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Abstract

The Western honey bee (Apis mellifera) is essential for agriculture and biodiversity, yet
colonies are increasingly threatened by Varroa destructor, a parasitic mite that weakens hosts
and vectors viruses such as Deformed Wing Virus (DWV). Control still relies heavily on
acaricides, pyrethroids (fluvalinate, flumethrin), organophosphates (coumaphos) and
formamidines (amitraz), but prolonged use has driven resistance. In V. destructor, pyrethroid
resistance is strongly associated with mutations in the voltage-gated sodium channel (VGSC),
particularly the M918L and L925V substitutions, which have been reported across Europe and

motivate targeted surveillance in Portugal.

This study aimed to develop a rapid LAMP (Loop-Mediated Isothermal Amplification)
assay to detect VGSC resistance-associated mutations. A Portuguese baseline was first
established by sequencing the VGSC Domain II fragment from 100 mites collected across 35
apiaries. Sanger genotyping showed that 38% of successfully analyzed mites carried the
MO918L/L925V resistant haplotype, 54% were wild type, and 8% remained unresolved after
repeat testing, indicating marked geographic heterogeneity. Guided by curated alignments, two
LAMP primer sets targeting the resistance region were designed (NEB LAMP Designer; LAMP
DESIGNER v1.16), screened in silico for structural/thermodynamic suitability, and

experimentally optimized using real-time fluorescence, with electrophoretic confirmation.

Initial optimization on a CFX96 platform (63—67 °C) yielded amplification in both
samples and no-template controls, with characteristic ladder-like products in NTCs, consistent
with template-independent amplification driven by primer—primer and/or intra-primer
interactions. Under more stringent conditions on QuantStudio™ 5 (68—70 °C), one primer set
(NEB Set ID 36) achieved partial genotype discrimination at 69 °C, with earlier amplification
in resistant than in wild-type samples and only late low-level signal in controls; the second
primer set did not provide diagnostically useful separation. Overall, the work supports the
potential of LAMP for rapid resistance screening, while highlighting that SNP genotyping
demands stringent specificity and will require further primer refinement and validation prior to

robust field implementation.
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Resumo

A abelha-melifera (Apis mellifera) ¢ essencial para a agricultura e a biodiversidade
através da polinizagdo, mas as coldnias estdo cada vez mais ameagadas por Varroa destructor,
um 4caro ectoparasita que enfraquece os hospedeiros e transmite virus, incluindo o Virus das
Asas Deformadas (Deformed Wing Virus, DWYV). O controlo continua a depender fortemente
de acaricidas, piretréides (fluvalinato, flumetrina), organofosforados (coumafos) e
formamidinas (amitraz) , porém a utilizagao prolongada tem favorecido o desenvolvimento de
resisténcia. Em V. destructor, a resisténcia aos piretrdides esta fortemente associada a mutagdes
no gene do canal de s6dio dependente de voltagem (VGSC), em particular as substitui¢des

MO918L e L925V, amplamente reportadas na Europa e relevantes para a vigilancia em Portugal.

Este estudo teve como objetivo desenvolver um ensaio rapido baseado em LAMP
(Loop-Mediated Isothermal Amplification) para dete¢do de mutagcdes do VGSC associadas a
resisténcia. Para estabelecer uma linha de base em Portugal, foi sequenciado o fragmento do
VGSC (Dominio II) a partir de 100 acaros recolhidos em 35 apiarios. A genotipagem por
sequenciagdo Sanger indicou que 38% das amostras analisadas com sucesso apresentavam o
haplotipo resistente M918L/L925V, 54% eram do tipo selvagem e 8% permaneceram
inconclusivas apo6s repeticdo, evidenciando heterogeneidade geografica. Com base em
alinhamentos curados, foram desenhados dois conjuntos de primers LAMP direcionados a
regido de resisténcia (NEB LAMP Designer; LAMP DESIGNER v1.16), sujeitos a triagem in
silico (critérios estruturais/termodindmicos) e posteriormente otimizados por fluorescéncia em

tempo real, com confirmacao por eletroforese.

