasa (IFPY, and isoprenyd-di-phospaa
myrithasa (IPOS]. MA, Make topically trastan with csbong — corTtrol
M), Males toplcally treaisd with JHM - treaimant, FA, Farmales
topically treated with acetona — comnod, F, Famales toplcally traatod
with JHEl — treaimant. N = 4. Tha ermor bar indicates sandand amor
The exprassion pactems of tha gensa rarsoripts e gvan in a haat
e akang with log fold changs grapn

HMG-S was also significantly upregulbited in [H II1 treated male gut
ﬁm:mmpmedwihﬁ.ﬂhtmddﬁmﬂlﬂ[?ig are 7H). Add#sorally,
we also found that IPP] was exclusively sbundant in proteins from
female gut tissue after treatment (Sopolementary Figurs 3).

3.4.5 Regulation of the cytochromeP450
{CyP450) gene family after JH Ill treatment
finvlved in pheromone biosynthesis and
pheromone formation from host tree precursors)
A similar combined approach was taken to explore the
regulation of CyP450 genes that are involved in pheromone
biosynthesis by RNA-5Seq and gRT-PCR; no proteins of this family
were detected in our proteomic investigation. CyP450 contigs
showing expression patterns above a 2-fold change with a significant

Frontars In Forosts and Global Changa

10 TTERITge 2023 171581

walue of p (p<0.05) were confirmed by qRT-PCR analysis. Among
the contigs previously proposed to be involved in pheromone
biosynthesis (Ramakrishnan et al, 2022a), contigs Ieyp3503 and
Itypl486 (proposed for wverbenol symthesis), contigs Ityp3140
(proposed for detoxification), and kyp3153 {proposed for ipsdienol)
were all found to be upregulated genes in the JH II-treated male gut
and are among the most highly upregulated genes measured in this
study (Figure E).

2.4.6 Regulation of esterase gene family after JH
Il treatment (involved in formation and cleavage
of warbenyl fatty acid ester conjugates-possible
pheromona pracursors)

Amang the esterase genes proposed for converting the stoned
wrbﬂrf]m:fr.nn'rr:rbcnnl.]q'p] 1577 [which occurred in the early
life stage) was not significantly influenced by [H 101 treatment in males
according to transcriptome and proteome analysis. However, another
esterase contiz, [byp09460, was found to be upregulated in the protein
analysis and gRT-PCR but downregulated in the BNA-Seq
transcriptome (Figure 24). In female gut tissse, none of these contigs
WErE ﬂﬂncled.-nceptﬁ:r]qlpl]gﬂ' in gRT-PCR (Figure SE)L

2.4.7 Regulaticn of Glycosyl hydrolase gene
family afeer JH Il treatment (involved in
formation and cleavage of verbanyl dighycoside
conjugates possible pharomone precursor)

When comparing DGE and DPE analyses in male gut tissue, a
set of gene [amilies known for glycosyl-hydrolase function
(30001 6798) was significanthy up.lqula.t.:rl after JHII treatment at
bath the transcript and protein levels with male specificity. This gens
family nearly as sbundant as the genes of the mevalonate pathway,
may cleave stored verbenyl glucoside conjugates to give the free
pheromane. Twelve gene contigs were detected from the family, four
of which were also detected and significantly upregulated at the
protein level, Itypl 1770, Hyp00535, Hyp00843, and lyp04256. These
were also upregulated by gRT-PCR except for contig Itypl 1770
(Figure 104}, All three contigs were more upregulated in males than
in females (Figure 105} for females, DGE, DPE, and gRT-PCR did
not show consistent upregulation after JHI treatment (Figure 108;
Supplementary Figure 4).

4 Discussion

4.1 Changes in gene expression, proteins,
and metabolites after JHII application to L
Ty raphus, highlighting owverall
metabolic regulation

The topical application of JH I1I to adult beetles has been studied
in many bnrkl:ln:ﬂ:sj)-ecies{:*l-.--.-'.ing et al, 2004; Tian ot al, 20200 In
L typographus, we hove identified numerows metabolic pathways
affected by this hormone by changes in their genes, proteins, and
metabolites. [H 111 treatment has been demonstrated to induce
pheromone biosynthesis in male L typographus excusively and the
formation of monoterpene detoxification conjugates in both sexes.
M:E.nd.ingcmhheniﬂuh:ﬂﬂiermw i.mpﬂ.ctl:-“H Il om
other bark bestles such as D panderosa {Chis et 2, 2018
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JH III treatment led to the notable upregulation of metabolic
processes and relevant membrane transporters, consstent with
observations on other Ips species (Keeling et al, 2006). In
additicn, there were strong differences in gene expression patterns
between males and females of I fypographus encompassing

Treatment specific in male (M1 vs MA)
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fumctions such as catalytic activity, oxidoreductase activity,
esterases, and phosphatases.

