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[ƛǎǘ ƻŦ hǊƛƎƛƴŀƭ tǳōƭƛŎŀǝƻƴǎ 

tǳōƭƛŎŀǝƻƴǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǘƘŜǎƛǎΥ 

мΦ {ƛƴƎƘΣ ±Φ±ΦΣ bŀǎŜŜǊΣ !ΦΣ aƻƎƛƭƛŎƘŜǊƭŀΣ YΦΣ ¢ǊǳōƛƴΣ !ΦΣ ½ŀōƛƘƛΣ YΦΣ wƻȅΣ !ΦΣ WŀƪǳǑΣ wΦ ŀƴŘ 9ǊōƛƭƎƛƴΣ 

bΦΣ нлнпŀΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ōŀǊƪ ōŜŜǘƭŜ ƻǳǘōǊŜŀƪǎΥ ŜȄǇƭƻǊƛƴƎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ŎƘŀƴƎƛƴƎ 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŜƎƛƳŜǎΣ ŘǊƻǳƎƘǘǎΣ ŦƻǊŜǎǘ ǎǘǊǳŎǘǳǊŜΣ ŀƴŘ ǇǊƻǎǇŜŎǘǎ ŦƻǊ ŦǳǘǳǊŜ ŦƻǊŜǎǘ ǇŜǎǘ 

ƳŀƴŀƎŜƳŜƴǘΦ wŜǾƛŜǿǎ ƛƴ 9ƴǾƛǊƻƴƳŜƴǘŀƭ {ŎƛŜƴŎŜ ŀƴŘ .ƛƻκ¢ŜŎƘƴƻƭƻƎȅΣ ǇǇΦмπопΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎмммртπлнпπлфсфнπр 

 

нΦ bŀǎŜŜǊΣ !ΦΣ aƻƎƛƭƛŎƘŜǊƭŀΣ YΦΣ {ŜƭƭŀƳǳǘƘǳΣ DΦ ŀƴŘ wƻȅΣ !ΦΣ нлноΦ !ƎŜ ƳŀǧŜǊǎΥ [ƛŦŜπǎǘŀƎŜΣ 

ǝǎǎǳŜΣ ŀƴŘ ǎŜȄπǎǇŜŎƛŬŎ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ŘȅƴŀƳƛŎǎ ƛƴ LǇǎ ǘȅǇƻƎǊŀǇƘǳǎ ό/ƻƭŜƻǇǘŜǊŀΥ 

/ǳǊŎǳƭƛƻƴƛŘŀŜΥ {ŎƻƭȅǝƴŀŜύΦ CǊƻƴǝŜǊǎ ƛƴ CƻǊŜǎǘǎ ŀƴŘ Dƭƻōŀƭ /ƘŀƴƎŜΣ сΣ 

ǇΦммнптрпΦ  ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦооуфκũƎŎΦнлноΦммнптрп 

 

оΦ bŀǎŜŜǊΣ !ΦΣ {ƛƴƎƘΣ ±Φ±ΦΣ {ŜƭƭŀƳǳǘƘǳΣ DΦΣ {ȅƴŜƪΣ WΦΣ aƻƎƛƭƛŎƘŜǊƭŀΣ YΦΣ YƻƪƻǎƪŀΣ [Φ ŀƴŘ wƻȅΣ !ΦΣ 

нлнпΦ LƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ ŘŜǘƻȄƛŬŎŀǝƻƴ ƻŦ ǎǇǊǳŎŜ ƳƻƴƻǘŜǊǇŜƴŜǎ ōȅ ǘƘŜ 9ǳǊŀǎƛŀƴ ǎǇǊǳŎŜ ōŀǊƪ 

ōŜŜǘƭŜΦ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ aƻƭŜŎǳƭŀǊ {ŎƛŜƴŎŜǎΣ нрόмуύΣ ǇΦмлнлфΦ 

ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦоофлκƛƧƳǎнрмумлнлф 

 

пΦ {ŜƭƭŀƳǳǘƘǳΣ DΦΣ bŀǎŜŜǊΣ !ΦΣ IǊŀŘŜŎƪȇΣ WΦΣ /ƘŀƪǊŀōƻǊǘȅΣ !ΦΣ {ȅƴŜƪΣ WΦΣ aƻŘƭƛƴƎŜǊΣ wΦ ŀƴŘ wƻȅΣ 

!ΦΣ нлнпΦ DŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǇƭŀǎǝŎƛǘȅ ŦŀŎƛƭƛǘŀǘŜǎ ŘƛũŜǊŜƴǘ Ƙƻǎǘ ŦŜŜŘƛƴƎ ƛƴ LǇǎ ǎŜȄŘŜƴǘŀǘǳǎ 

ό/ƻƭŜƻǇǘŜǊŀΥ /ǳǊŎǳƭƛƻƴƛŘŀŜΥ {ŎƻƭȅǝƴŀŜύΦ LƴǎŜŎǘ .ƛƻŎƘŜƳƛǎǘǊȅ ŀƴŘ aƻƭŜŎǳƭŀǊ .ƛƻƭƻƎȅΣ мсрΣ 

ǇΦмлплсмΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмлмсκƧΦƛōƳōΦнлноΦмлплсм 

 

tǳōƭƛŎŀǝƻƴǎ ƴƻǘ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǘƘŜǎƛǎΥ 

мΦ {ƛƴƎƘΣ ±Φ±ΦΣ bŀǎŜŜǊΣ !ΦΣ {ŜƭƭŀƳǳǘƘǳΣ DΦ ŀƴŘ WŀƪǳǑΣ wΦΣ нлнпōΦ !ƴ ƻǇǝƳƛȊŜŘ ŀƴŘ ŎƻǎǘπŜũŜŎǝǾŜ 

wb! ŜȄǘǊŀŎǝƻƴ ƳŜǘƘƻŘ ŦƻǊ ǎŜŎƻƴŘŀǊȅ ƳŜǘŀōƻƭƛǘŜπŜƴǊƛŎƘŜŘ ǝǎǎǳŜǎ ƻŦ bƻǊǿŀȅ ǎǇǊǳŎŜ 

όtƛŎŜŀ ŀōƛŜǎύΦ tƭŀƴǘǎΣ моΣ оуфΦ ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦоофлκǇƭŀƴǘǎмололоуф 

 

нΦ {ƛƴƎƘΣ ±Φ±ΦΣ bŀǎŜŜǊΣ !ΦΣ {ŜƭƭŀƳǳǘƘǳΣ DΦΣ aƻƎƛƭƛŎƘŜǊƭŀΣ YΦΣ DŜōŀǳŜǊΣ wΦΣ wƻȅΣ !Φ ŀƴŘ WŀƪǳǑΣ wΦΣ 

нлнпŎΦ wƻōǳǎǘ ǊŜŦŜǊŜƴŎŜ ƎŜƴŜ ǎŜƭŜŎǝƻƴ ƛƴ bƻǊǿŀȅ ǎǇǊǳŎŜΥ ŜǎǎŜƴǝŀƭ ŦƻǊ ǊŜŀƭπǝƳŜ 

ǉǳŀƴǝǘŀǝǾŜ t/w ŀŎǊƻǎǎ ŘƛũŜǊŜƴǘ ǝǎǎǳŜΣ ǎǘǊŜǎǎΣ ŀƴŘ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŎƻƴŘƛǝƻƴǎΦ CǊƻƴǝŜǊǎ ƛƴ 

CƻǊŜǎǘǎ ŀƴŘ Dƭƻōŀƭ /ƘŀƴƎŜΣ ƛƴ ǇǊŜǎǎΦ 
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мн 

 

[ƛǎǘ ƻŦ !ōōǊŜǾƛŀǝƻƴ ŀƴŘ {ȅƳōƻƭǎ 

 

ABC   ATP-binding cassette 

AChE   Acetylcholine esterase 

!bh±!  !ƴŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ 

ATP   Adenosine triphosphate 

/ΦLΦ  /ƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭ 

CCE  Carboxy-choline esterase 

EGT       Ecdysteroid UDP glucosyltransferase 

9{..      9ǳǊƻǇŜŀƴκ9ǳǊŀǎƛŀƴ ǎǇǊǳŎŜ ōŀǊƪ ōŜŜǘƭŜ 

EST   Esterase 

GST   Glutathione S-transferase 

L{Ȅ   LǇǎ ǎŜȄŘŜƴǘŀǘǳǎ 

LC70   Lethal concentration for 70% mortality 

ht[{π5!  hǊǘƘƻƎƻƴŀƭ ǇŀǊǝŀƭ ƭŜŀǎǘ ǎǉǳŀǊŜǎ ŘƛǎŎǊƛƳƛƴŀǝƻƴ ŀƴŀƭȅǎƛǎ 

P450/ CYP  Cytochrome P450/ Cytochrome P450 monooxygenase  

t/!  tǊƛƴŎƛǇŀƭ ŎƻƳǇƻƴŜƴǘ ŀƴŀƭȅǎƛǎ 

RQ   Relation Quotient 

w¢πǉt/w  vǳŀƴǝǘŀǝǾŜ ǊŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛǇǝƻƴ ǇƻƭȅƳŜǊŀǎŜ ŎƘŀƛƴ ǊŜŀŎǝƻƴ 

UDP   Uridine diphosphate 

UGT   UDP-glucuronosyl transferase 
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ƛƴǘŜǊŀŎǝƴƎ ǿƛǘƘ ōŀǊƪ ōŜŜǘƭŜ ƭƛŦŜ ŎȅŎƭŜ ǎǘŀƎŜǎΦ ................................................................................ мф 
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!ōǎǘǊŀŎǘ 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

RNA interference (RNAi) or CRISPR/Cas9 mechanism. 

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

Monoterpene bioassay. 
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мΦ LƴǘǊƻŘǳŎǝƻƴ 

 

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

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

ŘŜŦŜƴŎŜǎΣ ŀƴŘ ŦŀŎƛƭƛǘŀǘŜǎ ǘƘŜ ōŜŜǘƭŜǎΩ ŜȄǇŀƴǎƛƻƴ ǘƻ ƴŜǿ ǘŜǊǊƛǘƻǊƛŜǎ (Biedermann et al., 2019; Singh 

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

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

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

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

in 2018, from 56ς64 euro per m3 (2011ς2017) to 14ς16 euro per m3, causing a substantial 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

όYǊƻƪŜƴŜ ŀƴŘ {ƻƭƘŜƛƳΣ мффуΤ CŅƭŘǘ Ŝǘ ŀƭΦΣ нллсΤ 5ŀǾƛǎΣ нлмрΤ /ƘŀƪǊŀōƻǊǘȅ Ŝǘ ŀƭΦΣ нлнлŀΤ 

Chakraborty et al., 2020b; Gupta et al., 2023; Kandasamy et al., 2023; Singh et al., 2024). Host 



 

 

мс 

 

plants produce secondary metabolites, such as mono, di, and sesqui-terpenes, as part of their 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

biopesticides to control forest pests in the future (Joga et al., 2021; Mogilicherla and Roy, 2023).  
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оΦ !ƛƳǎ ŀƴŘ hōƧŜŎǝǾŜǎ 

 

9ǾŜƴ ǘƘƻǳƎƘ ǘƘŜ ŎƘŜƳƛŎŀƭ ŘŜŦŜƴŎŜǎ ƻŦ ǘƘŜ ǘǊŜŜ ŀǊŜ ǎǘǊƻƴƎ ŜƴƻǳƎƘ ǘƻ ŦŜƴŘ ƻũ ǘƘŜ ǇŜǎǘǎΣ ǘƘŜ 

9{.. Ƙŀǎ ŎƻπŜǾƻƭǾŜŘ ǘƻ ƻǾŜǊŎƻƳŜ ǘƘŜ Ƙƻǎǘ ŀƭƭŜƭƻŎƘŜƳƛŎŀƭ ŘŜŦŜƴŎŜΦ ²Ŝ ƘȅǇƻǘƘŜǎƛǎŜŘ ǘƘŀǘ ǘƘŜ 

ŘŜǘƻȄƛŬŎŀǝƻƴ ƳŀŎƘƛƴŜǊȅ ƛƴ 9{.. ƘŜƭǇǎ ǘƘŜ ōŜŜǘƭŜǎ ǘƻ ƻǾŜǊŎƻƳŜ ǘƘƛǎ ŎƻƴƛŦŜǊ ŀƭƭŜƭƻŎƘŜƳƛŎŀƭ ōŀǊǊƛŜǊ 

ŀƴŘ ǘƘǊƛǾŜΦ IƻǿŜǾŜǊΣ ǘƘŜ ǎǇŜŎƛŬŎ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ǇǳǘŀǝǾŜ ƎŜƴŜǎ ƛƴǾƻƭǾŜŘ ƛƴ ǎǳŎƘ ƳŜŎƘŀƴƛǎƳǎ 

ƛǎ ǳƴƪƴƻǿƴΦ  

 ¢ƻ Ŭƭƭ ǘƘƛǎ ƪƴƻǿƭŜŘƎŜ ƎŀǇΣ ǘƘƛǎ ǎǘǳŘȅ Ŧƻƭƭƻǿǎ ǘƘŜ ƻǾŜǊŀƭƭ ƻōƧŜŎǝǾŜ ǘƻ ƛƴǾŜǎǝƎŀǘŜ ǘƘŜ 

ƳƻƭŜŎǳƭŀǊ ƳŜŎƘŀƴƛǎƳǎ ƻŦ LΦ ǘȅǇƻƎǊŀǇƘǳǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ Ƙƻǎǘ ŎƘŜƳƛŎŀƭ ŘŜŦŜƴŎŜǎ ōȅ ƛŘŜƴǝŦȅƛƴƎ ƪŜȅ 

ƎŜƴŜǎ ƛƴǾƻƭǾŜŘ ƛƴ ŘŜǘƻȄƛŦȅƛƴƎ ƻǊ ŀŘŀǇǝƴƎ ǘƻ Ƙƻǎǘ ƳŜǘŀōƻƭƛǘŜǎΦ ¢Ƙƛǎ ǎǘǳŘȅ ŀƛƳǎ ǘƻ ŜƴƘŀƴŎŜ ǘƘŜ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ƘƻǎǘπōŜŜǘƭŜ ƛƴǘŜǊŀŎǝƻƴǎ ŀƴŘ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǇŜǎǘ ƳŀƴŀƎŜƳŜƴǘ ǎǘǊŀǘŜƎƛŜǎ 