Na otimizagao inicial (63—67 °C) observou-se amplificacdo tanto em amostras como em
controlos sem molde (NTC), com perfis em “escada” no gel, compativeis com amplificagdo
independente de molde, provavelmente induzida por interagdes primer—primer e/ou estruturas
secundarias. Em condi¢des mais restritivas (68—70 °C), um dos conjuntos (NEB Set ID 36)
apresentou discriminacdo parcial a 69 °C, com amplificacio mais precoce em amostras
resistentes do que em amostras selvagens e apenas sinal tardio de baixa intensidade nos NTCs,
enquanto o segundo conjunto ndo revelou separagdo diagnostica util. Em conjunto, os
resultados suportam o potencial do LAMP para rastreio rapido da resisténcia, mas evidenciam
que a genotipagem de SNPs exige elevada especificidade, sendo necessaria otimizagao

adicional e validacao antes de uma aplicagdo robusta em rotina € em campo.
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1. INTRODUCTION

Honey bees (A4pis mellifera) are indispensable to global agriculture and biodiversity,
providing essential pollination services that sustain ecosystems and secure food production
(Aizen & Harder, 2009). However, honey bee populations face numerous threats, with the
parasitic mite V. destructor emerging as one of the most significant (Goulson et al., 2015; Nazzi
& Le Conte, 2016). V. destructor not only weakens honey bee colonies by feeding on their fat
body but also serves as a vector for devastating viral pathogens, such as Deformed Wing Virus
(DWYV) (Rosenkranz et al., 2010; de Miranda & Genersch, 2010). Left unmanaged infestations
often lead to the collapse of entire colonies, posing a critical challenge to modern apiculture

(Mondet et al., 2014; Bowen-Walker et al., 1999; Noél et al., 2020).

Among the key tools for managing V. destructor, pyrethroid-based acaricides, including
tau-fluvalinate and flumethrin, have been widely used due to their initial effectiveness. These
chemicals target the mite's voltage-gated sodium channels (VGSCs), disrupting neural function
and causing paralysis (Gonzéalez-Cabrera et al., 2013). However, repeated and intensive use of
pyrethroids has driven the selection of resistant V. destructor populations. Genetic mutations in
the VGSC gene, such as L925V and M918L, have been identified as primary mechanisms of
resistance, significantly reducing the efficacy of pyrethroid treatments (Gonzalez-Cabrera et
al., 2016;). The mutations alter the structure of the sodium channel, decreasing the binding
affinity of pyrethroids and rendering traditional treatment methods increasingly ineffective
(O'Reilly et al., 2006). Resistance mutations such as L925V are now prevalent in mite
populations in regions like Spain (Benito-Murcia et al., 2022). Although detailed studies in
Portugal remain limited, an exploratory assessment reported pyrethroid resistance in 47% of
the sampled mites, highlighting the need for continued resistance monitoring in Portuguese V.

destructor populations to support sustainable colony management (L1 et al., 2022).

The core objective of this research is the design and validation of specific primers for
Loop-Mediated Isothermal Amplification (LAMP), a rapid, cost-effective molecular technique
that underpins field-deployable diagnostic tools. These primers are tailored to detect resistance-
associated mutations, providing a foundation for practical monitoring of pyrethroid resistance

in V. destructor populations.



2. LITERATURE REVIEW

2.1 Introduction to A. mellifera and its ecological significance

The Western honey bee (4. mellifera) is indeed a cornerstone of global agriculture and
biodiversity. It ranks as the most effective crop visitor worldwide, contributing approximately
13% of floral visits to 5% of plant species across all plant networks (Khalifa et al., 2021).
Additionally, A. mellifera is responsible for approximately 80% of global agricultural
pollination services, making it the most economically valuable pollinator for several crop

monocultures worldwide (Papa et al., 2022).