In male beetles, the trestment primarily influsnced metabolic
regulation, whereas, in females, it l=d to the induction of numerous
reproduction-related genes such as vitellogenins (invalved in oocyts
himsynthesis). This chservation can fit the well-docomented
inflsence of JH 111 on pﬂ:\mljngbd:n\im’!hm-dalin&ucu{ Trumbo,
201 E). In addition 1o many membrane transporter activity genes in
female guts, genes regubiting detoxification processes, such as
carboxylases and ubiquitin-carboxy] hydrolases were upregulated
[Supplementary Table 3B).

A complementary protein enrichment analysis in this study also
found sex-specific differences after TH 111 treatment. The male gt was
enriched with proteins imvalved in metabolic processes and transferase
activity-related proteins. These steps are key in the pheromone
bicsynthesis of I fypographus pioneer males. In the female gut afier
treatment, the embryo devdopment-rdated protbeins were among
I‘hIHII.Fl'EEI.II-I‘LEd fover 100 Euﬁ:hmd.iddﬂ},vﬂ\ichmnﬂlhﬂd
with the finding of vitellogenin upregulation 2t the gene level. Eoth
sexes demonstrated upregulation of proteins invalved in nudear and
host tree monoterpene-pinens, verbenyl fatty acid esters, wers
induced in the guts of both sexes by [HIIL This finding supports the
produced in bath sexes of bark beetles and later diverted to pheromans
biosynthesis to the greatest extent in the pioneer sex in host finding-
the males in I typogrmhus (Chiu et al, 2018; Ramakrishnan et al.,
202 2a). Nevertheless, the pathways involved in detoxification and
pheromane biosynthesis need more study to understand the Eokages
between them
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4.2 Identification of key genes responsible
for pheromoene biosynthesis

Two of the major male aggregation pheromoene components of
I typograpkus are isoprenaids produced de nove by the mevalonate
pathway were identified (Figure 7). The genes for this pathway have
been annotated in the L fypographes genome (Powell ot al, 2021;
Maseer et al, 2023), and mamy of them are shown hers to
be upregulated exclusively in males. After JH 11 treztment, these
genies have also been implicatsd in pheromons formaticon in other fps
species (Keeling ot al, J04)

In male I. typogrophus, topical treatment with JH 111 kad to the
overexpression of certain, upstream genes of the mevalonate pathway,
induding PFMK l:ll'!."l:ﬂm. HMG-5 {l‘tﬂ;ﬂ?lﬂﬂ, HMG-R
ﬂt}Pl?IS-IJ], and IFPI l:]lﬂlﬂﬂ?ﬂ. were r:l.i.i'\d'ymreqm:md in
the gut In addition, the Ll];reg,ulll:inn of 1IFDS Elq.']:ﬂgﬂl} was
observed at both the transcript and protein levels. This gene is 2
candidate for encoding the biosynthesis of the hemiterpene 2-methyl-
3-huten-Z-ol, which has not yet been functionally demonstrated. The
upregulation of Ityp0d271 aligns with the significant increase in
Z-methyl-3-buten-2-ol content observed in the male gut afier the
treatment 2nd corresponds with the biosynthetic pathway proposed
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in our previows study (Ramakrishnan ot al, 20222). In females, there
was akso Lq;regul:l:iunufmuﬂ!rl?ﬂi,mnﬂ]ﬂ'lngnd"
geranyl diphosphate synthase (Iypl7BE]; varsson et 21, 1693).

