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Molecular Underpinnings of Bark Beetle Resistance against Conifer Chemical Defences.

Objectives of thesis

To investigate the molecular mechanisms of bark beetle (Ips typographus) resistance to host chemical de-
fenses by identifying key genes involved in detoxifying or adapting to host metabolites. This study aims to
enhance the understanding of host-beetle interactions and contribute to pest management strategies.

Specific objectives:

1- To identify the detoxification machinery genes in Ips typographus and elucidate their roles in overcoming
host plant toxins during feeding.

2- To identify the key genes in Ips typographus that are responsible for the breakdown or modification
(detoxification) of specific allelochemicals present in host plants.

Methodology

Bark beetles will be collected from the infested spruce logs at Kostelec nad Cernymi lesy, specifically from
a research plot established by School Forest Enterprise. A new generation of beetles will be reared on
fresh spruce logs in a controlled rearing chamber to maintain a continuous and homogeneous culture. The
beetles will then be exposed to natural host wood or treated with host allelochemicals through fumigation
bioassays. The treated beetles will subsequently be utilized in the follow-up pipelines.

i) testing and evaluating the effect of individual allelochemical toxicity

ii) expression analysis of key genes involved in detoxification extracting total RNA for transcriptome profiling
(RNA-seq) and quantitative gene expression (RT-qPCR).

1) Fumigation Bioassay
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Bioassay will be performed using monoterpene applied-to beetles at different concentrations to calculate
the Lethal Concentration (LC) followingthe protocols of Chui et al., 2017. Briefly, A 1.5 cm x 1.5 cm piece of
Whatman filter paper will be placed in:a 20 mL scintillation vial, onto which defined volumes of undiluted
monoterpenes will be applied, a moist filter paper will be placed for humidity, a'single beetle will be placed
into the vial and vial will'be sealed. Mortality will be recorded for 72-hours with a 12-hour interval. Lethal
concentration will be calculated using probit analysis.

2) Identification of detoxification genes

RNA-seq protocol- the whole body will be homogenized in lig. Nitrogen and total RNA will be extracted
using TRIzol reagent or PureLink™ RNA Kit from Ambion (Invitrogen, Carlsbad, CA, USA) followed by purifi-
cation DNase | (TURBO DNase Kit, Ambion, Austin, TX, USA). One according to the manufacturer’s protocol.
The integrity of the RNA will be verified, and the quantity of RNA will be determined. Total RNA will be
outsourced for sequencing on the lllumina HiSeq4000 Genome Analyser platform using paired-end read
technology. Quality control measures, including the filtering of high-quality reads based on the quality
score given in fastq files, removal of reads containing primers/ adaptor sequences, and trimming of read
length, will be carried out using CLC Genomics Workbench v10.1 (http://www.clcbio.com). The reads will
be then mapped back to the Ips typographus genome for differential gene expression analysis.

RT-qPCR validation- RNA-seq results will be validated using RT-qPCR for the identified detoxification genes.
One pg of RNA will'be used to synthesise cDNA using a High-Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems Life Technologies, Waltham, MA, USA). Primers will be designed using IDT PrimerQuest
software (IDT, Leuven, Belgium). Primers will be tested by PCR followed by gel electrophoresis for correct
product amplification. RT-gPCR will be performed using SYBR® Green PCRMaster Mix (Applied Biosystems,
Waltham, MA, USA) following the existing lab protocol (Roy et al., 2017). Melt curves would be gener-
ated to ensure single-product amplification. The target gene expression levels will be calculated using the
2-AACT method with a ribosomal protein L7 as a reference gene.
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Eurasian Spruce Bark Beetle (ESBB),typographugColeoptera: Scolytinae), is one of the
primary forest pests around Europe. They attack the bark and iotetical regions of the host,
Picea abiesgenerally,the phloem and growing cambial zone, where the adults feed and
reproduce, and the larvae develop. To protect themselves from csdton, plants use
anatomical and chemicalefences However, bark beetles hawefencemechanisms to tolerate

this harsh environment in their host, which can be attributed to one or more biochemieal co
evolutions that allow them to survive in a hodefence-rich environment. Such biochemical
tolerance mechanisms may be achieved by detoxification of toxic plant compounds or their
digestion in the midgut of the beetle by tipeoductionof certainenzymes. In invertebrates, many
genes,and their enzymes (like P450s, UGTs, GAiE AandABCtransporter genes) play a vital
role in defending the organism against oxidative stress by regulating many-stsggmsive
genes and are responsible for the detoxification of plant defence chemicals. Hence, greater
knowledge of the function of these ges mentioned aboveis required to breakdown the
molecular mechanism underlying beetle resistance against conifer defences. The poestadiy
focused on howl. typographusefficiently conquered the spruce chemical defences using
omicsbased approachWe reported that the genes related todetoxification digestion and
resistance are critically expressddring host feeding or overexposure to host allelochensical
We identified key genes, such as, CYP6A2, UGT3B1B1GSTT1, and members of ABC gene
families and multidrug resistanetssociated proteinsnvolved inthe detoxification of host
chemicals Thepresentedstudy provide a catalogue of genes that can be targeted for future
typographusmanagementhat can subsequently bunctionallyvalidated bygenesilencing via

RNA interferencéRNAipr CRISPR/Cas®chanism.

Keywords Ips typographus Picea abies Detoxification, RNAeq, RIGQPCR, Enzyme assay,

Monoterpene bioassay.
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Global climate change has ledgevere bark beetle attacks in the last decade, especially
in monoculture boreal forests, as it accelerates the development of bark beetles, reduces tree
RSTSyO0Sas FYyR FILOAtAGEGSE G(Ri&lermdideld. 2618ingh E LI y &
et al., 2024) Pine and spruce are the most economically important conifers in Europe. The pine
and spruce timber damage by bark beetles has increased by 700% in the last four decades (1971
2010) and is expected to increase-fid until 2030, reaching up tb7.9 million cubic meters per
year(Seidl et al., 2014)n the Czech Republic, timber prices decreased due to massive outbreaks
in 2018, from 5664 euro per M (2011¢2017) to 1416 euro per m, causing a substantial
economic loss to the country. The economic and ecological impacts of such attacks are undeniable
as they reset forest succession, disturb nutrient cycles, and turn the forest from carbon sinks to
carbon sources. Several conventioapproaches have been applied to manage and control such
outbreaks in the past, like sanitation felling, debarking, salvage logging, fumigation, and use of
pheromonebaits and poisoned tripod, but none of them has been entirely successful in
mitigating the problem so fagDobor et al., 2020; Singh et al., 20Z8he need of the hour calls

for novel-omicsbased approaches for targetedanagement of these pests.

The Eurasian Spruce bark beetle (ESB8;typographulsis one of the most eruptive
herbivorous polyphagous economical forest pe§teéa abiebeing its primary host) in Europe.
In their endemic stage, they attack stressed trees such as-feitetl or droughtprone, as they
are more welcoming to attackers due to their weakened defence. The pioneer beetles are males
that, after colonising the tre, release aggregation pheromones that cause a mass attack, leading
to an epidemic where they infest the healthy trees in the forest. Most such attacks are lethal to
the plant, and tke virulence of the attack can be overwhelmed by some microbial associates
OYNRP]1SYS YR {2fKSAYZ wmMphpyT CNfROG Si& FfdZ H
Chakraborty et al., 2020b; Gupta et al., 2023; Kandasamy et al., 2023; Singh et al.H2824)
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plants produce secondary metabolites, such as mono, di, and sesgenes, as part of their
defence when attacked by insects, which the beetles counteract by producing detoxifying
enzymes during feedinghrough the course of evolutionary interaction with hosts, insects have
acquired the ability to detoxify plant allelochemicals in their gut, allowing them to bypass plant
defences(Roy et al., 2016)This detoxification is performed by enzymes such as cytochrome
P450s (P450s)glutathione Stransferases GSTs), Carboxyl/choline esterases (CCE),- UDP
glycosyltransferases (UGTs), and -Aiffding cassette (ABC) transporte(&shatriya and
Gershenzon, 2024However, most of these enzymes and their gene complemeane not yet

beenidentified in ESBB, and the mechanism remains poorly understood.

