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Combuatting pesticide resistance in insects using botanical bio-synergists

Over 600 species of pests have developed some level of resistance to pesticides, rendering
many products ineffective and reducing the options for pest management. With increasing
restrictions on future pesticide use and withdrawal of active ingredients, together with the
decline in the rate of new insecticide discoveries, options need to be explored to extend the
useful life of products currently available. Plant derived compounds (botanicals) have been
shown to interfere with the activity of enzymes that detoxify insecticides and are involved in
metabolic pesticide resistance in insects. The use of such compounds can increase the efficacy
of insecticides, thereby reducing required application rates and/or counteracting metabolic

resistance, allowing effective control to be restored without increasing application rates.

In vitro enzyme assays and efficacy testing were used to evaluate whether botanicals could
enhance pesticide efficacy against insect pest species associated with brassicas. These
included cabbage stem flea beetle (Psylliodes chrysocephala), peach-potato aphid (Myzus
persicae), diamondback moth (Plutella xylostella) and cabbage root fly (Delia radicum).
Botanicals were tested in combination with selected plant protection products and efficacy
compared to single product applications, using standard laboratory efficacy testing methods.
Data showed that the efficacy of pyrethroids against field-collected P. chrysocephala, which
have developed resistance against this pesticide group, can be restored when used in
combination with some botanicals, such as neem oil. Pyrethroid efficacy can also be enhanced
against M. persicae and P. xylostella when combined with lemongrass oil and garlic oil.
Similarly, efficacy of Spinosad against D. radicum can be increased when used in combination
with botanicals such as parsley-seed oil and thymol. Enzyme activity assays (esterase,
glutathione S-transferase and cytochrome P450 monooxygenase) have also indicated that
several botanicals interfere with the function of certain enzyme groups that detoxify

insecticides, some of which correlates with the mortality data from the bioassays.

Botanicals may counteract the metabolic resistance of some insect pests and thereby restore
efficacy and/or allow the reduction of pesticide required for effective control, which could

have implications for protecting oilseed rape and other high-risk crops.
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Chapter 1. Introduction/Literature review

1.1 Introduction

It was around 10,000 years ago when humans first began collecting seeds and growing food
plants. Since then we have successfully domesticated and selected thousands of variants from
a number of species of plants and animals (Diamond, 2002), developed innovative technology
such as gene editing (National Human Genome Research Institute, 2013) and even grown
plants in space (NASA, 2021). Yet, as the practice of agriculture has progressed and evolved at
a substantial rate, the pests and diseases that first challenged the beginnings of this industry
so many years ago have kept pace. Even with the most advanced control measures in place,
these threats continue to cause global crop losses of 20-40% (Centre for Agriculture and
Bioscience International (CABI), 2019). Synthetic pesticides are heavily relied upon to
minimise these losses, but the continued high input of these products is being challenged by
the pressure of social and environmental responsibility, as well as the widespread
development of heritable resistance in target pest populations (Hu, 2020; Insecticide
Resistance Action Group, 2021; European Environment Agency, 2023; Pesticide Action

Network — Europe, 2023).

One of the first pesticide ingredients to be used was pyrethrum, with variations of this
compound continuing to be extensively used to control agricultural and human pests
(McLaughlin, 1973). Pyrethrum is a naturally occurring axonic excitotoxin made up of a
combination of six esters and originating in Chrysanthemum cinerariaefolium (Treviranus)
flowers (Davies, 1985; Ray, 1991). The toxin interferes with the normal neurotransmission in
insects and causes paralysis and death in susceptible individuals (Soderlund, 2012). The daisy-
like flowers were initially ground into powder and used to protect stored grains from insect
damage (Casida, 1980) but, as pressure intensified from insect vectors of disease and the costs
of both yield losses and control measures increased, there was a drive towards identifying
more effective and cheaper alternatives. The development of synthetic pesticides was
revolutionised in the first half of the 20™ century with the successful manufacture and
deployment of a range of different chemical control products (e.g. organochlorines and
carbamates), followed by the rapid development of various synthetic pyrethroids (Figure 1.).
These pesticides were effective, cheap to make, highly toxic and only small amounts were
required (Metcalf, 1980; Pretty and Bharucha, 2015). They could also be used for protection

against pests that spread human disease as well as those that targeted crops (Ray, 1991).
1
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Figure 1.1. Timeline of pesticide product development (Casida, 1980; Metcalf, 1980; Bond et

al., 2016; International Agency for Research on Cancer, 2017; Ujihara, 2019)

Despite their apparently favourable attributes, investigations into these pioneering chemical
controls revealed devastating environmental consequences. In response to initial reports and
even before the application of the persistent organochlorine dichlorodiphenyltrichloroethane
(DDT) became common in the control of insect crop pests, Strickland (1945) postulated that
“should it even approach its claimed toxicity to plant-feeding insects in general, its widespread
employment over large connected areas might constitute an entomological disaster of the
first magnitude”. As the capabilities of pesticides for controlling everything from body lice on
the Western Front of World War 1 to the gypsy moth in residential trees became apparent, so
too did its more harmful effects on non-target species such as bees, fish and other organisms
throughout the world’s food webs (Wigglesworth 1945; Carson, 1962; Fry, 1995). As a result,
the European Union banned DDT in 1983 (Commission Directive 83/131/EEC, 1983) and the
regulation of plant protection products (PPP) and pesticides to protect human and

environmental health began gathering momentum.



In 2009, the Sustainable Use Directive (SUD, Commission directive (EC) 2009/128/EC) was
introduced by the European Parliament with an aim to reduce the impacts and risks associated
with pesticide use on both human and environmental health. Council regulation (EC)
1107/2009 presents the guidance and restrictions placed on the development and use of PPPs
in member countries, from approval of active substances to risk assessments. It also works in
combination with others such as Council regulation (EC) 396/2005 to dictate maximum
acceptable residue levels in food. The SUD also requires member countries to devise their own
National Action Plans in relation to these aims to encourage an Integrated Pest Management
(IPM) approach, employ non-chemical alternatives where available and use chemical control
with care and only where absolutely necessary. The first two progress reports, however,
suggest mixed success towards these goals among member states with all of them banning
aerial pesticide derogation, some producing measurable targets and others appearing
reluctant to quantify theirs (European Commission, 2017; 2020). Amid growing recognition of
the changing climate, environmental degradation and mounting research confirming
catastrophic impacts of pesticide use (European Environment Agency, 2020; Wagner, 2020),
the European Green Deal was devised by the European Commission in December 2019 to
reduce the existential threat produced by unsustainable practices. At the centre was the Farm
to Fork Strategy (F2F) with two key PPP targets focussed on 1) reducing chemical pesticide
usage and risk by 50% and 2) reducing the use of ‘more hazardous’ pesticides by 50% — both
by 2030 (European Commission, 2019). Despite a proposal to make these targets legally
binding in a regulation to replace the SUD being ultimately rejected by member states due to
concerns over lack of comparable alternatives and disagreement over achievability of targets
(European Parliament, 2023), the focus remains on overall reduction of negative PPP effects

and sustainable food and feed production.

The UK government, for example, offer financial support under the Sustainable Farming
Incentive (SFI) and Countryside Stewardship grants for producers who meet certain criteria to
protect and improve the environment on their land. Activities such as establishing and
maintaining hedgerows or woodland, planting legume fallow, flower-rich margins or field
blocks and not using insecticides on arable crops earn monetary reward for demonstrating a

commitment to sustainability, in line with EU directives (UK Government, 2024a; 2024b).



1.2 Integrated Pest Management
As a cornerstone of the SUD, the integrated pest management approach is mandatory for all

professionals in the food and feed production industry. It essentially comprises four tiers:
a) Prevention

The first step is to attempt to protect the crop from initial infestation where possible or,
failing that, prevent the growth of insect pest populations from reaching a level that would
result in crop failure or significant loss of yield. This may be achieved through practices
such as crop rotation as it could reduce damage if soil-borne or overwintering pests
emerge to find unsuitable hosts. This can be further supported by covering the crops with
mesh that both restricts exit, so they cannot travel to find suitable crops, and entry to
pests that would attack. Under-sowing or planting companion crops is a common tactic
that may attract natural predators and distract pests from the marketable crop. Adapting
sowing dates in response to predicted pest emergence each year may help to protect
vulnerable seedlings from attack until they are more established and resilient to
infestation. Resistant cultivars of commonly attacked crops are also being developed to
support production without the need for chemical control. Finally, planting herbal and
flower-rich margins or in-field blocks support natural predators and other beneficial

organisms that may help to reduce the impact of pest infestation.
b) Monitoring

Pest monitoring systems vary from fairly straightforward but labour-intensive deployment
of sticky, pit-fall, light and pheromone traps throughout the fields to more automated
remote sensing using Global Positioning Systems (GPS) and Geographical Information
Systems software. Both are useful to track infestation levels, as well as general crop health,

and allow growers to react rapidly if insect threshold levels are reached.
c) Threshold setting

The threshold level of an insect pest is reached when the number per area, per plant or
per part of a plant is deemed such that if control measures are not used, significant
economic damage will be sustained (Ramsden et al., 2017). They should be based on
robust scientific evidence and reviewed to keep updated in line with evolving agricultural
practices and cultivars. However, of the 34 main arable crop pests in the UK, eight of them

have no identified threshold, most do not have evidence that has been peer reviewed or
4



recorded support at all and many of them were established over 20 years ago (Ellis, Berry

and Walters, 2009; Ramsden et al., 2017).
d) Control

If thresholds have been reached, plant protection measures should be implemented. In
the first instance, non-chemical products such as biological control should be considered
first but if these are impractical for the circumstances (e.g. outdoor cultivation) then
targeted chemical pesticide applications should be used only at the necessary levels
(Department of Agriculture, Environment and Rural Affairs (DAERA), 2017; European

Commission, no date).

IPM uses all suitable techniques and methods to maintain pest populations at levels below
those causing economic damage with chemical control, preferably specific with the least
impact on non-target species, the final solution when other options have been exhausted
(DAERA, 2017). Despite the guidance, a lack of confidence in thresholds based on outdated or
unknown research, cheap and possibly effective pyrethroids, variation amongst crop
tolerance, time-consuming monitoring systems and fear of potential economic loss can lead
growers to carry out ‘insurance sprays’ in an attempt to ensure maximum yield (Pannell, 1991;
Pedersen et al., 2012; Dewar, 2016; Ramsden et al., 2017). Unnecessary application of
insecticides may undermine profits by adding further costs, cause environmental degradation

and increase the risk of developing pest resistance (Hillocks, 2012; Bass et al., 2014).

1.3 Insecticide resistance

Although current regulations and policy trends to reduce chemical pesticide use are welcome
to safeguard against biodiversity loss and environmental harm, they have also largely
restricted UK and European farmers to using insecticides containing a limited number of active
ingredients (Garthwaite et al., 2016). Synthetic pyrethroids now remain one of the few classes
of pesticides that can be consistently applied to control crop pests in the UK, but even these
are dwindling in their efficacy (Slater et al., 2011; Bass et al., 2014; Hgjland et al., 2015). The
Insecticide Resistance Action Committee (IRAC) have defined resistance as “a heritable change
in the sensitivity of a pest population that is reflected in the repeated failure of a product to
achieve the expected level of control when used according to the label recommendation for

that pest species” (IRAC, 2025). In 2015, around 600 insect species were identified as
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exhibiting resistance to one or more pesticides and likely more have followed but this data
has not been collectively reviewed since (Sparks and Nauen, 2015). There is also evidence to
suggest that substantial loss of agricultural yield and profits due to insect damage is affecting
supply of certain crops with farmers now opting out of growing those that are heavily targeted
by resistant insects. For example, oilseed rape and the cabbage stem flea beetle (Psylliodes

chrysocephala) (Scott and Bilsborrow, 2018; AHDB, 2024a).

The development of resistance in insects is dependent on a range of environmental and
genetic factors such as fecundity rates of the species, generation time, ability to disperse and
any fitness costs associated with the resistance mechanisms. The combination of these with
selected biochemical pressures including dosage, frequency and consistency of use as well as
the persistence of the pesticides in the environment are responsible for the insects’ ability to
rapidly develop resistance to synthetic chemical control (Tabashnik, 1990; Panini et al., 2016).
Interestingly, for example, female house flies exhibited 23% faster metabolism of
chrysanthemic esters than males. This suggests that the level of resistance is enhanced
depending on likelihood of exposure, with females needing to land on/around the affected

plants more often to lay eggs (Bridges et al., 1957).

Although there are variances between authors regarding the number and classification of
insect resistance cases (Bass et al., 2014; Panini et al., 2016; Dang et al., 2017) there is an
overall acceptance that the mechanisms are predominantly physiological. The following four

mechanisms have been identified as the most significant (IRAC, 2024a):

i) Cuticle penetration resistance — as many pesticides are neurotoxic, the pesticide
must first enter the body of the insect in order to have an effect. The cuticle
presents a barrier to desiccation, physical attack and harmful chemical absorption.
Insects exhibiting this type of resistance have a slower rate of toxin absorption than
susceptible insects. This not only reduces the amount of toxin absorbed but may
also provide more time for other mechanisms (below) to provide further defence.
The diamondback moth (Plutella xylostella) (Linné) (Lepidoptera: Plutellidae), for
example, is a significant pest of brassicas and is known to have cuticular resistance
to the pyrethroid fenvalerate (Noppun et al., 1989).

i) Target site mutation — pesticide compounds are often intended to bind to certain
target sites within an insect (such as the sodium channels, acetylcholinesterase

enzymes or GABA-gated chloride channel receptors) and thereby disrupt normal
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i)

neurotransmission, eventually leading to death in susceptible insects. A minor
difference in the genetic code defining the development of these areas can lead to
varying levels of insecticide resistance. This is the primary cause of knockdown
resistance (kdr and super-kdr) in insects such as the house fly (Musca domestica)
(Linné) (Diptera: Muscidae) (Busvine, 1951; Farnham et al., 1987).