ό/ƘŀǇǘŜǊǎ рΦм ŀƴŘ рΦпύΦ 

{ǇŜŎƛŬŎ ƻōƧŜŎǝǾŜǎΥ 

мΦ ¢ƻ ƛŘŜƴǝŦȅ ǘƘŜ ŘŜǘƻȄƛŬŎŀǝƻƴ ƳŀŎƘƛƴŜǊȅ ƎŜƴŜǎ ƛƴ LΦ ǘȅǇƻƎǊŀǇƘǳǎ ŀƴŘ ŜƭǳŎƛŘŀǘŜ ǘƘŜƛǊ ǊƻƭŜǎ 

ƛƴ ƻǾŜǊŎƻƳƛƴƎ Ƙƻǎǘ Ǉƭŀƴǘ ǘƻȄƛƴǎ ŘǳǊƛƴƎ ŦŜŜŘƛƴƎ ό/ƘŀǇǘŜǊ рΦнύΦ 

нΦ ¢ƻ ƛŘŜƴǝŦȅ ǘƘŜ ƪŜȅ ƎŜƴŜǎ ƛƴ LΦ ǘȅǇƻƎǊŀǇƘǳǎ ǘƘŀǘ ŀǊŜ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ōǊŜŀƪŘƻǿƴ ƻǊ 

ƳƻŘƛŬŎŀǝƻƴ όŘŜǘƻȄƛŬŎŀǝƻƴύ ƻŦ ǎǇŜŎƛŬŎ ŀƭƭŜƭƻŎƘŜƳƛŎŀƭǎ ǇǊŜǎŜƴǘ ƛƴ Ƙƻǎǘ Ǉƭŀƴǘǎ όрΦоύΦ 
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оΦ [ƛǘŜǊŀǘǳǊŜ ǊŜǾƛŜǿ 

 

оΦмΦ /ƭƛƳŀǘŜ /ƘŀƴƎŜ ŀƴŘ .ŀǊƪ .ŜŜǘƭŜ 

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

sink (Bastrup-.ƛǊƪ Ŝǘ ŀƭΦΣ нлмсΤ Iƭłǎƴȅ Ŝǘ ŀƭΦΣ нлмфύ. However, due to rising temperatures and 

climate change, the pest outbreaks in the forest, 

especially the bark beetle outbreak, have intensified, 

leading to the conversion of forests from carbon sink 

to carbon sources όDƘƛƳƛǊŜ Ŝǘ ŀƭΦΣ нлмрΤ Iƭłǎƴȅ Ŝǘ ŀƭΦΣ 

2019). Various studies propound climate change 

being the driving factor in intensifying the bark 

beetle attacks in Europe and all across the world by 

reducing tree defences due to heat and drought, 

accelerating bark beetle life cycle and reproduction, 

increasing the number of generations, and 

facilitating its expansion to new territories (Schlyter et 

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

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

Iƭłǎƴȅ Ŝǘ ŀƭΦΣ нлмфΤ bŜǘƘŜǊŜǊ Ŝǘ ŀƭΦΣ нлннύ. Due to climate change, the uneven drought and frost 

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

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

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

2006; Marini et al., 2012).  

CƛƎǳǊŜ мΦ ¢ƘŜ ƛƴǘŜǊŎƻƴƴŜŎǘŜŘ ŎȅŎƭŜ ƻŦ ōŀǊƪ ōŜŜǘƭŜ 
ŀǧŀŎƪ ŀƴŘ ǿŜŀƪŜƴŜŘ ǎǇǊǳŎŜ ǘǊŜŜǎΦ {ƻǳǊŎŜπ 
ƻǊƛƎƛƴŀƭΣ !ƛǎƘŀ bŀǎŜŜǊΦ 
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оΦнΦмΦ bƻǊǿŀȅ {ǇǊǳŎŜ 

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

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

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

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

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

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

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

Although spruce have specialized and sophisticated mechanisms to overcome the beetle 

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

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

CƛƎǳǊŜ нΦ 9ũŜŎǘǎ ƻŦ ǎŜǾŜǊŜ 
ŘǊƻǳƎƘǘ ŀƴŘ ǎǘŀƴŘ ŘŜƴǎƛǘȅ 
ƻƴ ǘǊŜŜ Ƙƻǎǘ ŦŀŎǘƻǊǎ 
ƛƴƅǳŜƴŎƛƴƎ ŀƴŘ ƛƴǘŜǊŀŎǝƴƎ 
ǿƛǘƘ ōŀǊƪ ōŜŜǘƭŜ ƭƛŦŜ ŎȅŎƭŜ 
ǎǘŀƎŜǎΦ ¢ƘŜ Ҍ ŀƴŘ π ŦƻǊ 
ǎǘŀƴŘ ŘŜƴǎƛǘȅ ŀƴŘ ǎŜǾŜǊŜ 
ŘǊƻǳƎƘǘ ǎƘƻǿ ǘƘŜ 
ǇƻǘŜƴǝŀƭ ŎƻǊǊŜƭŀǝƻƴǎ ƻŦ 
ǘǊŜŜ Ƙƻǎǘ ŦŀŎǘƻǊǎ ǿƛǘƘ ǘƘŜ 
ŎƻƳǇ ŎƻƳǇƻƴŜƴǘ ǘƘŀǘ 
ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǘƘŜ ōŀǊƪ 
ōŜŜǘƭŜǎΦ CƛƎǳǊŜ ǎƻǳǊŎŜπ
wȅŀƴ Ŝǘ ŀƭΦ όнлмрύΦ 



 

 

нл 

 

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

2019). The chemical defences of the conifers consist of terpenes (mono- ό/ѕєύΣ ǎŜǎǉǳƛ- ό/ѕљύΣ ŀƴŘ 

di-ǘŜǊǇŜƴŜǎ ό/ієύύ ŀƴŘ ǇƘŜƴƻƭƛŎ όǎǘƛƭōŜƴŜǎ ŀƴŘ ŦƭŀǾƻƴƻƛŘǎύΦ tƘŜƴƻƭƛŎǎΣ Ƴŀƛƴƭȅ ǎǘƛƭōŜƴŜǎ ŀƴŘ 

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

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

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

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

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

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

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

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

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

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

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

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

Ophiostoma canum, respectively όCŅƭŘǘ Ŝǘ ŀƭΦΣ нллсύ. In an analogous study on the Norway spruce 

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

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

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

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

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

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

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

оΦнΦнΦ .ŀǊƪ .ŜŜǘƭŜ /ƻƳǇƭŜȄ 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

оΦнΦоΦ 9ǳǊŀǎƛŀƴ {ǇǊǳŎŜ .ŀǊƪ .ŜŜǘƭŜ ό9{..ύ 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

 
CƛƎǳǊŜ оΦ ¢ƘŜ 9ǳǊŀǎƛŀƴ ǎǇǊǳŎŜ ōŀǊƪ ōŜŜǘƭŜΦ !Řǳƭǘ LǇǎ ǘȅǇƻƎǊŀǇƘǳǎ όŀύ ŦǊƻƴǘ ŀƴŘ όōύ ǎƛŘŜ ǾƛŜǿ ǿƛǘƘ ǎŜƴǎƻǊȅ ŀǊǊŀȅ ƻƴ 
ŀƴǘŜƴƴŀŜ ƛƴŘƛŎŀǘŜŘ ōȅ ŀǊǊƻǿǎΦ όŎύ CŜƳŀƭŜ ƛƴ ƳŀǝƴƎ ŎƘŀƳōŜǊ ǿƛǘƘ ŜƎƎǎΣ όŘύ [ŀǊǾŀŜ ŀƴŘ ǇǳǇŀŜ ƛƴ ǊŀŘƛŀƭ ƎŀƭƭŜǊƛŜǎΦ CƛƎǳǊŜ 
ǎƻǳǊŎŜ όŀύ ŀƴŘ όōύ ς tƻǿŜƭƭ Ŝǘ ŀƭΦ όнлнмύΣ όŎύπ ƻǊƛƎƛƴŀƭΣ !ƛǎƘŀ bŀǎŜŜǊΣ ŀƴŘ όŘύπ Iƭłǎƴȅ Ŝǘ ŀƭΦ όнлмфύΦ 

 

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

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

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

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

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

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



 

 

но 

 

or physical damage by wind or other factors. During the endemic stage, the male initiates the 

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

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

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

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

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

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

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

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

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

attack healthy trees, leading to the epidemic stage or outbreak phase. 
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оΦоΦ  IƻǎǘπtŜǎǘ LƴǘŜǊŀŎǝƻƴ 
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CƛƎǳǊŜ пΦ {ŎƘŜƳŜ ƻŦ LǇǎ ǘȅǇƻƎǊŀǇƘǳǎ ǇƻǇǳƭŀǝƻƴ ŘȅƴŀƳƛŎǎΦ ό!Φύ Lƴ ǘƘŜ ŜƴŘŜƳƛŎ ǇƘŀǎŜΣ ōŜŜǘƭŜǎ ŦŜŜŘ ŀƴŘ ǊŜǇǊƻŘǳŎŜ ƛƴ 
ǿƛƴŘǘƘǊƻǿƴ ǘǊŜŜǎΣ ǘǊǳƴƪǎΣ ŀƴŘ ǎǘǳƳǇǎ ŀƴŘ ƭŀǘŜǊ ƳƻǾŜ ǘƻ ǘƘŜ ŜǇƛŘŜƳƛŎ ǇƘŀǎŜ ǳƴŘŜǊ ŦŀǾƻǳǊŀōƭŜ ŎƻƴŘƛǝƻƴǎΦ ¢ƘŜǊŜ ŀǊŜ 
ǎŜǾŜǊŀƭ ŦŀŎǘƻǊǎΣ ǎǳŎƘ ŀǎ ŦŀǾƻǳǊŀōƭŜ ǿŜŀǘƘŜǊΣ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ ōǊŜŜŘƛƴƎ ǎǳōǎǘǊŀǘŜΣ ŘǊƻǳƎƘǘǎΣ ŀƴŘ ǿƛƴŘǘƘǊƻǿǎΣ ǘƘŀǘ 
ƛƴƅǳŜƴŎŜ ǘƘŜ ǘǊŀƴǎƛǝƻƴ ƻŦ ǘƘŜ ōŜŜǘƭŜ ǇƻǇǳƭŀǝƻƴǎ ǘƻ ǘƘŜ ŜǇƛŘŜƳƛŎ ǇƘŀǎŜΦ Lƴ ǘƘŜ ŜǇƛŘŜƳƛŎ ǇƘŀǎŜΣ ǘƘŜ ōŜŜǘƭŜ ǇƻǇǳƭŀǝƻƴ 
ƛǎ ƘƛƎƘ ŜƴƻǳƎƘ ǘƻ Ƴŀǎǎ ŀǧŀŎƪ ƘŜŀƭǘƘȅ ǘǊŜŜǎ ŀƴŘ ŎŀǳǎŜ ǿƛŘŜǎǇǊŜŀŘ ƳƻǊǘŀƭƛǘȅΦ [ŀǘŜǊΣ ŎŜǊǘŀƛƴ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ 
ǳƴŦŀǾƻǳǊŀōƭŜ ǿŜŀǘƘŜǊΣ ŜȄƘŀǳǎǝƻƴ ƻŦ ǘƘŜ ōǊŜŜŘƛƴƎ ǎǳōǎǘǊŀǘŜΣ ŀōǳƴŘŀƴŎŜ ƻŦ ǇǊŜŘŀǘƻǊǎΣ ŀƴŘ ƛƴŎǊŜŀǎŜŘ ǘǊŜŜ ǊŜǎƛǎǘŀƴŎŜ 
ƻŦ ǎǳǊǾƛǾƛƴƎ ǘǊŜŜǎ Ŏŀƴ ŎŀǳǎŜ ƘƛƎƘ ōŜŜǘƭŜ ƳƻǊǘŀƭƛǘȅ ŀƴŘ ƭƛƳƛǘ ǘƘŜ ǇƻǇǳƭŀǝƻƴ ǘƻ ǘƘŜ ŜƴŘŜƳƛŎ ǇƘŀǎŜ ό!ŘŀǇǘŜŘ ŦǊƻƳ όYŀǳǘȊ 
Ŝǘ ŀƭΦΣ нлнпύΦ ό.Φύ ŀΦ ¢ƘŜ ƛƴƛǝŀƭ Ƙƻǎǘ Ŏƻƭƻƴƛǎŀǝƻƴ ǎǘŀƎŜ ƛǎ ǳǎǳŀƭƭȅ ƛƴƛǝŀǘŜŘ ōȅ ǇƛƻƴŜŜǊ ōŜŜǘƭŜǎΣ ƳŀƭŜǎ ƛƴ LǇǎ ŀƴŘ ŦŜƳŀƭŜǎ 
ƛƴ 5ŜƴŘǊƻŎǘƻƴǳǎΦ Lƴ LǇǎ ǘȅǇƻƎǊŀǇƘǳǎΣ ŀƎƎǊŜƎŀǝƻƴ ǇƘŜǊƻƳƻƴŜǎΣ нπƳŜǘƘȅƭπоπōǳǘŜƴπнπƻƭ όa.ύ ŀƴŘ όπύπŎƛǎπǾŜǊōŜƴƻƭ όŎ±ύ 
ŀǊŜ ǊŜƭŜŀǎŜŘ ǘƻ ŀǧǊŀŎǘ ŀŘŘƛǝƻƴŀƭ ƳŀƭŜ ŀƴŘ ŦŜƳŀƭŜ ōŜŜǘƭŜǎΦ ōΦ LŦ ǘƘŜ ǇƛƻƴŜŜǊƛƴƎ ōŜŜǘƭŜ ǎǳǊǾƛǾŜǎ Ƙƻǎǘ ǘǊŜŜ ŘŜŦŜƴŎŜǎΣ 
ǿƛǘƘ ǘƘŜ ŀǊǊƛǾŀƭ ƻŦ ŀŘŘƛǝƻƴŀƭ ōŜŜǘƭŜǎΣ ǘƘŜȅ ǇǊƻŘǳŎŜ ƭŀǊƎŜǊ ŀƳƻǳƴǘǎ ƻŦ ŀƎƎǊŜƎŀǝƻƴ ǇƘŜǊƻƳƻƴŜǎ ǿƘƛŎƘ ǳǎǳŀƭƭȅ ŜƴŘǎ 
ǘƘŜ Ƴŀǎǎ Ŏƻƭƻƴƛǎŀǝƻƴ ƻŦ Ƙƻǎǘ ǘǊŜŜǎΦ ¢ƘŜ Ǝƻŀƭ ƻŦ Ƴŀǎǎ Ŏƻƭƻƴƛǎŀǝƻƴ ƛǎ ǘƻ ŜȄƘŀǳǎǘ ǘǊŜŜ ŘŜŦŜƴŎŜ ǘƻ ǎŜŎǳǊŜ ǊŜǇǊƻŘǳŎǝƻƴΦ 
ŎΦ 5ǳǊƛƴƎ ǘƘŜ Ƴŀǎǎ Ŏƻƭƻƴƛǎŀǝƻƴ ǎǘŀƎŜΣ ǿƘƛƭŜ ǘƘŜ ƛƴƛǝŀƭ ǘǊŜŜ όLύ ƛǎ Ƴŀǎǎ ŎƻƭƻƴƛǎŜŘΣ ŀ ǎƳŀƭƭ ǇƻǊǝƻƴ ƻŦ ƳŀƭŜ ōŜŜǘƭŜ ƭŀƴŘ 
ƻƴ ŀ ƴŜƛƎƘōƻǳǊƛƴƎ ǳƴŎƻƭƻƴƛȊŜŘ ǘǊŜŜ όLLύ ŀƴŘ ǎǘŀǊǘǎ ŀ ƴŜǿ Ŏƻƭƻƴƛǎŀǝƻƴ ǎŜǉǳŜƴŎŜΦ ŘΦ !ǎ ǘƘŜ ǇǊƻŘǳŎǝƻƴ ƻŦ ŀǧǊŀŎǝǾŜ 
ǇƘŜǊƻƳƻƴŜ ŎƻƳǇƻƴŜƴǘǎ ŘƛƳƛƴƛǎƘŜǎΣ ǘƘŜ ŀǧǊŀŎǝƻƴ ǘƻǿŀǊŘǎ ǘƘŜ ƛƴƛǝŀƭ ǘǊŜŜ ŘŜŎƭƛƴŜǎΣ ǿƘƛƭŜ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ŀǧǊŀŎǝƻƴ 
ǘƻǿŀǊŘǎ ǘƘŜ ƴŜƛƎƘōƻǳǊƛƴƎ ǘǊŜŜ ƛƴŎǊŜŀǎŜǎΣ ǎǘŀǊǝƴƎ ŀ ǎǿƛǘŎƘ ƛƴ ŀǧǊŀŎǝƻƴΦ ŜΦ ²ƘŜƴ ǘƘŜ ƛƴƛǝŀƭ ϦǎǿƛǘŎƘƛƴƎϦ ǇǊƻŎŜǎǎ ƛǎ 
ŎƻƳǇƭŜǘŜŘΣ ƻƴƭȅ ǎƳŀƭƭ ŀƳƻǳƴǘǎ ƻŦ ŀƎƎǊŜƎŀǝƻƴ ǇƘŜǊƻƳƻƴŜǎ ŀǊŜ ǇǊƻŘǳŎŜŘΣ ǿƘƛƭŜ ƭŀǊƎŜǊ ŀƳƻǳƴǘǎ ƻŦ ƛƴƘƛōƛǘƻǊȅ 
ŎƻƳǇƻǳƴŘǎ όƛǇǎŘƛŜƴƻƭ ϧ ƛǇǎŜƴƻƭύ ŀǊŜ Ŏƻƴǝƴǳƻǳǎƭȅ ǇǊƻŘǳŎŜŘΦ ¢ƘŜ ŀǧǊŀŎǝƻƴ ƛǎ ƴƻǿ ǎƘƛƊŜŘ ǘƻ ǘƘŜ ƴŜƛƎƘōƻǳǊƛƴƎ ǘǊŜŜ 
όLLύΣ ǿƘŜǊŜ ŀ ƴŜǿ Ƴŀǎǎ ŀǧŀŎƪ ǎǘŀǊǘǎΣ ǿƛǘƘ ŀ ǎƳŀƭƭ ǇǊƻǇƻǊǝƻƴ ƻŦ ƳŀƭŜǎ ƻƴŎŜ ƳƻǊŜ ōŜƛƴƎ ŘŜƅŜŎǘŜŘ ŀƴŘ ŜƴŘƛƴƎ ǳǇ ƻƴ 
ǘƘŜ ƴŜǿ ǳƴŎƻƭƻƴƛȊŜŘ ƴŜƛƎƘōƻǳǊƛƴƎ ǘǊŜŜ όLLLύΦ ¢ƘŜ ǎƳŀƭƭ ƎǊŀǇƘǎ ǊŜǇǊŜǎŜƴǘ ƭƻƎ ǇƘŜǊƻƳƻƴŜ ǊŜƭŜŀǎŜ ŦǊƻƳ .ƛǊƎŜǊǎǎƻƴ Ŝǘ 
ŀƭΦ όмфупύΦ ¢ƘŜ ƳŀǊƪǎ ƻƴ ǘƘŜ ȄπŀȄƛǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŀǧŀŎƪ ǇƘŀǎŜǎ мΣ о ŀƴŘ сΣ ǿƘŜǊŜ όмύ ƳŀƭŜǎ ŀǊŜ ōƻǊŜŘ ƛƴ ōŀǊƪΣ όоύ ƘŀǾŜ 
ŎƻƳǇƭŜǘŜŘ ƴǳǇǝŀƭ ŎƘŀƳōŜǊ ŦƻǊƳŀǝƻƴΣ ŀƴŘ όсύ ŀǊŜ ƧƻƛƴŜŘ ǿƛǘƘ ŦŜƳŀƭŜǎΦ ό!ŘŀǇǘŜŘ ŦǊƻƳ ό{ŎƘƭȅǘŜǊ Ŝǘ ŀƭΦΣ мфутύΦ CƛƎǳǊŜ 
ǎƻǳǊŎŜπ {ƛƴƎƘ Ŝǘ ŀƭΦ όнлнпύΦ  