For studying suchmechanisms, the current studgims to identify the detoxification
machinery genes in different life stages and tissues of ESBB using trseglpgproach. Further,
to understand the genes involved in detoxifying the spruce monoterpenes, this study employed
fumigation bioassay and distwitch response analysis that effectively unravel the molecular
mechanism underlying the beetle adaptation to conifer secondary metabolite defences. This
approach of toxin overexposure had also been previously used in othietbleatle species, such
as Dendroctonus(Smith, 1961; 1963; 1965; Everaerts et al., 1988; Chiu et al., ,284d)
agricultural pests likéielicoverpaCelorieMancera et al., 2011; Wu et al., 2011; Fabrick et al.,
2022) Further studies deployed RNs&q based approaches to study differential gene expression.
This work aims to identify the key genes responsible for catering such defences to beetles, which
can be further validated in the future using gene silencing tectesdike RNAithat had already
been applied to control various agricultural pests and has been found efficacious in forest pests,
especially those belonging to Coleoptef@odrigues et al., 2017a; Rodrigues et al., 2017b;
Rodrigues et al., 2018; Kyre et, &019; Dhandapani et al., 2020a; Dhandapani et al., 2020b; Kyre
et al., 2020; Kyre and Rieske, 202R)study conducted byoon et al(2018)has confirmed the
excellent performance of RNAIi against coleopteran insects, including beetles. It has also
elucidated the possibility of using RNAI against ESBB to develepiertdly speciespecific
biopesticides to control forest pests in the futui#ga et al., 2021; Mogilicherla and Roy, 2023)

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

sink(Bastrup. ANJ S I f ®X u n midoWevdr, fdtiedo/rding $einpetatiirds>andn n m ¢ 0

climate change, the pest outbreaks in the foreg
especially the bark beetle outbreak, have intensifig
leading to the conversion of forests from carbon si
to carbon sourceé DKA YANB SiG | @ I f &2
2019) Various studies propound climate chang
being the driving factor in intensifying the bar

beetle attacks in Europe and all across the world

reducing tree defences due to heat andodght,

accelerating bark beetle life cycle and reproductio

increasing the number of generations, anc

CAIMENEB KS Ay (dSND2yySO
T : P FgrO01 YR 6SI{SYySR 1
facilitating its expansion to new territori€Schlyter et SNAIAYEES | AAKE bEas

al., 2006; Ghimire et al., 2015; Raffa et al., 20..,

BastrupBirk et al., 2016; Marini et al., 2017; Holopainen et al., 2018; Biedermann et al., 2019;
| f+taye SiG | ®X HnNDpeTto dindate KHang® thé UpevenldrouglE and fnostH U
patterns have increased, which serves as preconditioning factors for decreasing the tree vitality
and, in turn, rendering the plant more susceptible to windstorm felling and triggering bark beetle
outbreaks as such trees serve as breeding grounds for these ingegtse 1)Schlyter et al.,

2006; Marini et al., 2012)
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Norway sprucepPicea abiegL.) H. Karst.constitute the most economically important
forest species. Due to its good performance growth and economic value to the wood industry,
the extensive planting of the Norway spruce within and outside its native range gave rise to what
is termed as monoculte or secondary forests at the expense of the bréaave plants. These
monoculture forests have less vitality and are more susceptible to biotic and abiotic stresses due
to resource competition and providing largeale breeding species breeding grounds to pests like
bark beetle(Figure 2)Singh et al., 2024)

Although spruce have specialized and sophisticated mechanisms to overcome the beetle
attack viai) morphological and anatomical structuressich as necrotic lesions, tough bark, stone

cells and ii) chemical defencgsoduction of toxic chemicals like fg&noid oleoresins in the resin

Tree carbon, | 5 je B ‘ CAIENB® 0SSO0 3
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\ AYbdzSy OAy 3
Host dependent ¢ GAGK O NKR TS
factors . ‘ < 4 X
- — (D Host selection by pioneer aul FPXKS® b
[ Volatile composition ] ' ‘F/\' heotlas alilyR RSyaa
: RNER dz3 K { a
[ Constitutive resins ] ’ {‘f @ Mining LR2GSyal f Oz
- — & X (® Aggregation pheromone UNBS Kzau ¥
(__Resin composition ] ’ P production and release 02YL] 02YLJ]
— : AyGaSNy Ota ¢
[ Constitutive resins ] i " | e ‘.L 0SSt Sao C1
{ ! Poe = & ‘
[ Induced changes ] i L _ A, @ Mass attack and tree defense wely sa Fto
in resin composition L. 3k LS overwelming
= — £ i ,’ ® Anti-aggregation pheromone
[ esin composition ] , 4 \\q, P production and reproduction
[ Induced defenses ] ,_:. Y ® Fungal growth
[ Phloem amount @ Larvae development and

L and quality emergence of new adults




ducts or stored phenolics compounds in the parenchyma (@eitskene, 2015; Biedermann et al.,

2019. The chemical defences of the conifers consist of terpenes (mdrios € U 30 / & SEIZdzA Y R
di-t SN1LISySa o6/ievd FyR LKSy2fA0 o6aidAaftoSySa I yR
flavonoids, provide defence against bark beetles and their associategl (Martin et al., 2002;

Celedon and Bohlmann, 2019; Hammerbacher et al., 2089¢h defences can be present as
constitutive (already present) or induced upon stress (elicitation of indutefdncesystem or
defencepriming), for example, by the beetle attack, fungal inoculation, methyl jasmohd4)

treatment, or mechanicalvounding(Nagy et al., 2000; Matrtin et al., 2002; Zhao et al., 2011a;

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

The levels of induced moncsesqui, and diterpenes were reported to increase 240 folds
in some trees within 35 days of inoculation of blue stain fubgratocystis polonicgiem.), a
virulent fungal associate of the typographusand such trees witness only five percent of the
beetle attack as compared to the nanduced tree(Zhao et al., 2011bBimilar kinds of studies
were reported in the case of Scots PiR@us sylvestrig) which the monoterpene level increased
800 folds and 30 folds within 28ays of inoculation withLeptographium wingfieldiand
Ophiostoma canumespectivelyo CNf R S i anlahatbgouststndy onithe Norwspyruce
by Martin et al.(2002 2003)showed the high accumulation of monoterpenes in the wood and
bark after MeJA treatment. The highest rise and amount present in the treatment were reported
in the case of monoterpene, depicting their role as the main compounds of chemical defences in
Norway Spruce. Despite the elaborated plant defences of the conifers, the lseetleng with
their associates, can col@eithe spruce. Generally, two strategies are used: i) entering dead or
stressed trees and ii) masstacking a healthy tree. The latter is the key adaptation that facilitates

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

odHdHDd . N)] .SSGtS /2YLX SE

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

economically important forest pests of the conifers. More than 6,000 species of bark beetles are

H N



found worldwide, most of which specialize in attacking dead or weak trees and play a role in
nutrient cycling. However, some of them have specialized to carry mass attacks on healthy trees,
which causes the most damagRaffa et al., 2015; Valeria et al., 2Q1Bhese weevil family
members specialise in living inside the host plant tis§Raffa et al., 2015)They can be
monogamoudike Dendroctonuswhere the female initiates the attack and mate with one male,

or polygamous, where the male initiates the attack and may mate with more than one female as
in the case olpsspecies(Bleiker et al., 2013; Biedermann et al., 2019; Singh et al., 2084)
attack the appropriate host, these beetles use kairomones to locate the appropriate host. These
beetles attack ifmass numbers andnter the stem of the conifers, where they breed in the
intercortical regions. A single egg is laid in tunnels forming galleries where larvae develop and
start feeding on the phloem tissues, radiating away from the parent gallery to develop into adults.
This wg, characteristic gallery shapes are formed, which can be attributed to each species and
used in their identification. The adults emerge from the holes in the bark and prepare to infest a
new host. Most of these beetles are assocthteith bacteria, fungi, and/or nematodes,
facilitating their entry into the host and helping them metabolize the conifer chemical defences