A. mellifera exhibits a highly organized colony structure, wherein the queen, thousands
of female worker bees, and a minority of male drones operate synergistically to sustain the
colony's productivity and survival. This complex division of labor encompasses roles such as
foraging, brood care, and hive defense, ensuring the colony's resilience and adaptability
(Johnson, 2010). Through its high-frequency foraging behavior, in which individual bees visit
thousands of flowers daily, it facilitates effective pollen transfer between plants (Seeley, 1982),
Consequently, 4. mellifera serves as a keystone species, sustaining ecosystem functionality and
promoting biodiversity across the globe (Khalifa et al., 2021). However, honey bee populations
face significant threats from habitat loss, climate change, pesticides, and parasitic mites such as
V. destructor, which have led to declines in bee health and colony losses worldwide (Goulson

etal., 2015).

2.2 V. destructor: A global threat to A. mellifera
2.2.1 Introduction to V. destructor

The ectoparasitic honey bee mite V. destructor (hereafter referred to as V. destructor)
was initially confined to the Eastern honey bee Apis cerana. After a shift to the new host, 4.
mellifera, during the first half of the last century, the parasite dispersed worldwide and is
currently considered the primary threat to apiculture. Varroosis, the disease caused by V.
destructor infestation, is considered to be a crucial driver for the periodical colony losses in
Europe and the USA. The mite spreads rapidly among hives via drifting, robbing, and hive
movement, and it can quickly develop reduced sensitivity to treatments. It parasitizes both
adults and brood, causing substantial physical and physiological damage; recent evidence
indicates it feeds primarily on honey bee fat body tissue (Rosenkranz et al., 2010; Szczurek et

al., 2020; Ramsey et al., 2019).


https://d.docs.live.net/F16614D8073D56F1/Documents/Khalil's_thesis_DH_v2%5b1%5d%20(R%C3%A9cup%C3%A9ration%20automatique).docx#_Toc187786101
https://d.docs.live.net/F16614D8073D56F1/Documents/Khalil's_thesis_DH_v2%5b1%5d%20(R%C3%A9cup%C3%A9ration%20automatique).docx#_Toc187786102
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/honey-bees
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/apis-cerana
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/apiculture

The life cycle of V. destructor comprises two phases: a phoretic phase, during which
adult mites attach to adult honey bees to feed and disperse (Han et al., 2024), and a reproductive
phase, during which females invade honey bee prepupal/brood cells shortly before capping to
feed and reproduce on developing pupae as represented in Figure 1 (Traynor et al., 2020; Han
et al., 2024). In both contexts, feeding primarily targets the honey bee fat body tissue (Ramsey
et al., 2019), which weakens adult bees, shortens their lifespan, and increases susceptibility to
viral infection. During reproduction, mites preferentially exploit drone brood because of its
longer developmental period; the foundress and her offspring then exit with the emerging adult
bee to restart the cycle, enabling rapid (near-exponential) population growth within colonies
and widespread infestation (Rosenkranz et al., 2010; Nazzi & Le Conte, 2016). Importantly, the
reproductive phase is typically the most damaging for individual bees and colony health, largely
because virus transmission during V. destructor feeding drives much of the associated pathology

and mortality (Yafiez et al., 2020b).

r\“\j‘& Adult choice
% / j;&jﬁ%\ Hydrocarbons

|

Alarm pheromone components?
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Reproduction
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Inhibitors: hydrocarbons

Reproductive phase
1

Figure 1. The life cycle of V. destructor involves phoretic periods in adult bees and reproductive periods in brood
cells. (Nazzi & Le Conte, 2016).

2.2.2 Impact of V. destructor on A. mellifera

The host-parasite relationship between honey bees and V. destructor should actually be
considered a three-way relationship, as V. destructor 's presence is closely associated with

several bee viruses in colonies (Mondet et al., 2014). However, clear vectoring by V. destructor
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has only been described for two viral species, deformed wing virus (DWV) and acute bee
paralysis virus complex (ABPV), calling that an indirect harm (de Miranda, Cordoni, & Budge,
2010).