Behavioural resistance — some insects have been observed to modify their
behaviour in order to reduce their exposure to pesticides. Malaria mosquitoes
(Anopheles sp.) (Diptera: Culicidae), for example, have been observed to rest on
untreated external walls rather than internal walls impregnated with DDT (Gerold,
1977; Sundararaman, 1958). It has also recently been suggested that ‘avoidance
behaviour’ may be a resistance mechanism in the peach-potato aphid, Myzus
persicae (Sulzer) (Hemiptera: Aphididae). The resistant strains appeared to show
higher rates of movement and an ability to locate and remain on control leaves
more frequently than any other strain, suggesting they may do the same in the
field and perhaps avoid treated areas (Fray et al., 2014).

Metabolic resistance — the most common form of insecticide resistance, whereby
detoxification enzymes are consistently present in greater numbers (gene
amplification) or demonstrate higher catalytic activity in resistant insects. These
enzymes work to break down or otherwise alter the molecular structure of the
insecticidal compound to ensure it is less toxic than the original form. There are
several subsidiaries under discussion that also include sequestration of insecticidal
compounds and increased excretion (Devonshire and Moores, 1982; Panini et al.,

2016).

1.4 Enzyme resistance

Herbivorous insects have been engaged in an arms race with plants since their origins, with
one striving to not be eaten while the other gamely endeavours to eat. Thus, many plants
contain a range of naturally occurring allelochemicals, such as alkaloids, phenols and terpenes,
that have evolved as potentially toxic/repellent/feeding deterrent protection against insect
pests. As a result, various insects have established select groups of detoxification enzymes to
overcome these compounds, specifically esterases, mixed function oxidases (MFOs) and

glutathione S-transferases. It is these metabolic enzymes that also confer resistance to the
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different classes of insecticides, many of which have been developed from, or are synthetically

similar to, botanical products (Isman, 2006).

Detoxification of an insecticidal product occurs in two phases: 1) hydrolysis or oxidation of
insecticidal compounds and 2) excretion (Li et al., 2007; Hollingworth and Dong, 2008;
Berenbaum and Johnson, 2015). It is also often accompanied by sequestration, whereby the
insecticide is stored within the body and therefore prevented from interacting with the
selected target sites (Devonshire and Moores, 1982), although it is unknown whether this

process incurs fitness costs.

The consistent exposure to limited and related insecticidal compounds has also driven the
efficacy of these mechanisms towards delivering an even more challenging outcome for
pesticide efficacy: cross-resistance. This is where the enzymes groups and other defensive
strategies involved in resistance to one insecticide may also be able to confer comparable
protection to other insecticides of similar structure and function. This can consequently result
in insects showing resistance traits to insecticides that they have never been exposed to,
rendering new formulations and minor variations to known insecticidal compounds less and
less valuable or useful (IRAC, 2024b). For example, in 2003 wild-caught Colorado potato
beetle, Leptinotarsa decemlineata, demonstrated 309-fold resistance to imidacloprid (a
neonicotinoid) that was used in the field and an, albeit lower, resistance to nine other
neonicotinoid compounds that had never been used there (Mota-Sanchez et al., 2006). Many
insect species also employ more than one of these resistance mechanisms, known as multiple
resistance, thereby presenting significant challenges to their control (Buhler, no date).
Multiple resistance means that the pest population is likely to survive in the crop despite
deployment of pesticides with different modes of action through the season, which is an
often-recommended tactic to try and avoid development of cross-resistance (IRAC, 2024b).
The diamondback moth, for example, has developed resistance to 101 insecticidal active

ingredients to date (Arthropod Pesticide Resistance Database, no date).

1.5 Alternatives
In more recent years, the focus for plant protection and pest management has returned to
the original beginnings of pesticide use — botanical products. Indeed, the last 30 years has seen

a significant increase in the number of publications related to botanicals and pest
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management (Isman, 2020). Of these botanical extracts, pyrethrum remains the most
commonly used across the world, although the majority of it now is not used for agricultural
purposes (Isman, 2020). Neem oil (Azadirachta indica Juss., Meliaceae) is a broad-spectrum
insecticidal extract from which several commercial products have been developed (Campos et
al., 2016). Many other plant-derived products, such as essential oils, terpenoids, sterols,
alkaloids, flavanones and polyketides have been identified as having pesticidal activity, low
toxicity to humans, are readily biodegradable, can even have some target specificity and are
considered more compatible with IPM strategies (Dang et al., 2012). Crucial to their potential
for use as pest management tools in this respect, some have even been identified as having a
synergistic effect in combination with synthetic and naturally derived pesticides (Metcalf,

1967; Joffe et al., 2012, Tong and Bloomquist, 2013; Tak and Isman, 2017; Zihao et al., 2017).

1.6 Synergy

Synergistic action is determined when compound one (the synergist) has a negligible or non-
toxic effect on the insect, but when combined at the same dosage with compound two (the
insecticide), it causes a more significant effect than when compound two is applied alone
(Metcalf, 1967). Early demonstration of this effect by Lindquist et al. (1947) highlighted that
applying piperonyl cyclonene, sesamin, or N-isobytlundecycleneamide to house flies
anywhere between 4 and 24 hours before exposure to pyrethrins resulted in enhanced
knockdown effect. Further results from Wilson (1949) and Winteringham et al. (1955)
respectively, showed that piperonyl cyclonene blocked 100% of metabolism of pyrethrins
when compared to 50-54% metabolism with no synergist and that the effect was the same
regardless of whether the application site for synergist and insecticide was the same or not.
Lindquist et al. (1947) also noted that temporal application of the compounds was significant
as no synergistic effect was observed when pyrethrins were applied prior to the synergists.
This suggests that the synergists were interfering with the cuticular penetration, activity at
target site and/or detoxification and metabolism processes, allowing the successive
application of insecticide to exert an increased effect. Subsequent studies have indicated that
more than one of these factors can be affected by selected synergists (Tak and Isman, 2017;
Zihao et al., 2017), although the complex underlying mechanisms are yet to be fully explained

(Caesar and Cech, 2019).



There is, however, some evidence to suggest that synergy appears to be heavily influenced by
the presence of a methylenedioxyphenol (MDP) ring in the structure (although not necessary)
and variations of the attached functional groups and side chains (Haller et al. 1942; Beroza
and Barthel, 1957; Moore and Hewlett, 1958; Cassida, 1970). Piperonyl butoxide (PBO)
contains this structure and exhibits a synergistic effect with a wide range of insecticide classes
including pyrethrins, pyrethroids, carbamates, organophosphates and organochlorines
(Wachs, 1947; Joffe et al., 2012; Tong and Bloomquist, 2013; Gupta, 2014; Arena et al., 2018).
Itis reported that the MDP ring binds to the haem group of the P450 enzyme and subsequently
blocks their ability to begin detoxifying the insecticide (Wilkinson, Murry and Marcus, 1984 in
Moores et al., 2008). As such, PBO is in widespread use across the world, particularly the US,
and is a common component of many veterinary medications to treat fleas, ticks and mites in
a range of animals (Cross et al., 2017). However, it is not approved for use in agricultural
production or with plant protection products in the UK (Osimitz, 2010; Lewis et al., 2016) and
due to its synthetic nature, it is also not classed as an organic product and can have a
significant negative impact on amphibians in their tadpole stage (Cross et al., 2017) — facts
that conflict with the current socio-political drivers to use more natural approaches to pest
management to deliver improved environmental protection. As such, interest has grown in

the investigation of botanical compounds that may exhibit similar synergistic effects.

Recent research has demonstrated that a wide range of individual botanical compounds and
essential oils have a synergistic effect with pyrethrins and pyrethroids within selected insects
(Scott et al., 2003; Joffe et al., 2012; Tak and Isman, 2017; Marchand et al., 2018). The specific
mechanisms involved in synergy are being heavily investigated as it has also been determined
that the MDP ring is not the sole reason denoting the success of a compound as a synergist.
There are also several essential oils and their components that do not possess this type of
chemical structure and yet demonstrate themselves to be potent synergists and enzyme
inhibitors. For example, as well as possessing strong insecticidal and repellent characteristics
(Koul, Isman and Ketkar, 1989), neem oil is reported to have significant synergistic properties
when combined with various pesticidal products (Khot, 2009; War et al., 2014). Dillapiole,
apiole and myristicin, compounds commonly found in parsley-seed oil, dill oil and nutmeg oil,
share structural similarities to the MDP ring and have proven to be strong synergists when

combined with pyrethrum (Joffe, 2011).
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There are a number of studies that continually challenge the hypotheses drawn from these
studies, however, due to the varied successes and failures of insecticide/botanical
combinations. For example, Tong and Bloomquist (2013) demonstrated that some essential
oils had synergistic effects on larvae of Aedes aegypti but not adults; others demonstrate
synergy as combined products or applied as binary formulations, but not when separated into
their constituent compounds (Tamiru et al., 2016) and Faraone et al., (2015) demonstrated
that lavender oil, thyme oil and their constituents synergised imidacloprid in Myzus persicae

but, interestingly, showed antagonistic effects when they were combined with spirotetramat.

In the context of insecticide resistance, the use of a botanical synergist in combination with
existing pyrethroid-based (and other) pesticides may offer an alternative to PBO that is more
likely to be accepted by UK regulators and environmental groups alike. It would also provide
a more economically efficient pest management option by reducing the amount of expensive,
synthetic active ingredient required to demonstrate the desired mortality rate. Furthermore,
due to the possible specificity of certain botanicals, a plant-based synergist also has the
potential to reduce non-target species impact, simultaneously promoting natural pest
predators, and partially or completely restoring effective control of insect pest populations.
Finally, due to the biodegradable nature of botanical products, there would be minimal
environmental persistence and impact long-term from plant-based synergist use (Isman,
2000; Koul, Walia and Dhaliwal, 2008). As such, despite the challenges of managing synergistic
and antagonistic properties, specificity and varying degrees of success with insecticide
combinations, botanicals may hold the key to a more economically valuable and

environmentally friendly agricultural industry.
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1.7 Target insects

1.7.1 Psylliodes chrysocephala (Linnaeus) (Coleoptera: Chrysomelidae), cabbage stem flea

beetle

Figure 1.2. Cabbage stem flea beetle adult (Slater, 2020) and larva (San Martin, 2016)

The cabbage stem flea beetle (CSFB) is a significant brassica crop pest with established
populations throughout Europe, North Africa, Asia, Canada and North America (Bonnemaison,
1965; Gruev and Doéberl, 1997; CABI, 2021a). In the UK it has one generation per year and was
previously limited to parts of East Anglia but has since spread to cover England, Wales and
even parts of Scotland. The adults are around 3-5mm long, iridescent black and have enlarged
hind legs and an adapted exoskeleton that allows them to spring powerfully away when
disturbed (CABI, 2021a; Figure 1.2). They are also capable of short flights when temperatures
reach more than 16°C, meaning they can disperse over two to three miles and migrate from
spring to winter rape crops (Hoarau et al. 2022). Adults cause shot-holing to mature leaves
and further damage to stems and pods of oilseed rape and other brassicaceous flora (Williams,
2010). A single female can lay up to 1000 eggs (Kaufmann, 1941 in Hoarau, 2022) in the soil at
the base of plants and larvae will burrow through petioles into the stems to grow through
three instars before dropping to the soil to pupate (Figure 1.3) Larvae that emerge in time
with sowing the winter rape can cause entire crop failure if they feed on the growing point of
seedlings (AHDB, 2024b). Established oilseed rape plants can tolerate high levels of larval
infestation but their activities can cause distorted mature plants, reduced vigour, delayed
flowering, increased susceptibility to frost damage and even total plant destruction should
they reach sufficient numbers (Williams and Carden, 1961; Graham and Alford 1981, Nilsson,
1990; Winfield 1992; Nilsson, 2002 in Hoarau et al., 2022). Furthermore, presence of this pest

is also associated with fungal, bacterial and viral infections (CABI, 2021a).
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Figure 1.3. Cabbage stem flea beetle life cycle, relative to oilseed rape development (Source:
Penny Greeves in Hoarau et al., 2022, fig.1). Figures in brackets represent the following
references in Hoarau et al.,, 2022: 1: Borner and Blunck, 1920; 2: Kaufmann, 1941; 3: Godan,
1951; 4: Ebbe-Nyman, 1952; 5: Williams and Carden, 1961; 6: Bonnemaison, 1965; 7: Alford,
1979; 8: Alford et al., 2003; 9: Nilsson, 1990; 10: Cox, 1998; 11: White, 2015.