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

OPHDPODP 9dzNF AAl Yy {LINHz2OS . FNJ] .SSGtS 069{. .0

The Eurasian spruce bark beetle (ESBB)typographugL.), is one of Europe's most
important spruce bark beetles, causing enormous economic wood loss of the Norway Spruce,
(Picea abies ESBB are smaibkized beetles, generally 4.5 to 5 mm in size, and show sexual
dimorphism(Figure 3) The species is generally univoltine (completing one generation per year)
but may increase topolyvoltine (multiple generations per year) due to an increase in
temperature, i.e. warmer temperature, and with altitude due to faster development time.
Climate change also enhances the performance of the beetle due to droughts, frost, and severe
storms (Schlyter et al., 2006; Marini et al., 2017; Singh et al., 20P4¢ wind caused tree
mortality plays an essential role in expediting the outbreak by incredbm@vailability of food

and brood trees and colosing density of the standing tregSchlyter et al., 2006; Komonen et
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al., 2011; Mezei et al., 2014ESBB is also associated with their microbial partners who play an
essential role in blocking the sapwood and in tiheevonoid metabolism(Cale et al., 2019;
Chakraborty et al., 2020a; Chakraborty et al., 2020b; Kandasamy et al., 20@8ain naturally
occurring competitors and predators 4fs,such asMedetera, Monochamusnd Thanasamus,
predate on various life stages of beetles and keep the population in ¢Mega and Hofstetter,

2014; Sousa et al., 202@Jaborated inChapters.1).
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To initiate the colorgation of the host, ESBB, after overwintering, emerges from the litter
or Norway spruce stems and disperses 100 meters to tens of kilom@&iedermann et al., 2019)
while locating a suitable host. Such hgsiection strategies are based on the plant volatiles in
the forest, which may play a role as attractants or repelldiitaffa et al., 2015)During initial
outbreaks, called green attacks or endemic stages, the beetles tend to infest the matured trees,

which are either dead or are stressed and weakened due to high temperature, drought, disease,



or physical damage by wind or other factors. During the endemic stage, the male initiates the
coloniation of the host phloem tissues of the dead/weakened host and releases aggregation
pheromones to attract the male and the female conspecifics. The adults enter the host and make
small chambers where they mate. If many beetles have entered the samelieemdted females

may reemerge to infest the sister broods. The females lay eggs in the galleries below the bark,
where they hatch into larvae. Also, aatjgregation pheromones can be deployed to reduce
intraspecific competition and mass coleaiion of the same tre€Figure 4)Biedermann et al.,
2019; Ramakrishnan et al., 2022a; Singh et al., 2004¢ larvae feed, tunnel away from the
gallery, and develop into new adults, thereby increasing the population-foltiFrom the parent
generation. This way, the beetle increases in number and with an enormous population, they can

attack healthy treesleading to the epidemic stage or outbreak phase.
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Interestingly, thechemicalecological ceevolution between the Norway spruce trees and
the ESBB has enabled the beetles to formulate new strategies for overcoming plant defences
upon encountering new hosiSingh et al., 2024The ability to infest new host thought comes
with multiple challenges but offers several advantages, such as lesser competition, utilizing plant
metabolites as recognition or aggregation signals, and formulating chemical defences against
potential predatas and parasitic or pathogenic attackavo tems are quite frequently used in
this regard: resistance and tolerance. While the former means the ability to survive the effects of
a toxicant due to genetic selection, which goes on increasing from one generation to the other
until a maximal point is re&ed, the latter means a relative comparison between the population/
species/ strains of their ability to tolerate a particular toxicant generally expressed in terms of
LD50 or LC5(Heckel, 2014)
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Tocounteract plantdefencecompounds, insects employ several strategies, which can be
grouped into three categories: a) sequestration, b) excessive excretion, and c) biochemical
alteration, also known as detoxification. Sequestration is among the many ways of defence
adaptation, mmicry, plantinsect coevolution, and chemical ecology, where plant secondary
metabolites are stored in specialized organs/ glands or tissues of the attacking insect without its
alteration. A classic example is the sequestratmnh -pinene to producecisverbenol, an
aggregation pheromone produced by ESBRBmakrishnan et al., 2022a; Ramakrishnan et al.,
2022b; Ramakrishnan et al., 2024)owever, some detoxification is involved before the actual
sequestration occuréDuffey, 1980)During excessive excretion, the insect tends to remove the
unaltered toxins from its bod¢Dowd et al., 1983; Heckel, 2014; Kshatriya and Gershenzon, 2024)

When an insect comes across a uniform and predictable compound, it may deploy its
countermeasures and/or use these compounds as oviposition and feeding stim(itetkel,
2014) The generalist herbivores come across a wide variety of defence chemicals, and hence,
they use diverse detoxification strategies, while the specialist herbivores feed on a narrow range
of host plants and thus have specialized mechanisms of detoxificatimh sequestration
strategies(van Veen, 2015; Erb and Robert, 2016; Brad.eR@22) Studies on an aposematic
butterfly, diurnal moth, and beetle suggest these species sesguestration strategies against
toxic host compounds rather than manufacturing chemical defences of thei{Nvshida, 2002)
Reports on generalist inseSpodoptera exigualso suggest that the secondary metabolites (e.g.
gossypol) of the plants, if not toxic in itself to the insect, could help in enhancing its defence

against other toxic compounds (deltamethrijafeez et al., 2019)

Detoxification refers to the bichemical alteration of the endogenous or exogenous lipophilic
compound to more hydrophilic substances that can be excreted out of the insect body via body
fluids (Jakoby and Ziegler, 1990; Heckel, 2014; Hétdwlher and Vogel, 2015; Kshatriya and
Gershenzon, 2024)
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3.3.3.1. Cytochrome P450 Mixed Function Oxidases

P450sare one of the most important groups of enzymes involved in insecticide
detoxification by strategically converting the lipophilic toxins to polar compounds that can be
excreted (Feyereisen, 2012and are abundantly present in the midgut and fat bodies of the
insects that facilitate not only the metabolism of endogenous substrates but also the
biotransformation of xenobiotics. The midgut is assumed to be an essential site for its activity
(Hodgson, 1983; Berenbaum and Calla, 20€$)ochromeP450s are the mostritical groups in
both generalist and specialist herbivores for the detoxification of xenobiotics via oxidation of its
iron atom(Feyereisen, 2012; Heckel, 2014; Alyokhin and Chen, ZDi&)complete cycle of the
reaction depends upon the type of reactiomydroxylation, epoxidationgealkylation, oxidative
deamination, oxidative dsulphuration,N-hydroxylation, and sulphoxidatiofiGuengerich et al.,

2009; Heckel, 2014Yhe most crucial detoxification families are CYP4 and CYP6.
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The gene CYP6B1 was first describeB.ipolyxenesThis gene, when expressed in the
baculovirus Sf9 cells along with the housefly P450 reductase enzyme, could efficiently detoxify
the linear furanocoumarin (xanthotoxins) more than its angular form angd€lgien et al., 2003;
Heckel, 2014) The detoxification behaviour depends upon the specialists and generalist
behaviour of the insect. In the case Helicoverpa zeaa generalist lepidopteran insect, the
CYP6B8 can metabolize a wide variety of plaatrdbals like quercetin, flavone, chlorogenic acid,
indole-3-carbinol, and rutin. Whereas CYP6B1 frBmpolyxenegould detoxify xanthotoxins
better than CYP6B@Ven et al., 2003)

Various other pests of the Apiaceae have evolved detoxification strategies against the
plant toxins. One such example is illustrated by the parsnip webwbDepressaria pastinacella
a Pastinaca and Heracleum fruit pest that producegal® higher furanocoumarin in fruits than
its leavegBerenbaum, 1990)it wasreported that the overall expression of the P450s was ten
times higher in this insect. The most characterized enzyme fdorpastinacellas CYP6AB3v1,

which specifically detoxifies imperator{Mao et al., 2006)

Helicoverpais a notorious agricultural pest known to detoxify gossypol and capsaicin.
Capsaicin is a wedistablished defence compound found@apsicum annurandC. frutescenfor
protection against herbivores and pathogens.was reported that four P450 genes CYP6B6,
CYP9A12, CYP9A14, and CYP9A17, cause the depletion of capbhEtoowerpaout of these
genes, CYP6B6 has the highest depletion (& et al., 2019)