In addition to the observed increase in the levels of 2-methyl-3-
Euhm-lnnlhdxudbf}l{ﬂlmdharhﬂumme:nmfmhm
also upregulated: ipsdienol {(presumably produced de mova) and cis-
verbenol (likely synthesied from @-pinene) and sequestered as a fatty
acid ester [Famakrishnan et 2l,, 202 22). GC-MS5 messurements of gut
tissue following the induction further revealed a significant increass
in I .Ijmﬁlum:]:—:poﬂﬁcmpﬂunds. sach as myrienol and
phenyl sthanel (Supplementary Figurs 1)L Although behavioral
activity for these compounds has not been reported in 1 typographus,
they also produced by the pherymone-producing sex of related bark
species, [ ponderosar and 1. pini, where their upregulation after the
treatment has akio been documented (Eeeling = al, 2006, 2016). This
suggests that the elfect of [H 111 on pheromone biosynthesis is not
limited solely to known behaviorlly active compounds.

The effect of TH 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 proteosmics work. In
sequence similarities to functionally known genes from other bark

[Chiu =t al, 201%; Bamakrishnan =t al, 2022a), detoxification
mechanisms {C}'PGDE]. and ipsdienal biosynthesis (CyPATLT
Song et al, 2013 Madeau et al, 20170

Interestingly, CyF450s genes in all three functional dasses wene
upregulated after JH I treatment with CyPSDEL known in another
bark beetle species for its role in trans-verbenal biosynthesis (Chiu
etal, 2015). The contigs From I ¢ypograpies male gat exhibited lower
expression levels compared to the gene contigs suggested for
detoxification (CyFEDES) and ipsdienal bicsynthesis (CyPITLT:
Sandstrom et al, 2006). The effect of topically applied JH II1 on
pheromone biosynthesis appears to be broader than just the induction
of de mowo synthesized compounds. In addition to regulating
isoprenoid biosynthesis, this hormone affects the production of
pheremonal comparents by influencing 2 variety of other bicsynthetic
mechanisms such as the hydroxplation of host tree monoterpenss.

4.3 Effects of JH Il on the formation and
r.lea'ur e of detoxification conjugates
to pheromonal components

In this stady, topically applied TH 1 abo influenced the
production of verbenyl-fatty acid ester and veshenyl-dighycosides,
which are conjugaies of the pheromone cis-verbencl. Since cis-
verbenol may also be regarded as a detoxification product of @-pinens,
its esters, and glycosides may help to alleviate toxicity by stabilizing
test the hypothesis that thess esters and glycosides ase precursors of
cis-verbenol in adult males when they need to release large quantities
of these pheromones during the attack on the host tree.
treatmment has significantly induced in the ft bodies ofboth sexes of adult
heetles. The induction rate was 10 times higher in females than in males.
We previausly estahlzhed from the production curve of this compound
at different life stages (Famakrishnan = al, 200222) that verbeny] oleate
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abundance is male-specific during adult bestle stages. However, in this
study, we report that treatment can also induce its production in fermle
adult heetles. This Anding suggests a strong regubtory role for JH 10 in
the formation of these compounds in the beetle.

The comtent of verbenyl cleate in the gat is 100 times lower than
in the fat body of I hypogrmaphues (Ramakrishnan ot al, 2002a). Despite
the gut being the site for biosynthesis of this compound during the
javenile stages and later in adult males free cis-verbenol release ocoars.
Also, JH I induced an increase in verbenyl oleate abundance in
female guts similar to that in the fat body and reduced its content in
male guts. These Bndings support the existing hypothesis tha: the
cleavage of veshenyl Bty 2cyl esters is specific to adult males and that
verbenyl esters serve as precursors for the active pheromonal cis-
verbenal in picneer male I typographus {Famakrishnan et al, 20222).
Bath the formation and cleavage steps of verbenyl fatty acid esters are
r:gﬁhdbrﬂi]]],hdiﬂ.hglhithmibkm{m
also known as carboxylesterases or ftty acid transferases) are likely
regulated at the gene or protein level

The esierase contig Itypl 1977, which was previously reported in
cartier life stages of I fypographus for verbenyl fatty acyl ester
formation (Famakrshnan et al, 2022), was also identified in the guts
of beetles after treatment. This observation aligns with the finding that
Ihecmdﬂleh}p]lg??mudmdymd{a shown in
gRT-PCH analysis) in the female gut afier treatment {see Figun= 5).
We also dentified anather contig from esterase - Hypl9460, expressed
in the male gut following the treatment, coinciding with a reduction
in verbenyl ester lewels. This observation leads us to proposs the
involvement of this esterase candidate in the releass of cs-verbenol
through the ceavage of ester bonds in the male gut, 2 novel finding in
I typographus. It i worth noting that this esterase is known for several
detoxification functions in other insects (Blomaquist et 2], 2021)