The cabbage stem flea beetle has been determined as the most important pest of oilseed rape
in Europe (Zheng et al., 2020). Around 76% of the UK crop was affected by just the adults in
2014 (Nicholls, 2016) and it was also directly responsible for an approximate loss of 5.4% in
the year 2016/17, which rose to 15% in some counties (John Innes Centre, 2024). Monitoring

and reporting systems reveal that between ~5-15% of crop is lost each year to this species,
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which equates to around £70m (Thursfield, 2019). An integrated pest management approach
is recommended to try and mitigate their impact, historically with a focus on neonicotinoid
seed treatments that helped to protect the crops during their most vulnerable seedling stage,
followed by foliar sprays of pyrethroids (Williams, 2010; Hoarau et al., 2022; AHDB, 2024c).
However, on 1% December 2013 the use of neonicotinoid seed coats was banned by the
European Commission due to the detrimental effects on bees and other non-target species
(Council regulation (EU) 485/2013). Even prior to this, the first reports of pyrethroid-resistant
CSFB were confirmed in Germany in 2008 (Heimbach and Miiller, 2013) but the continued and
sustained use of pyrethroids increased the selection pressure further until 100% resistant
CSFB were recorded in the UK in 2020 (Willis et al., 2020). Furthermore, Scott and Bilsborrow
(2019) found that the area dedicated to oilseed rape production on more than 200 farms in
England decreased in the seasons immediately following the ban, citing CSFB as a major
influencing factor. However, despite a 40.6% reduction in oilseed rape area between 2012 and
2021, the total crop yield only reduced from 3.6 tons/ha to 3.2 tons/ha (Hoarau et al., 2022)
— this could suggest that applied research into alternative control measures and calculated

IPM strategy (AHDB, 2024c) may be leading to some success.

Cabbage stem flea beetle was selected for this study due to its resistance status and high
agricultural and economic impact worldwide. They were also the only species in this study to

be collected from the field and known to be repeatedly exposed to pyrethroids.
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1.7.2 Delia radicum (Linnaeus) (Diptera: Anthomyiidae), cabbage root fly

Figure 1.4. Cabbage root fly adult (AfroBrazilian, 2017) and larvae (Rasbak, 2004).

The cabbage root fly is present throughout Europe, Asia, North America, Canada and reports
from parts of Africa are under review (CABI, 2021b). They have two to three overlapping
generations per year in the UK, depending on temperature, and their larvae can cause
significant damage to the roots of cruciferous vegetables (Capinera, 2020; AHDB, 2024d).
Adults are grey-brown, vary in size between 5-7mm and feed on nectar, thus causing no
damage to plants themselves (Capinera, 2020; Figure 1.4). The larvae, however, will feed on
the root systems and sometimes the stems of various Brassicaceae species (Figure 1.4), often
unnoticed, until the aerial part of the plant begins to wilt, delay maturity or show stunted
growth (Smith, 1989; Santolamazza-Carbone et al., 2017). Young or newly transplanted plants
are particularly vulnerable to complete failure (Ferry et al., 2009). Damage may not even be
apparent until harvest and this can be a particular problem when the marketable part of the

plant is the root e.g. turnip, swede, radish (Smith, 1989; AHDB, 2024d).

Current control methods involve seed treatments and module drenches before transplanting
and/or at seedling emergence to ensure the soil is treated at the most vulnerable stage of
plant growth. Once plants are established, foliar sprays have limited effect due to the females
laying eggs in the soil surrounding the base of plants and larvae residing below the surface
(AHDB, 2016; Capinera, 2020). Due to a lack of available chemical or commercial biological
control, recommendations include prophylactic treatment using non-chemical control such as
fine mesh netting, horticultural fleece and/or brassica collars to prevent females laying on
crops, crop rotation to non-brassicas in successive years to prevent overwintered adults
emerging under mesh, trap cropping and encouraging natural enemies (AHDB, 2016; Lamy et

al., 2020; RHS, 2024). However, these methods may not be practical for vast hectares of crop

15



coverage or consistently effective enough for a marketable quantity and quality of crop vield,
particularly if more than one of these tactics is required to ensure sufficient production

(Collier, et al., 2020).

Regular use of insecticides remains an integral part of effective IPM strategy against cabbage
root fly in Europe but the number of both registered and approved products is decreasing due
to their detrimental environmental and human health impacts (Brihl and Zaller, 2019;
Srivastava and Kesavachandran, 2019). Additionally, with brassica crop production worldwide
being worth more than $20 billion, the UK market for the brassica vegetables and oilseed rape
regularly reaching £1 billion per year (John Innes Centre, 2024) and that alternative options
have limited efficacy, the threat that cabbage root fly may pose in the not-too-distant future
could have significant economic impact. Despite this species having no current known
pesticide resistance, the high potential for it to develop and threaten cruciferous vegetable
production made this an important pest to investigate alternative control measures with. A
reduction in the amount of applied active ingredient in the presence of a botanical synergist
would also reduce the selection pressure for cabbage root fly, and other pest species, to
develop pesticide resistance in future generations, thereby maintaining the efficacy of

chemical control when required.
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1.7.3 Myzus persicae (Sulzer) (Hemiptera: Aphididae), peach-potato aphid

Figure 1.5. Peach-potato aphids (San Martin, 2021).

The peach-potato aphid is a globally distributed and economically significant crop pest with a
strikingly rapid generation time and ability, not just to withstand, but thrive in highly variable
environmental conditions (Capinera, 2014; CABI, 2021c; Alyokhin, Wenninger and Jensen,
2022). Aphids are hemipteran and this species can feed on both the phloem and xylem fluids
of hundreds of different plants in over 40 plant families (Capinera, 2014). They exhibit a wide
range of colours and are 1-2mm long (Figure 1.5). M. persicae is parthenogenetic throughout
most, if not all, of the year meaning it can exhibit exponential population growth, has both
unwinged (apterous) and winged (alate) forms so it can travel between hosts with ease and
shows remarkable plasticity in temperate climates by producing sexual adults in autumn so
that fertilised and genetically varied eggs can be laid and overwintered. Alate individual
generation is stimulated by increased population numbers and poor host health so they can
effectively self-manage their own infestation to maintain optimal production conditions

(Dedryver, Le Ralec and Fabre, 2020).

Excessive population density is normally not enough in itself to cause crop failure, although it
can do if the seedlings are young enough. It can, however, cause leaf-curling, chlorosis and
stunting at high infestation levels, as well as sooty mould associated with honeydew
production. Due to its life cycle, ubiquitous distribution and polyphagous nature Myzus
persicae is a formidable vector of over 100 plant viruses such as Turnip yellows virus (TuYV),
Potato leafroll virus (PLRV) and Beet mosaic virus (BtMV). TuYV infected crops can reduce
oilseed rape yield by up to 30% and affect the oil content of the harvest (AHDB, 2024e). PLRV
is the most destructive virus affecting potato crops, significantly impacting growth and

production and causing tuber necrosis, among other symptoms (Agrios, 2005). Yield losses of
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up to 50% have also been seen in cases of beet yellows, alongside an increased level of

impurities seen in the sugar extracted from the surviving plants (CABI, 2021c).

Attempts to reduce aphid numbers are seen as the only way to try and reduce infection rate.
However, control of virus transmission is incredibly difficult as it may only take a small number
of aphids and a short amount of time to infect entire fields. Added to this, M. persicae has
been recorded as showing exceptionally high resistance to almost all classes of insecticide to
be produced, including neonicotinoids (Bass et al., 2014; Mottet et al., 2024). Their rapid
generation time and ability to move between sexual and asexual forms allows the species to
both evolve quickly in response to intense selection pressures (such as consistent exposure to
chemical pesticides) and create vast numbers of resistant individuals. The only group of
insecticides that allows growers to still retain some control over this species are
neonicotinoids, but several were withdrawn from outdoor use in the UK in 2013 (Council
regulation (EU) No 485/2013). Emergency approval has, however, been granted for the use of
thiamethoxam on sugar beet in England each year since 2021 due to the predicted impact of
beet yellows spread by, among others, M. persicae. The resulting outcry by environmental
groups and concern for the widespread effects the use of this pesticide could have
(development of further resistance, impact on pollinators, environmental contamination etc.)
makes the investigation of potential alternative control of this species of the utmost

importance and why this species was selected for this project.
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1.7.4 Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae), diamondback moth

Figure 1.6. Diamondback moth adult (International Institute of Tropical Agriculture) and

caterpillar (Fk, 2006).

The diamondback moth is a universally distributed and highly invasive lepidopteran which has
a presence wherever cruciferous vegetation exists. The adult’s migratory nature and ability to
travel long distances in the wind make it particularly adept at dispersing across the world. The
adult moths are grey-brown and around 6mm in length with a distinctive diamond pattern on
the folded wings, hence the name. Only the larvae of this species cause damage to plants as
the adults will feed on nectar of flowering plants. Larvae have four instars and are voracious
in appetite, feeding on all parts of the plant including leaves, flowers and seed pods, before
pupating in a silken cocoon (Figure 1.6). Development time depends largely on temperature
and adults begin to mate and lay eggs on the day of emergence so they can have up to 20

overlapping generations in a single year (CABI, 2022).

Larvae can affect plants at every growth stage, mining the leaves in the first instar before
emerging and continuing to cause shot-holes and often a total loss of foliage. Seedlings can
be destroyed outright, with affected growth points causing distortion and stunting in adult
plants if they survive. Damage caused to flowers and seeds also affects the reproductive ability
of the plants and significantly reduces crop yields (Canola Council of Canada, 2024).
Additionally, larval feeding can leave the plant vulnerable to fungal infection, causing powdery
mildew and blight. The current control recommended for this species is to take an IPM
approach. Like with other pests, there are alternative field management considerations such
as inter- and trap cropping, sprinkler irrigation and use of covers but these have had limited
success and are often not practical or cost-effective on a commercial scale (CABI, 2022). The

IPM method invariably includes use of chemical control but this species has now consistently
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shown resistance to pyrethroid pesticides and some are now developing it to the newer
classes, such as diamides (Troczka et al., 2012). Diamondback moth is susceptible to a range
of natural enemies (CABI, 2022) but use of pyrethroids in an area where resistance is present
may now only serve to clear the arthropod predators from the crops, leaving the population
free to erupt and cause further loss. It was also the first crop pest to develop resistance to the
common Cry-toxin-containing Bacillus thuringiensis bio-pesticide, however the specific

mechanisms for it are currently debated (Crickmore, 2016).

The average global production of cruciferous vegetables is nearly 90 million tonnes per year,
with just three types (cabbage, cauliflower and broccoli) accounting for US$32.3 billion and
oilseed brassicas valued at US$35 billion in 2020 alone (Food and Agriculture Organization of
the United Nations, 2023). The diamondback moth is directly responsible for an estimated
USS$4-5 billion loss of this production every year (Furlong, Wright and Dosdall, 2013), and this
combined with a dwindling availability/efficacy of chemical or any other control, rising
concerns over resistance status and potential disruption of global food supply makes for an

exceptionally important pest for this study to investigate an effective control method for.

1.8 Summary and the project

While there is a general societal and policy-driven transition away from the widespread use
of synthetic chemical pesticides, a complete and immediate halt on applying them would
create a global, life-threatening risk to food security. Cultural methods and biopesticides alone
can have variable effects on crop pest management and subsequent yield results, as well as
often being impractical on large-scale outdoor commercial production. As such, they are not
yet at the stage where they can fully replace the use of chemical control but remain an
important part of the IPM strategy. However, given the ever-increasing number of active
ingredients/modes of action that insects are becoming significantly or 100% resistant to and
the dwindling number approved for use, the onus is now on finding more sustainable and less
detrimental alternatives. Botanical synergists present a valuable opportunity for the
development of novel crop protection products that may exhibit lower selection pressure for

resistance and a less impactful outcome on human and environmental health.

20



With the above in mind this project had three main aims:

1)

2)

3)

Investigate if selected botanical extracts have in vitro inhibitory effects on the main
groups of detoxification enzymes involved in metabolic resistance in the target insect
species.

Determine whether the same botanical extracts have potential as synergists when
combined with selected plant protection products in vivo in a range of crop pests:
cabbage stem flea beetle Psylliodes chrysocephala, cabbage root fly Delia radicum,
peach-potato aphid Myzus persicae and diamondback moth Plutella xylostella.
Investigate a possible correlation/cause and effect between any apparent synergism

in vivo and enzyme inhibition in vitro.

21



Chapter 2. General Materials and Methods

2.1 Insects

2.1.1 Psylliodes chrysocephala

Adult cabbage stem flea beetles were collected using a mechanical pooter (Watkins &
Doncaster) from fresh rapeseed (Brassica napus L.) in storage sheds within 1 day post-harvest
in July 2021 and 2022, at a commercial farm in North Yorkshire, UK. The crops were known to
have been treated with a Lambda-cyhalothrin based pesticide product in both years. They
were kept in BugDorms (Watkins and Doncaster, UK) at 20°C, 60% relative humidity and a
16h:8h light:dark cycle. Fresh leaves from 2-3 week old untreated oilseed rape plants were
added twice weekly and dried leaves removed. Adult beetles were prepared for enzyme
activity assays within 2 weeks of collection. Bioassays were completed within 2 months of

collection using mixed-age adults.

2.1.2 Delia radicum
Cabbage root fly were reared according to an adapted method from Finch & Coaker (1969)
with no exposure to pesticides over the generations. They were maintained at 20°C, 60%

relative humidity and a 16h:8h light:dark cycle.