 

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

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

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

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

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

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

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

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

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

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

LD50 or LC50 (Heckel, 2014). 
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оΦоΦмΦ LƴǎŜŎǘ 5ŜǘƻȄƛŬŎŀǝƻƴ 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Gershenzon, 2024). 
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оΦоΦнΦ 9ƴȊȅƳŜ {ȅǎǘŜƳǎ LƴǾƻƭǾŜŘ  

 

CƛƎǳǊŜ рΦ DŜƴŜǊŀƭ ǎŎƘŜƳŜ ƘƛƎƘƭƛƎƘǝƴƎ ŘƛũŜǊŜƴǘ ǇŀǘƘǿŀȅǎ ƻŦ ȄŜƴƻōƛƻǝŎ ŜƭƛƳƛƴŀǝƻƴΦ 5ŜǘƻȄƛŬŎŀǝƻƴ ƳŜŘƛŀǘŜŘ ōȅ tƘŀǎŜ 
L ŀƴŘ LL ŜƴȊȅƳŜǎ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ǊŜŀŎǝƻƴǎ ŎŀǘŀƭȅǎŜŘ ōȅ ŎȅǘƻŎƘǊƻƳŜ tпрл ƳƻƴƻƻȄȅƎŜƴŀǎŜǎ όtпрлǎύ ŀƴŘ ¦5tπ
ƎƭȅŎƻǎȅƭ ǘǊŀƴǎŦŜǊŀǎŜǎ ό¦D¢ǎύΣ ǊŜǎǇŜŎǝǾŜƭȅΦ ¢ƘŜ ŜƭƛƳƛƴŀǝƻƴ ǇŀǘƘǿŀȅǎ ǎƘƻǿƴ Ŏŀƴ ǿƻǊƪ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ōǳǘ ŘŜǇŜƴŘƛƴƎ 
ƻƴ ǘƘŜ ȄŜƴƻōƛƻǝŎΣ ƛƴŘƛǾƛŘǳŀƭ ǇŀǘƘǿŀȅǎ Ŏŀƴ ŘƻƳƛƴŀǘŜΦ CƛƎǳǊŜ ǎƻǳǊŎŜπ  !ƳŜȊƛŀƴ Ŝǘ ŀƭΦ όнлнмύΦ 

 

 ¢ƘŜ ŘŜǘƻȄƛŬŎŀǝƻƴ ƻŦ Ƙƻǎǘ ŀƭƭŜƭƻŎƘŜƳƛŎŀƭǎ ƛƴǾƻƭǾŜǎ ŀ ǊŜǇŜǊǘƻƛǊŜ ƻŦ ƎŜƴŜǎ ŀƴŘ ǘƘŜƛǊ ŜƴȊȅƳŜ 

ǇǊƻŘǳŎǘǎΦ {ǳŎƘ ŜƴȊȅƳŜ ǎȅǎǘŜƳǎ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ tƘŀǎŜ L όǘƘŜ ƭƛǇƻǇƘƛƭƛŎ ƎǊƻǳǇ ŀǧŀŎƪƛƴƎ 

ŜƴȊȅƳŜǎύΣ tƘŀǎŜ LL όŀǧŀŎƪƛƴƎ ǘƘŜ ŜǇƻȄƛŘŜǎ ƛƴǘŜǊƳŜŘƛŀǘŜǎ ƻŦ ǘƘŜ ǇƘŀǎŜ Lύ ƳŜǘŀōƻƭƛŎ ǇǊƻŎŜǎǎŜǎΣ ŀƴŘ 

tƘŀǎŜ LLL ŜƴȊȅƳŜǎ ǘƘŀǘ ǘǊŀƴǎǇƻǊǘ ǘƘŜ ŘŜǘƻȄƛŬŜŘ ǇǊƻŘǳŎǘǎ ƻǳǘ ƻŦ ǘƘŜ ŎŜƭƭǎ ŀƴŘ ƛƴǎŜŎǘ ōƻŘȅ όCƛƎǳǊŜ 

рύΦ ¢ƘŜ ƳŀƧƻǊ ƎǊƻǳǇǎ ƻŦ tƘŀǎŜ L ŜƴȊȅƳŜǎ ƛƴŎƭǳŘŜ /ȅǘƻŎƘǊƻƳŜ tπпрлπŘŜǇŜƴŘŜƴǘ ƳƻƴƻƻȄȅƎŜƴŀǎŜǎ 

όtпрлǎύΣ ǊŜŘǳŎǘŀǎŜǎΣ ŜǎǘŜǊŀǎŜǎΣ ŜǇƻȄƛŘŜ ƘȅŘǊƻƭŀǎŜǎΣ ǇŜǊƻȄƛŘŀǎŜǎΣ ŀƴŘ ŘŜƘȅŘǊƻƎŜƴŀǎŜǎΦ tƘŀǎŜ LL 

ŜƴȊȅƳŜ ǎȅǎǘŜƳǎ ƛƴǾƻƭǾŜ DƭǳǘŀǘƘƛƻƴŜπ{πǘǊŀƴǎŦŜǊŀǎŜǎ όD{¢ǎύΣ ¦5tπƎƭǳŎǳǊƻƴƻǎȅƭǘǊŀƴǎŦŜǊŀǎŜ ό¦D¢ǎύΣ 

ǎǳƭŦƻǘǊŀƴǎŦŜǊŀǎŜǎΣ bπŀŎŜǘȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ƻǊ ŀŎȅƭǘǊŀƴǎŦŜǊŀǎŜǎΦ tƘŀǎŜ LLL ŜƴȊȅƳŜǎ ƛƴŎƭǳŘŜ ƳǳƭǝŘǊǳƎ 

ǊŜǎƛǎǘŀƴŎŜ ǇǊƻǘŜƛƴǎΣ ǿƘƛŎƘ ŀǊŜ ƳŜƳōŜǊǎ ƻŦ !¢.πōƛƴŘƛƴƎ ŎŀǎǎŜǧŜ ǘǊŀƴǎǇƻǊǘŜǊǎ ό!./ ǘǊŀƴǎǇƻǊǘŜǊǎύ 

ǘƘŀǘ ŎŀǳǎŜ ǘƘŜ !¢tπŘŜǇŜƴŘŜƴǘ ǘǊŀƴǎǇƻǊǘ ƻŦ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ǇǊƻŘǳŎǘǎ ƻŦ ǇƘŀǎŜ L ŀƴŘ LL ǘƻ 
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ŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŜŘƛǳƳ ǎǳŎƘ ǘƘŀǘ ǘƘŜȅ Ŏŀƴ ōŜ ŜȄŎǊŜǘŜŘ ƻǳǘ ƻŦ ǘƘŜ ƛƴǎŜŎǘ ōƻŘȅ ǘƘǊƻǳƎƘ ōƻŘȅ ƅǳƛŘǎ 

ό!ƘƳŀŘΣ мфусΤ Wŀƪƻōȅ ŀƴŘ ½ƛŜƎƭŜǊΣ мффлΤ ±łǊŀŘƛ ŀƴŘ {ŀǊƪŀŘƛΣ нллоΤ ²ǳ Ŝǘ ŀƭΦΣ нлмфΤ Iƛƭƭƛƻǳ Ŝǘ ŀƭΦΣ 

нлнмΤ YǎƘŀǘǊƛȅŀ ŀƴŘ DŜǊǎƘŜƴȊƻƴΣ нлнпύΦ  wŜŎŜƴǘƭȅΣ ŬǾŜ ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅǎ ǘƘŀǘ ŎŀǊǊȅ ƻǳǘ 

ŘŜǘƻȄƛŬŎŀǝƻƴ ƛƴ ƛƴǎŜŎǘǎ ǿŜǊŜ ŘŜǎŎǊƛōŜŘΣ ǾƛȊΦ Dt/w ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅΣ a!tYǎπ/w9. ǇŀǘƘǿŀȅΣ 

!Ƙwκ!wb¢ ǇŀǘƘǿŀȅΣ Iwфс ǇŀǘƘǿŀȅΣ ŀƴŘ /ƴŎ/κYŜŀǇм ǇŀǘƘǿŀȅ ό!ƳŜȊƛŀƴ Ŝǘ ŀƭΦΣ нлнмύΦ ¢ƘŜǎŜ 

ǇŀǘƘǿŀȅǎ Ŏƻƴǘŀƛƴ ǘƘŜ ȄŜƴƻōƛƻǝŎ ǎŜƴǎƻǊǎΣ ǿƘƛŎƘ ŀŎǝǾŀǘŜ ǘƘŜ ŎŀǎŎŀŘƛƴƎ ƳŜŎƘŀƴƛǎƳ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ 