Bee viruses can spread within colonies through both vertical and horizontal transmission
routes, but V. destructor greatly enhances horizontal transmission by acting as an efficient
vector (de Miranda et al., 2013). Deformed wing virus (DWYV; Iflavirus aladeformis) has
emerged from relative obscurity as the virus most optimally adapted to V. destructor -mediated
transmission in Apis mellifera and in beekeeping systems (de Miranda & Genersch, 2010;
Mondet et al., 2014; Martin & Brettell, 2019). DWV now occupies a dominant position in the
honey bee virus ecosystem (Martin & Brettell, 2019; Beaurepaire et al., 2020; Traynor et al.,
2020). Spill-over of DWYV to other susceptible insects, including non-Apis bees, ants, and
wasps, has also been reported (Yanez et al., 2020b). The abundance and virulence of DWV are
strongly shaped by the V. destructor transmission route rather than being an intrinsic, fixed
property of the virus, and in V. destructor-free contexts DWV tends to revert toward low
prominence (Doublet et al., 2024; Lopes et al., 2024). Four major DWV variants have been
described (DWV-A, -B, -C, and -D) (Ongus et al., 2004; Lanzi et al., 2006; Mordecai et al.,
2016). DWV-B is currently the dominant strain worldwide and has displaced the previously
dominant DWV-A, while DWV-C is rare and DWV-D is suspected to be extinct (Grindrod et
al., 2021; Paxton et al., 2022).

The evolutionary ecology of honey bee viruses under V. destructor pressure unfolds
across three trophic levels: first and most direct, at the individual, particularly pupal, level,
where competing virus species, strains, and variants undergo rapid ecological succession and
virulence evolution through semi-exponential replication, yet remain constrained by the
requirement that pupae survive to emergence to release reproducing mites and sustain the virus
assemblage (Mondet et al., 2016), this parasitism reduces the body weight and water content of
newly emerging bees, with the magnitude of these losses increasing with the number of mite

foundresses (Bowen-Walker & Gunn, 2001).

These developmental costs can translate into behavioral impairment later in life,
including altered flight capability, homing, and orientation in foragers, potentially reflecting V.
destructor -induced disruption of neural processes; increased non-returning behavior may also
function as a colony-level defense (Kralj et al., 2007). These dynamics align with the
quasispecies framework, driven by host molecular/physiological conditions and virus

population genetics (Dolan et al., 2018; Gisder et al., 2018; Ryabov et al., 2019; Yafiez et al.,

4



2020a), and can be moderated by hygienic removal of moribund V. destructor -infested pupae
(Mondet et al., 2016). Second, at the colony level, viral proliferation and selection are shaped
by brood-rearing, foraging, and worker turnover, with outcomes determined by within-colony
epidemiological routes and mostly sublethal effects, and further influenced by beekeeping
practices such as V. destructor treatment, supplemental feeding, and the culling or retention of
weak colonies (Yafiez et al., 2020b; Neumann et al., 2012; Brosi et al., 2017; Traynor et al.,
2020). Third, at the geographic level, virus evolution and ecological succession are driven by
the spread of V. destructor into previously V. destructor-free regions, constrained by natural or

artificial barriers (e.g., quarantine) and by climatic limits on A. mellifera persistence.

COLONY

POPULATION

INDIVIDUAL

Figure 2. Impact of V. destructor parasitism on A. mellifera honey bees. This impact can be described at individual,
colony, and population levels. (Noél et al., 2020).

V. destructor can interact with other biotic and abiotic stressors, such as environmental
factors, other parasites, pathogens, pesticides, or viruses. Climate change induces more
extended periods of brood rearing in honey bee colonies and foraging because of longer warm
seasons (Le Conte et al., 2010). In addition, neonicotinoid pesticides and V. destructor both
contribute to the decrease of the winter honey bee population of the colony. Together with
another neonicotinoid, imidacloprid, V. destructor decreases the bee’s flying ability (Blanken

etal., 2015).