Gossypol is a secondary metabolite compound producetheycotton plant and other
related members to defend against pe¢@elorica Y OSNJ SiG Ff & uwunammT [/ Si
2012; Jin et al., 2019)he multistep oxidation of gossypol to gossic acid requires P450s as
prominent entities.The studyreported theup regulationof 13 P450 in the gut whed. armigera
was fed with gossypol at the highest concentrations. Among these genes, CYP6AE14, worth

mentioning, was highly regulated in the midgut of the inggloriecMancera et al., 2011)This
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gene is expressed in midgut, and its silencing via RNAI causes retarded and reduced larval growth
(Mao et al., 2007)Upregulation of two more P450s, CYP6AB9, and CYP9A17, was reported by
/I St 2 NR 2 ma (302Hwhich ngyi be infolwed in detoxification. Functional validation of

two P450s and one CCE, CYP4L11, CYP6AB9, and CCEO0O01b, led to reduced larvaHgrowth in
armigeralarvae when fed on a gossypol d{@in et al., 2019)Furthermore Hafeez et al(2019)
reported that P450 is involved also in providing resistance to other insecticides. They confirmed
that the gossypeotreated larvae of theSpodoptera exiguahowed overexpression of CYP6AB14

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

knockdown induced sensitivity in the larvae to the insecticide.

Spodopteras a wellstudied agricultural pest for its detoxification gen&be role of P450
as adetoxification genéhas also been studied Bpodoptera exiguéHafeez et al., 2019; Hafeez
et al., 2020)They used RNAI to functionally validate the role of three P450s, CYP6AB14, CYP9A98,
and CYP9AL10, in insecticide resistantiee abamectin exposure of. exiguashowed tissue
ALISOATAOAGE SELINBaarzy 2F SA3IKEG t mypaiothriny R T2«
Chlorantraniliprole metaflumizoneand indoxacarb, showing similar ugggulated respons¢Hu
et al.,, 2019) In S. frugiperda CYP6B39, CYP321A, CYP9A31, and CYP9A27 were induced on
xanthotoxin feedingvithin 24 hourg(Giraudo et al., 2015)

In an endoparasitoid waspMeteorus pulchricornjs which is a natural enemy of
lepidopteran pestsHelicoverpaand Spodopteraspecies, 28 P450s were identified to be
overexpressed when exposed to chemical insectic{ésg et al., 2021)rhese CYébelong to
the CYP2, CYP3, CYP4, and mitochondrial clans. They further characterised CYP369B3 using RNAI,

which increased insect mortality after gene silencing.

Transcriptomics analysis of a coleopteran agricultural weevil of campheagipphloeus
tsushimanugevealed that there exists a expression between the P450s expression and that

of cuticular proteins during the developmental stages when exposed to canpher al., 2023)



Such an adaptation leads to the thickening of the cuticle, thus preventing the entry of the toxin

into the body via fumigation.

3.3.3.2. UDRjlycosyltransferases and Glutathiongeisferases

Uridine diphosphate (UDRjlycosyltransferases/ glucuronosyltransferase (UGTs) are
major phase Il enzymes specialized in the detoxificatfaylycosylated chemical defences of the
plant by attaching sugar to it, hence diminishing its activity and elevating its solubility. After the
activation of the monosaccharide xenobiotic via attachment to uridine diphosphate (UDP), UGTs
catalyse the conjugen of the sugar, thus increasing its solubility in water and excretion
henceforth(Ahn et al., 2012; Heckel, 2014; Bretschneider, 204part from their occurrence in
humans and plants, over 310 insect UGT have been identifield ammigera(42), Bombyx mori
(45), Tribolium casteneun(43), and Apis species (10). These were classified into 68 families,
UGTS50 being the only family expressed universally in indegfsR ~ dcéuBendevaries from fat
body, midgut, and Malpighian tubules, suggesting their role in detoxification of host compounds
and antennae suggesting a role in pheromone deactivafidhn et al., 2012; Bock, 2016;
Bretschneider, 2016)Although the role of cytochromes is well established in gossypol
detoxification,Krempl et al(2016)demonstrated the role of two UGTs, UGT41B3 and UGT40D1,
in partially metabolising gossypol via glycosylationdelicoverpa armigeraSimilarly, 23 UGTS
were significantly ugegulated inAphis gossypion thiamethoxamresistant straingPan et al.,
2018) Gene silencingf UGP in Colorado potato beetles increases the susceptibility of these
insects towards imidacloprigHu et al., 2019 unctional characterisation using RNAi knockdown
of more UGT2 family genes has proven strong association with detoxification like UGT2B17
involved with exogenous toxi@hlorantraniliprolan diamond moth Rlutella xylostellp(Li et al.,
2017)and UGT2B20 being involved in malondialdehyde resistandpigicerana cerangCui et
al., 2020) Chlorantraniliprole resistance was also reduced in rice stem bGi@to( suppressa)is
after CSUGT40AL1 and CsUGT33AG3 knock¢itivao et al., 20194 single UGT & frugiperda
SfUGB3F28 providedefenceagainst major maizeefensive benzoxazinoid@srani et al., 2020)

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

oM



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

in larvae of silkwornBombyx mor{Shen et al., 2018)

Glutathione Sransferases (GSTs) are another phase Il gene family involved in the
detoxification of the host allelochemical by conjugationetéctrophilic molecules with reduced
glutathione(Francis et al., 2005; Koirala et al., 202@)other words, they remove toxic oxygen
free radicals by either dehydrochlorination or conjugating with reduced glutath{@&mayati et
al., 2005) In 1995, Hung et al. showed th&ST and P450s also facilitate furanocoumarin
detoxification. It was shown iklanduca sextahat there was GST gene upregulation in response
to plant feeding, yet the response was not spedifcancis et al., 2005Additionally, wherH.
armigeralarvae fed on different hosts, various gene products involved in xenobiotic metabolism
were upregulated, such as a GST (GST23), and the UGTs (UGT41B2, UGT41D1, and UGT33T1)
6/ St 2NA2ma I y OAnbither sBidyidentffiet Hhirtydiffenemtially expressed UGTs and
GSTs that participate in detoxificationhieliconiugnelpomengYu et al., 2016 Previous reports
have also identified three genes in brown plant hopper involved in insecticide resistance
NIGST4L, NIGSTd2, and NIGSTE&ng et al., 2021pimilarlyZhang et al(2016)demonstrated
that chlorpyrifos leads to the induction of GSTsSjpodoptera liturdarvae. Another study by
Meng et al.(2020) demonstrated the putative involvement of the GSTD9 gen8&antrocera
dorsalisresponsible for malathion resistance. GSTS6 induced susceptibility towards insecticides
and reduced embryogenesis ifribolium casteneun{Song et al., 2022However, not many
functional studies have been performed in bark beetles for UGTs and GSTs. One of the few
reports, used phloenrfieeding and monoterpene fumigation on the Chinese white pine beetle
Dendroctonus armandio study GST genes across various tissues and lifesstamgereported
sixteen fullength GSTs belonging to the category delta, epsilon, sigma, and (Betet al.,

2020)



3.3.3.3. ABC Transporters

Adenosine triphosphate (ATBinding cassettes (ABC) are conserved transmembrane
proteins crucial for the AT&riven export of a wide range of substrates across cellular
membranes. In insects, ABC transporters play significant roles in xenobiotic dataxific
resistance to pesticides, and the actionBxcillus thuringiensi@Bt) toxins(Bretschneider, 2016;

Wu et al., 2019)Structurally, these proteins consist of two transmembrane domains (TMDs) and
two nucleotidebinding domains (NBDs), where ATP loygBis induces conformational changes

that drive substrate transport. ABC transporters in insects are divided into eight subfamilies
(ABCAABCH), each with unique functional propertigdhie study of ABC transporter genes in
Tribolium casteneumevealed ABCA and ABCC subfamily genes to be involved in detoxification.
The expression of several ABC genes was lowered after gene knockdown, and gene knockdown
of ACCGA4C also led to lesser egg hatching, thus preventing develofBneslhan et al., 2013)