ŀŎǝǾŀǝƻƴ ƻŦ ǊŜǎǇŜŎǝǾŜ ǘǊŀƴǎŎǊƛǇǝƻƴ ŦŀŎǘƻǊǎ ŀƴŘΣ ǘƘŜǊŜŦƻǊŜΣ ǘƘŜ ǳǇǊŜƎǳƭŀǝƻƴ ƻŦ ǘƘŜ ŘŜǘƻȄƛŬŎŀǝƻƴ 

ƎŜƴŜǎΦ tǊŜǾƛƻǳǎ ǊŜǇƻǊǘǎ ƘŀǾŜ ƛŘŜƴǝŬŜŘ ƛƴǎŜŎǘ Ǝǳǘ ŀƴŘ Ŧŀǘ ōƻŘȅ ŀǎ ƛƳǇƻǊǘŀƴǘ ǎƛǘŜǎ ŦƻǊ ǘƘŜ 

ŘŜǘƻȄƛŬŎŀǝƻƴ ǊŜŀŎǝƻƴ ŀǎ Ƴƻǎǘ ƻŦ ǘƘŜ ƛƳǇƻǊǘŀƴǘ ƎŜƴŜǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ǘƻ ōŜ ƻǾŜǊπŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘŜǎŜ 

ǝǎǎǳŜǎ ŘǳǊƛƴƎ ǘƻȄƛƴ ǘǊŜŀǘƳŜƴǘǎ ό¢ƛǩƎŜǊ Ŝǘ ŀƭΦΣ нллрΤ CŜǊƴŀƴŘŀ [ƽǇŜȊ Ŝǘ ŀƭΦΣ нлммΤ /ŀƴƻπwŀƳƝǊŜȊ 

Ŝǘ ŀƭΦΣ нлмоΤ bƻǊƛŜƎŀ Ŝǘ ŀƭΦΣ нлнлΤ !ǎƘǊŀŦ Ŝǘ ŀƭΦΣ нлноύΦ 

оΦоΦоΦ 9ȄŀƳǇƭŜǎ ƻŦ Detoxification in Agricultural Pests 

3.3.3.1. Cytochrome P450 Mixed Function Oxidases 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

related members to defend against pests (Celorio-aŀƴŎŜǊŀ Ŝǘ ŀƭΦΣ нлммΤ /ŜƭƻǊƛƻπaŀƴŎŜǊŀ Ŝǘ ŀƭΦΣ 

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

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

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

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

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

/ŜƭƻǊƛƻπaŀƴŎŜǊŀ Ŝǘ ŀƭΦ (2012), which may be involved in detoxification. Functional validation of 

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

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

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

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

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

knockdown induced sensitivity in the larvae to the insecticide. 

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

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

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

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

ǎǇŜŎƛŦƛŎƛǘȅ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ŜƛƎƘǘ tпрл ŀƴŘ ŦƻǳǊ ¦D¢ ƎŜƴŜǎ ǿƘŜƴ ŜȄǇƻǎŜŘ ǘƻ ˂-cyhalothrin, 

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

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

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

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

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

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

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

which increased insect mortality after gene silencing. 

Transcriptomics analysis of a coleopteran agricultural weevil of camphor by Pagiophloeus 

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

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

into the body via fumigation. 

3.3.3.2. UDP-glycosyltransferases and Glutathione S-transferases 

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

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

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

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

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

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

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

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

UGT50 being the only family expressed universally in insects, ŀƴŘ ǘƘŜƛǊ occurrence varies from fat 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Apart from detoxification, certain UGTs are involved in developmental functions. For example, 
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ecdysteroid UDP glucosyltransferase (EGT) can hinder moulting by interrupting cocoon formation 

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

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

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

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

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

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

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

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

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

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

ό/ŜƭƻǊƛƻπaŀƴŎŜǊŀ Ŝǘ ŀƭΦΣ нлмнύ. Another study identified thirty differentially expressed UGTs and 

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

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

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

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

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

dorsalis responsible for malathion resistance. GSTS6 induced susceptibility towards insecticides 

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

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

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

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

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

2020). 
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3.3.3.3. ABC Transporters 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

thickness and structure as the cuticle became thinner and looser, as revealed by SEM and TEM.  
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оΦпΦ aƻƴƻǘŜǊǇŜƴŜ 5ŜǘƻȄƛŬŎŀǝƻƴ ƛƴ .ŀǊƪ .ŜŜǘƭŜǎ 

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

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

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

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

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

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

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

a pine beetle which is a close relative of ESBB (Cano-wŀƳƝǊŜȊ Ŝǘ ŀƭΦΣ нлмоΤ [ƽǇŜȊ Ŝǘ ŀƭΦΣ нлмоΤ [ƛǳ 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

midgut of D. valens όCŜǊƴŀƴŘŀ [ƽǇŜȊ Ŝǘ ŀƭΦΣ нлммύ. These studies suggest that the detoxification of 

host monoterpenes mainly occurs in the midgut, and P450s play a crucial role.  
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оΦрΦ /ǳǊǊŜƴǘ YƴƻǿƭŜŘƎŜ ƻŦ LǇǎ ǘȅǇƻƎǊŀǇƘǳǎ ŀǘ ǘƘŜ aƻƭŜŎǳƭŀǊ [ŜǾŜƭ 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

reports have tried to explain the role of ESBB-ŀǎǎƻŎƛŀǘŜŘ ƳƛŎǊƻōƛƻƳŜ ŀƴŘ Ƙƻǿ ƛǘ ŦŀŎƛƭƛǘŀǘŜǎ 9{..Ωǎ 

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

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

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

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

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

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

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

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

and could pave the way for gene silencing mediated management strategies in the future.  
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пΦ aŀǘŜǊƛŀƭ ŀƴŘ aŜǘƘƻŘǎ 

 

пΦмΦ {ŀƳǇƭŜ /ƻƭƭŜŎǝƻƴ 

пΦмΦмΦ LƴǎŜŎǘ /ƻƭƭŜŎǝƻƴ 

{ǘǳŘȅ L 

CƻǊ ǘƘŜ ǎǘǳŘȅ ƛƴ /ƘŀǇǘŜǊ рΦн LǇǎ ǘȅǇƻƎǊŀǇƘǳǎ όCлύ ǿŜǊŜ ǎƻǳǊŎŜŘ ŦǊƻƳ wƻǳŎƘƻǾŀƴȅ ƛƴ 

/ȊŜŎƘƛŀ όпфϲлпΩлуΦлέ b мсϲлсΩмрΦпέ 9ύΣ осл Ƴ ŀōƻǾŜ ǎŜŀ ƭŜǾŜƭΣ ŀ ǿŀǊƳ ŀƴŘ ŘǊƻǳƎƘǘπǇǊƻƴŜ ŀǊŜŀ 

ǿƛǘƘ ǊŜƎǳƭŀǊ ŦƻǊŜǎǘ ƳŀƴŀƎŜƳŜƴǘ ōȅ {ǘŀǘŜ CƻǊŜǎǘ 9ƴǘŜǊǇǊƛǎŜ ŘǳǊƛƴƎ ǘƘŜ ƛƴŦŜǎǘŀǝƻƴ ǎŜŀǎƻƴ ƛƴ aŀȅ 

нлмфΦ ¢ƘŜ ŀǾŜǊŀƎŜ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ŀǊƻǳƴŘ мрϲ/ ŘǳǊƛƴƎ ŎƻƭƭŜŎǝƻƴΦ 5ƛũŜǊŜƴǘ ƭƛŦŜ ǎǘŀƎŜǎ όƭŀǊǾŀƭ 

ǎǘŀƎŜǎ мΣ нΣ оΣ ǇǳǇŀŜΣ Ŏŀƭƭƻǿ ōŜŜǘƭŜǎΣ ŀƴŘ ŀŘǳƭǘ ōŜŜǘƭŜǎύ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ƛƴŦŜǎǘŜŘ ƭƻƎǎ ŀƴŘ 

ǎƴŀǇπŦǊƻȊŜƴ ƛƴ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴΦ /ŀƭƭƻǿ ŀƴŘ ŀŘǳƭǘ όǎŎƭŜǊƻǝǎŜŘύ ōŜŜǘƭŜǎ ǿŜǊŜ ŘƛǎǎŜŎǘŜŘ ǘƻ ƛǎƻƭŀǘŜ 

ŘŜǎƛǊŜŘ ǝǎǎǳŜǎ όƳƛŘƎǳǘΣ Ŧŀǘ ōƻŘȅΣ ŀƴŘ ƘŜŀŘύ ƛƴ ǎǘŜǊƛƭŜ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ǎǘƻǊŜŘ ƛƴ wb!ƭŀǘŜǊ¢a ό¢ƘŜǊƳƻ 

CƛǎƘŜǊ {ŎƛŜƴǝŬŎ ό²ŀƭǘƘŀƳΣ a!Σ ¦{!ύΦ 

{ǘǳŘȅ LL 

 CƻǊ ǘƘŜ ǎǘǳŘȅ ƛƴ /ƘŀǇǘŜǊ рΦоΣ ƴŜǿƭȅ ƛƴŦŜǎǘŜŘ bƻǊǿŀȅ ǎǇǊǳŎŜ ƭƻƎǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ 

ǊŜǎŜŀǊŎƘ Ǉƭƻǘǎ ƴŜŀǊ YƻǎǘŜƭŜŎ ƴŀŘ 2ŜǊƴȇƳƛ ƭŜǎȅ ƛƴ ǘƘŜ /ŜƴǘǊŀƭ .ƻƘŜƳƛŀƴ ǊŜƎƛƻƴ ƻŦ tǊŀƎǳŜΣ /ȊŜŎƘ 

wŜǇǳōƭƛŎΦ ¢ƘŜ ŀǊŜŀ ŜȄǇŜǊƛŜƴŎŜǎ ǿŀǊƳΣ ŘǊȅ ǎǳƳƳŜǊǎΣ ƛŘŜŀƭ ŦƻǊ ōŜŜǘƭŜ ŘŜǾŜƭƻǇƳŜƴǘΣ ǿƛǘƘ ŀ ƎǊƻǿƛƴƎ 

ǎŜŀǎƻƴ ƻŦ мрлπмсл ŘŀȅǎΣ ŀƴƴǳŀƭ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻŦ тπтΦрϲ/Σ ŀƴŘ слл ƳƳ ƻŦ ǊŀƛƴŦŀƭƭ ό¢ƻƭŀǎȊ Ŝǘ ŀƭΦΣ 

нллтΤ {ƛƴƎƘ Ŝǘ ŀƭΦΣ нлноύΦ !ƊŜǊ ŦŜƭƭƛƴƎΣ ǘƘŜ ƭƻƎǎ ǿŜǊŜ ǎǘƻǊŜŘ ŀǘ пϲ/ ŦƻǊ ǳǇ ǘƻ ǘǿƻ ǿŜŜƪǎ ŀǘ ǘƘŜ /ȊŜŎƘ 

¦ƴƛǾŜǊǎƛǘȅ ƻŦ [ƛŦŜ {ŎƛŜƴŎŜǎΦ LΦ ǘȅǇƻƎǊŀǇƘǳǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘΣ ǊŜŀǊŜŘ ƻƴ ŦǊŜǎƘ ǎǇǊǳŎŜ ƭƻƎǎΣ ŀƴŘ ƪŜǇǘ ƛƴ 

ŎƻƴǘǊƻƭƭŜŘ ƭŀō ŎƻƴŘƛǝƻƴǎ όнрϲ/Σ ср҈ ƘǳƳƛŘƛǘȅύ ό{ŜƭƭŀƳǳǘƘǳ Ŝǘ ŀƭΦΣ нлннΤ bŀǎŜŜǊ Ŝǘ ŀƭΦΣ нлноύΦ Cм 

ōŜŜǘƭŜǎ ǿŜǊŜ ǎŜȄŜŘΣ ǿŜƛƎƘŜŘΣ ŀƴŘ ǳǎŜŘ ƛƳƳŜŘƛŀǘŜƭȅΣ ŜȄŎƭǳŘƛƴƎ ŎƻƳǇǊƻƳƛǎŜŘ ƛƴŘƛǾƛŘǳŀƭǎΦ 
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{ǘǳŘȅ LLL 

LǇǎ ǎŜȄŘŜƴǘŀǘǳǎΣ L{Ȅ όCлύ ǳǎŜŘ ƛƴ ǘƘŜ ǎǘǳŘȅ ƻŦ /ƘŀǇǘŜǊ рΦп ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ŦǊŜǎƘ ǇƛƴŜ 

ƭƻƎǎ ǎƻǳǊŎŜŘ ŦǊƻƳ YƻǎǘŜƭŜŎ ƴŀŘ 2ŜǊƴȇƳƛ ƭŜǎȅ ŀƴŘ ǿŜǊŜ ǊŜŀǊŜŘ ƻƴ ŦǊŜǎƘ ǇƛƴŜ ŀƴŘ ǎǇǊǳŎŜ ƭƻƎǎ ǘƻ 

ǇǊƻŘǳŎŜ Cм ǳƴŘŜǊ ƭŀō ŎƻƴŘƛǝƻƴǎΥ ǘŜƳǇŜǊŀǘǳǊŜ нт ҕ мϲ/ ǳƴŘŜǊ тл ҕ р҈ ƘǳƳƛŘƛǘȅ ŀƴŘ ŀ мсΥу Ƙ 

ƭƛƎƘǘκŘŀǊƪ ό[Υ5ύ ǇƘƻǘƻǇŜǊƛƻŘ ό{ŜƭƭŀƳǳǘƘǳ Ŝǘ ŀƭΦΣ нлнмύΦ 

пΦмΦнΦ tƭŀƴǘ aŀǘŜǊƛŀƭ /ƻƭƭŜŎǝƻƴ 

¦ƴƛƴŦŜǎǘŜŘ ŀƴŘ ƴƻƴπǇŜǎǝŎƛŘŜ ǘǊŜŀǘŜŘ ƭƻƎǎ ƻŦ tƛƴǳǎ ǎȅƭǾŜǎǘǊƛǎ [Φ ό{Ŏƻǘǎ ǇƛƴŜύ ŀƴŘ tƛŎŜŀ ŀōƛŜǎ 