In our previcus study; other dis-verbenyl conjugates in the guts of
beetles were identified as three wverbenyl-diglycosides differing
structurally by glycosidic parts (Ramakrishnan =t al, 202Zak)
Glycosylated alcohols are known to serve 2s detoxification products,
and they may have relevance to bark bestle pheromone biosynthesis
in other s]:lﬂ:i.uﬁli-'lmr._jJE:-l = al, 2021). In this study, we chserved 2
significant 100-fold increase in the content of these compounds in the
guts following the treatment, and this induction showed similar rates
inboth sexes of adult beetles. This demonstrates the JH I regulation
Mrﬂuhndjmuflhu:mm

Furthermaore, to test the hypothesis that thess compeounds could
muﬂmﬁep&mﬂn}nﬁeudpmmmnmhﬂ
and identified for possible genes within specific ghycosyl hydrolase
gene Emilies. Lates, the gene for potential male-specific releass to
free cis-verbenol Motably, we identified four contigs from the ghycosyl
bydrmolase gene family that were overexpressed exclusively in the male
gut after treatment. However, the uncertainty in the abundance of
male-specific verbenyl dighycosides {not similar to verbenyl ester),
together with low quantity in the gut and absence in the fat body
hmpu]slisbaddal:}npmmlhnlhﬁecumpmmdsmmm]iur
a detoxification product rather than a pheromone precursor. Thus,
we have ohserved a strong induction of TH 111 on the formation of
both verbenyl conjugates discusssd. Originally, these compounds
serve 2s binding agents for the detoxification product of @-pinene,
specifically cis-verbenal in our case, but sdditionally, cur findings
proved that verbenyl fatty acyl esters are possessed by adult males as
mah:mlhtp}ummmtpr\ecu:mr[':hhelal. 201 8; Bamakrishnan
etal, 2022a).
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Hence, obtaining the specific gene candidates directs us to
practical application by targeting the genes of pheromone
bicsynthesis for silencing in I typographes. Targeting the species-
specibic non-lethal genes of the beetle along with characterizing them
aims to address the pests aggregation behavior with minimum
ecalogical damage. A similar approach was demonstrated in amoth,
Helicoverpa armigera when reproduction was modified by silencing
pnﬂmpﬂuﬂeﬁurmp‘hﬂmnﬂnﬁpﬂ&xﬁmn{l]nngm al, 20017)

‘The main chjective of RINAi-based Forest pest management is to
m&uﬂuﬁ::ﬂpcﬂpn]mlmhnhﬂbﬂhwlh:piduﬁthdﬂihsm‘
et al, 2021}, Similarly, genes isvobved in pheromane production in bark
beetles can be targeied via RNA to disnspt communication, sach as
aggregation of pheromone Sgnal for a mass attack in L fypographs.
orders is challenging. In wood-feeding insscts, the aspect of dsENA
delivery can be achieved by spraying aver the teee trank (Li et al, 2015)
or by injecting it into the tree's sap stream (FHunter ez al, 2012), The
delivery of dsRMNA by these methods will be used for effective silencing
of the pheromone biosynthetic genes in the beetle wpon phloem-
feeding. Howewer, appropriate method should be considersd while
choosing the for effective outcome [Joga =t al, 2021). This HPF'DEI'-:L!-
Eﬂ'ﬂﬁrwﬁhdﬂjmfmﬂpﬂimmwmtputﬁmth,
sibvicultural, hiological), and can aid a multi-faceted management
approach that keeps the tree-killing forest pest populations in the