In the leaf beetle Chrysomela popuyliStrauss et al(2014) studied how ABC transporters help
detoxify and sequestrate plastterived chemicals. They identified sbtiye ABC transporter
genes from the ABCB, ABCC, and ABCG subfamilies inked to the absorption of plant metabolites
in the gut and their excretion vislalpighian tubulesin Asian corn borer €riniafurnacalis Gao

et al. (2022)reported the significant role of the ABCG4 family gene HoRin resistance using
CRISPR/Cas9 gene knockout. Researchers utilized CRISPRH&dis®arpa ze#o create an
ABCAZ2 knockout strain, revealing that the absence of this gene increased resistance to Bt toxins
(Fabrick et al., 2022)hese findings indicate that ABCA2 may be a receptor for Bt Cryl toxins.
Otherreports suggested that ABC transporter genes are linked to deltamethrin resista@uoei

pipiens pallengXu et al., 2023)Theyidentified sixtythree ABC transporter genes, and those
belonging to ABCB, ABCC, and ABCG subfamilies were highly expressed in deltaesettairt
mosquitoes. Further, the RNAI gene knockdown of ABCG6032427 increased the mosquitoes'
susceptibility to deltanethrin, suggesting its role in enhancing resistance by altering cuticle

thickness and structure as the cuticle became thinner and looser, as revealed by SEM and TEM.
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Bark beetles detoxify the monoterpenes of their host by their hydroxylation to alcohol.
More than a hundred P450s have been identified in the insects. Several studigs qoini
reported that P450s play an essential role in the hydroxylation of myrcene to ipsdienol, which
acts as aemiochemical to attract the conspecifi®lomquist et al., 2010; Nadeau et al., 2017,
Tittiger and Blomquist, 2017; Blomquist et al., 20215or the detoxification study, P450s
belonging to families 4 and 6 are considered the most impor{Botvell et al., 2021 )Previously,
the detoxifying role of P450s has been elaborately studied in different specl@snafroctonus
a pine beetle which is a close relative of EGBBiew | YNNBT S Ff @ HamMoT [ s
et al., 2022)Whole-genome transcpt analysis oD. ponderosaeevealed the presence of several
P450s, GSTs, and esterases putatively involved in the detoxification of the host compound. These
genes were present in the midgut, fat body, and other tissues of the adult, and some of those
P450s were overexpressed in exspecific manner, suggesting the role involvement early
colonkiation of the host and of females being the pioneer eabert et al., 2013More recently
the functional characterisation of three P450s, CYP6DJ1, CYP6BWAYRGBWS, involved in
detoxifying pine monoterpenes and diterpenes was report€tiiu et al., 20195imilar whole
genome analysis iD. armandireports the overexpression of various P450s in the whole body
and gut of the insect upon monoterpene vapor exposure and feeding, respectidaiyet al.,
2015) Two P450 genes, CYP6CR2 and CYP6DE5 were charactebzedmandi via gene
knockdown(Liu et al., 2022)Silencing these genes significantly increased the mortality of the
beetles exposed to monoterpenes likepinene, 3carene, limonene, and turpentine, thus,
demonstrating their involvement in detoxification. Wegulation of five P450s was also reported
in the midgut ofD. rhizophagusluring the early stages of feeding on the h¢Starabia et al.,
2019) Several ultrastructural changes were also reported in monotergadaced cells on the
midgut ofD. valen® CS NJ/ I Yy R [ 5.0J&s$e stBdies dggstiiiat the detoxification of

host monoterpenes mainly occurs in the midgut, and P450s play a crucial role.
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Based on the literature research, we acknowledge that although agricultural pests and
some forest pests are well studied for their detoxification genes, the bark beetle detoxification
machinery, inpsspecies remains unexplored. The availability of lthgpographuggenome has
highly facilitated our knowledge and researchlps for their genetic regulatior(Powell et al.,

2021) Insect olfaction is one important phenomenon that hethbe beetles locate their suitable

host during attack and has been the most studied field tppographusat the gene levelVarious
studies have reported and characised olfactory receptors and chemosensory gene |.
typographudor their evolution and sensation to individual plant volati{@ésdersson et al., 2013;
Johny et al., 2024}-or instance, characterisation of ItypOR46(f)(-)-ipsenol, ItypOR49 fdR})
(-)-ipsdienol, ItypOR25 for (8 carene, ItypORG6 for-@ghenylethanol, ItypOR41 for (485
verbenol, and ItypOR33a for amitin@lou et al., 2021; Yuvaraj et al., 2021; Roberts et al., 2022;
Biswas et al., 2024; Johny et al., 202A%)lvances iromics studies have identified several gene
families related to pheromone biosynthesislpsbeetles (Ramakrishnan et al., 2022a). A follow

up study on hormone regulation, usipgvenile hormone IIl (JH 1ll) oh typographus further
advanced the identification of specific gene families involved in pheromone production.
Interestingly, research on JH Il has also highlighted the role of genes which are not only involved
in pheromone biosynthesis but also play a key role irogiéitation mechanisms, such as the
breakdown of monoterpenes. This suggests that JH Il influences both pheromone production and
related processes, including detoxificatjaml. typographugRamakrishnan et al., 2024j)arious
reports have tried to explain the role of ESBBL & 2 OA I 1§ SR YAONRO6A2YS | yR
resistance towards complex host chemicé&hao et al., 2019; Chakraborty et al., 2020a;
Chakraborty et al., 2020bYo facilitate the RN8eq.,Sellamuthu et al(2022)have provided a
comprehensive catalogue of optimal reference genes for validation studies. The occurrence of
RNAI core machinery genes and the future possibilities of targeted pest maeagestrategies

for ESBB using molecular gene targets was recently repQitgrh et al., 2021Jhe current study

focuses on identifying potential targets in detoxification mechanisms using the-sB§lA

op



approach. The compiled report in the presented thesis enhances our current understantjisg of
typographusdetox-mechanisms and its allelochemical resistance that have been unknown so far.
Notably, these are the very first published reportslotypographusietoxification mechanisms

and could pavehe way for gene silencing mediated management strategigberfuture.
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Abstract Climate change has increased the
susceptibility of forest ecosystems, resulting in
escalated forest decline globally. As one of the
largest forest biomasses in the Northern Hemisphere,
the Eurasian boreal forests are subjected to
frequent drought, windthrow, and high-temperature
disturbances. Over the last century, bark beetle
outbreaks have emerged as a major biotic threat to
these forests, resulting in extensive tree mortality.
Despite implementing various management strategies
to mitigate the bark beetle populations and reduce
tree mortality, none have been effective. Moreover,
altered disturbance regimes due to changing
climate have facilitated the success of bark beetle
attacks with shorter and multivoltine life cycles,

V. V. Singh () - A. Naseer - K. Mogilicherla - A. Trubin -
K. Zabihi - A. Roy - R. Jaku§

Faculty of Forestry and Wood Sciences, Czech University
of Life Sciences Prague, Kamyckd 129, Praha - Suchdol,
165 00 Prague, Czech Republic

e-mail: singhv@fld.czu.cz; singhvfld@gmail.com

A. Naseer

e-mail: naseer@fld.czu.cz

K. Mogilicherla

e-mail: mogilicherla@fld.czu.cz
A. Trubin

e-mail: trubin@fld.czu.cz

K. Zabihi

e-mail: zabihi56 @ gmail.com
A. Roy

e-mail: roy@fld.czu.cz

Published online: 23 May 2024

- Kanakachari Mogilicherla® -
Aleksei Trubin® - Khodabakhsh Zabihi®® - Amit Roy"

- Rastislav Jaku§© -

consequently inciting more frequent bark beetle-
caused tree mortality. This review explores bark
beetle population dynamics in the context of climate
change, forest stand dynamics, and various forest
management strategies. Additionally, it examines
recent advancements like remote sensing and canine
detection of infested trees and focuses on cutting-edge
molecular approaches including RNAi-nanoparticle
complexes, RNAi-symbiotic microbes, sterile insect
technique, and CRISPR/Cas9-based methods.
These diverse novel strategies have the potential to
effectively address the challenges associated with
managing bark beetles and improving forest health in
response to the changing climate.
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1 Introduction

Over the last several decades, a shift in climatic
conditions has increased the frequency of severe
windstorms and drought events, favouring the
emergence and proliferation of insect outbreaks.
Bark beetles (Coleoptera: Curculionidae: Scolytinae)
are widespread globally, and several species are
associated with extensive mortality of major tree
species in the Northern Hemisphere (Vega and
Hofstetter 2015; Hlasny et al. 2021). For instance,
the Eurasian spruce bark beetle, Ips typographus (L.)
plays a vital role in forest succession and nutrient
recycling by decomposing dead and dying trees
(Edmonds and Eglitis 1989; Hofstetter et al. 2015;
Raffa et al. 2015). However, once their population
density reaches the epidemic threshold, they have
the potential to cause widespread forest mortality
(Berryman et al. 1989; Hlasny et al. 2021). These
outbreaks have gone beyond economic implications
by disrupting forest succession and nutrient cycling
and turning forests from carbon sink to source (Seidl
et al. 2014; Aldea et al. 2023).