Adult flies were kept in BugDorms and provided with water in a deli pot with capillary matting
to act as a wick. Dry diets were presented in 30ml plastic pots and consisted of dry yeast
powder and dry granulated sugar. Water and diets were replaced every two weeks. Flies were
also supplied with a Petri dish containing dry sand and a small piece of swede to attract

oviposition.

Each week, two 8-inch diameter plant pots were lined with muslin cloth and approximately an
inch of dry sand poured in. A whole swede, sand to fill half the pot and water were added,
followed by the fly eggs sprinkled around the swede. More sand was filled to the top of the

pot, water poured on to dampen and pots were placed in the above conditions for 35 days.

After 35 days, the remains of the swede were removed and the sand flushed through a sieve
(aperture size 1.7mm) with cold water, leaving the pupae behind. The pupae were then

collected into deli pots on top of a layer of vermiculite and put into a clean BugDorm. Fresh
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cages were prepared every week to hold the pot of new pupae and the previous two weeks’
pupae were also added. Flies used for enzyme activity assays and bioassays were between 0-

and 8-days post-emergence.

2.1.3 Myzus persicae

Green peach aphids were kept in plastic and fine mesh insect culture cages (York Plastics (Eng)
Ltd.) with the open side set flat onto water trays. They were kept at 20°C, 60% relative
humidity and a 16h:8h light:dark cycle. Two 1L pots containing approximately 3-week old
Chinese cabbage (Brassica rapa L. var. yuki) grown in compost were placed into the water tray
and infested with aphids. One fresh cabbage plant was added to the cage twice per week and
the oldest plant removed. All plants were grown from seed under glasshouse conditions at
Fera Science Ltd. (Sand Hutton, York). Adult aphids were collected from the culture using a
soft-bristled paintbrush and prepared for the enzyme activity assays. Aphid nymphs used for

bioassays were between 0- and 24-hours old.

2.1.4 Plutella xylostella

The diamondback moth culture was started from caterpillars obtained from a stock culture
kept at the University of Warwick, UK. They were kept in BugDorm insect rearing tents
(Megaview Science Co. Ltd., Taiwan) on Chinese cabbage (Brassica rapa L. var. yuki) at 20°C,
60% relative humidity and a 16h:8h light:dark cycle. Twice weekly, 2-3 cabbage plants
(approximately 3 weeks old and grown as in section 2.1.3) were added to each tent, any
severely damaged plants were removed and all plants were watered. Cotton wool soaked with
10% sugar solution (w/v water) was provided and replaced weekly in the adult moth tents

only. Caterpillars used for enzyme activity assays and bioassays were 3™ instar.
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2.2 Insecticides

Insecticides were selected based on current approval status for the UK and recommendations
for control of nominated insect pests (Liaison, 2024). Analytical grade cypermethrin and
lambda-cyhalothrin were purchased from Sigma (UK). Field rate solutions and serial dilutions
were prepared in acetone. Field rates for analytical products were determined by calculating
recommended application doses for the corresponding formulated products (Cythrin and
Clayton Sparta respectively) containing the active ingredients by area or by volume depending

on bioassay method.

Tracer (Dow Agrosciences — now under Corteva Agriscience, Cambridge, UK) containing the
active ingredient Spinosad (480g/L) was diluted in water to field rate concentration (1ml/L)
and serial dilutions made thereafter. Tween 20 (Sigma-Aldrich) is a nonionic detergent that
was added to Tracer solutions and the water control at 0.1% to allow the droplet to spread

onto the insect.

PREV-AM (Oro Agri) is a formulation manufactured as an insecticide, fungicide and acaricide,
with the active ingredient orange oil (60g/L). Recommended field application rate is 0.4-0.8%

diluted in water. The maximum of 0.8% was used in the bioassays.

FLiPPER (Crop Science/Bayer) is a bioinsecticide and acaricide containing 479.8g/L fatty acids

C7-C20. Recommended field application rate is 1.6% diluted in water.
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2.3 Synergists
All potential synergists tested in bioassays and enzyme assays are referred to as ‘synergist’
throughout this thesis, even if they have not then shown synergistic activity. As PREV-AM’s

active ingredient is listed as orange oil, this product was tested as a potential synergist.

FLIPPER was also tested as a potential synergist.

Table 2.1. Details of potential synergists used in bioassays and enzyme activity assays.

Synergist (common name) Source Description
Piperonyl butoxide Sigma-Aldrich Technical grade, 90%
Neem oil Ourons 100%, 1500ppm azadirachtin
Garlic oil Nikura 100%, Allium sativum
Thymol Sigma-Aldrich 298.5%

Eugenol Alfa Aesar/Thermo Scientific | 99%

Geraniol Sigma-Aldrich 98%

Sesame oil Naissance 100%, Sesamum indicum

Bergamot oil Nikura 100%, Citrus bergamia

Rapeseed oil Biona Organic 100%, Brassica napus

Black pepper oil Nikura 100%, Piper nigrum

Orange oil Sigma-Aldrich Citrus sinensis

Rosemary oil Nikura 100%, Rosemarinus
officinalis

Tea tree oil Sigma-Aldrich Melaleuca alternifolia

Borage seed oil Sigma-Aldrich Borago officinalis

D-limonene MP Biomedicals 96.9%

Lemongrass oil Nikura 100%, Cymbopogon citratus
Parsley seed oil Nikura 100%, Petroselinum sativum
PREV-AM Oro Agri 60g/L Orange oil

FLiPPER Crop Science/Bayer 479.8g/L fatty acids C7-C20
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2.4 Enzyme activity assays

All essential oils were diluted in acetone to 10%, 1% and 0.1% for use in the enzyme assays.
PBO was diluted in acetone to 1%, 0.1% and 0.01% stock concentration to measure inhibition
tenfold either side of, and including, the recommended application dose. PREV-AM and
FLiPPER were diluted in water and also tested to measure inhibition tenfold either side of, and
including, the recommended application doses (0.8% and 1.6% respectively). The final well

concentrations are shown in the figure legends.

2.4.1 Esterase activity

Esterase activity was determined by measuring the rate at which the enzymes hydrolysed
para-nitrophenyl acetate to produce para-nitrophenol, using a kinetic method adapted from
Joffe et al. (2012). Insects were homogenised in 0.02M sodium phosphate buffer, pH 7.0 at
the following quantities: D. radicum: ~20 flies/ml; P. chrysocephala: ~25/ml; M. persicae:
~50/ml; P. xylostella: ~20/ml. The homogenate was centrifuged at 10,000 x g for 15 minutes,
the supernatant decanted to fresh Eppendorf tubes to remove some of the debris and
centrifuged for another 15 minutes at 10,000 x g. Supernatant was then transferred to fresh

Eppendorf tubes, flash frozen in liquid nitrogen and kept at -80°C until use.

Preliminary tests were run using varying amounts of insect homogenate to ascertain a level of
activity to show significant inhibition by the synergists. To a 96-well plate, 47ul of insect
homogenate and buffer were added to each test well, followed by 3l of synergist in acetone
or water. They were left for 30 minutes to incubate at room temperature. After incubation,
200ul of ImM para-nitrophenyl acetate (initially diluted in ethanol and then added to the
homogenisation buffer) was added to each well and a kinetic assay run on a Labsystems
Multiskan MS plate reader at 405nm for 10 minutes with 10 second intervals between
readings. The software Genesis was used to monitor and calculate vmax values. Each synergist
and control test were run in triplicate and either acetone or water used as the corresponding
control. To determine synergist interference, buffer blanks were run for each synergist by

adding the equivalent amount of buffer in place of enzyme homogenate.
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2.4.2 Glutathione S-transferase activity

Glutathione S-transferase (GST) activity was measured using 1-chloro-2,4-dinitrobenzene
(CDNB) as the substrate, with methods adapted from Zhu et al. (2007) and a Sigma assay kit.
Insects were homogenised in 0.1M sodium phosphate buffer, pH 8.0 at the following
quantities: D. radicum: ~25 flies/ml; P. chrysocephala: ~25/ml; M. persicae: 50/ml; P.
xylostella: ~20/ml. The homogenate was centrifuged at 10,000 x g for 15 minutes, the
supernatant decanted to fresh Eppendorf tubes to remove some of the debris and centrifuged
for another 15 minutes at 10,000 x g. Supernatant was then transferred to fresh Eppendorf

tubes, flash frozen in liquid nitrogen and kept at -80°C until use.

Preliminary tests were run using varying amounts of insect homogenate to ascertain a level of
activity to show significant inhibition by the synergists. Due to extensive activity, cabbage root
fly and cabbage stem flea beetle homogenates were used at 1:5 and 1:8 dilutions respectively.
To a 96-well plate, 47ul of insect homogenate and buffer were added to each test well,
followed by 3ul of synergist in acetone or water. They were left for 30 minutes to incubate at
room temperature. A master mix containing 200mM L-Glutathione reduced and 100mM CDNB
in buffer was made immediately before the reaction was started. After incubation, 150ul
master mix was added to each well and a kinetic assay run on a BioTek Epock 2 microplate
reader at 340nm for 10 minutes with 30 second intervals between readings. The software
Gen5 (version 3.10) was used to monitor absorbance levels. The GST specific activity was

calculated using the following steps:

1. Plot the absorbance over time.
2. Calculate the change in absorbance in the linear range:
AAzs0/min = change in absorbance per minute
A, (final read) — A_, (initial read)

AA34o/min - 340 340
reaction time (mins)

3. Subtract the change in absorbance of the blank from that of the sample.

4. Calculate GST specific activity:

(AA,,./min) x V
340 x dil =pumol/ pul /min

EmM X Ven

z

where:
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V = reaction volume (pul)
dil = dilution factor of the original sample
Emm (MM1cm?) = the extinction coefficient for CDNB conjugate at 340nm; 5.3 mM™

Venz = volume of enzyme sample (ul)

2.4.3 P450 Monooxygenase activity

Insect P450 monooxygenase activity was measured by using an adapted method from Ullrich
and Weber (1972) and de Sousa et al. (1995). Insects were homogenised in 0.1M sodium
phosphate buffer, pH 7.6 at the following quantities: D. radicum: ~20 flies/ml; P.
chrysocephala: ~33/ml; P. xylostella: ~15/ml. The homogenate was centrifuged at 10,000 x g
for 5 minutes and the supernatant decanted to fresh Eppendorf tubes to remove some of the

debris. The supernatant was then used immediately as the enzyme source.

To a 96-well plate, 90ul of insect homogenate and buffer were added to each test well
followed by 3 ul of synergist in acetone or water. They were left to incubate for 30 minutes at
room temperature then 2ul of 20mM 7-ethoxycoumarin in acetone and 10ul of 10mM
nicotinamide adenine dinucleotide phosphate (NADPH) in water were added. The plate was
incubated again for 30 minutes at 30°C while shaking (400rpm). With these substrates, the
P4A50 enzymes should produce umbelliferone. As NADPH fluoresces within the same
wavelength as umbelliferone and to avoid distorting the measurement of enzyme activity, the
remaining NADPH was oxidised to the non-fluorescent NADP+ by adding 10ul of 100mM
oxidised glutathione in water and 1.3 units of glutathione reductase to each well. The plate
was incubated for another 10 minutes at room temperature before 125ul of acetonitrile and
TRIZMA base buffer (0.05M, pH10, 50% vol:vol) were added to stop the enzyme activity.
Fluorescence was then measured with a Tecan Infinite 200 Pro plate reader (Tecan Group Ltd.)
at 460nm and exciting at 380nm. The specific enzyme activity was determined using an
umbelliferone standard curve. To determine synergist interference, buffer blanks were run for
each synergist by adding the equivalent amount of buffer in place of enzyme homogenate.
Each synergist and control test were run in triplicate and either acetone or water used as the

corresponding control.
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2.4.4 Protein analysis
Protein content of each insect homogenate sample was analysed using the Bradford method
(Bradford, 1976) with bovine serum albumin (BSA) as the standard. Reagent and BSA sourced

from Sigma (UK).

2.5 Bioassays
Ten individuals of each insect were used per replicate, with three or six replicates per

treatment.

2.5.1 Dose-response

Dose-response bioassays for each pesticide were completed using modified IRAC susceptibility
test methods described below (sections 2.5.2, 2.5.3, 2.5.4). Serial dilutions of the pesticides
were made either in water (formulated product) or acetone (analytical grade active
ingredient). Knockdown and mortality were assessed over a 48-72 hour period. The LCio was
selected for each insect and used in the synergist bioassays. Synergists were also tested, as
above, for inherent insecticidal properties using 1% concentration or recommended field rate

dose.

2.5.2 Psylliodes chrysocephala bioassays

Psylliodes chrysocephala bioassays were completed using modified IRAC susceptibility tests
(No. 011, IRAC, 2009) for pollen beetles. Pesticide in acetone (1ml total volume) was pipetted
into 30ml glass vials which were then rotated for an hour on a tube roller (model SRT6, Stuart
Scientific) to evenly coat the inner surface and evaporate the acetone. Synergist solution (1pl)
was applied to the dorsal surface of anaesthetised beetles and they were left for 30 minutes.
After this time, the beetles were transferred to the vials together with a 22mm diameter disc
cut from the leaf of an oilseed rape plant and a ventilated lid. Treatment groups where
acetone was applied in place of the synergist and pesticide were included as controls. They
were kept as per the culture conditions described above (2.1.2). Beetles were recorded as
dead if they did not move within 30 seconds of the vial being disturbed. They were recorded

as knocked down if they were on their backs upon initial inspection and could not right
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themselves/show coordinated movement upon disturbance. Knockdown and mortality were

monitored daily over a 72-hour period.