Beekeepers use different approaches to control V. destructor infestation of their
colonies. The most effective way to control V. destructor is through the use of acaricides,
whether synthetic or organic (e.g., based on thymol or oxalic acid). Synthetic acaricides can be
pyrethroids (fau-fluvalinate and flumethrin), formamidines (amitraz), or organophosphates

(coumaphos) (Noél et al., 2020). In Portugal, there is no approved medication for varroosis



treatment based on coumaphos. The intensive and repeated use of synthetic acaricides has led

to the emergence of resistance worldwide (Mitton et al., 2022).

2.3 Integrated Pest Management (IPM) strategies for controlling V. destructor

A variety of tools available for beekeepers make the development and use of the IPM
(Integrated Pest Management) concept in V. destructor control possible. This requires regular
monitoring of the V. destructor population levels in order to detect critical infestations and
decide on a treatment. As critical infestation levels differ worldwide, these must be defined for
specific regions and biotopes (Noél et al., 2020). Table 1 illustrates IPM strategies for
controlling V. destructor, combining chemical, biological, and mechanical approaches.
Chemical methods include synthetic acaricides and organic treatments, while biological
strategies focus on bee resistance traits and emerging solutions like RNAi and fungi.
Mechanical techniques, such as brood removal and queen caging, provide non-chemical

alternatives, with hyperthermia under development (Noél et al., 2020).

Table 1. Methods currently used or under development to treat honey bee colonies against V. destructor parasitism.
Methods can be coupled within an integrated pest management scheme (IPM). VSH : Varroa-sensitive hygiene ;
MNR : Mite non-reproduction (Noél et al., 2020).

CHEMICAL BIOLOGICAL MECHANICAL
Synthetic Organic -Selection for resistance or -Drone broad trapping
tolerance (VSH, MNR, mite
-Pyrethroids (tau-fluvalinate; -Essential oils population growth, -Broad removal
flumethrin) (thymol, menthol, grooming)
eucalyptol) -Queen caging
-Formamidine (amitraz)
-Acids (formic; -Colony splitting
Organophosphate lactic; oxalic)

(coumaphos)

Conventional control using synthetic miticides has been used for more than 40 years
against V. destructor (Koeniger & Fuchs, 1989). However, only a limited number of molecules
are available; they include the pyrethroids tau-fluvalinate (e.g. Apistan, Klartan, Mavrik) and
flumethrin (e.g. Bayvarol, Polyvar yellow), the formamidine amitraz (e.g. Apivar, Apitraz®) or
the organophosphorus coumaphos (e.g. Checkmite, Asuntol, Perizin) (Mondet & Le Conte,
2014/ Rosenkranz et al., 2010).

Because of the adverse impact that conventional synthetic acaricides have on bees and
bee products worldwide, beekeepers are increasingly using organic control methods. Organic

methods are usually less efficient than synthetic acaricide treatment, but they still effectively
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control mite populations (Pietropaoli & Formato, 2019). The most common are essential oils

such as thymol and organic acids like oxalic acid and formic acid (Mondet & Le Conte, 2014).

Organic acids are naturally found in bee products and are generally associated with a
lower risk of resistance development in Varroa destructor. Nevertheless, they may still induce
adverse effects in honey bee colonies, including reductions in worker populations, increased
capped brood removal, and decreased drone sperm quality (Tihelka, 2018). Most miticide
treatments primarily target phoretic mites present on adult bees and are ineffective against
reproducing mites concealed within capped brood cells. An important exception is formic acid,
whose volatile properties allow it to penetrate sealed brood cells and affect mites during their
reproductive phase (Rosenkranz et al., 2010). To improve overall efficacy, slow-release strip
formulations have been developed to ensure prolonged exposure of emerging mites to the active
compound. Although these treatments are relatively easy to apply and can be effective, they
present significant limitations, including the potential development of resistance and the

accumulation of residues in bee products (Bajuk et al., 2017).