In conclosion, thes: (ndings establish a foundation for
understanding the genstic mechanisms underlying pheromone
hivsyrthesis in [ typographs following TH 111 treatment. However, a
logical next step would be to conduct functional validation of the
identified gene candidates involved in pheromone biosynthesis. This
approach could lead to effective pest management strategies, such as
EMA interference, aimed 2t manipulating the mass attack behavior of
this aggressive pest [Jogz =t al, 20210
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Supplementary Figure 1:GCXGC-MS data- Quantification of Pheromone compounds from
I typographus male gut tissue after THIT induction. MA- Males topically treated with acetone
— cotitrol; M- Males topically treated with JHIII — treatinent The error bar indicates standard
error. N=3.
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Supplementary Figure 2A: PCA of transcriptome data (FINA- sequencening) analysis from
I fypographus zut tissue after JHITT induction in both sex . MA- Males topically treated with
acetone — comtrol; MI- Males topically treated with JTHITT — treatment. FA- Females topically
treated with acetone — control, FJ-Females topically treated with JHIII — treatment WN=4.
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Supplementary Figure 2B: PCA of proteome data from [ fipographus gut tizssue after JHITI
induction in both sex . MA- Males topically treated with acetone — control; MI- Males topically
treated with JHIII — treatment. FA- Females topically treated with acetone — control, FJ-
Females topically treated with JHIIT — treatment. N=4
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Supplementary Figure 3: Mevalonate pathway gene contigs relative expression in [
fpographus female gut tissue after JHIIT treatment phosphomevalonate kinase (PME)3-
hydroxy-3-methy]l glutaryl coenzyme-A syathase (HMG-3), 3-hydroxy-3-methyl glutanyd
coenzyme-A reductaze (HMG-E), izopentyl-di-phosphate isomerase (IPPI), and isopremyl-di-
phospate synthase (IPD5). The eror bar indicates standard error. MA- Males topically treated
with acetone — control; MI- Males topically treated with JHIII — treatment, FA- Females
topically treated with acetone — control, FJ-Females topically treated with JHIII — treatment.

N=4.

B Transcripls

@ Proteins

:ﬂﬂ H HHH
T W W

-2 ' hypll?70  lyp00535  Hyp00S43  HypDd256

Fold change

Supplementary Figure 4: Glycosyl hydrolase gene contigs relative expression of m female
gut tiszue after JHIII treatment. The error bar indicates standard error. MA- Males topically
treated with acetone — control; MI- Males topically treated with JHIII — treatment, FA- Females
topically treated with acetone — control, FJ-Females topically treated with JHIII — 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 1l1). To our knowledge, this research study is conducted for the first ever in
I. typographus of different life stages and JH lll treatment (induced hormone regulation),
demonstrating pheromone biosynthesis aimed to test hypotheses 1 ( Key life stages of
the beetle) and Hypothesis 2 ( JH Il treated beetle). The I. typographus males, as the
pioneer sex of the beetle in finding hosts have been focused on this study for

aggregation pheromone biosynthesis.

Ips typographus aggregation pheromone blend consists of 2-methyl-3-buten-2-ol and
cis-verbenol. These components were highly produced by male colonizing beetles,
which was again proved to be abundant in the respective male gut in this study.
Surprisingly, the life stage research revealed that the aggregation pheromone cis-
verbenol started appearing in the juvenile beetles and disappeared during beetle
maturation. Later, cis-verbenol reappeared as soon as they emerged from the host. cis-
verbenol, the compound particularly known for being derived from a tree precursor (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 cis-verbenol (precursor of verbenone
synthesis) among the various life stages. Ipsdienol, a compound known exclusively for
Ips species was identified only in males from the mating chamber. Many compounds
with unknown biological activity, such as trans-verbenol, myrtenol, phenyl ethanol, and
myrcene, were also identified and quantified in gut tissues of . 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., 20223,
2022b).
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Followed by, hypothesis 2 was tested by the hormone induction using Juvenile hormone
(JH 111) for targeted pheromone biosynthesis research, which is available for many bark
beetle species (Tillman et al., 2004; Bearfield et al., 2009; Chiu et al., 2018; Fang et al.,
2021). However, not all Ips sp. follow the same regulation pattern after hormone
treatment, and Ips typographus was not addressed in this platform (Tillman et al., 2004).
Here, we have attempted aggregation pheromone quantification from the I
typographus sp. gut after JH lll 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 1. pini, where JH Il treatment influences de novo pheromone synthesis (Seybold and
Tittiger, 2003). Added to that, cis-verbenol and verbenone were also upregulated, thus
a precursor-mediated biosynthesis was postulated for the pheromone cleaving
mechanism from respective conjugates after JH Ill 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 Il on pheromone biosynthesis is not limited solely to
known behaviourally active compounds and to an extent the JH Il 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 /ps sp., (lvarsson et al., 1998).
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Thus, the mevalonate pathway study involving a variety of isoprenoid genes from the
pathway with intermediate components was targeted in both sexes for respective

functions.