As the primary host for 1. typographus and one of
the major tree species in the Eurasian boreal forests,
Norway spruce (Picea abies) is highly vulnerable
to rising temperatures. For instance, unprecedented
Norway spruce mortality occurred from 1970 to
2010 due to frequent drought events and heatwaves,
which resulted in an average annual loss of up to 14
million m* per annum, especially 118 million m* in
2019 alone (Ebner 2020). Furthermore, its primary
pest, I typographus has benefited from warming
temperatures, which resulted in accelerated and
extended brood development and early swarming
(Hlasny et al. 2011; Netherer et al. 2014; Hinze and
John 2020).

Management of bark beetles is driven by two
primary objectives: prevention and containment
(Wermelinger 2004). Prevention strategies aim
to keep the beetle populations at low densities by
implementing measures such as removing infested
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trees, employing traps, and clearing fallen trees.
Containment involves salvage and sanitation
logging in outbreak areas or nearby areas to halt or
slow the spread of outbreaks. However, the current
management strategies are still inadequate, and their
effectiveness has been frequently questioned (Dobor
et al. 2020). Consequently, exploring innovative
strategies for bark beetle management is imperative,
leveraging techniques emerging from functional
genomics. Methods such as RNA interference
(RNAi) and CRISPR/Cas9 are rapidly advancing as
pest control tools, with their effectiveness proven in
controlling agricultural pests, such as Spodoptera
and the Colorado potato beetle (Gui et al. 2020;
Mezzetti et al. 2020; Vatanparast and Park 2022).
Recent reports demonstrate the presence of core
machinery genes that can be utilized for gene
silencing for Ips management using molecular tools
(Powell et al. 2021; Joga et al. 2021). However,
previous reports have not highlighted or addressed
the applicability of these techniques. This review
emphasizes the future usability and efficiency of
such techniques in Ips bark beetle management.
Unlike many conventional pest management
approaches, these molecular methods are tailored
to target specific species. Nevertheless, they require
further exploration and functional validation for /.
typographus management.

Despite a century of extensive research on bark
beetles, there are several gaps in our understanding
of the main drivers of bark beetle outbreak
dynamics and the strategies for their management.
Moreover, the recent advancements in the bark
beetle management techniques are poorly elaborated.
Here, we aim to provide a brief overview of the
ecology and population dynamics of L. typographus
and discuss the major drivers of outbreaks in the
context of climate change. This overview focuses on
L. typographus, but we also discuss other eruptive
bark beetle species. We preliminarily examine how
changes in a forest structure affect the initial host
colonization and spread, how droughts and water
stress affect host tree physiology and vigour, and
how temperature regimes affect bark beetle activity.
We analysed the present management approaches and
their efficacy in protecting the forests and suggested
cutting-edge molecular-based approaches to face new
challenges that could be used to guide future forest
management practices in the Anthropocene.
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2 Eurasian spruce bark beetle ecology

Ips typographus is a relatively small insect
(4.5-5 mm) and exhibits sexual dimorphism. They
are univoltine (producing one generation per
year) but may shift to polyvoltine (more than two
generations per year) due to the influence of warm
temperatures, resulting in accelerated development
(Hlasny et al. 2011). During the endemic phase,
the beetles infest mature trees that are stressed and
weakened due to various biotic or abiotic factors
(e.g., high temperature, drought, disease, herbivory).
The beetles are associated with a variety of microbial
symbionts, including bacteria and ophiostomoid
fungi, that play a significant role in exhausting tree
defenses (Lieutier et al. 2009; Zhao et al. 2019b;
Chakraborty et al. 2023). After overwintering, a
new generation of beetles emerge from the litter or
Norway spruce trunks and disperses between 100 m
to tens of kilometers while searching for a suitable
host tree (Biedermann et al. 2019; Fig. 1A). Host
tree-bark beetle interaction is generally considered
multifaceted, and various factors across different
spatial and temporal scales shape their interactions
(Jaku§ et al. 2011; Kautz et al. 2011; Netherer
et al. 2024). Furthermore, Ips typographus shows
density-dependent host colonization behaviour.
Beetle populations in the endemic phase rely on the
availability of windthrown, dead, or weakened trees;
in contrast, in the epidemic phase, they colonize
healthy trees (@kland and Berryman 2004; @kland
and Bjgrnstad 2006). We will review factors in the
context of the population dynamics of 1. typographus.

2.1 Stand-level dynamics

At the stand level, once the pioneer male beetles
overcome the host defenses, they produce aggregation
pheromones, 2-methyl-3-buten-2-ol (MB) and (-)-cis-
verbenol (cV) (Keeling et al. 2021; Ramakrishnan
et al. 2022; Fig. 1B.a). Male beetles produce high
amounts of MB when initiating the nuptial chamber,
while the production of ¢V changes depending
on the amount and enantiomeric composition of
a-pinene in Norway spruce phloem (Birgersson et al.
1984; Fig. 1B.b). Emission of these aggregation
pheromones from trees under attack brings additional
male and female beetles to the foci trees. Arriving
male and female conspecifics release more of the

same pheromones to coordinate mass attacks on
the host (Blomquist et al. 2010). Upon entering the
host, adult beetles create mating chambers, mate,
and excavate oviposition galleries where eggs are
deposited. Eggs hatch into larvae, feed, complete their
development under bark, and exit from the parental
trees. Depending on the host characteristics, such
as phloem thickness, 1. typographus can increase its
population size by up to 15-fold from the preceding
generation (Hlasny et al. 2019).

Once the foci host trees are fully occupied,
the production of anti-attractant compounds such
as verbenone starts to avoid overcrowding (Xu
et al. 2015) while the production of aggregation
pheromones declines. This increases attraction
towards nearby uninfested trees, initiating a new
wave of mass attacks (Fig. 1B.c, 1B.d). This event
marks the completion of “switching™ of bark beetle
attacks from heavily colonized trees to neighbouring
uncolonized trees (Schlyter et al. 1987; Fig. 1B.e).
This process may result in several mass-attacked trees
at the landscape level.

2.2 Landscape-level dynamics

The spatial distribution of mass-attacked trees, the
host availability, and environmental factors can
influence the initiation and spread of bark beetle
infestations. However, the effects of these factors
vary between endemic and epidemic phases of I.
typographus (Mezei et al. 2014a; Potterf et al. 2019).