[Φ όbƻǊǿŀȅ ǎǇǊǳŎŜύ ǘǊŜŜǎ όулπмлл ȅŜŀǊǎ ƛƴ ŀƎŜΣ ŘƛŀƳŜǘŜǊ олςпр ŎƳΣ ƭŜƴƎǘƘ оуςпн ŎƳύ ǿŜǊŜ ǎƻǳǊŎŜŘ 

ŦǊƻƳ YƻǎǘŜƭŜŎ ƴŀŘ 2ŜǊƴȇƳƛ ƭŜǎȅ ŀƴŘ wƻǳŎƘƻǾŀƴȅ ŦƻǊ ƘƻǎǘπǎǿƛǘŎƘ ŀƴŘ ƳŜǘŀōƻƭƻƳƛŎ ǎǘǳŘƛŜǎ ƛƴ 

/ƘŀǇǘŜǊ рΦпΦ 

пΦнΦ .ƛƻŀǎǎŀȅ 

пΦнΦмΦ CǳƳƛƎŀǝƻƴ ό{ǘǳŘȅ LLύ 

CƻǊ ǘƘŜ ǎǘǳŘȅ ƛƴ /ƘŀǇǘŜǊ рΦоΣ ŬǾŜ ƳƻƴƻǘŜǊǇŜƴŜǎ ό¢ŀōƭŜ мύΥ hπǇƛƴŜƴŜΣ όwύπόҌύπƭƛƳƻƴŜƴŜΣ ό{ύπόπύπ

ƭƛƳƻƴŜƴŜΣ ƳȅǊŎŜƴŜΣ ŀƴŘ ǎŀōƛŜƴŜ ǿŜǊŜ ǘŜǎǘŜŘ ǳǎƛƴƎ ŦǳƳƛƎŀǝƻƴ όŘŜǘŀƛƭǎ ƛƴ /ƘŀǇǘŜǊ рΦоύ ǳǎƛƴƎ ǘƘŜ 

ǇǊƻǘƻŎƻƭ ƻŦ /Ƙƛǳ Ŝǘ ŀƭΦ όнлмтύ ǿƛǘƘ ǎƭƛƎƘǘ ƳƻŘƛŬŎŀǝƻƴ ŀǎ ŘŜǘŀƛƭŜŘ ƛƴ bŀǎŜŜǊ Ŝǘ ŀƭΦ όнлнпύΦ 

aƻƴƻǘŜǊǇŜƴŜǎ ǿŜǊŜ ǘŜǎǘŜŘ ŀǘ ŬǾŜ ŘƻǎŜǎ όǾƻƭǳƳŜ ƳƻƴƻǘŜǊǇŜƴŜ ŀǇǇƭƛŜŘκǾƻƭǳƳŜ ŀƛǊǎǇŀŎŜ ƻŦ ǘƘŜ 

ŀǎǎŀȅ Ǿƛŀƭύ ƻŦ рл [˃κ[Σ млл [˃κ[Σ нлл [˃κ[Σ плл [˃κ[Σ ŀƴŘ улл [˃κ[ ǿƘƛŎƘ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ŀǘ м [˃Σ 

н [˃Σ п [˃Σ у [˃Σ ŀƴŘ мс [˃ ǇŜǊ нл Ƴ[ ƻŦ Ǿƛŀƭ ǳǎŜŘ ŦƻǊ ǘƘŜ ǎǘǳŘȅΦ ! ǇƛŜŎŜ ƻŦ ²ƘŀǘƳŀƴ ŬƭǘŜǊ ǇŀǇŜǊ 

όмΦр ŎƳ Ҏ мΦр ŎƳύ ǿŀǎ ǇƭŀŎŜŘ ƛƴ ǘƘŜ ǾƛŀƭΣ ŀ ŘŜŬƴƛǘŜ ŘƻǎŜ ƻŦ ŀ ǎƛƴƎƭŜ ƳƻƴƻǘŜǊǇŜƴŜ ǿŀǎ ŀǇǇƭƛŜŘΣ ŀ 

Ƴƻƛǎǘ ŬƭǘŜǊ ǇŀǇŜǊ ŦƻǊ ƳŀƛƴǘŀƛƴƛƴƎ ƘǳƳƛŘƛǘȅ ǿŀǎ ǇƭŀŎŜŘΣ ŀ ōŜŜǘƭŜ ǿŀǎ ƛƴǎŜǊǘŜŘΣ ŀƴŘ ǘƘŜ Ǿƛŀƭ ǿŀǎ 

ǎŜŀƭŜŘΦ CƻǊ ŎƻƴǘǊƻƭΣ ƴƻ ƳƻƴƻǘŜǊǇŜƴŜ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ²ƘŀǘƳŀƴ ŬƭǘŜǊ ǇŀǇŜǊΦ ¢ƘŜ ǎŜǘπǳǇ ǿŀǎ 

ǇƭŀŎŜŘ ƛƴǎƛŘŜ ǘƘŜ ŎƭƛƳŀǘŜ ŎƘŀƳōŜǊ όaŜƳƳŜǊǘ Ittннлл9/hΣ Σ {ŎƘǿŀōŀŎƘ DŜǊƳŀƴȅύ ŀǘ нрϲ/ 

ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ нл Ƙκп Ƙ ƭƛƎƘǘκŘŀǊƪ ǇƘƻǘƻǇŜǊƛƻŘ όCŀŎŎƻƭƛ ŀƴŘ {ŎƘƭȅǘŜǊΣ нллтύ ŀƴŘ ǿŀǎ ƻōǎŜǊǾŜŘ 

ŦƻǊ тн ƘΣ ŀƴŘ ƳƻǊǘŀƭƛǘȅ ǿŀǎ ǊŜŎƻǊŘŜŘ ŀǘ мн Ƙ ƛƴǘŜǊǾŀƭΦ сл ƛƴǎŜŎǘǎ όол ᶏ ŀƴŘ ол ᶑύ ǿŜǊŜ ǘŜǎǘŜŘ ŦƻǊ 



 

 

оф 

 

ŜŀŎƘ ŘƻǎŜ ƻŦ ƳƻƴƻǘŜǊǇŜƴŜ ŀƴŘ ŎƻƴǘǊƻƭ ŦƻǊ ōƛƻŀǎǎŀȅΦ ! ǘƻǘŀƭ ƻŦ осл ƛƴǎŜŎǘǎ όмул ᶏ ŀƴŘ мул ᶑύ ǿŜǊŜ 

ǳǎŜŘ ŦƻǊ ŜŀŎƘ ƳƻƴƻǘŜǊǇŜƴŜΦ 5ƻǎŜπǊŜǎǇƻƴǎŜ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ŀƊŜǊ пу Ƙ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ 

[/тл ǳǎƛƴƎ пу Ƙ ƳƻǊǘŀƭƛǘȅ ŘŀǘŀΦ !Řǳƭǘ ŜƳŜǊƎƛƴƎ Cл ŀƴŘ Cм 9{.. ǿŜǊŜ ŀƎŀƛƴ ǘǊŜŀǘŜŘ ǿƛǘƘ ǘƘŜ 

ǊŜǎǳƭǝƴƎ [/тл ŘƻǎŜ ŦƻǊ ŦƻǳǊ ŎƘŜƳƛŎŀƭǎ όπhǇƛƴŜƴŜΣ όwύπόҌύπƭƛƳƻƴŜƴŜΣ ƳȅǊŎŜƴŜΣ ŀƴŘ ǎŀōƛŜƴŜύΦ ¢ƘŜ 

ǿƘƻƭŜ ōƻŘȅ ƻŦ ǘƘŜ ƭƛǾŜ ōŜŜǘƭŜǎ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŀƊŜǊ пу Ƙ ŀƴŘ ǎƴŀǇπŦǊƻȊŜƴ ƛƴ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ŦƻǊ wb! 

ƛǎƻƭŀǝƻƴΦ Cл ōŜŜǘƭŜǎ ǿŜǊŜ ŀƭǎƻ ǘǊŜŀǘŜŘ ǿƛǘƘ ŀ ŘƻǳōƭŜ ŘƻǎŜ ƻŦ ǘƘŜ [/тл ƻŦ wπƭƛƳƻƴŜƴŜ ŀƴŘ ǎŀōƛŜƴŜ 

ǘƻ ŀǎǎŜǎǎ ǘƘŜ ŜũŜŎǘ ƻŦ ƎŜƴŜǊŀǝƻƴŀƭ ǾƛƎƻǳǊ ƻŦ 9{..Φ ¢ƘŜ ǿƘƻƭŜ ōƻŘȅ ǿŀǎ ŎǊǳǎƘŜŘ ƛƴ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ 

ǳǎƛƴƎ ŀ ǇǊŜπŎƘƛƭƭŜŘ ƳƻǊǘŀǊ ǇŜǎǘƭŜ ǘƻ ƳŀƪŜ ǇƻǿŘŜǊΣ ǿƘƛŎƘ ǿŀǎ ǳǎŜŘ ŦƻǊ wb! ŀƴŘ ǇǊƻǘŜƛƴ ƛǎƻƭŀǝƻƴΦ 

5Ŝǘŀƛƭǎ ƻŦ ǎŀƳǇƭŜ ǇƻƻƭƛƴƎ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎ ǳǎŜŘ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ /ƘŀǇǘŜǊ рΦоΦ 

¢ŀōƭŜ мΥ [ƛǎǘ ƻŦ ŎƘŜƳƛŎŀƭǎ ǳǎŜŘ ƛƴ ǘƘŜ ōƛƻŀǎǎŀȅΦ 

Sr. No. Name Purity Manufacturer CAS 

1 -hPinene 97% Thermo Scientific Chemicals 80-56-8 

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

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

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

5 Myrcene җ флΦл ҈ Sigma-Aldrich 123-35-3 

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

 

пΦнΦнΦ hũǎǇǊƛƴƎ tŜǊŦƻǊƳŀƴŎŜ ŀƴŘ CŜŎǳƴŘƛǘȅ ό{ǘǳŘȅ LLLύ 

Lƴ /ƘŀǇǘŜǊ рΦпΣ ǘƻ ŀǎǎŜǎǎ ōŜŜǘƭŜ ǇŜǊŦƻǊƳŀƴŎŜΣ ǿŜ ŎƻƳǇŀǊŜŘ ǘƘŜ ŜƭȅǘǊŀ ƭŜƴƎǘƘΣ ǿŜƛƎƘǘΣ ŀƴŘ 

ŦŜŎǳƴŘƛǘȅ ƻŦ L{Ȅ ōŜŜǘƭŜǎ ŀƊŜǊ ōŜƛƴƎ ǘǊŀƴǎŦŜǊǊŜŘ ōŜǘǿŜŜƴ ǎǇŜŎƛŜǎ όǇƛƴŜ ǘƻ ǎǇǊǳŎŜΣ CмπǎǇǊǳŎŜύ ŀƴŘ 

ǿƛǘƘƛƴ ǘƘŜ ǎŀƳŜ ǎǇŜŎƛŜǎ όǇƛƴŜ ǘƻ ǇƛƴŜΣ CмπǇƛƴŜύΦ !Řǳƭǘ L{Ȅ όCлύΣ Ŝǉǳŀƭƭȅ ŘƛǾƛŘŜŘ ōŜǘǿŜŜƴ ƳŀƭŜǎ ŀƴŘ 

ŦŜƳŀƭŜǎ ǊŜŀǊŜŘ ƻƴ tƛƴǳǎ ǎȅƭǾŜǎǘǊƛǎ όǇƛƴŜύΣ ǿŜǊŜ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ōƻǘƘ tƛƴǳǎ ǎȅƭǾŜǎǘǊƛǎ ŀƴŘ tƛŎŜŀ ŀōƛŜǎ 



 

 

пл 

 

όǎǇǊǳŎŜύ ƭƻƎǎ ŦƻǊ ǘƘŜ ƴŜȄǘ ƎŜƴŜǊŀǝƻƴ όCмύ ƛƴ ŀ ŎƭƛƳŀǘŜπŎƻƴǘǊƻƭƭŜŘ ŎƘŀƳōŜǊ ό{ŜƭƭŀƳǳǘƘǳ Ŝǘ ŀƭΦΣ 

нлнмύΦ ¢Ŝƴ ǇŀƛǊǎ ŦǊƻƳ ǘƘŜ Cл ƎŜƴŜǊŀǝƻƴ ǿŜǊŜ ǇƭŀŎŜŘ ƻƴ ŜŀŎƘ ǘȅǇŜ ƻŦ ƭƻƎΣ ŀƴŘ ŦŜŎǳƴŘƛǘȅ ǿŀǎ 

ƳŜŀǎǳǊŜŘ ōȅ ŎƻǳƴǝƴƎ ƭŀǊǾŀƭ ƎŀƭƭŜǊƛŜǎ ƻǊ ƘŀǘŎƘŜŘ ƭŀǊǾŀŜ ǇŜǊ ǎǉǳŀǊŜ ŎŜƴǝƳŜǘǊŜ ƻŦ ǇƘƭƻŜƳΦ Cм 

ŀŘǳƭǘǎΩ ōƻŘȅ ǿŜƛƎƘǘ ŀƴŘ ŜƭȅǘǊŀ ƭŜƴƎǘƘ όƴ Ґ слύ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜƛǊ ǇŜǊŦƻǊƳŀƴŎŜΦ 

пΦоΦ ¢ƻǘŀƭ wb! LǎƻƭŀǝƻƴΣ Ŏ5b! {ȅƴǘƘŜǎƛǎΣ ŀƴŘ w¢πǉt/w !ƴŀƭȅǎƛǎ 

пΦоΦмΦ {ŀƳǇƭŜǎ ¦ǎŜŘ ŦƻǊ wb! Lǎƻƭŀǝƻƴ 

{ǘǳŘȅ L 

 CƻǊ ǘƘŜ ǎǘǳŘȅ ƛƴ /ƘŀǇǘŜǊ рΦнΣ ǘƘŜ ǿƘƻƭŜ ōƻŘȅΣ ŀƴŘ ǝǎǎǳŜǎ ƻŦ 9{.. ǿŜǊŜ ǳǎŜŘ ŀǎΥ ŜƛƎƘǘ [м 

ƭŀǊǾŀŜΣ ŜƛƎƘǘ [н ƭŀǊǾŀŜΣ ŬǾŜ [о ƭŀǊǾŀŜΣ ŬǾŜ ǇǳǇŀŜΣ ŀƴŘ ǘǿƻ ŀŘǳƭǘǎ ǿŜǊŜ ǇƻƻƭŜŘΤ ǘŜƴ ƎǳǘǎΣ ǘŜƴ Ŧŀǘ 