2.5.3 Delia radicum bioassays

Bioassays for Delia radicum were done using a modified IRAC susceptibility test (No. 029, IRAC,
2013) for stink bugs. Anaesthetised flies had 1pul of synergist solution applied to their dorsal
surface using a micropipette and were left for 30 minutes before 1ul of pesticide was applied
in the same way. Treatment groups where acetone or water and Tween 20 were applied in
place of the synergist and pesticide were included as corresponding controls. They were kept
in pots with a 20% sucrose solution as a food and water source and conditions as described
for the cultures above (Section 2.1.2). Flies were recorded as dead if they did not move within
30 seconds of disturbance. They were considered knocked down if they were not standing
upright and/or unable to make coordinated movement. Mortality and knockdown were

monitored daily over a 48-hour period.

2.5.4 Myzus persicae bioassays

Myzus persicae bioassays were completed using modified IRAC susceptibility tests (No. 027
and No. 029, IRAC, 2012; 2013) for pollen beetles and stink bugs. Pesticide in acetone (1ml
total volume) was pipetted into 30ml glass vials which were then rotated for an hour on a tube
roller (model SRT6, Stuart Scientific) to evenly coat the inner surface and evaporate the
acetone. Synergist solution (1pl) was applied to the dorsal surface of nymphs and they were
left for 30 minutes. They were then introduced to the vial for a 2-hour period, before being
transferred to a Petri dish containing a 22mm diameter disc of Chinese cabbage mounted in
1% agar. Treatment groups where acetone was applied in place of the synergist and pesticide
were included as controls. Aphids were recorded as dead if they did not move after
disturbance with a soft paintbrush. Aphids that were unable to stand and/or show
coordinated movement after disturbance were recorded as knocked down. Mortality and

knockdown were recorded after a 48-hour period.
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2.5.5 Plutella xylostella bioassays

Plutella xylostella bioassays were completed using a modified IRAC susceptibility test (No. 018,
IRAC, 2010) for this species. Third instar larvae had 1pl of synergist solution applied to their
dorsal surface using a micropipette and were left for 30 minutes. Leaf discs (22mm diameter)
cut from a Chinese cabbage were dipped and agitated for 10 seconds in pesticide before being
left to air dry on paper towel, abaxial surface up. Five leaf discs were placed on top of filter
paper in each pot and the larvae added. Treatment groups where acetone or water were
applied in place of the synergist and pesticide were included as corresponding controls. Larvae
were kept at conditions described above (Section 2.1.2) and recorded as dead if they did not

move after disturbance with soft tweezers. Mortality was recorded after a 48-hour period.

2.6 Data analysis

Enzyme data sets were analysed in R Studio (R Core Team, 2020) using a parametric linear
mixed effects model. Residuals were assessed for normal distribution using a Shapiro-Wilk test
and variance assessed using a Levene’s test. One data set (P. chrysocephala P450 assay,
highest concentration) was transformed using log+1 scale in order to fit these assumptions.
Homogeneity of variance was true in all cases. Slight abnormal distribution of the data set was
accepted as the model is robust enough to present an accurate result. The p-values from the
linear mixed effects model were adjusted using the Bonferroni-Holm correction. Post-hoc
comparisons were conducted to assess differences between treatments using the Tukey
Honest Significant Difference (TukeyHSD) test. The model outputs were subsequently
converted to show activity as percentage of the control to allow a more direct comparison to

be made between similar published studies.

Dose-response assay data were analysed using probit analysis to calculate LCio values (Finney,

1971) with SPSS (IBM SPSS Statistics 29).

Abbott’s formula was used to correct for control mortality in the bioassay data, where this

occurred (Abbott, 1925).

Bioassay data were analysed by calculating the co-toxicity factor of each synergist using the

formula:

(observed % mortality) - (expected % mortality) 100
X

(expected % mortality)



Where expected % mortality = % mortality with pesticide alone + % mortality with synergist
alone. A co-toxicity factor of >20 means there is synergistic activity, <-20 suggests antagonistic
activity and a factor that falls between these two means the result is simply the additive effect

of the two components (Mansour et al. 1966).

As the data did not meet the assumptions of a parametric test, a Spearman’s correlation was
used to ascertain if there was a relationship between the mortality data and the enzyme

activity data, using R studio (R Core Team, 2020).
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Chapter 3. The evaluation of selected botanicals and products as esterase, glutathione s-

transferase and cytochrome P450 monooxygenase inhibitors

3.1 Summary

The enzyme groups involved in the detoxification of insecticides — esterases, glutathione s-
transferases and cytochrome P450 monooxygenases — are an important focus for potential
synergists. The inhibition of any of these enzymes within the insect could remove a significant
layer of defence and allow more of the pesticide to reach its intended target before it is
metabolised, thereby enhancing its efficacy and potentially restoring control of metabolically
resistant insect pests. Several of the botanical extracts and products tested in this study
demonstrated significant inhibition of these enzymes, although some also appeared to
increase their activity. Effects on enzyme activity also varied depending on the enzyme group

being tested, species of insect and dose of the botanical.

3.2 Introduction

Select groups of enzymes within the bodies of insects have developed to overcome plant
defensive compounds to ensure they can continue to feed safely on their hosts. It is these
groups that have developed to combat the effects of chemical insecticides and thus provide

the insect with a level of protection, known as metabolic resistance.

Esterases are a large group that cover various roles in the body of an insect.
Acetylcholinesterase (AChE), for example, is an enzyme involved in the successful transmission
of nerve impulses across synapses and interference, with its function being the target of some
insecticides, including organophosphates and carbamates (Siegfried and Scott, 1990; Gunning,
Moores and Devonshire, 1998). Mutations in the genes encoding AChE have resulted in
resistance to these compounds as the enzymes are overproduced and/or demonstrate
enhanced activity whereby pesticides are rapidly detoxified before they can have a lethal
effect on the insect. Carboxylesterase, on the other hand, has an important role in
detoxification of xenobiotics (those foreign to the body) within the insect, e.g. plant defensive
compounds, but have more recently adapted to confer the same protection from synthetic
insecticides. Gene amplification and subsequent overproduction of the specific
carboxylesterase E4 in the green peach aphid (Myzus persicae) has been identified as being
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integral to their resistance to pyrethroids, carbamates and organophosphates (Devonshire
and Moores, 1982). Carboxylesterases catalyse the hydrolysis of ester bonds in the pesticide
actives, altering their ability to bond with target sites within the body, and produces polar
metabolites of acid and alcohol groups that can then be more easily excreted from the body
(Panini et al., 2016). Esterases can also sequester insecticidal compounds so they cannot bind
with their intended target sites (Wang et al., 2018). One or more of these adaptations are
responsible for the pesticide resistance shown in several crop pest species, including the
diamondback moth (P. xylostella), Colorado potato beetle (Leptinotarsa decemlineata) and

cotton aphid (Aphis gossypii).

Cytochrome P450 monooxygenases (P450s) are a varied group of phase 1 enzymes with roles
in a diverse range of processes throughout the insect body, including metabolising and
synthesising endogenous substances such as fatty acids, hormones and pheromones. Phase 1
enzymes carry out oxidation, reduction and hydrolysis and usually render harmful compounds
less toxic and facilitate excretion of them (Kshatriya and Gershenzon, 2024). As such, they are
also a principal group involved in detoxifying xenobiotics such as insecticidal compounds,
originating from plant or anthropogenic sources (Feyereisen, 2005). Despite issues such as
difficulties in obtaining high enough yields of P450s and their relative instability, it has been
demonstrated that resistant insects show increased levels of these enzymes, either due to
upregulation or gene amplification (Feyereisen, 2005; Amichot et al., 2004; Wondji et al.,

2009).

Like P450s, glutathione s-transferases (GSTs) are multifunctional within the insect body and
are also involved in detoxification of xenobiotics. As phase 2 enzymes, they catalyse the
conjugation of electrophilic substances — such as phase 1 products, allelochemicals and
insecticidal compounds — with reduced glutathione and thereby reduce their toxicity (Konanz
and Nauen, 2004; Després et al., 2007; Kshatriya and Gershenzon, 2024). The resulting
molecules are more easily soluble in water and excreted from the body (Habig et al., 1974).
The role of GSTs in this type of resistance has been identified in P. xylostella, conferring

protection against parathion and methyl parathion (Kao and Sun, 1991).

Successful inhibition of any of these enzyme groups could result in the insects showing a
higher susceptibility to the pesticides, thereby restoring their efficacy in resistant insects and
enhancing control. As such, assessing the effects of various botanical compounds and

formulated products on the activity of these three enzyme groups in vitro would highlight any
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that have strong inhibitory characteristics and may, therefore, be promising candidates for

synergists to use in combination with pesticides in bioassays.

3.3 Esterase activity results

In all cases, the plate was a significant influencing random factor on the response of the model
(p<0.05, see Appendix A). Due to the number of synergists tested, the esterase activity assay
for each insect species required seven microtitre plates. To determine synergist interference,
buffer blanks (where the equivalent amount of buffer was added in place of enzyme
homogenate) were included for each synergist on each plate. The relevant uninhibited
controls for the synergists being tested were also included on every plate. In place of the
botanical oils and PBO, this meant the equivalent amount acetone was added. In place of

PREV-AM and FLIiPPER, the equivalent amount of water was added.

The Tukey honest significant difference test was then run between the synergists and the
relevant control on the plate they were tested on to ensure that the plate variation and any
difference between controls were considered in the results. The model estimates were
subsequently converted to show activity as percentage of the uninhibited control. The upper
and lower 95% confidence limits are shown by the error bars as they are a more complete
representation of the uncertainty of the model estimates than the standard error in this

analysis.

3.3.1 Psylliodes chrysocephala

All synergists tested showed significant inhibition of esterase activity at the highest and
intermediate concentrations when compared with the control (p<0.05). The most effective
inhibitors at these concentrations were black pepper oil, garlic oil, lemongrass oil, parsley-
seed oil, rosemary oil and thymol, reducing activity by around 50% or more in each case
(Figure 3.01 Aand B). Similarly, these synergists also significantly reduced activity at the lowest
concentration, although the reduction in activity was comparatively less severe (Figure 3.01
C). Sesame oil, rapeseed oil and borage oil showed the least potency as esterase inhibitors

across all concentrations tested in this species.
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Figure 3.01. Effect of treatment on Psylliodes chrysocephala esterase activity shown as
percentage of the uninhibited control (model estimates, n=3-24). A: botanical oils tested at
0.6%, FLIPPER at 0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%,
FLIPPER at 0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%,
FLIPPER at 0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and
lower limits at 95% Cl. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.3.2 Delia radicum

Esterase activity of D. radicum was significantly affected by eight of the synergists tested at
the highest concentration, with eugenol, neem oil, parsley-seed oil, PBO, PREV-AM and
thymol being the most potent (Figure 3.02 A). This was also reflected when tested at the
intermediate concentration although the reduction in activity was less evident (Figure 3.02 B).
At the lowest concentration, only five of the synergists — eugenol, orange oil, PBO, PREV-AM
and thymol demonstrated significant inhibition of cabbage root fly esterase (Figure 3.02 C).
Interestingly, orange oil appeared to inhibit the esterase at the lowest concentration but not
at the higher concentrations. Also, in contrast to all other treatments, geraniol increased
esterase activity to higher than the uninhibited control at both the highest and intermediate

concentrations.
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Figure 3.02. Effect of treatment on Delia radicum esterase activity shown as percentage of the
uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% Cl. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.3.3 Myzus persicae

Few of the synergist treatments had any significant effect on esterase activity in the M.
persicae homogenate, particularly at the lower concentrations. Indeed, at highest
concentration, only eugenol, lemongrass oil, parsley-seed oil, PREV-AM, rosemary oil, tea-tree
oil and thymol had any significant effect but still retained more than 50% activity compared
to the uninhibited control (Figure 3.03 A). Although these synergists tended to also
demonstrate significant inhibition of activity at the intermediate concentration, the level was
greatly reduced (Figure 3.03 B). There was no significant inhibition of M. persicae esterase by
any of the synergists at the lowest concentration. There was also no difference in effect on

activity between any of the treatments at this dose (Figure 3.03 C).
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Figure 3.03. Effect of treatment on Myzus persicae esterase activity shown as percentage of
the uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% CI. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.3.4 Plutella xylostella

Several synergists were highly effective at inhibiting P. xylostella esterase at the highest
concentration, with eugenol, FLIPPER, neem oil and thymol proving the most potent.
However, others such as orange oil, rosemary oil and geraniol appeared to have no significant
effect on activity compared with the control, even at this high dose (Figure 3.04 A). A ten-fold
reduction in the concentration of synergists appeared to critically impact their inhibitory effect
as only four (eugenol, FLIPPER, neem oil and thymol) still significantly reduced activity levels
(Figure 3.04 B). Finally, neem oil appeared to be the most effective even at the lowest
concentration. FLiPPER and thymol still significantly impacted enzyme activity at this dose but

the reductions they caused were far less substantial (Figure 3.04 C).
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Figure 3.04. Effect of treatment on Plutella xylostella esterase activity shown as percentage of
the uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% Cl. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.4 Glutathione S-transferase (GST) activity results

As the glutathione S-transferase catalyses the conjugation of the reduced glutathione to the
CDNB to produce 1-(S-glutathionyl)-2,4-dinitrobenze (GS-DNB) which absorbs at 340nm, the
change in absorbance can be attributed to the enzyme activity so glutathione S-transferase

specific activity was calculated as per the formula in section 2.4.2.