A further intent to verify the primary objective, with relevant approaches to highlight
the gene family involved in the biosynthesis of 2-methyl-3-buten-2-ol has provided
clarified knowledge of our bark beetle species. The DGE analysis of the gut tissues with
I. typographus genome annotation revealed distinct expression patterns of certain gene
families as in other research of many Insects with similar interests (Blomquist et al.,
2010; 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 (ltyp06045), HMG-S (ltyp09137), HMG-R
(ltyp17150), IPPI (ltyp04875) and IPDS (ltyp09271). These genes were shown to
influence pheromone production in Ips sp., especially HMG-R, which when inhibited,
completely blocks pheromone production pathways (lvarsson et al., 1993; Tillman et al.,
2004). In particular, the isoprenoid gene family member isoprenoid-di-phosphate
synthase (IPDS) - Ityp09271, was identified in the fed male gut of I. typographus, along
with 2-methyl-3-buten-2-ol (Ramakrishnan et al., 2022a). Since the mevalonate pathway
supplies the five-carbon and the up-regulation of the entire mevalonate pathway in fed
adult male beetles, we proposed that IPDS could play the role of a novel hemiterpenoid
prenyl transferase in 2-methyl-3-buten-2-ol de novo synthesis. Though IPDS is known to
be involved in pheromone synthesis in other insects (Lancaster et al., 2018) such as the
bark beetle D. ponderosae (frontalin pheromone) (Keeling et al., 2013), we are
proposing a function for IPDS in hemiterpene synthesis in the animal family for the first
time. The actual known function of IPDS is also known as GPPS, in the extension of
myrcene synthesis (Gilg et al., 2005; Gilg et al., 2009). Based on the involvement of GPPS
in myrcene synthesis, we identified other paralog genes of IPDS/GPPS— Ityp17873 and
ltyp17861— 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 IIl, male I. typographus overexpressed certain
upstream genes of the mevalonate pathway, including PMK (ltyp06045), HMG-S
(Ityp09137), HMG-R (Ityp17150), and IPPI (Ityp04875) in the gut. In addition, the
upregulation of IPDS (ltyp09271) 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 (ltyp17861) (lvarsson et al., 1993; Ramakrishnan et al., 20223,
2022b, 2024).

cis-Verbenol biosynthesis concept:

cis-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- C1 (ltyp3903) and C2 (ltyp0496) showed high
sequence similarity with CYP450 (A1l like- CYP6DE1) from D. ponderosae involved in
trans-verbenol production (Chiu et al. 2019). In addition, we also identified candidate

CYP450- C3 (Ityp3140) and CYP450- C4 (Ityp3230), showing sequence similarity with the
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CyP450 gene family (A2-like) -CYP6DE3, known to be involved in the detoxification in
other bark beetles (Nadeau et al., 2017). Though we selected candidates involved in two
different functions, these four CYP450 genes were all expressed in the fed and immature
life stages. As reported by Chiu et al. (2019) the gene involved in trans-verbenol
production is also involved to some extent in the cis-verbenol synthesis and
detoxification mechanism of a-pinene (Renwick et al., 1976; Reid and Purcell, 2011). We
propose four identified candidates (C1-C4) as possible cis/trans-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 (ltyp1834 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 IlI- treatment on CYP450 enzymes was also studied, but this was only
feasible at the gene transcript level as CYP450 proteins could not be identified in our
proteomics work. In the transcriptome analysis, we searched for gene candidates with
sequence similarities to functionally known genes from other bark beetle studies,
including those involved in cis-verbenol biosynthesis (Chiu et al., 2019; Ramakrishnan et
al., 2022a), detoxification mechanisms (CYP6DE3), and ipsdienol biosynthesis
(CYP9T1/T2) (Song et al., 2013; Nadeau et al., 2017; Ramakrishnan et al., 2022a and 2022
b).