ōƻŘƛŜǎΣ ŀƴŘ ŬǾŜ ƘŜŀŘǎ ǿŜǊŜ ŘƛǎǎŜŎǘŜŘ ŀƴŘ ǇƻƻƭŜŘ ŀǎ ƻƴŜ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜ ŦƻǊ wb! ŀƴŘ ǇǊƻǘŜƛƴ 

ƛǎƻƭŀǝƻƴ όbŀǎŜŜǊ Ŝǘ ŀƭΦΣ нлноύΦ 

{ǘǳŘȅ LL 

 CƻǊ ǘƘŜ wb!πǎŜǉǳŜƴŎƛƴƎ ƛƴ /ƘŀǇǘŜǊ рΦоΣ ǘƘǊŜŜ ŜƳŜǊƎƛƴƎ Cм 9{.. ǿŜǊŜ ǇƻƻƭŜŘ ŦƻǊ wπ

ƭƛƳƻƴŜƴŜ ŀƴŘ ǎŀōƛŜƴŜ ǘǊŜŀǘƳŜƴǘΦ CƻǊ w¢πǉt/w ŀƴŘ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ŦƻǳǊ ŎƘŜƳƛŎŀƭǎ 

όhπǇƛƴŜƴŜΣ wπƭƛƳƻƴŜƴŜΣ ǎŀōƛŜƴŜΣ ŀƴŘ ƳȅǊŎŜƴŜύΣ ŦƻǳǊ 9{.. ǿƘƻƭŜ ōƻŘȅ ŦƻǊ Cм ŀƴŘ Cл ǿŜǊŜ ǇƻƻƭŜŘ 

ŦƻǊ ǘǊŜŀǘƳŜƴǘ ŀǘ [/тлΣ ŀƴŘ ǘǿƻ ōŜŜǘƭŜ ǿƘƻƭŜ ōƻŘȅ ƻŦ Cл ǿŜǊŜ ǇƻƻƭŜŘ ŦƻǊ ǘǊŜŀǘƳŜƴǘ ŀǘ ŘƻǳōƭŜ [/тл 

ŀǎ ƻƴŜ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜ όbŀǎŜŜǊ Ŝǘ ŀƭΦΣ нлнпύΦ 

{ǘǳŘȅ LLL 

 CƻǊ ǘƘŜ ǎǘǳŘȅ ƛƴ /ƘŀǇǘŜǊ рΦпΣ ǘŜƴ Ǝǳǘ ǝǎǎǳŜǎ ƻŦ L{Ȅ CлπtƛƴŜΣ CмπǇƛƴŜΣ ŀƴŘ CмπǎǇǊǳŎŜ ǿŜǊŜ 

ǇƻƻƭŜŘ ŀǎ ƻƴŜ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜ ŀƊŜǊ ŦŜŜŘƛƴƎ ƻƴ tΦ ǎȅƭǾŜǎǘǊƛǎ ŀƴŘ tΦ ŀōƛŜǎΣ ǊŜǎǇŜŎǝǾŜƭȅΣ ǘƻ ōŜ ǳǎŜŘ 

ŀǎ ǘƘŜ ǎƻǳǊŎŜ ƻŦ wb! ŀƴŘ ǇǊƻǘŜƛƴ ό{ŜƭƭŀƳǳǘƘǳ Ŝǘ ŀƭΦΣ нлнпύΦ 



 

 

пм 

 

пΦоΦнΦ tǊƻǘƻŎƻƭǎ ¦ǎŜŘ 

wb! ǿŀǎ ƛǎƻƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ wb! ŜȄǘǊŀŎǝƻƴ ƪƛǘ tǳǊŜ[ƛƴƪϰ wb! Yƛǘ ŦǊƻƳ !Ƴōƛƻƴ όLƴǾƛǘǊƻƎŜƴΣ 

/ŀǊƭǎōŀŘΣ /!Σ ¦{!ύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ LǎƻƭŀǘŜŘ wb! ǿŀǎ ƛƳƳŜŘƛŀǘŜƭȅ ǘǊŜŀǘŜŘ 

ǿƛǘƘ 5bŀǎŜ L ό¢¦w.h 5bŀǎŜ YƛǘΣ !ƳōƛƻƴΣ !ǳǎǝƴΣ ¢·Σ ¦{!ύΦ LƴǘŜƎǊƛǘȅ ŀƴŘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ wb! 

ǿŜǊŜ ŎƘŜŎƪŜŘ ƻƴ ŀ мΦн҈ ŀƎŀǊƻǎŜ ƎŜƭ ŀƴŘ ǳǎƛƴƎ ŀ bŀƴƻ5ǊƻǇнллл ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ ό¢ƘŜǊƳƻ 

{ŎƛŜƴǝŬŎΣ a!Σ ¦{!ύ ƛƴ /ƘŀǇǘŜǊǎ рΦн ŀƴŘ рΦоΦ CƻǊ /ƘŀǇǘŜǊ рΦпΣ ǘƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ wb! ǿŀǎ 

ƳŜŀǎǳǊŜŘ ǿƛǘƘ ŀ vǳōƛǘ нΦл CƭǳƻǊƻƳŜǘŜǊ ό[ƛŦŜ ¢ŜŎƘƴƻƭƻƎƛŜǎύ ŀƴŘ ƛƴǘŜƎǊƛǘȅ ǿƛǘƘ нмлл .ƛƻŀƴŀƭȅȊŜǊ 

ό!ƎƛƭŜƴǘΣ /!Σ ¦{!ύΦ Ŏ5b! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǿƛǘƘ ƻƴŜ ҡƎ ƻŦ wb! ǳǎƛƴƎ ŀ IƛƎƘπ/ŀǇŀŎƛǘȅ Ŏ5b! wŜǾŜǊǎŜ 

¢ǊŀƴǎŎǊƛǇǝƻƴ ƪƛǘ ό!ǇǇƭƛŜŘ .ƛƻǎȅǎǘŜƳǎ [ƛŦŜ ¢ŜŎƘƴƻƭƻƎƛŜǎΣ ²ŀƭǘƘŀƳΣ a!Σ ¦{!ύΦ Ŏ5b! ǿŀǎ ŘƛƭǳǘŜŘ 

млπŦƻƭŘ όŦƻǊ ǎǘǳŘȅ LLΣ /ƘŀǇǘŜǊ рΦнύ ŀƴŘ рπŦƻƭŘ όǎǘǳŘȅ LLL ŀƴŘ L±Σ /ƘŀǇǘŜǊǎ рΦо ŀƴŘ рΦпύΦ Ŏ5b!ǎ ǿŜǊŜ 

ǎǘƻǊŜŘ ŀǘ πнлϲ/ ǳƴǝƭ ǳǎŜΦ 

¢ƘŜ w¢πǉt/w ǇǊƛƳŜǊǎ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ǳǎƛƴƎ ǘƘŜ L5¢ tǊƛƳŜǊvǳŜǎǘ ǎƻƊǿŀǊŜ όL5¢Σ [ŜǳǾŜƴΣ 

.ŜƭƎƛǳƳύΦ ¢ƘŜ мл ҡ[ w¢πǉt/w ǊŜŀŎǝƻƴǎ ŎƻƴǘŀƛƴŜŘ рΦл ҡ[ ƻŦ {¸.w DǊŜŜƴ t/w aŀǎǘŜǊ aƛȄ ό!ǇǇƭƛŜŘ 

.ƛƻǎȅǎǘŜƳǎ [ƛŦŜ ¢ŜŎƘƴƻƭƻƎƛŜǎΣ ²ŀƭǘƘŀƳΣ a!Σ ¦{!ύΣ мΦл ҡ[ ƻŦ Ŏ5b!Σ мΦл ҡ[ ƻŦ мл ҡa ŦƻǊǿŀǊŘ ŀƴŘ 

ǊŜǾŜǊǎŜ ǇǊƛƳŜǊǎΣ ŀƴŘ оΦл ҡ[ wbŀǎŜπŦǊŜŜ ǿŀǘŜǊ όLƴǾƛǘǊƻƎŜƴΣ ²ŀƭǘƘŀƳΣ a!Σ ¦{!ύΦ ¢ƘŜ ǊŜŀŎǝƻƴǎ ǿŜǊŜ 

ǇŜǊŦƻǊƳŜŘ ƛƴ ŀƴ !ǇǇƭƛŜŘ .ƛƻǎȅǎǘŜƳǎ¢a {ǘŜǇhƴŜ¢a wŜŀƭπ¢ƛƳŜ t/w {ȅǎǘŜƳ ό!ǇǇƭƛŜŘ .ƛƻǎȅǎǘŜƳǎ [ƛŦŜ 

¢ŜŎƘƴƻƭƻƎƛŜǎΣ ²ŀƭǘƘŀƳΣ a!Σ ¦{!ύ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎƻƴŘƛǝƻƴǎΥ ƛƴƛǝŀƭ ŘŜƴŀǘǳǊŀǝƻƴ ŀǘ фрϲ/ ŦƻǊ 

мл ƳƛƴΣ ŦƻƭƭƻǿŜŘ ōȅ пл ŎȅŎƭŜǎ ƻŦ фрϲ/ ŦƻǊ мр ǎΣ слϲ/ ŦƻǊ м ƳƛƴΣ ŀƴŘ ŘƛǎǎƻŎƛŀǝƻƴ ŎǳǊǾŜ ŀƴŀƭȅǎƛǎ 

ŘǳǊƛƴƎ ǿƘƛŎƘ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ƛƴŎǊŜŀǎŜŘ ŦǊƻƳ сл ǘƻ фрϲ/Φ ¢ƘŜ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ƻŦ ǘƘŜ ǘŀǊƎŜǘ 

ƎŜƴŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ нҍҟҟ/ǘ ƳŜǘƘƻŘ ό[ƛǾŀƪ ŀƴŘ {ŎƘƳƛǧƎŜƴΣ нллмύΦ wƛōƻǎƻƳŀƭ ǇǊƻǘŜƛƴǎ 

[т ŀƴŘ {т όwt[т ŀƴŘ wt{тύ ǿŜǊŜ ǳǎŜŘ ŀǎ ǊŜŦŜǊŜƴŎŜ ƎŜƴŜǎ ŦƻǊ ŜȄǇǊŜǎǎƛƻƴ ƴƻǊƳŀƭƛȊŀǝƻƴΦ 

пΦпΦ ¢ǊŀƴǎŎǊƛǇǘƻƳŜ {ŜǉǳŜƴŎƛƴƎΣ [ƛōǊŀǊȅ tǊŜǇŀǊŀǝƻƴΣ ŀƴŘ !ƴŀƭȅǎƛǎ 

{ǘǳŘȅ L ϧ LL 

 ¢ǊŀƴǎŎǊƛǇǘƻƳŜ ƭƛōǊŀǊƛŜǎ ƻŦ ŘƛũŜǊŜƴǘ ƭƛŦŜ ǎǘŀƎŜǎ ŀƴŘ ǝǎǎǳŜǎ ǇǊŜǇŀǊŜŘ ƛƴ ǘƘŜ ǎǘǳŘȅ ŦƻƭƭƻǿƛƴƎ   

tƻǿŜƭƭ Ŝǘ ŀƭΦ όнлнмύ ǿŜǊŜ ǳǎŜŘ ƛƴ /ƘŀǇǘŜǊ рΦнΦ ¢ƘŜ wb! ǎŜǉǳŜƴŎƛƴƎ Řŀǘŀ ǿŜǊŜ ǎǳōƳƛǧŜŘ ǘƻ b/.L 



 

 

пн 

 

όtwWb!стфпрлύ ŀƴŘ ǊŜǳǎŜŘ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǎǘǳŘȅΦ ¢ƘŜ Ǌŀǿ ǊŜŀŘǎ ǿŜǊŜ ƳŀǇǇŜŘ 

ōŀŎƪ ǘƻ ǘƘŜ LΦ ǘȅǇƻƎǊŀǇƘǳǎ ǊŜŦŜǊŜƴŎŜ ƎŜƴƻƳŜ όtƻǿŜƭƭ Ŝǘ ŀƭΦΣ нлнмύΦ ¢ƘŜ ŘƛũŜǊŜƴǝŀƭ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ 

ǎǘǳŘƛŜǎ ƛƴ /ƘŀǇǘŜǊǎ рΦн ŀƴŘ рΦоΣ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ /[/ ǿƻǊƪōŜƴŎƘ ό/[/ ǾŜǊǎƛƻƴ нмΦлΦрΣ 

vƛŀƎŜƴΣ 5ŜƴƳŀǊƪύ ŀǎ ŘŜǘŀƛƭŜŘ ƛƴ ǎŜŎǝƻƴ рΦн ŀƴŘ рΦоΦ ¢ƘŜ Řŀǘŀ ŦƻǊ /ƘŀǇǘŜǊ рΦо ǿŀǎ ǎǳōƳƛǧŜŘ ǘƻ 

b/.L ǳƴŘŜǊ .ƛƻǇǊƻƧŜŎǘ twWb!ммпффтн όbŀǎŜŜǊ Ŝǘ ŀƭΦΣ нлнпύΦ 

{ǘǳŘȅ LLL 

 CƻǊ ǘƘŜ ǎǘǳŘȅ ƛƴ /ƘŀǇǘŜǊ рΦпΣ wb!πǎŜǉ Řŀǘŀ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ hƳƛŎǎ.ƻȄ 

ǘǊŀƴǎŎǊƛǇǘƻƳƛŎǎ ƳƻŘǳƭŜ όǾŜǊǎƛƻƴ мΦпΦммύΣ ŀƴŘ ŘŜ ƴƻǾƻ ŀǎǎŜƳōƭȅ ƻŦ ǘƘŜ ŎƭŜŀƴŜŘ ǊŜŀŘǎ ǿŜǊŜ 