2.2.1 Endemic phase

When bark beetle population densities are low,
they are primarily associated with stressed or
defensively compromised trees (Raffa et al. 2008;
Boone et al. 2011; Biedermann et al. 2019). Factors
such as tree resistance, stand structure, abundance
of natural enemies and competitors, and weather
can potentially limit the beetle’s population size at
the endemic phase, whereas natural disturbances
and climatic events can disrupt this equilibrium
by reducing tree resistance and hence increasing
the beetle population (Raffa et al. 2008; Ruel et al.
2023). The capacity of bark beetle populations to
cross the epidemic threshold and move from the
endemic to the outbreak phase depends critically on
the availability of suitable breeding materials, such
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as susceptible host trees, stumps, and windblown
trees (Hro$So et al. 2020). Weather events like
extensive wind damage or intense droughts can
provide ample breeding grounds for population
build-up. As the population has built up and
depleted the available substrate, they begin to attack
healthier trees (Biedermann et al. 2019).
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Once the beetle population reaches the epidemic
phase, the discriminatory behaviour in host
selection becomes less adaptive because there is a
greater possibility of recruiting sufficient numbers
of conspecifics to overcome the defenses of large
healthy trees, which tend to have greater resources
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«Fig. 1 Scheme of Ips typographus population dynamics.
(A.) In the endemic phase, beetles feed and reproduce in
windthrown trees, trunks, and stumps and later move to
the epidemic phase under favourable conditions. There are
several factors, such as favourable weather, availability of
breeding substrate, droughts, and windthrows, that influence
the transition of the beetle populations to the epidemic
phase. In the epidemic phase, the beetle population is high
enough to mass attack healthy trees and cause widespread
mortality. Later, certain factors such as unfavourable weather,
exhaustion of the breeding substrate, abundance of predators,
and increased tree resistance of surviving trees can cause
high beetle mortality and limit the population to the endemic
phase (Adapted from Kautz et al. 2014). (B.) a. The initial
host colonization stage is usually initiated by pioneer beetles,
males in Ips and females in Dendroctonus. In Ips typographus,
aggregation pheromones, 2-methyl-3-buten-2-ol (MB) and
(-)-cis-verbenol (cV) are released to attract additional male
and female beetles. b. If the pioneering beetle survives host
tree defenses, with the arrival of additional beetles, they
produce larger amounts of aggregation pheromones which
usually ends the mass colonization of host trees. The goal
of mass colonization is to exhaust tree defense to secure
reproduction. ¢. During the mass colonization stage, while
the initial tree (I) is mass colonized, a small portion of male
beetles land on a neighbouring uncolonized tree (IT) and starts
a new colonization sequence. d. As the production of attractive
pheromone components diminishes, the attraction towards the
initial tree declines, while simultancously, attraction towards
the neighbouring tree increases, starting a switch in attraction.
e. When the initial “switching” process is completed, only
small amounts of aggregation pheromones are produced, while
larger amounts of inhibitory compounds (ipsdienol & ipsenol)
are continuously produced. The attraction is now shifted to the
neighbouring tree (II). where a new mass attack starts, with
a small proportion of males once more being deflected and
ending up on the new uncolonized neighbouring tree (IIT). The
small graphs represent log pheromone release from Birgersson
et al. (1984). The marks on the x-axis represent the attack
phases 1, 3 and 6, where (1) males are bored in bark, (3) have
completed nuptial chamber formation, and (6) are joined with
females. (Adapted from Schlyter et al. 1987)

(i.e., thicker phloem) to support substantial beetle
populations, resulting in higher number of broods
(Raffa et al. 2008). The factors governing the bark
beetle outbreaks also change as the infestation
progresses (Walter and Platt 2013).

In the early stages of the outbreak, beetles still
infest susceptible trees with weakened defenses
(Raffa et al. 2008), with most beetles targeting
windthrown trees. As a result, the beetle infestation
is still relatively small at this stage, and tree mortality
is primarily attributed to windthrow events (Potterf
et al. 2019). However, the infestation of standing trees
intensifies up to three years after a major windthrow
event and enters a patch-driven outbreak phase,

signified by the establishment of many infestation
spots, benefiting from a large pool of available
healthy host trees (@kland et al. 2016; Potterf et al.
2019). Still, the rate of infestation spread is minimal,
and the distance between new and old infestation sites
is maximum (Jakus et al. 2002). These spots typically
emerge close to windthrow areas within previously
unaffected stands, appearing as small, rounded
patches (Potterf et al. 2019).

As the epidemic spreads across the landscape,
beetle pressure becomes the most crucial determinant
of tree mortality because the population size of bark
beetles is large enough to mass attack healthy trees
and overcome their defenses (Walter and Platt 2013;
Mezei et al. 2014b). The outbreak emerges within
one to three years following a major disturbance
event (@kland and Berryman 2004). Although
healthy trees can withstand a certain number of
attacks, once a certain threshold is surpassed, such a
tree cannot repel the attackers (Krokene 2015). As a
result of the coalescence of nearby infestation spots,
the distance between freshly and previously infested
locations is smaller during the epidemic phase than
the endemic phase (Kautz et al. 2011; Potterf et al.
2019). As each successive generation of bark beetles
exhausts resources needed by subsequent generations
(Raffa et al. 2008), higher population pressure further
facilitates the initiation and spread of bark beetle
infestations at higher elevations (Jaku$ et al. 2002)
and other neighbouring less affected areas.

2.2.3 Epidemic to the endemic phase transition

In the later phase of the outbreak, as the significant
portion of available host trees has already been
depleted, bark beetles target marginal host trees in
less favourable habitats. This phase is characterized
by relatively lower densities of beetle populations
than the earlier phases of the outbreak, and the beetle
numbers are too low to kill healthy trees. Surviving
trees are likely to fend off attacking beetles due to
their anatomical and chemical defenses (Nelson et al.
2007; Raffa et al. 2008; Erbilgin et al. 2017; Zhao
and Erbilgin 2019; Zhao et al. 2019a). In the post-
epidemic phase, while the number of new bark beetle
infestation sites decreases, the expansion of existing
infestation spots reaches its maximum, with the
beetles more likely to target less suitable resources
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neighbouring old spots due to limited available
resources.

The mechanisms behind the decline in bark beetle
populations in the later stage of an outbreak are
not well understood. However, when the host tree
supply is depleted, the beetle population decreases
significantly (Walter and Platt 2013). Additionally,
adverse weather conditions, pathogens, and natural
enemies can significantly increase beetle mortality,
ultimately limiting their population to the endemic
phase (Boone et al. 2011; Wegensteiner et al. 2015).

3 Effects of forest stand structure on population
dynamics of I. typographus

The structure of the forest stand (e.g., stand density
and age classes) strongly influences bark beetle
outbreak (Fettig et al. 2007; Sproull et al. 2015).
Windthrow alters stand structure as a primary
form of disturbance by creating openings in the
forest canopy (Marini et al. 2017). Promoting forest
diversity (discussed in Sect. 6.2) and thinning
are the highly recommended practices to reduce
overall vulnerability and have been effective against
Dendroctonus ponderosae, D. frontalis, and D.
brevicomis (Egan et al. 2010; Fettig and McKelvey
2010; Zhang et al. 2013; Hood et al. 2016).

Within outbreak stands, foresters employ intensive
measures like sanitation felling and salvage logging
to reduce damage, including cutting and removing
infested or dead trees (Stadelmann et al. 2013).
However, intensive management activities such as
sanitation can further amplify the destabilization of
the stand. For example, intense sanitary interventions
in outbreak-impacted stands could cause the
fragmentation of forest stands by creating canopy
openings and numerous margins or edges (Hanson
and Lorimer 2007; Zabihi et al. 2021; Ozgelik et al.
2022; Singh et al. 2023). Notably, fragmented forests
exhibit increased susceptibility to wind damage and
render freshly formed forest edges to bark beetle
infestation (Kautz et al. 2013; MareSové et al. 2020).
This susceptibility is likely due to sudden changes
in microclimatic conditions, such as increased
solar radiation and temperature, reduced humidity,
increased vapour pressure demands, and greater wind
exposure (Hanson and Lorimer 2007; Herbst et al.
2007; MareSova et al. 2020; Ozcelik et al. 2022). The
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resulting changes may further facilitate increased bark
beetle generations and temporal scale of infestation
and increase the damage risk.

Likewise, highly dense plantations, often driven by
commercial goals, exhibit poor growth and resilience
to stress. Increased tree density can increase
intraspecific competition among individual trees and
constrain resource availability (Zabihi et al. 2023;
Thomas et al. 2024). Research indicates that increased
competition within a forest stand can exacerbate the
impacts of drought and increase the likelihood of
mortality, particularly if water is the limiting resource
(Zhang et al. 2015; Young et al. 2017; Korolyova
et al. 2022). Consequently, constraints on resource
availability can influence many plant functions, such
as resin exudation, photosynthesis, and subsequent
biosynthesis of carbon-dependent defense metabolites
(Bazzaz et al. 1987; Netherer et al. 2014; Erbilgin
et al. 2021), and predispose them to bark beetle
attacks (Netherer et al. 2019).