In all cases, the plate was a significant influencing random factor on the response of the model
(p<0.05). The Tukey honest significant difference test was then run between the synergists
and the relevant control on the plate they were tested on to ensure that the plate variation
was considered in the analysis. The model estimates were subsequently converted to show
activity as percentage of the control. The upper and lower 95% confidence limits are shown
by the error bars as they are a more complete representation of the uncertainty of the model

estimates than the standard error in this analysis.

3.4.1 Psylliodes chrysocephala

GST specific activity in P. chrysocephala was significantly affected by all synergists at the
highest concentration, with eugenol and geraniol appearing to halt activity completely.
FLiIPPER, garlic oil, lemongrass oil, neem oil, parsley-seed oil and thymol were also potent
inhibitors (Figure 3.05 A). Apart from parsley-seed oil, these synergists showed similar effects
when they were tested at a ten-fold lower concentration (Figure 3.05 B). However, there was
a distinct increase in overall GST activity in the treatment groups when the synergists were
applied at the lowest concentration. Garlic oil was the only synergist that had a particularly
strong inhibitory effect when compared to the control at this dose (Figure 3.05 C). Although
still demonstrating some inhibition at the highest concentration, orange oil, PBO and
rosemary oil were less effective compared to the other synergists and had no significant effect

at all on GST activity at the other concentrations.
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Figure 3.05. Effect of treatment on Psylliodes chrysocephala GST activity shown as percentage

of the uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLIPPER

at 0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at

0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at

0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower

limits at 95% CI. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.4.2 Delia radicum

Eugenol and neem oil halted D. radicum GST activity at the highest concentration, with garlic
oil and geraniol reducing activity by up to 100% when compared with the uninhibited control.
Black pepper and thymol were also particularly effective at this dose (Figure 3.06 A). Eugenol,
garlic oil, neem oil and thymol were similarly effective at the intermediate concentration.
Additionally tea-tree oil appeared to lower activity at 0.06% more strongly than at 0.6% and
black pepper became markedly less effective with the ten-fold reduction in concentration
(Figure 3.06 B). There was very little inhibition of D. radicum GST shown when the synergists
were tested at the lowest concentration. Despite some statistically significant reductions in
activity by eugenol, FLIPPER, neem oil, rapeseed oil and thymol, these were comparatively
small when compared with garlic oil at this dose (Figure 3.06 C). Bergamot oil, borage oil,
orange oil and rosemary oil did not appear to have a particularly potent effect, even at the

highest concentration.
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Figure 3.06. Effect of treatment on Delia radicum GST activity shown as percentage of the
uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% Cl. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.4.3 Myzus persicae

At the highest concentration tested, borage oil, FLIiPPER and PREV-AM all reduced M. persicae
GST activity to less than 4.5% of the uninhibited control, with lemongrass oil halting activity
completely. Garlic oil, parsley-seed oil and thymol were also very effective as enzyme
inhibitors at this concentration. Geraniol, PBO and tea-tree oil showed no significant effect at
this dose (Figure 3.07 A). A ten-fold decrease in synergist concentration allowed far more
enzyme activity, with only FLIPPER, garlic oil, lemongrass oil, neem oil, PREV-AM and thymol
having any distinct effect compared to the control (Figure 3.07 B). When tested at the lowest
concentration, apart from PREV-AM, these synergists remained significantly effective as
enzyme inhibitors, albeit with a lower comparative reduction in activity. Garlic oil and neem
oil were the most potent at this dose. Interestingly, eugenol appeared to significantly increase

activity (Figure 3.07 C).
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Figure 3.07. Effect of treatment on Myzus persicae GST activity shown as percentage of the
uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% Cl. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.4.4 Plutella xylostella

At the highest concentration, all synergists tested significantly reduced P. xylostella GST
activity and was completely halted by parsley seed oil. Additionally, eugenol, garlic oil,
lemongrass oil, neem oil and PREV-AM demonstrated particularly potent effects at this dose
(Figure 3.08 A). Despite an increase in activity over all treatment groups when synergists were
tested at the intermediate concentration, those that were particularly effective at the higher
dose remained so. Garlic oil was the most effective enzyme inhibitor at this dose, reducing
activity by more than 92% of the uninhibited control (Figure 3.08 B). At the lowest
concentration only garlic oil, neem oil, parsley-seed oil and thymol significantly inhibited

enzyme activity but the reduction was not as strong as with the higher doses (Figure 3.08 C).
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Figure 3.08. Effect of treatment on Plutella xylostella GST activity shown as percentage of the
uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% CI. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.5 P450 monooxygenase activity results

When investigating P450 activity, it was apparent that the presence of neem oil, particularly
at the highest concentrations, interfered with the fluorescence readings of the fluorometer.
The readings of the neem-containing wells were heightened to the upper limits of the machine
and thereby reduced the readings of all other wells to below base-line or negligible levels.
Thus, neem oil was tested at all concentrations with all possible controls on a separate plate.
The highest concentration of neem oil in a well with just buffer also produced a fluorescence
level that obscured any possible calculation of enzyme activity in any well where it was
combined with insect homogenate, so it was only tested for P450 inhibition at 0.06% and

0.006% concentrations.

P450 monooxygenase activity and inhibition was not tested in M. persicae. Wu et al. (2022)
concluded that “determination of P450 activity in aphids has variable success and there is no
reliable method yet”. Preparation of aphid homogenate to use as the enzyme source, in the
same way as other insects, releases compounds that inhibit P450 activity and can therefore
compound the results, particularly when the inhibitory effects of other specific compounds
are being assessed. Wu et al. (2022) successfully recorded P450 activity in aphids by
homogenising a single individual directly in the well. However, in order to accurately evidence
a significant reduction in activity and conclude that it is due to the presence of the synergists,
activity of the uninhibited control should be as high as possible to ensure the difference to the
treatment group is clear and unambiguous when variation and standard error are taken into
account. Having reviewed the numbers required to reach this high level of activity in the
esterase and GST assays, a number of aphids may need to be homogenised within the wells in
the P450 assay to raise the activity to that level and this would invariably also release more
inhibition compounds. At this point, the decision was made not to run this assay with M.

persicae.

Due to the significant inhibitory effects that the highest concentrations of the synergists had
on P. chrysocephala P450 activity, the data was log+1 transformed in order to meet the
assumptions of the model and be accurately analysed. The plate also had no significant

difference in this case (P>0.05), but it did not change the outcome of the model results.

In all other species, the data confirmed to the required assumptions and the plate was a
significant influencing random factor on the response of the model (p<0.05). The Tukey honest

significant difference test was run between the synergists and the relevant control on the
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plate they were tested on to ensure that the plate variation was considered in the analysis.
The model outputs were subsequently converted to show activity as percentage of the
control. The upper and lower 95% confidence limits are shown by the error bars as they are a
more complete representation of the uncertainty of the model estimates than the standard

error in this analysis.

3.5.1 Psylliodes chrysocephala

P450 monooxygenase activity was significantly inhibited by all synergists tested at the highest
concentration, reducing activity to at least 50% of the uninhibited control by all treatments.
Indeed, bergamot oil, eugenol, FLIPPER, garlic oil, geraniol, parsley-seed oil, PREV-AM, tea-
tree oil and thymol all halted enzyme activity at this dose (Figure 3.09 A). There was a similar
response when the synergists were tested at the intermediate concentration with only borage
oil not significantly affecting the enzymes. FLiPPER, parsley-seed oil and PREV-AM completely
ceased enzyme activity at this dose (Figure 3.09 B). When tested at the lowest concentration
many of the synergists still significantly inhibited enzyme activity but their potency was greatly
reduced compared with the higher doses. Borage oil, D-limonene, eugenol, neem oil and
orange oil did not significantly affect enzyme activity at this dose. In contrast, FLIiPPER and
PREV-AM maintained their ability to terminate enzyme activity completely even at the lowest
concentration (Figure 3.09 C). PBO — the synthetic P450 inhibitor — demonstrated the least
inhibition compared to any of the other synergists when applied at the highest dose and was
neither particularly effective nor particularly ineffective compared to the other treatments

when tested at the other two concentrations.
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Figure 3.09. Effect of treatment on Psylliodes chrysocephala P450 activity shown as percentage
of the uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER
at 0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% CI. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.5.2 Delia radicum

At the highest concentration, all synergists demonstrated significant inhibition of D. radicum
P450 enzymes. Eugenol, thymol, garlic oil, geraniol and rosemary reduced activity to less than
2% of the uninhibited control and thymol ceased activity completely. Garlic oil, geraniol and
rosemary oil were also particularly effective (Figure 3.10 A). At the intermediate
concentration, only bergamot showed no significant inhibition of enzyme activity. Eugenol,
garlic oil, geraniol and thymol continued to strongly reduce activity at this dose but neem oil
was the most effective in that it halted activity completely (Figure 3.10 B). The majority of the
synergists tested did not significantly reduce enzyme activity at the lowest dose, compared
with the control. Of those that did, garlic oil, geraniol and thymol were the most effective and
all reduced activity to below 50% of the control while the remaining were less so and reduced

activity to a minimum of 59% of the uninhibited control (Figure 3.10 C).
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Figure 3.10. Effect of treatment on Delia radicum P450 activity shown as percentage of the
uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLIiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% Cl. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.5.3 Plutella xylostella

The inhibitory effects of the synergists varied considerably between the concentrations tested
on P. xylostella PA50 activity. At the highest concentration, none of the synergists tested
ceased P. xylostella PA50 enzyme activity completely. The most effective inhibitor at this dose
was eugenol, reducing activity to 21.5% of the uninhibited control. D-limonene, lemongrass
oil, orange oil, rosemary oil, tea-tree oil and thymol all had no significant effect at all on the
activity of the enzymes. Interestingly, 0.6% garlic oil appeared to significantly increase P450
activity in this species (Figure 3.11 A). When applied at 0.06%, eugenol was again the most
effective enzyme inhibitor. Black-pepper oil, geraniol, neem oil, PBO, PREV-AM and sesame
oil all reduced enzyme activity by a similar amount compared with the control. Bergamot oil,
lemongrass oil, orange oil, rapeseed oil and rosemary oil had no significant effect on enzyme
activity at this dose, even appearing to increase activity slightly compared to the control
(Figure 3.11 B). Finally, at the lowest concentration, none of the synergists significantly
inhibited enzyme activity. However, borage oil and D-limonene significantly increased P450

activity by 72% and 60%, respectively, above that of the control (Figure 3.11 C).

56



180

160

180

160 ab ab

P450 activity (% of control)

220 b

200 be
1801
160 |
1401
120
1001
801
601
40|
20

3 S e @ > R & S e & 2 > O D S = @ >~
S & F S &SSO S S S R
I~ L Caggges & L F T P S AP
le o &8 a:& .@00}'\{\\0 Q)"Q & \;Q c?q,\ R é_& = éq;% QQQ/ PR %e“-‘ &a@' <2
=% N2 <0

Treatment

Figure 3.11. Effect of treatment on Plutella xylostella PA50 activity shown as percentage of the
uninhibited control (model estimates, n=3-24). A: botanical oils tested at 0.6%, FLiPPER at
0.96%, PBO at 0.06% and PREV-AM at 0.48%. B: botanical oils tested at 0.06%, FLiPPER at
0.096%, PBO at 0.006% and PREV-AM at 0.048%. C: botanical oils tested at 0.006%, FLiPPER at
0.0096%, PBO at 0.0006% and PREV-AM at 0.0048%. Error bars represent upper and lower
limits at 95% Cl. Bars showing the same letter do not differ significantly from one another

(TukeyHSD, p<0.05).
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3.6 Protein Analysis

The protein content of each sample of homogenate used for all enzyme assays was assessed
using the Bradford method and the levels used as an indication of enzyme presence. The
lowest protein content was in M. persicae, followed by P. xylostella with P. chrysocephala and
D. radicum having similar protein levels per ul (Table 3.1). Interestingly, the highest GST and
P450 activity levels per ug of protein was found in the insect with the highest susceptibility to
the effects of the selected insecticide out of all the species tested: P. xylostella. Esterase
activity was highest in M. persicae but this species also exhibited the lowest GST activity out
of all insects tested. Per ug of protein, P. chrysocephala showed the lowest P450 activity and

D. radicum the lowest esterase activity (Table 3.2).

Table 3.1. Protein content of insect homogenate samples for each species and enzyme group

(ng/ul).
Insect species pP. D. M. P.
Enzyme group chrysocephala radicum persicae xylostella
Esterase 0.405 0.453 0.036 0.103
GST 0.454 0.539 0.043 0.103
P450 0.427 0.525 0.123

Table 3.2. Average activity per pg protein for each species and enzyme group.