ǇŜǊŦƻǊƳŜŘ ŀǎ ŜȄǇƭŀƛƴŜŘ ƛƴ ŘŜǘŀƛƭ ƛƴ /ƘŀǇǘŜǊ рΦпΦ ¢ƘŜ Řŀǘŀ ǿŀǎ ǎǳōƳƛǧŜŘ ǘƻ b/.L ǳƴŘŜǊ .ƛƻǇǊƻƧŜŎǘ 

twWb!упссфл ό{ŜƭƭŀƳǳǘƘǳ Ŝǘ ŀƭΦΣ нлнпύΦ 

пΦрΦ 9ƴȊȅƳŜ !ǎǎŀȅ 

9ƴȊȅƳŜ ŀŎǝǾƛǘȅ ŀǎǎŀȅǎ ǿŜǊŜ ŦƻǊƳŜŘ ŦƻǊ ǘƘǊŜŜ ŜƴȊȅƳŜǎ ǾƛȊΦ b!5tIς/ȅǘƻŎƘǊƻƳŜ tпрл 

wŜŘǳŎǘŀǎŜ ό/twύΣ ƎƭǳǘŀǘƘƛƻƴŜ {πǘǊŀƴǎŦŜǊŀǎŜ όD{¢ύΣ ŀƴŘ ŜǎǘŜǊŀǎŜǎ ό9{¢ύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ŘŜǘŀƛƭŜŘ 

ǇǊƻǘƻŎƻƭ ƻŦ {ŜƭƭŀƳǳǘƘǳ Ŝǘ ŀƭΦ όнлнпύ ό/ƘŀǇǘŜǊ рΦпΣ ǎǳǇǇƭŜƳŜƴǘ ǇǊƻǘƻŎƻƭ ŬƭŜύΦ {ŀƳǇƭŜǎ όǿƘƻƭŜ ōƻŘȅ 

ŀƴŘκƻǊ ǝǎǎǳŜǎύ ǿŜǊŜ ƘƻƳƻƎŜƴƛȊŜŘ ƛƴ млл ҡ[ ƻŦ ǎƻŘƛǳƳ ǇƘƻǎǇƘŀǘŜ ōǳũŜǊ όрл ƳaΣ ǇI тΦлύΦ ¢ƘŜ 

ƳƛŎǊƻǇƭŀǘŜ ǊŜŀŘŜǊ ό!ƎƛƭŜƴǘ .ƛƻ¢Ŝƪ /ȅǘŀǝƻƴ рΣ /!Σ ¦{!ύ ǳǎŜŘ ŘŜŬƴƛǘŜ ǿŀǾŜƭŜƴƎǘƘ ŀƴŘ ǝƳŜ ƛƴǘŜǊǾŀƭ 

ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ŜƴȊȅƳŜ ŀŎǝǾƛǝŜǎ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ /ƘŀǇǘŜǊǎ рΦн ŀƴŘ рΦпΦ 

пΦрΦ Dŀǎ /ƘǊƻƳŀǘƻƎǊŀǇƘȅπƳŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ όD/πa{ύ !ƴŀƭȅǎƛǎ ŦƻǊ IƻǎǘǇƭŀƴǘ 

 CƻǊ ǘƘŜ ǎǘǳŘȅ ƛƴ /ƘŀǇǘŜǊ рΦпΣ ǇƘƭƻŜƳ ǎŀƳǇƭŜǎ ŦǊƻƳ ǇƛƴŜ ŀƴŘ ǎǇǊǳŎŜ ƭƻƎǎ ǿŜǊŜ ŦǊŜŜȊŜπŘǊƛŜŘΣ 

ƘƻƳƻƎŜƴƛǎŜŘ ƛƴǘƻ ǇƻǿŘŜǊΣ ŀƴŘ нлл ƳƎ ǿŀǎ ŜȄǘǊŀŎǘŜŘ ƛƴ ƘŜȄŀƴŜ ǳǎƛƴƎ ǎƻƴƛŎŀǝƻƴ ŦƻǊ мл ƳƛƴǳǘŜǎΦ 

¢ƘŜ ŎƻƳǇƻǳƴŘǎ ǿŜǊŜ ǎŜǇŀǊŀǘŜŘ ŀƴŘ ƛŘŜƴǝŬŜŘ ǳǎƛƴƎ D/πa{ ό!ƎƛƭŜƴǘ туфл.Σ /!Σ ¦{!ύ ǿƛǘƘ ŀ 

tŜƎŀǎǳǎ п5 Ƴŀǎǎ ŀƴŀƭȅǎŜǊ ό[9/hΣ aLΣ ¦{!ύΣ ŦƻƭƭƻǿƛƴƎ ƳƻŘƛŬŜŘ ƳŜǘƘƻŘǎ όwŀƳŀƪǊƛǎƘƴŀƴ Ŝǘ ŀƭΦΣ 

нлннŀύΦ ! м ҡ[ ŜȄǘǊŀŎǘ ǿŀǎ ƛƴƧŜŎǘŜŘ ƛƴǘƻ ŀ ŎƻƭŘ t¢± ƛƴƧŜŎǘƻǊΣ ƘŜŀǘŜŘ ǘƻ нтрϲ/Σ ŀƴŘ ǎŜǇŀǊŀǘŜŘ ƻƴ ŀƴ 



 

 

по 

 

Itπрa{ ¦L ŎƻƭǳƳƴΦ ¢ƘŜ ǘƻǘŀƭ Ǌǳƴ ǝƳŜ ǿŀǎ оо ƳƛƴǳǘŜǎΣ ŀƴŘ ƛƻƴǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ƛƴ ǘƘŜ орςплл 5ŀ 

ǊŀƴƎŜΦ 5ŀǘŀ ǿŜǊŜ ǇǊƻŎŜǎǎŜŘΣ ƴƻǊƳŀƭƛȊŜŘΣ ŀƴŘ ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ t/! ŀƴŘ ht[{π5! ƛƴ {La/! мт 

ǎƻƊǿŀǊŜ ό{ŀǊǘƻǊƛǳǎ {ǘŜŘƛƳ 5ŀǘŀ !ƴŀƭȅǝŎǎ !.Σ aŀƭƳǀΣ {ǿŜŘŜƴύΦ /ƻƳǇƻǳƴŘ ƛŘŜƴǝǘȅ ǿŀǎ 

ŎƻƴŬǊƳŜŘ ǳǎƛƴƎ ǎǘŀƴŘŀǊŘǎ ŀƴŘ bŀǝƻƴŀƭ LƴǎǝǘǳǘŜ ƻŦ {ǘŀƴŘŀǊŘǎ ŀƴŘ ¢ŜŎƘƴƻƭƻƎȅ όbL{¢ύ ƛƴŘŜȄŜǎ 

όнлмтύΦ 

пΦсΦ {ǘŀǝǎǝŎŀƭ !ƴŀƭȅǎƛǎ 

{ǘǳŘȅ L  

Lƴ /ƘŀǇǘŜǊ рΦнΣ ǿŜ ǳǎŜŘ {ǘǳŘŜƴǘΩǎ ǘπǘŜǎǘ ŦƻǊ ǇŀƛǊǿƛǎŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘƻ ŀƴŀƭȅǎŜ ŘƛũŜǊŜƴŎŜǎ ƛƴ 

w¢πǉt/w ƎŜƴŜ ǘǊŀƴǎŎǊƛǇǘ ƭŜǾŜƭǎ ŦƻǊ мф ŘŜǘƻȄƛŬŎŀǝƻƴπǊŜƭŀǘŜŘ ƎŜƴŜǎΦ ¢ƘŜǎŜ ŎƻƳǇŀǊƛǎƻƴǎ ƛƴŎƭǳŘŜŘ 

ǘƘŜ Ŏŀƭƭƻǿ ōŜŜǘƭŜ Ǝǳǘ ǾŜǊǎǳǎ ǘƘŜ ǎŎƭŜǊƻǝǎŜŘ ōŜŜǘƭŜ ƳŀƭŜ Ǝǳǘ ŀƴŘ ǘƘŜ Ŏŀƭƭƻǿ ōŜŜǘƭŜ ŦŜƳŀƭŜ Ŧŀǘ ōƻŘȅ 

ǾŜǊǎǳǎ ǘƘŜ Ŏŀƭƭƻǿ ōŜŜǘƭŜ ƳŀƭŜ Ŧŀǘ ōƻŘȅΦ ¢ǳƪŜȅΩǎ I{5 ǿŀǎ ŀǇǇƭƛŜŘ ŦƻǊ ƳǳƭǝǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ƻŦ 

ǊŜƭŀǝǾŜ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ŀŎǊƻǎǎ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ǎǘŀƎŜǎ ŀƴŘ Ǝǳǘ ǝǎǎǳŜǎ ƻŦ 9{..Φ CƛƴŀƭƭȅΣ ƻƴŜπǿŀȅ 

!bh±! ǘŜǎǘŜŘ ǘƘŜ ǎƛƎƴƛŬŎŀƴŎŜ ƻŦ ŘƛũŜǊŜƴŎŜǎ ƛƴ ŜƴȊȅƳŀǝŎ ŀŎǝǾƛǝŜǎ ōŜǘǿŜŜƴ 9{.. ǎǘŀƎŜǎ ŀƴŘ 

ǝǎǎǳŜǎΦ !ƭƭ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ƛƴ w{ǘǳŘƛƻ όǾŜǊǎƛƻƴ пΦнΦнύΦ 

{ǘǳŘȅ LL  

Lƴ /ƘŀǇǘŜǊ рΦоΣ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƳƻǊǘŀƭƛǘȅ ƻŦ ǘƘŜ ōŜŜǘƭŜǎ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ IŜƴŘŜǊǎƻƴπ

¢ƛƭǘƻƴΩǎ ŦƻǊƳǳƭŀ όIŜƴŘŜǊǎƻƴ ŀƴŘ ¢L[¢hbΣ мфррύΦ ¢ƘŜ ŘƻǎŜπǊŜǎǇƻƴǎŜ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ 

·[{¢!¢ нлнл όǾ оΦмΦмлммύ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ [/тлΦ CπǘŜǎǘ ŀƴŘ {ǘǳŘŜƴǘΩǎ ǘπǘŜǎǘ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǘƻ ŎƘŜŎƪ 

ǘƘŜ ǎŜȄπōŀǎŜŘ ƳƻǊǘŀƭƛǘȅ ŀƳƻƴƎ ǘƘŜ ǇƻǇǳƭŀǝƻƴǎΦ ¢ƻ ŎƻƳǇŀǊŜ ǘƘŜ ǊŜƭŀǝǾŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ 

ŘŜǘƻȄƛŬŎŀǝƻƴ ƎŜƴŜǎ ōŜǘǿŜŜƴ ǘƘŜ ŎƻƴǘǊƻƭ ŀƴŘ ǘǊŜŀǘŜŘ ōŜŜǘƭŜǎ ƛƴ w¢πǉt/wΣ ŀƴŘ ŜƴȊȅƳŜ ŀŎǝǾƛǘȅ 

ŀǎǎŀȅΦ CƛǊǎǘΣ ǘƘŜ ƴƻǊƳŀƭƛǘȅ ƻŦ ŜŀŎƘ ƎǊƻǳǇ ǿŀǎ ŎƘŜŎƪŜŘ ǳǎƛƴƎ ǘƘŜ {ƘŀǇƛǊƻπ²ƛƭƪ ǘŜǎǘΣ ŀƴŘ ǘƘŜƴ 

ǾŀǊƛŀƴŎŜ ƘƻƳƻƎŜƴŜƛǘȅ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ōŜǘǿŜŜƴ ǘƘŜ ŎƻƴǘǊƻƭ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎ ǳǎƛƴƎ [ŜǾŜƴŜΩǎ 

ǘŜǎǘΦ ¢ƘŜƴ ƛƴŘŜǇŜƴŘŜƴǘ ǘπǘŜǎǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ Ŝǉǳŀƭ ǾŀǊƛŀƴŎŜπ{ǘǳŘŜƴǘΩǎ ǘπǘŜǎǘ όƛŦ [ŜǾŜƴŜΩǎ 

ǇҔлΦлрύ ƻǊ ǳƴŜǉǳŀƭ ǾŀǊƛŀƴŎŜπ ²ŜƭŎƘΩǎ ǘπǘŜǎǘ όƛŦ [ŜǾŜƴŜΩǎ ǇғлΦлрύ ŀŎŎƻǊŘƛƴƎƭȅΣ ŀƴŘ ǇπǾŀƭǳŜǎ ǿŜǊŜ 

ƎŜƴŜǊŀǘŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ǎƛƎƴƛŬŎŀƴǘ ŘƛũŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ŎƻƴǘǊƻƭ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎ ŀǘ фр /ΦLΦ 

ǳǎƛƴƎ w{ǘǳŘƛƻ όǾŜǊǎƛƻƴ пΦнΦоύΦ 



 

 

пп 

 

{ǘǳŘȅ LLL  

Lƴ /ƘŀǇǘŜǊ рΦпΣ !bh±! ǿŀǎ ǳǎŜŘ ǘƻ ŀƴŀƭȅǎŜ ŘƛũŜǊŜƴŎŜǎ ƛƴ L{Ȅ ōƻŘȅ ǎƛȊŜ ŀƴŘ ǿŜƛƎƘǘ ŀƊŜǊ 

ŦŜŜŘƛƴƎ ƻƴ ŘƛũŜǊŜƴǘ Ƙƻǎǘǎ ƛƴ ǘƘŜ ƴƻπŎƘƻƛŎŜ ōƛƻŀǎǎŀȅΦ ! ǇŀƛǊŜŘ ǘπǘŜǎǘ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǘƻ ŀǎǎŜǎǎ 

ǎƛƎƴƛŬŎŀƴǘ ǾŀǊƛŀǝƻƴǎ ƛƴ ŦŜŎǳƴŘƛǘȅΦ CƻǊ 5D9 ŘŀǘŀΣ ŀ ƴŜƎŀǝǾŜ ōƛƴƻƳƛŀƭ DŜƴŜǊŀƭƛȊŜŘ [ƛƴŜŀǊ aƻŘŜƭ 

όD[aύ ǿƛǘƘ ŀ [ƛƪŜƭƛƘƻƻŘ wŀǝƻ ¢Ŝǎǘ ǿŀǎ ŀǇǇƭƛŜŘΦ hƴŜπǿŀȅ !bh±! ǿƛǘƘ ~ƝŘłƪΩǎ ƳǳƭǝǇƭŜ 

ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘ ǿŀǎ ǳǎŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ŘƛũŜǊŜƴŎŜǎ ƛƴ w¢πǉt/w ǊŜǎǳƭǘǎ ŀƴŘ ŜƴȊȅƳŜ ŀŎǝǾƛǘȅ ƭŜǾŜƭǎΦ  
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рΦ wŜǎǳƭǘǎ 

 

¢ƘŜ ŘƛǎǎŜǊǘŀǝƻƴ ǘƘŜǎƛǎ Ŏƻƴǎƛǎǘǎ ƻŦ ŦƻǳǊ ǇǳōƭƛǎƘŜŘ ŀǊǝŎƭŜǎ ŘƛǎǘǊƛōǳǘŜŘ ƛƴ ŦƻǳǊ ǎǳōπŎƘŀǇǘŜǊǎΦ 