Practices like thinning can enhance forest
resilience by providing growing space to individual
trees (Fettig et al. 2007; Hood et al. 2016; Knapp
et al. 2021) but its impact on the dynamics of I
typographus remains unknown. Forest structures
vary across clevation, slope, and aspect gradients,
with elevation playing a crucial role in tree mortality
during all phases of L. typographus infestation (Mezei
et al. 2014a; Sproull et al. 2015). For example, trees
tend to be more densely packed at lower elevations
within a limited altitude range (Mazo6n et al. 2020;
Zabihi et al. 2023). This difference in tree density due
to elevation also affects tree characteristics like bark
temperature and diameter (Fig. 2; Zabihi et al. 2023)
which are important predictors of host susceptibility
to bark beetles. Since topography and inter-tree
spacing significantly modulate ecosystem functions,
forest management strategies should be tailored
considering these variables to foster improved overall
health and resilience of secondary spruce forests
(Zabihi et al. 2023; Thomas et al. 2024).

4 Impact of drought stress on population
dynamics of 1. typographus

The intense and recurring drought events compromise
the host tree defense mechanisms, rendering them
more susceptible to infestation by bark beetles
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Fig. 2 A representation showing how variations in landscape,
stand, and tree characteristics interact at different scales of
elevation, tree density, and tree traits. The five circles in the
diagram represent tree density gradients, with darker grey
indicating higher density and lighter grey indicating lower
density. The blue circle represents changes in elevation,

(Berryman 1972; Christiansen et al. 1987; Erbilgin
et al. 2021). Research indicates that severe drought
events limit the production of defense metabolites,
unlike moderate drought, which is hypothesized to
limit tree growth but enhance carbon allocation to
defenses (Desprez-Loustau et al. 2006; Ferrenberg
et al. 2015). Drought stress occurs when the
available water in the soil falls below a specific
threshold, leading to decreased soil water content
and increased hydraulic resistance at the root-soil
interface. Water transfer through xylem tissues may
become irreversibly disrupted due to water cohesion
breakdown and vessel embolism, increasing the risk
of premature mortality of roots and twigs (Cruiziat
et al. 2002; Cochard et al. 2009).

Isohydric conifer species avoid or delay the decline
in xylem water potentials by restricting transpiration
through stomatal closure (Rothe et al. 2002; Schume
et al. 2004). Although stomatal regulation helps in
maintaining water potential in the xylem, reduction
in sap flow and leaf-atmosphere gas exchange
declines the photosynthetic product assimilation
regardless of continued respiratory consumption of

Plot
) Study area

Tree traits gradients
(Tree-level variations)

Tree density gradients
(Stand-level variations)

Elevation gradients
(Landscape-level variations)

with darker blue indicating higher altitude and lighter blue
indicating lower altitude. The individual tree traits, such as
bark temperature and diameter at breast height, shown in green
color gradients, were found to be positively and negatively
related to tree density, respectively. (Adapted from Zabihi et al.
2023)

carbon (Bréda et al. 2006; Rennenberg et al. 2006).
Eventually, stored carbon reserves (i.e., non-structural
carbohydrates) are depleted by repeated bark beetle
attacks, and due to no or low replenishment as trees
cannot sustain the production of defense metabolites
(Erbilgin et al. 2021). At the same time, while
tighter stomatal regulation can help avoid a decline
in lethal xylem water potentials, the tension in the
water conduits may cause shrinkage in tracheid
diameters. This, together with a decrease in turgor
pressure inside the epithelial cells lining the resin
ducts, reduces the physical pressure on the oleoresin
and subsequently reduces the exudation rate upon
wounding of the bark, which may compromise the
tree’s defense against frost, another drought episode
and pest attacks, ultimately leading to tree mortality
(Cruiziat et al. 2002; Bréda et al. 2006; Cochard et al.
2009; Rissanen et al. 2016).

Despite the well-known negative impacts of
drought events on tree physiology and inherent
defensive mechanisms, there is no conclusive
evidence connecting drought-induced physiological
stress and the tree’s attractiveness to bark beetles
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(Netherer et al. 2014). The Rosalia Roof experiment

on drought manipulation addresses the issue of
resource distribution in Norway spruce, focusing
mainly on secondary metabolism (Netherer et al.
2014, 2019; Matthews et al. 2018). The project
aimed to determine the impact of drought stress on
both inherent and triggered defense mechanisms of
trees against bark beetle attacks, including factors
like resin flow and hypersensitive reactions to blue
stain fungus inoculation. Furthermore, a recent
field study has shown that when bark beetles infest
drought-stressed trees, it not only decreases the local
availability of carbohydrates crucial for essential
tree functions but also hinders the tree’s capacity to
replenish carbohydrate reserves (Erbilgin et al. 2021).
Nevertheless, further research is needed to determine
whether there is a difference in the attractiveness of
stressed and control trees and validate the hypothesis
that susceptible host trees are more attractive to
pioneer beetles (Wermelinger 2004; Netherer et al.
2014).

5 Changing temperature regimes and their
impact on population dynamics of 1.

typographus

Bark beetle outbreaks have been correlated with
shifts in temperature and precipitation regimes as
host tree vigor is affected by warmer spring and
summer temperatures combined with increased water
stress (Powell and Logan 2005; Berg et al. 2006).
Bark beetle population growth and survival depend
on thermal conditions as it can shorten development
time and increase the number of generations per year
(Bentz et al. 2010; Marini et al. 2012). Moreover,
winter mortality is another critical component in
bark beetle population dynamics (Hinze and John
2020). While the cold temperature adaptations and
cold hardening mechanisms of many bark beetle
species remain relatively unexplored, some Ips and
Dendroctonus beetles stand out for their ability to
accumulate cryoprotectant compounds (e.g., glycerol)
during the colder periods of autumn, resulting in
the decreased mortality (Lombardero et al. 2000;
Bentz et al. 2010; Kostédl et al. 2011). Most bark
beetle species have symbiotic relationships with
microorganisms like blue-stain fungi and bacteria
that increase their tolerance to cold temperatures and
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provide nutrients to the larvae (Bleiker and Six 2007,
Ayres et al. 2000; Guevara-Rozo et al. 2020).

The ambient temperature also influences the flight
activities of bark beetles. The optimal flying activity
occurs from 22 to 26 °C, while 1. typographus do
not swarm below 16.5 °C (Hinze and John 2020).
Swarming of beetles in search of suitable breeding
material is affected by two factors: the emergence
from overwintering, which can be anticipated by
thermal sum, and the mass flight of beetles, which
occurs at a temperature above 20 °C (Annila 1969;
Wermelinger 2004). A recent study showed that
most I rypographus were caught on the hottest day
(maximum temperature of 33.4 °C) of the observation
period (mean air temperature 19.2 °C), suggesting
that its ability to find hosts and mass flight is not
compromised by increased thermal conditions (Hinze
and John 2020). Furthermore, the average flight
distance of 1. rypographus increases significantly
on days with moderate temperatures than cold
temperatures (Wermelinger 2004; Hinze and John
2020). Due to the rapid genetic adaptation of insects
to seasonal changes in temperature regimes, range
expansion of bark beetles beyond their habitat has
also been observed where species move into new
niches facilitated by increasing temperature (Balanyé
et al. 2006; Battisti et al. 2006; Bradshaw and
Holzapfel 2006; Nealis and Peter 2008; Erbilgin et al.
2014; Erbilgin 2019). Bark beetle dispersal-related
ecological and environmental factors are reviewed in
detail by Jones et al. (2019).

Regional-scale flight activity periods of I
typographus have been established by analysing
climate data, focusing on temperature parameters.
For instance, in southern Sweden, the onset of
spring flight among I. typographus occurred when
the accumulated thermal sum, averaging above
5 °C, persisted for roughly 47 +24 days (Ohrn et al.
2014). This period aligns with the findings from
Denmark (Harding and Ravn 1983) and southern
Finland (Annila 1969; Ohrn et al. 2014), where a
similar flight duration of 45 days was observed. The
flight period in Denmark lasted from early May to
mid-August, whereas, in central Europe, it occurred
between April and September (Faccoli and Stergulc
2004; Baier et al. 2007; Ohrn et al. 2014). In the
region of southern Sweden, the flight activity period
of I. rypographus was observed to take place from
mid-April to mid-August, which can be attributed
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