Insect species P. D. M. P.
Enzyme group chrysocephala radicum persicae xylostella
Esterase 0.0395 0.0088 0.1389 0.0874
(AA/min)

GST 33.915 16.960 3.163 41.215
(umol/min)

P450 774.640 1072.191 1756.730
(RFU)
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3.7 Discussion

Despite the general functions of the enzymes in the esterase, GST and P450 groups being
largely similar between insect species, as they are generally identified as having important
roles in detoxification (Fan et al., 2023), there were striking differences in the effects that the
same synergists had on the different target pests used in this study. For example, some
synergists that proved particularly effective on P. chrysocephala esterase, such as lemongrass
oil, had comparatively little effect on the same enzymes in D. radicum. In this study, field-
collected P. chrysocephala esterase also showed significant inhibition of activity when
combined with black pepper oil, garlic oil, lemongrass oil, parsley-seed oil, rosemary oil and
thymol at any concentration. In contrast, D. radicum esterase was inhibited more by eugenaol,
PBO and PREV-AM and P. xylostella esterase by FLIPPER and neem oil. M. persicae was most
similar to P. chrysocephala in terms of which botanicals had more of an impact but was
demonstrably more resistant to any inhibition at all. Similar variation was observed in the GST
and P450 activity assays, although it appeared that a greater number of synergists had
significant effects compared to the esterase assays. These synergists also appeared to have

higher overall efficacy in that many of them halted GST and P450 enzyme activity altogether.

The sheer variation in success and failure of the same synergists and their components on
enzymes sourced from different insects in this study and throughout the literature (see later)
demonstrates that the level of inhibition of detoxification enzymes appears to be a product of
factors such as, but not limited to, chemical structure of the synergist(s), structure of the
enzyme, application dose, whether the synergist is composed of one or more different
compounds, their relative proportions, if/how they interact and finally the interaction of all of

these aspects (Jankowska et al., 2017).

Across all insects in this study, a handful of synergists were identified as being potent
influencers on enzyme activity, where this was also shared across the enzyme groups. Three
were individual components of essential oils: eugenol, thymol and geraniol; the other three
were essential oils in their entirety: garlic oil, neem oil and lemongrass oil. Eugenol is a
monoterpenoid compound found in high levels in cloves and comparatively lower amounts in
other spice and herb plants such as cinnamon, nutmeg and basil (Van Roon, Parsons and
Govers, 2005). These spices are typically imported as pre-processed products and none of the
plants themselves are native to the UK, unlike the target insect species of the current study.

Thymol is a monoterpenoid phenol primarily found in plants of the mint (Lamiaceae) family. It
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is most commonly found in the thyme plant (Thymus vulgaris) but is also present in lower
guantities in oregano (Oreganum vulgare), basil (Ocimum basilisum) and marjoram (Origanum
majorana) (Burt, 2004). Geraniol is a monoterpene alcohol commonly found in a range of
citrus essential oils as well as those of flowering plants such as geranium and rose (Bakkali et

al., 2008, Koul et al., 2008).

All of the individual components showing a particular affinity for enzyme inhibition in this
study are monoterpenoids, which are a large group of plant secondary metabolites principally
classified by the number of carbon atoms they possess (Boncan et al., 2020). A variety of
terpenoids have been isolated and tested on insect AChE and the majority of those reviewed
were found to inhibit the enzyme (Lee et al., 2001; Picollo et al., 2008; Anderson and Coats,
2012; Park, 2014; Seo, 2014; Yeom, 2015; Park et al., 2016; Reegan et al., 2016). The most
effective were monoterpenoid structures, with the exception of nootkatone, which is a
sesquiterpene (Anderson and Coats, 2012), suggesting that this structural assembly comprises
an effective selection of compounds for consideration as synergists, particularly if the esterase
group is responsible for the case of insecticide resistance under investigation. However, it
should be noted that although AChE activity is important for insect survival and is, in fact, the
target for carbamate and organophosphate pesticides (IRAC, 2024c), it is not involved in the
detoxification of insecticides. It appears that many of the studies (such as those above)
investigating esterase inhibition by plant extracts and essential oils focus solely on ACHE,
rather than those more heavily involved in detoxification. Further studies on the potential of
botanicals to inhibit enzymes and result in metabolic synergy with a pesticide would need to
examine the activity of detoxification enzymes such as carboxylesterase, which has been
identified in Myzus persicae as being the primary source of insecticide resistance in at least
one strain of this species (Devonshire and Moores, 1982). For example, thymol is well-
reported in the literature for reducing AChE activity in a range of insects (Shahriari et al., 2018;
Kumrungsee et al., 2022; Lazarevi¢ et al., 2022) and this inhibition may well be replicated
amongst the wider esterase group as it significantly inhibited those of all insects tested in the
present study, but this would need to be confirmed for it to be considered further in
combatting metabolic insecticide resistance. Eugenol was comparatively less effective on
esterase in the current study, particularly for P. chrysocephala, contrasting with work
elsewhere in which eugenol had a relatively high binding affinity to AChE compared to a

selection of other monoterpenes (Lee et al.,2001). However, this research was conducted with
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Sitophilus oryzae at a different relative dosage which could explain this apparent discrepancy
— particularly as the current work supports variability in esterase inhibition between target

species and synergist dose rates.

However, there are some studies that do investigate these enzymes more closely and have
identified that botanicals may well have a similar effect on detoxifying enzymes as AChE. For
example, eugenol inhibited the activity of all three groups of detoxification enzymes in Aedes
aegypti, suggesting it has a wide-ranging-spectrum mode of action and affinity for a variety of
enzyme structures, but again the dosage and species differentiation may well account for
differences in inhibition levels between this and the current study (Adhikari, Khanikor and
Sarma, 2022). Evidence also indicates that monoterpenoids such as thymol, carvacrol and
limonene can be effective inhibitors of insect GST and cytochrome P450 enzymes, further
explaining the results seen across all three enzyme assays in the present work (Koul and Walia,

2009; Anderson and Coates, 2012; Pavela, 2015).

As promising as monoterpenoids first appear as potent enzyme inhibitors, there is also
evidence to the contrary. Thymol, one of the most effective inhibitors in the current study,
proved to have no significant effect on either esterases or P450s in the cabbage looper,
Trichoplusia ni (Tak, Jovel and Isman, 2017). It did, however, have an inhibitory effect on GSTs.
Comparatively, Shahriari et al. (2018) found that thymol significantly elevated GST activity in
Mediterranean flour moth (Ephestia kehniella) caterpillars, rather than reducing it. Geraniol
had this effect on D. radicum esterase in the current study but, in contrast, decreased activity
in P. chrysocephala and then had no significant effect at all in M. persicae or P. xylostella when
applied at the same concentration. Geraniol also induced activity in P450 enzymes in the
Japanese beetle, Popillia japonica (Adesanya, Held and Liu, 2017) but significantly reduced

activity in the same enzyme of all species tested in the current study.

Showing similar contrasts, garlic oil was particularly effective at inhibiting some GST and P450s
in the present work (P. chrysocephala and D. radicum) but increased activity of P. xylostella
P450 enzymes. Garlic oil is extracted from the garlic plant (Allium sativum) and contains a
number of sulfur-based compounds as well as its well-known active — allicin (Batiha et al.,
2020) but is low in monoterpenoid compounds. This suggests further that, as well as the
structural format of the synergist, both mode of action of the compounds and the species of
insect appear to play significant parts in what effect, if any, a particular synergist will have on

a specific enzyme.
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Despite a vast number of research papers investigating the insecticidal and synergistic nature
of essential oils and their constituents (Chapters 4 and 6), the majority do not delve into the
explicit mode of action and enzyme kinetics behind the results. The available research
suggests that some synergists work as competitive inhibitors — where they compete with the
substrate for access to the active site of the enzyme, reducing the ability of the enzyme to
bind to the intended target. Others are uncompetitive inhibitors, where they bind to allosteric
sites on the enzyme and/or the enzyme-substrate to reduce overall activity (Jankowska et al.,
2017). Both positions mean that the active site is not fully open to bond with the target
substrate/site or pesticidal components (depending on the enzyme’s function), meaning the
insect is then more vulnerable to insecticidal effects. Furthermore, Lépez et al., (2015) found
that size of the synergist molecule may be positively correlated with inhibitory effect and that
two monoterpenoid molecules could bind simultaneously to the enzyme, although this was
again in AChE and may or may not be replicated with enzymes involved in detoxification.
Eugenol, thymol and geraniol are all relatively large molecules, compared to other
monoterpenes so this may assist their efficacy as enzyme inhibitors (Bakkali et al., 2008). It
would appear then that the mode of action of the synergist and whether its structure will
allow it to bind to either or both of these sites will, therefore, heavily dictate its efficacy as an
inhibitor. Correspondingly, in this study, differences between enzyme inhibition between
species using the same synergists, even at the same concentration, appear to suggest that the
structures of the enzymes may differ between species and have a defining influence on

inhibition as well.

The differing diets of herbivorous insects, and therefore their exposure to different plant
toxins, as well as contact with various classes of insecticide have affected the composition and
organisation of the gene families encoding their detoxification enzymes (Rane et al., 2019;
Volonté et al., 2022). Genome-sequencing and comparative genomic analysis has revealed
that in P. xylostella the genes encoding detoxification metabolism, including P450, GST and
carboxylesterase enzymes, have undergone significant amplification (You et al, 2013).
Volonté et al. (2022) also found that this expansion was evident across certain hemipteran
species where the taxonomic group with the broadest diet of those investigated had the
greatest selection of detoxification enzymes. This may help to explain why the enzymes found
in M. persicae homogenate appear to be the most resilient out of the species tested in this

study. The peach-potato aphid is a highly polyphagous species with hosts in over 40 different
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plant families (CABI, 2021c) and may have undergone evolution and gene amplification while
exposed to a wide range of plant hosts and their compounds. The varying evolutionary and
environmental pressures leading to adaptations to different ecological niches and the
differences in genetic sequencing will have therefore resulted in structural differences to the
enzymes between species. As previously alluded to, the species differences seen in this study
and throughout the literature suggest this is an important component in whether a synergist
is an effective enzyme inhibitor. A lack of exposure may be part of the reason as to why some
of the synergists tested appear to affect the targeted enzymes more than the others — e.g. if
they have not been present during the evolution or adaptive processes of the insect and, as
such, remain effective in their role as plant defensive compounds against herbivores.
However, this may exert a relatively small influence on the overall results as the effective oils
noted in the current study are also not produced by the Brassicaceae family thus indicating
that higher impact factors are involved. Although the enzyme structure has not been
examined in this study, its influence on a synergists’ ability to inhibit enzyme activity is
understood and further work to visualise the enzyme structures in various insects will help to
clarify the kinetics and mode of action required for a synergist to be effective in different

species.

The timescale within which the enzyme is treated with a synergist may also affect the impact
it has. Nasr et al. (2015) noted that P. xylostella GST was significantly inhibited by oregano
essential oil but enzyme activity appeared to increase after 24 hours of exposure, suggesting
that the bonds between synergist and enzyme were reversible and synergism efficacy reduces
over time. The exposure time for the current study was 30 minutes — following a method in
Joffe et al. (2011) — but there appears to be no approved timing for this type of assay and
there is huge variation in the literature. Incubation times can range from 10 minutes (Seo et
al., 2014) to 6 hours (Tak, Jovel and Isman, 2017). Repeating the assays in this study with a
temporal variable, intermittently adding substrate so levels do not reach exhaustion and
periodically assessing enzyme activity over time may help to elucidate whether the inhibition
seen is reversible, how long it takes for the enzymes in each species to recover, if they do, and
whether a higher concentration or repeated exposure may be required to achieve control. For
maximum impact, an irreversible bond would be desirable. Grundy and Still (1985) found that
pulegone-1,2-epoxide extracted from the electric eel (Lippia stoechadifolia) bonded

irreversibly to AChE and shows promise but there appears to be no specific reports of
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irreversible enzyme inhibition by essential oil components or plant extracts against
detoxification enzymes in insect species. Additionally, methanethiosulfonate-containing
compounds have been found to irreversibly inhibit AChE in a range of insects including aphids,
mosquitoes and cockroaches (Pang et al., 2009; Polsinelli et al., 2010; Dou et al., 2013). It may
be possible to review the chemical structures of these compounds, screen essential oils for
similar assemblies that may function the same way and carry out assays to test them in order

to attain a natural product source of effective synergists or standalone insecticides.

From this, it is apparent that the dose of synergist applied is a strongly influencing factor on
the extent to which they inhibit enzyme activity. Due to their effect on cellular and molecular
function, essential oils and their components are inherently toxic at high doses but there
appears to be variation in the level required to bring about a toxic or inhibitory effect, which
is also ostensibly different between enzyme groups and insect species. In all insect species
tested in the present study, there was a general increase in enzyme activity as the
concentration of synergist was reduced. However, this is important when considering the role
these compounds are being investigated to play in an IPM approach. For a synergist to be
classed as such it is required to have sub-lethal effects at the applied dose, as does its
companion substance, but applied together they bring about an effect that exceeds the sum
of their additive effect on target pest mortality (Metcalf, 1967). An optimum concentration of
a synergist would severely impact the activity of the insect enzymes in order to allow the
pesticidal components to exert their full effects, but not so much that the synergist itself is a
standalone insecticide. As with the factors already discussed, and to complicate matters
further, the required dose appears to be different for each synergist and each species. The
highest stock concentrations of synergists had a very different effect on the groups of enzymes
extracted from P. chrysocephala. Although not directly compared, the data suggests that none
of the synergists completely halted esterase activity in this species but some, namely eugenol
and geraniol, did effectively terminate both GST and P450 activity. A similar trend was found
in D. radicum, M. persicae and P. xylostella although the effects did not appear to be quite as
strong. This lends weight to the theory that chemical structure and the enzyme/synergist

mode of interaction may be largely responsible for this variation.