¢ƘŜ ŬǊǎǘ ǎǳōπŎƘŀǇǘŜǊ όрΦмύ ƛǎ ŀ ǊŜǾƛŜǿ ŀǊǝŎƭŜ ǘƘŀǘ ŘŜǘŀƛƭǎ ǘƘŜ ōŀǊƪ ōŜŜǘƭŜ ǇƻǇǳƭŀǝƻƴ ŘȅƴŀƳƛŎǎ 

ǊŜƎŀǊŘƛƴƎ ŦƻǊŜǎǘ ǘǊŜŜ ƘŜŀƭǘƘΣ ŀǧŀŎƪ ƳŜŎƘŀƴƛǎƳΣ ŀƴŘ ǇǊŜǎŜƴǘ ŀƴŘ ǇǊƻǎǇŜŎǘǎ ƻŦ ŦǳǘǳǊŜ ƳŀƴŀƎŜƳŜƴǘ 

ǎǘǊŀǘŜƎƛŜǎΦ {ǳōπŎƘŀǇǘŜǊǎ ǎŜŎƻƴŘ ǘƻ ŦƻǳǊǘƘ Ŏƻƴǘŀƛƴ ƻǊƛƎƛƴŀƭ Řŀǘŀ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ǇǳōƭƛǎƘŜŘ ŀǊǝŎƭŜǎΦ 

¢ƘŜ ǎŜŎƻƴŘ ǎǳōπŎƘŀǇǘŜǊ ό/ƘŀǇǘŜǊ рΦнΣ {ǘǳŘȅ Lύ ŜȄǇƭƻǊŜǎ ǘƘŜ ŘŜǘƻȄƛŬŎŀǝƻƴ ƳŀŎƘƛƴŜǊȅ ŀŎǊƻǎǎ 

ŘƛũŜǊŜƴǘ ƭƛŦŜ ǎǘŀƎŜǎ ŀƴŘ ǝǎǎǳŜǎ ƻŦ 9{.. ŀƴŘ ǘƘŜƛǊ ŀōǳƴŘŀƴŎŜ όhōƧŜŎǝǾŜ LύΦ ¢ƘŜ ǘƘƛǊŘ ǎǳōπŎƘŀǇǘŜǊ 

ό/ƘŀǇǘŜǊ рΦоΣ {ǘǳŘȅ LLύ ŜȄŀƳƛƴŜǎ ǘƘŜ ŜũŜŎǘ ƻŦ ŦǳƳƛƎŀǝƻƴ ƻŦ ǘǿƻ ƳƻƴƻǘŜǊǇŜƴŜ όwύπόҌύπƭƛƳƻƴŜƴŜ 

ŀƴŘ ǎŀōƛŜƴŜΣ ƻƴ 9{.. ŀǘ ǘƘŜ ƎŜƴŜ ƭŜǾŜƭ ŀƴŘ ŘŜǘŀƛƭǎ ǘƘŜ ŎƻƴǎŜǊǾŜŘ ƳŜŎƘŀƴƛǎƳ ƻŦ ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ 

ƻŦ ŘŜǘƻȄƛŬŎŀǝƻƴ ƎŜƴŜǎ ŀƴŘ ǎǳǇǇǊŜǎǎƛƻƴ ƻŦ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ƎŜƴŜǎ ƻƴ ŘƛũŜǊŜƴǘ ƳƻƴƻǘŜǊǇŜƴŜ 

ŜȄǇƻǎǳǊŜ όhōƧŜŎǝǾŜ LLύΦ ¢ƘŜ ŦƻǳǊǘƘ ǎǳōπŎƘŀǇǘŜǊ ό/ƘŀǇǘŜǊ рΦпΣ {ǘǳŘȅ LLLύ ǊŜǾŜŀƭǎ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ 

ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻƴ Ƙƻǎǘ ǎǿƛǘŎƘ ƛƴ ŀƴƻǘƘŜǊ ƛƳǇƻǊǘŀƴǘ LǇǎ ǎǇŜŎƛŜǎΣ LΦ ǎŜȄŘŜƴǘŀǘǳǎΦ 

  



 

 

пс 

 

рΦмΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ōŀǊƪ ōŜŜǘƭŜ ƻǳǘōǊŜŀƪǎΥ ŜȄǇƭƻǊƛƴƎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ŎƘŀƴƎƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ 

ǊŜƎƛƳŜǎΣ ŘǊƻǳƎƘǘǎΣ ŦƻǊŜǎǘ ǎǘǊǳŎǘǳǊŜΣ ŀƴŘ ǇǊƻǎǇŜŎǘǎ ŦƻǊ ŦǳǘǳǊŜ ŦƻǊŜǎǘ ǇŜǎǘ ƳŀƴŀƎŜƳŜƴǘΦ 

tǳōƭƛǎƘŜŘ ŀǎΥ {ƛƴƎƘΣ ±Φ±ΦΣ bŀǎŜŜǊΣ !ΦΣ aƻƎƛƭƛŎƘŜǊƭŀΣ YΦΣ ¢ǊǳōƛƴΣ !ΦΣ ½ŀōƛƘƛΣ YΦΣ wƻȅΣ !ΦΣ WŀƪǳǑΣ wΦ ŀƴŘ 
9ǊōƛƭƎƛƴΣ bΦΣ нлнпΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ōŀǊƪ ōŜŜǘƭŜ ƻǳǘōǊŜŀƪǎΥ ŜȄǇƭƻǊƛƴƎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ŎƘŀƴƎƛƴƎ 
ǘŜƳǇŜǊŀǘǳǊŜ ǊŜƎƛƳŜǎΣ ŘǊƻǳƎƘǘǎΣ ŦƻǊŜǎǘ ǎǘǊǳŎǘǳǊŜΣ ŀƴŘ ǇǊƻǎǇŜŎǘǎ ŦƻǊ ŦǳǘǳǊŜ ŦƻǊŜǎǘ ǇŜǎǘ 
ƳŀƴŀƎŜƳŜƴǘΦ wŜǾƛŜǿǎ ƛƴ 9ƴǾƛǊƻƴƳŜƴǘŀƭ {ŎƛŜƴŎŜ ŀƴŘ .ƛƻκ¢ŜŎƘƴƻƭƻƎȅΣ ǇǇΦмπопΦ 
ƘǧǇǎΥκκŘƻƛΦƻǊƎκмлΦмллтκǎмммртπлнпπлфсфнπр 

/ƻƴǘǊƛōǳǘŜŘ ǘƻΥ ǾƛǎǳŀƭƛǎŀǝƻƴΣ ǿǊƛǝƴƎπ ǎŜŎǝƻƴ ƻŦ ǘƘŜ ŬǊǎǘ ŘǊŀƊΣ ǊŜǾƛŜǿƛƴƎ ŀƴŘ ŜŘƛǝƴƎΦ 

¢Ƙƛǎ ǎǘǳŘȅ ǇǊƻǾƛŘŜǎ ŀ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ōŀǊƪ ōŜŜǘƭŜ ŜŎƻƭƻƎȅΣ ǘƘŜƛǊ ǇƻǇǳƭŀǝƻƴ 

ŘȅƴŀƳƛŎǎ ŀǘ ǘƘŜ ǎǘŀƴŘ ŀƴŘ ƭŀƴŘǎŎŀǇŜ ƭŜǾŜƭǎΣ ŀƴŘ ƳŀƧƻǊ ŘǊƛǾŜǊǎ ƻŦ ǘƘŜ ƻǳǘōǊŜŀƪ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ 

ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΦ Lǘ ǇǊŜƭƛƳƛƴŀǊȅ ŜȄŀƳƛƴŜǎ Ƙƻǿ ŎƘŀƴƎŜǎ ƛƴ ŦƻǊŜǎǘ ǎǘǊǳŎǘǳǊŜ ƛƴƅǳŜƴŎŜ ǘƘŜ ƛƴƛǝŀƭ 

Ŏƻƭƻƴƛǎŀǝƻƴ ŀƴŘ ǎǇǊŜŀŘ ƻŦ ōŀǊƪ ōŜŜǘƭŜǎΣ Ƙƻǿ ŘǊƻǳƎƘǘ ŀƴŘ ǿŀǘŜǊ ǎǘǊŜǎǎ ƛƳǇŀŎǘ ǘƘŜ ǇƘȅǎƛƻƭƻƎȅ ŀƴŘ 

Ǿƛǘŀƭƛǘȅ ƻŦ Ƙƻǎǘ ǘǊŜŜǎΣ ŀƴŘ Ƙƻǿ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜƎƛƳŜǎ ŀũŜŎǘ ōŀǊƪ ōŜŜǘƭŜ ŀŎǝǾƛǘȅΦ ¢ƘŜ ŀǊǝŎƭŜ ŎƻǾŜǊǎ 

ǘƘŜ ƻǾŜǊŀƭƭ ƻōƧŜŎǝǾŜ Ψǘƻ ǳƴŘŜǊǎǘŀƴŘ ǎǇǊǳŎŜπōŜŜǘƭŜ ƛƴǘŜǊŀŎǝƻƴΩ ŀƴŘ ŜǾŀƭǳŀǘŜǎ ŎǳǊǊŜƴǘ ŦƻǊŜǎǘ 

ƳŀƴŀƎŜƳŜƴǘ ǎǘǊŀǘŜƎƛŜǎ ŀƴŘ ǘƘŜƛǊ ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ǎŀŦŜƎǳŀǊŘƛƴƎ ŦƻǊŜǎǘǎ ŀƴŘ ŜƳǇƘŀǎƛǎŜŘ ǘƘŜ 

ƛƳǇƻǊǘŀƴŎŜ ƻŦ ŜȄǇƭƻǊƛƴƎ ƛƴƴƻǾŀǝǾŜΣ ƳƻƭŜŎǳƭŀǊπōŀǎŜŘ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ƳŀƴŀƎƛƴƎ ōŀǊƪ ōŜŜǘƭŜǎΦ  

¢ƘŜ ŀǊǝŎƭŜ ƘƛƎƘƭƛƎƘǘǎ ǘƘŜ ƛƴŀŘŜǉǳŀŎȅ ƻŦ ǘǊŀŘƛǝƻƴŀƭ ƳŀƴŀƎŜƳŜƴǘ ŀǇǇǊƻŀŎƘŜǎ ƛƴ ŘŜŀƭƛƴƎ 

ǿƛǘƘ ŜǎŎŀƭŀǝƴƎ ōŀǊƪ ōŜŜǘƭŜ ƻǳǘōǊŜŀƪǎΣ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΦ Lǘ ǎǘǊŜǎǎŜǎ ǘƘŜ 

ƛƳǇƻǊǘŀƴŎŜ ƻŦ ƛƴǘŜƎǊŀǝƴƎ ƴƻǾŜƭ ƳƻƭŜŎǳƭŀǊ ǘƻƻƭǎ ŀƭƻƴƎǎƛŘŜ ŎƻƴǾŜƴǝƻƴŀƭ ƳŜǘƘƻŘǎΦ 9ƳŜǊƎƛƴƎ 

ǘŜŎƘƴƻƭƻƎƛŜǎ ƭƛƪŜ wb! ƛƴǘŜǊŦŜǊŜƴŎŜ όwb!ƛύ ŀƴŘ /wL{twκ/ŀǎф ƻũŜǊ ŀ ǎǇŜŎƛŜǎπǎǇŜŎƛŬŎΣ ǘŀǊƎŜǘŜŘ 

ŀǇǇǊƻŀŎƘ ŀƴŘ ƘŀǾŜ ǎƘƻǿƴ ǇƻǘŜƴǝŀƭ ƛƴ ŎƻƴǘǊƻƭƭƛƴƎ ŀƎǊƛŎǳƭǘǳǊŀƭ ǇŜǎǘǎΦ IƻǿŜǾŜǊΣ ǘƘŜƛǊ ŀǇǇƭƛŎŀōƛƭƛǘȅ 

ƛƴ ƳŀƴŀƎƛƴƎ ōŀǊƪ ōŜŜǘƭŜǎΣ ǇŀǊǝŎǳƭŀǊƭȅ LǇǎ ǘȅǇƻƎǊŀǇƘǳǎΣ Ƙŀǎ ƴƻǘ ōŜŜƴ ǘƘƻǊƻǳƎƘƭȅ ŜȄǇƭƻǊŜŘΦ ²ƘƛƭŜ 

ǘƘŜǎŜ ǘŜŎƘƴƛǉǳŜǎ ƘŀǾŜ ƴƻǘ ȅŜǘ ōŜŜƴ ǘŜǎǘŜŘ ƛƴ ǘƘƛǎ ǎǇŜŎƛŜǎΣ ǘƘŜ ŀǊǝŎƭŜ ŘƛǎŎǳǎǎŜǎ ǘƘŜƛǊ ǇƻǘŜƴǝŀƭ 

ŦǳǘǳǊŜ ǳǎŜ ŀƴŘ ŜŶŎƛŜƴŎȅ ƛƴ ōŀǊƪ ōŜŜǘƭŜ ƳŀƴŀƎŜƳŜƴǘΦ bƻƴŜǘƘŜƭŜǎǎΣ ŦǳǊǘƘŜǊ ǊŜǎŜŀǊŎƘ ƛǎ ǊŜǉǳƛǊŜŘ 

ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜƛǊ ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ŦƻǊŜǎǘ ŜŎƻǎȅǎǘŜƳǎΦ ²Ŝ ǇǊƻǇƻǎŜ ƛƴŎƻǊǇƻǊŀǝƴƎ ǘƘŜǎŜ ŀŘǾŀƴŎŜŘ 

ƳƻƭŜŎǳƭŀǊ ǘŜŎƘƴƛǉǳŜǎ ǘƻ ŀŘŘǊŜǎǎ ƴŜǿ ŎƘŀƭƭŜƴƎŜǎΣ ǿƘƛŎƘ ŎƻǳƭŘ ŜƴƘŀƴŎŜ ŦǳǘǳǊŜ ŦƻǊŜǎǘ ƳŀƴŀƎŜƳŜƴǘ 

ǇǊŀŎǝŎŜǎ ƛƴ ǘƘŜ !ƴǘƘǊƻǇƻŎŜƴŜΦ 

https://doi.org/10.1007/s11157-024-09692-5
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