Biological control methods using parasitic fungi have been developed successfully in
controlled experiments (Sewify et al., 2015); the research showed varying virulence of
entomopathogenic fungi on V. destructor. Unfortunately, most field experiments on honey bee
colonies were not yet successful as the fungi can cause detrimental effects on brood
development, queens, and worker mortality, as well as decreasing weight in newly emerged
adult bees (Hamiduzzaman et al., 2012). Another experiment using a Beauveria strain showed
an effect on V. destructor mortality in the field but no visible negative impact on honey bee
health. To date, there is no available method on the market for beekeeping using this technique

(Sewify et al., 2015).

Mechanical control implies that the pest is controlled using physical methods or
mechanical devices, such as equipping hives with screen bottom boards, drone brood trapping,
or heat treatments. V. destructor populations can be reduced significantly via the
implementation of specific cultural or mechanical beekeeping practices, like drone brood
trapping, broad removal, and queen caging. These non-chemical approaches are considered
essential for long-term, sustainable solutions to V. destructor control (Rosenkranz et al. 2010).

However, they are rarely sufficient as stand-alone treatments.



2.4 Pyrethroid-Based Acaricides and V. destructor Resistance
2.4.1 Introduction to Pyrethroid-Based Acaricides and their role

Pyrethroids are the synthetic version of the pyrethrins found in the flower
chrysanthemum (Dendranthema grandiflora) that possess the natural tendency to kill insects
(Prusty et al., 2015; Jeran et al., 2020). Pyrethroids are divided into two categories based on the
presence or absence of cyno groups, and accordingly, their modes of action are also different.
Because honey bees have a faster metabolic elimination, higher body temperatures, and a lesser
sensitivity to pyrethrins and pyrethroids than V. destructor does, they are less vulnerable to
pyrethrin and pyrethroid toxicoses. Because of their lipophilicity, pyrethroids are quickly
dispersed after being ingested (Ray & Fry, 2018).

Nearly every country where honey bees are managed permits the use of Pyrethroid-
based acaricides that have long been a preferred method for controlling V. destructor due to
their high efficacy at low concentrations and low toxicity to honey bees (Johnson et al., 2010).
Among these, fau-fluvalinate and flumethrin have been widely used in beekeeping, forming the
backbone of chemical control strategies. However, the intensive and repetitive application of
these compounds exerts intense selective pressure, leading to the emergence of resistant V.
destructor populations that compromise treatment efficacy. Recent evidence has shown an
overall increase in the frequency of pyrethroid-resistance alleles in V.destructor populations,
supporting the progressive loss of efficacy of pyrethroid-based mite control methods (Benito-

Murcia et al., 2021).

The use of pesticides remains the most effective approach for V. destructor control, but
resistance is a growing concern. Factors such as incorrect dosages, prolonged exposure to
treatments, and repeated use of expired acaricides contribute significantly to resistance
development (Rinkevich et al., 2024). In Portugal, where V. destructor was first recorded in the
late 1980s, beekeepers have relied on synthetic acaricides, particularly pyrethroids, as their
primary treatment. However, a study by Li et al. (2022) reported the first PCR-RFLP-based
resistance assessment in Portuguese apiaries. In this study, 96 V. destructor mites from different
geographic regions were genotyped between April and August 2019. The results revealed a
rapid emergence of resistance, with 47% of the sampled mites exhibiting genetic mutations
associated with pyrethroid resistance. Recent research has also documented a significant decline
in treatment efficacy in areas with prolonged pyrethroid use, underscoring the need for
alternative strategies to achieve sustainable mite management. These findings highlight the

urgent necessity to re-evaluate acaricide application practices and improve treatment protocols
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to mitigate further resistance development and ensure long-term control of V. destructor

infestations in honey bee colonies (Li et al., 2022; Rosenkranz et al., 2010).