Comparatively, the concentration at which the synergists failed to have a significant effect on
enzyme activity differed hugely between synergists and, again although not directly

compared, appeared to also differ between species. At least one synergist tested at the lowest
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dose in all assays caused a significant reduction in enzyme activity in all target insects — apart
from M. persicae esterase and P. xylostella P450. However, the relative proportions of these
enzyme groups in the homogenate may have had an effect. If there were more numerous
esterase enzymes than GST or P450 in the homogenate of the insect, for example, then it may
take a higher dose of the synergist to inhibit the esterase group to the same level as the other
groups. This information is not forthcoming in the literature so may be an interesting avenue
to clarify in this field. However, the variation seen in the results suggests that, for each
synergist and insect, there is an optimum dose required to bring about the desired effect. A
complete lack of enzyme activity, such as that delivered by lemongrass oil to M persicae GST
activity and neem oil to D. radicum P450 activity, could suggest that the enzymes have
denatured completely and the level of synergist has become toxic, rather than just inhibitory
(Tiwari et al., 2009). Denaturation of proteins and malfunction of significant enzymes would
likely be fatal to the insect so this concentration would need to be reduced to find inhibition

and possible synergism.

In contrast, orange oil appeared to inhibit D radicum esterase activity at 0.1% stock
concentration but not at the higher concentrations. It could be that the higher doses of certain
oils and components elicited a stress response, activating other enzymes and heat-shock
proteins to protect the enzymes (Farahani and Bandani, 2023). In fact, increased enzyme
activity in response to exposure to essential oils and their components is not an uncommon
observation in this area of research. For example, T. castaneum GST activity levels were found
to be elevated after the insects were exposed to various essential oils (Shojaei et al, 2017;
Ramachandran, Baskar and Jayakumar, 2022). Given that these enzymes have a role in
detoxification, they may respond to stress conditions by increasing activity in an attempt to
protect the insect from damage (Farahani and Bandani, 2023). This may also explain why
geraniol appeared to significantly increase D. radicum esterase activity compared to the
uninhibited control at both 10% and 1% stock concentrations. This effect was also apparent
with garlic oil in that it was an effective inhibitor, particularly for GST and P450, across the
insects in this study but significantly increased activity of P. xylostella PA50 enzymes at the

highest dose.

Alternatively in these cases, the botanical compounds may have acted as positive allosteric
modulators i.e. they bound to the enzyme in a location other than the active site and change

the conformation such that the enzyme has greater binding affinity with the substrate and/or
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show improved efficacy (van Westen, Gaulton and Overington, 2014). This would then have
resulted in the enzyme showing activity higher than that of the uninhibited control when
exposed to those botanicals. As illustrated by the number of aforementioned studies, an
increase in insect detoxification enzyme activity upon exposure to certain botanical
compounds is not a new observation but the mode of action involved in this activity induction

appears relatively understudied as there are few papers exploring it.

So, as well as selecting a synergist for its promising chemical structure (where a
monoterpenoid is apparently useful, but not absolutely required), an ability to bind to an
enzyme’s active site or an allosteric site conducive to inhibition rather than induction
(preferably irreversibly, or at least for long enough for an insecticide to carry out its role), the
synergist must be at a concentration high enough to elicit an inhibitory response and impact
the number and type of enzymes present and low enough not to denature the proteins — but
not so low as to stimulate a stress response that heightens the enzyme activity rather than

reducing it — all while bearing in mind the species that is being targeted.

Evidence also suggests that the components of the essential oils and their relative proportions
within the treatment affect how insect enzymes respond. Jankowska et al. (2017) states that
“the majority of essential oils exhibit greater activity than their single components” but Jukic
et al. (2007) found that thyme essential oil exerted less activity on AChE than its individual
components. Mills et al. (2006) found that tea tree essential oil acted as an uncompetitive
inhibitor of AChE, but its components were competitive inhibitors. Further investigation is
required on the exact mode of inhibition exerted by botanical compounds on enzymes
responsible for pesticide detoxification in insects. However, these studies suggest that the
individual components may work collectively or antagonistically, depending on their
interaction and relative amounts in the mixture applied. D-limonene makes up around 90.5%
percent of orange oil (Kvittingen, Sjurness and Schmid, 2021). However, despite both
exhibiting some inhibitory effects on all enzyme groups in the current study, neither were
remarkable in their efficacy, at least when compared to thymol and neem oil for example.

Their insecticidal effect may then be due to factors other than enzymatic influence.

Lemongrass oil proved to be particularly effective at inhibiting detoxification enzymes in this
study — most notably in M. persicae and P. xylostella GST enzyme assays and the P.
chrysocephala PA50 and GST enzyme assays. Lemongrass oil is extracted from Cymbopogon

sp. and several of its primary components include those already known to have insecticidal,
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repellent and inhibitory effects: citral, geraniol, limonene and citronellol (Mukarram et al.,
2022). Crucially, these are monoterpenoids which, as previously discussed, trend towards
inhibiting insect detoxification enzymes. Interestingly, M. persicae GSTs were strongly
inhibited by lemongrass oil and to a lesser, albeit still significant, extent by D-limonene but
geraniol alone showed no significant reduction in activity in the same assay. The modes of
action of the individual components of lemongrass oil may be interacting synergistically or
antagonistically within the whole essential oil, leaving the overall effect in this case as
inhibitive. Indeed, Savalev et al. (2003) investigated similar phenomena using lavender oil and
found both synergism and antagonism between individual compounds depending on their
combination. Lemongrass oil’s major component, comprising around 68%, is citral (an isomer
mix of neral and geranial), with geraniol around 6% and limonene less than 1% (Mukarram et
al, 2022). This would suggest then that citral may be having the major influence on the
enzyme, with the excitatory effect of geraniol being muted by being present as a small
proportion. This would, however, need to be more thoroughly investigated by testing each

individual component.

Similarly, neem oil was particularly effective in this study as it significantly inhibited the activity
of all enzymes across all species. This oil is extracted from the neem tree (Azadirachta indica)
and is already well-known to demonstrate activity in the study of insecticides, repellents and
antifeedants (Koul, Isman and Ketkar, 1989). In the present work, it dramatically reduced GST
activity in both P. chrysocephala and M. persicae as well as D. radicum P450 enzymes. The
primary active ingredient in neem oil is azadirachtin but it is also made up of several
terpenoids, flavonoids and fatty acids (Campos et al., 2016). Senthil-Nathan (2013) highlighted
that although a lot of work has focussed on azadirachtin, the other compounds have also
shown significant activity. Azadirachtin is a limonoid compound (Campos et al., 2016), so does
not fit the trend of the monoterpenoid influence, but as already discovered, chemical

structure is only part of the complex mix of factors that dictate synergist potential.

In order to elucidate the particular effects of the whole essential oils and their individual
components, a repeat of these enzyme assays would need to be undertaken with each
essential oil and their components tested in their entirety and in their relative combinations.
Miyazawa et al. (1998) conducted a similar study using essential oils and their main
components from the Mentha family of plants and investigated their effects on AChE. They

found that the inhibitory effects of the whole essential oil outweighed the summary effects of
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the major components and that, perhaps more intriguingly, mixing an artificial ‘essential oil’
using the individual compounds produced the lowest inhibitory effect. However, the mix was
made of the major oil components only, suggesting that trace molecules may also have a role
to play. The AChE was also from a bovine source and not an insect so similar studies testing
the effects of individual and artificially combined botanical components on the enzymes
responsible for pesticide detoxification in insects would be valuable in assessing their
potential as synergists. All of this indicates that the complex interactions of all of the individual
components making up an essential oil, their various modes of action and their relative
amounts in the synergist mixture dictate the overall effect on an enzyme’s activity. Too much
of one component may completely change the overall effect and cause an increase in activity,
rather than the desired decrease. Consequently, a synergist may act as an inhibitor only in the

presence of another: synergists within synergists.

All of these influencing factors builds a complex web of aspects that should be considered
when evaluating whether or not a compound or essential oil is, in fact, going to function as an
insect detoxification enzyme inhibitor and therefore have promise as a synergist in
combination with a pesticidal component. To have a truly effective formulation involving a
plant-based synergist, a combination of approaches will need to be used. Initially, the
structures of the target enzymes within the problem insect should be examined to ensure the
potential bonding sites are clarified to inform what would need to occur for a synergist to be
a barrier to effective enzyme function. It may be that species or a higher taxonomic order of
specificity can be achieved through designing a synergist for that role alone — producing a
devastating effect on problem pests while avoiding impacts on pollinators, parasitoids,
predators and decomposers that deliver valuable ecosystem services in the agricultural
landscape. The structures of the individual components and their analogues within essential
oils are already relatively well known (Essential Oil Chemical Reference database, 2024) so a
literature review may first assist in highlighting which whole oils and their components are
more well-suited to the target enzyme and species. The interaction between these
components and how this may work in vivo and more expansively in the field is more difficult
and is not as well researched. However, to begin with it may be useful to select whole essential
oils that have shown efficacy in the target species in vitro, preferably with a particular enzyme
group in mind, identify all individual compounds within and their relative proportions and

experiment with various combinations in enzyme activity assays to explore which of the
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individuals are effective inhibitors, which are synergists in themselves when combined and
which produce antagonistic outcomes. These assays can then be refined further to optimise
all of the individual doses and relative proportions required to bring about a high level of
enzyme inhibition. Enzyme activity assays may also be conducted with pesticide ingredients
and synergists in combination to examine further interaction and refine efficacy. Finally,
bioassays using combinations of the successful formulations of synergists, components and
pesticides can be used to examine the response in the insect itself, both in the lab and then

the field.

Given that metabolic synergy is thought to be dependent on either an upregulation of and/or
greater number of detoxification enzymes present within the resistant insects, it may be
logical to assume that susceptible pests would contain fewer/less active enzymes than
resistant species. However, this may not always be the case. In the current study, protein
content in the homogenised insects used as the enzyme source for the activity assays was
assessed using the Bradford method, which was then used as a proxy for enzyme level. These
results suggest that the highest GST and P450 enzyme activity per pug of protein was present
in P. xylostella, which was the species that showed the highest susceptibility to insecticide in
the bioassay. A dose of just 0.074% of the recommended field rate of Sparta was required to
achieve ~10% mortality, compared to 25% in both P. chrysocephala and M. persicae. The

esterase activity of P. xylostella was also second highest per ug out of all species tested.

This may indicate that although enzyme activity is high in P. xylostella, particularly compared
to the more resistant insects, those enzymes are not primarily engaged in detoxification. It is
known that detoxification is just one of the roles of the esterase and P450 enzyme groups in
insects and that they also carry out other critical physiological functions involved in behaviour,
development and reproduction (Briegel and Freyvogel, 1971; Feyereisen, 1999; Browder et
al., 2001; Chertemps et al., 2012). It appears then that perhaps the level of enzyme activity
shown by P. xylostella may be connected to other processes (for example, developmental
activities), otherwise the insect would likely show a greater level of insecticide resistance in
the bioassays. However, insect GST enzymes in particular are known to be mainly associated
with metabolism or sequestration of potentially harmful xenobiotics and protection from
oxidative/chemical stress (Koirala, Moural and Zhu, 2022), so P. xylostella exhibiting nearly
three times the activity per pug seen in the similarly susceptible D. radicum in this case is

interesting. It would be useful to obtain a sample of P. xylostella that does show significant
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resistance to lambda-cyhalothrin based pesticides and repeat the enzyme activity and protein
assays of the current study to see if there is a considerable difference in activity level per pg
of protein, particularly in the GST activity. If the resistant sample exhibits a higher level of GST
activity per ug of protein, then this may be one source of the resistance but it still would not

explain the discrepancy between susceptibility and enzyme activity observed in this study.

There is, however, evidence to suggest that diet of a caterpillar may play a role in activity of
certain enzymes, including GST. Ji (2014) found that Spodoptera exigua exhibited greater GST,
carboxylesterase and trypsin activity when fed on Arabidopsis thaliana compared to Medicago
truncatula and Solanum lycopersicum, so perhaps the Chinese cabbage the caterpillars in the
current study were fed on contained one or more allelochemical or plant metabolite that
activated these enzymes. Rearing another sample on a different source plant and analysing
their subsequent enzyme activity may indicate if this is the mechanism responsible.
Additionally, there is an indication in the literature that the class of GST enzyme affects the
type of pesticide that can be detoxified. Zhang et al. (2022) found that one insect-specific
epsilon class of GST could metabolise malathion and DDT but, interestingly, that suppression
of this particular enzyme only translated to increased susceptibility to malathion in the
bioassays, not DDT. It is conceivable then that the majority of the GST enzymes present in the
P. xylostella homogenate used in the curre