Interestingly, CYP450 genes in all three functional classes were upregulated after JH Il
treatment with CYP6DEL, 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 Ill on pheromone biosynthesis appears to be
broader than just the induction of de novo synthesized compounds. In addition to
regulating isoprenoid biosynthesis, this hormone affects the production of pheromonal
components by influencing a variety of other biosynthetic mechanisms such as the

hydroxylation of host tree monoterpenes (Ramakrishnan et al., 2024).
Pheromone storage concept:

Testing the final objective of the hypotheses, I. typographus life stages and JH Il
treatment influence trace amounts of cis-verbenol and verbenone, which proves that
precursor-mediated biosynthesis, was also found induced after JH Ill treatment. Thus,
cis-verbenol may be synthesized after JH lll treatment from the gut, as postulated in our
hypothesis of verbenol release from the stored verbenyl oleate. This release could
involve certain esterase, hydrolase, and fatty acyl transferase gene families expressed in

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

Since cis-verbenol biosynthesis patterns were seen among the different life stages of the
beetle gut, we showed that verbenyl oleates were found to be initially in the immature
beetle of both sexes. Later, only verbenyl oleate synthesis continued with male
specificity in the mature beetles. Similar to a study in D. ponderosae by Chiu et al. (2018)
we analyzed extracts from the beetle body (focused on the fat body without the gut)
and quantified the possible detoxification products (verbenyl oleate and myrtenyl
oleate) from the beetle’s body. Verbenyl oleate is a putative pheromone storage fatty
acid ester for the pheromone, cis-verbenol. The relative abundance of cis-verbenol,
verbenyl-oleate, and methyl oleate showed an interesting pattern between life stages.
Moreover, the co-relation of the verbenyl oleate reduction and methyl oleate increasing
with pheromonal cis-verbenol can be seen in fed and mated stages. At the immature
stage, the abundance of verbenyl oleate was high, whereas the abundance of methyl
oleate was low. From this finding, we propose that a-pinene from the host source
undergo detoxification into oxygenated monoterpenes cis-verbenol and myrtenol,
which further bind to lipid molecules, such as methyl oleate, to form verbenyl oleate

and myrtenyl oleate and are stored in the fat body of I. typographus during the early life
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stages. Later, when feeding males tend to produce cis-verbenol as an aggregation
pheromone compound, where 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 cis-verbenol oleate synthesis from the monoterpenyl
esters is a novel concept proposed yet in the beetle pheromone storage mechanism.
Added to that, other detoxification products, such as verbenyl and myrtenyl diglycosides
were identified via UHPLC-HR-MS/MS for possible pheromone storage. cis-Verbenol
was also synthesized after JH Ill treatment from the gut, as mentioned hypothesis of

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

The esterase gene (Esterase FE4-like and venom carboxylesterase — 6 like) identified in
this work shows high similarity with the esterase gene BT127766.1 from D. ponderosa,
which is involved in a possible pheromone storage function (Bernier et al., 2020).
Respective candidates were selected from the RNA seq. data based upon sequence
similarity. To verify the proposed functional correlation, the involvement of the esterase
gene family identified in this study in cis-verbenol storage as a fatty acid ester in the
immature stage was evaluated. Further validation of the mentioned sequences in the
life stages of I. typographus showed that esterase Ityp11977 (E3) occurs in the immature
stage. Since cis-verbenol occurs in the immature stage and verbenyl oleate in the
immature body, the proposed candidate can be considered a valid gene for functional
study, also investigated in other bark beetles (Chiu et al., 2018). Further, we also
hypothesize another two-step conversion of verbenyl oleate to cis-verbenol and fatty
acids. The first step would be the hydrolysis of the oleate catalyzed by another esterase,
and consequently, the released fatty acid would be methylated by a putative

methyltransferase.

Added to that, we also identified four contigs from the glycosyl hydrolase gene family
that were overexpressed exclusively in the male gut after treatment. However, the
uncertainty in the abundance of male-specific verbenyl diglycosides (not similar to

verbenyl ester), together with low quantity in the gut and absence in the fat body
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(unpublished data), we presume that these compounds are more likely a detoxification
product rather than a pheromone precursor. Thus, we have observed a strong induction
of JH Il on the formation of both verbenyl conjugates discussed. Originally, these
compounds served as binding agents for the detoxification product of a-pinene,
specifically cis-verbenol in our case, but additionally, our findings proved that verbenyl
fatty acyl esters are possessed by adult males as an alternative pheromone precursor
(Chiu et al., 2018; Ramakrishnan et al., 2022a). We would like to highlight that, the fatty
acid esters and glycosides concept from this study exceed the existing knowledge from

the literature in the bark beetle study (Ramakrishnan et al., 2024).
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6. CONCLUSION:

In conclusion, the findings from this research establish a foundation for understanding
the genetic mechanisms behind pheromone biosynthesis in different life stages of /.
typographus. Followed by, the method of Juvenile Hormone Il treatment on the beetle
has ensured the occurrence of the relative gene families from the I. typographus gut

tissue.

The primary conclusion confirmed the first objective from hypotheses 1 and 2, by
proving the involvement of mevalonate gene families in the male I. typographus gut at
the fed life stage (attacking stage)and JH lll treated beetle, towards the key aggregation
pheromone, 2-methyl-3-buten-2-ol. Initially, the compound mevalonate-5-phosphate as
an intermediate from the pathway was identified, which supports the past findings of
labeled mevalonate in the 2-methyl-3-buten-2-ol. Followed by, the genes PMK
(Ityp06045), HMG-S (Ityp09137), HMG-R (Ityp17150), IPPI (Ityp04875), and an IPDS
(Ityp09271) were identified and quantified from the pathway of feeding male beetle
guts. Furthermore, hypothesis 2 was justified by confirming the pathway key candidates
also in protein level after inducing the pheromone using JHIII on the beetle ensures the

key gene, IPDS to target for reducing the 2-methyl-3-buten-2-ol biosynthesis.

The secondary conclusion confirms the second objective in the hypotheses, which is the
concept of cis-verbenol biosynthesis in the beetle. Enough evidence persists for the
conversion of tree precursor (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 I. typographus gut tissue of certain life stages
and JHIII treated beetle. Among a total of identified 52 CYP450 genes, the proposed

candidates can potentially target to reduce the cis-verbenol biosynthesis.

The third conclusion is to highlight the final objective of the hypotheses, the storage
concept of the verbenol components. As the beetles could not access the tree
precursors all their lifetime, storage of the component during the resource availability is

certain for many insects. Key genes such as Esterase EF4, Ityp11977, and Ityp09460 are

123



the potential candidates that are proposed for storing and releasing these verbenol form
esters, verbenyl oleate. Furthermore, an additional concept of verbenyl-di-glucoside
derivatives (a by-product from detoxification) from the beetle has been proposed for
similar storage and sex-specific release using a glycosyl hydrolase, Ityp11770, Ityp00943,
Ityp00535, and Ityp04256. Nevertheless, later-mentioned gene families fail to meet the
criteria of sex-specific importance. Along with the respective pheromonal components
the other male-specific functionally unknown components such as myrtenol, myrtanol,
or phenylethanol were identified and quantified. On the gene level, biosynthetic gene

families were reported in the data set of the mentioned research publications.

Taken together, this study approach and findings could lead to engineering effective
pest management strategies, such as RNA interference, aimed at manipulating the mass
attack behavior of this aggressive pest (Joga et al., 2021). Hence, this study leads to a
deeper, more molecular understanding of the pheromone biosynthesis of Ips

typographus.
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7. RECOMMENDATIONS FOR FUTURE DEVELOPMENT OF THE
RESEARCH FIELD:

Though many aspects of pheromone biosynthesis from the beetle, Ips typographus have
been covered in this study, the research also involves certain limitations. Many potential
gene candidates were identified based on relative abundance for co-relation study with
analytical results. However, further functional validation of the reported genes is
required to support the claims. Hence, a logical next step is to conduct research on the
functional expression of the identified gene candidates for in vivo and in vitro model
systems. The in vitro assay can be performed to express the targeted genes, by cloning
the desired gene length into bacterial expression vectors such as pDEST15, generating
an N-terminal his-tag fusion in Escherichia coli bacterial cells. The expression can also be
performed in insect (Spodoptera frugiperda -sf9) cell lines using specific vectors such as
pFastBac and pENTR4 vectors for gene families of Cytochrome P450 and esterases. This
approach will lead to describing the gene/enzyme function by performing substrate-
specific enzyme assays to detect the targeted end products. For enzyme assay,
substrates with radioactive labeling can also be utilized for monoterpenes enantiomers
such as +/- a-pinene, +/- B-pinene, and +/- limonene with variations as required and
derive novel findings with the help of established analytical methods. Furthermore, the
approach of this research lays the background for performing similar research on more

bark beetle species.

8. PRACTICAL APPLICATION OF THIS RESEARCH FINDINGS:

Modern techniques like gene editing using CRISPR and silencing by RNA interference for
the targeted potential genes can facilitate this study's findings. The latter-mentioned
RNA-i can be efficiently incorporated by synthesizing a double-stranded RNA (dsRNA)
from a species-specific target gene with an appropriate delivery mechanism. Although
the use of 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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