2.4.2 Mode of action, mechanism of pyrethroids against V. destructor

Pyrethroids are fat-soluble and disperse rapidly in fat as well as nervous tissue. They
target and bind to sodium ion channels. Their way of working is to stop voltage-sensitive
sodium channels from working. This causes the sodium gate to stay open longer, letting more
sodium ions in. This makes the neuronal membrane more exciting and less polarized (Clark and
Symington, 2011). Sodium ion channels are mainly found in the cerebrum, nerves, and muscles,
as well as in the salivary gland. The insects experience ‘“knockdown,” which results in
immediate paralysis, epilepsy, cerebral palsy, and ultimately death. This effect depends on two
main factors: the concentration of the pyrethroids and the temperature of the target. Their action
is more pronounced at low temperatures, so their insecticidal tendency is more pronounced on
insects as their body temperature is around 25°C. Pyrethroids also alter voltage-gated chloride

as well as calcium ion channels (Ray & Fry, 2006)

Pyrethroids, such as fau-fluvalinate and flumethrin, act on V. destructor by targeting its
nervous system, specifically by disrupting the gating kinetics of voltage-gated sodium channels
(VGSCs), leading to neural signaling dysfunction and eventual paralysis (Rosenkranz et al.,
2010; Benito-Murcia et al., 2021). However, the extensive and prolonged use of these
compounds has driven the emergence of pyrethroid resistance, mainly through amino acid
substitutions in the VGSC protein. Genetic and biochemical studies have contributed to our

understanding of insecticide resistance (Wang et al., 2003).

There are two significant ways in which organisms can become resistant to xenobiotics
such as pesticides: either by modifying the effective dose of the pesticide available at the target
site or by changing the target site itself (Feyereisen, 1995). For example, the organism can avoid
the pesticide behaviorally (behavioral resistance), reduce the penetration or absorption, enhance
the detoxification (metabolic resistance), or sequester pesticides to decrease the dose at the
target site. Alternatively, organisms can reduce the sensitivity or the number of target sites to
render the pesticide ineffective. In V. destructor, resistance to pyrethroids is primarily associated
with target-site modifications in the helix domain II of voltage-gated sodium channel (VGSC),
notably substitutions at residue 925 (e.g., L925V/L925I/L925M) that reduce pyrethroid
sensitivity (Gonzalez-Cabrera et al., 2013; Gonzalez-Cabrera et al., 2016).



2.4.3 Resistance of V. destructor against pyrethroids

The resistance of V. destructor against pyrethroids, commonly known as knockdown
resistance (kdr), has been linked to mutations at position 925, where wild-type leucine is
replaced by valine (L925V), isoleucine (L9251), or methionine (L925M) (Gonzalez-Cabrera et
al., 2013, 2016; Aoki et al., 2021). Another critical mutation involves methionine (M) to leucine
(L) substitution at position 918 of the channel protein (Millan Leiva et al., 2021). These
mutations alter the hydrophobic cavity in segment 5 of VGSC helix domain II, the primary
pyrethroid binding site, reducing the insecticide’s effectiveness (O’Reilly et al., 2006).
Furthermore, several point mutations in VGSC domains III and IV have been detected in V.
destructor populations exhibiting high resistance to pyrethroids (Dong et al., 2014). Among
these, L925V 1is considered a key marker for kdr-resistant, with resistant populations
increasingly favored in environments where acaricides containing tau-fluvalinate are
consistently used over time (Benito-Murcia et al., 2022). This highlights the urgent need to
reassess acaricide application strategies and develop alternative control measures to mitigate

further resistance development.

Several methods and molecular tools have been developed to identify mutations
associated with resistance (Gonzalez-Cabrera et al., 2016; Hernandez-Rodriguez et al., 2022;
Millan-Leiva et al., 2018). Millan-Leiva et al. (2018) referred to previously developed
TagMan®-based allelic discrimination assays for genotyping pyrethroid-resistance mutations
in V. destructor. These assays rely on real-time PCR and use fluorescent allele-specific probes
to distinguish between susceptible and resistant genotypes. Although they are robust, rapid, and
reliable, they require specialized real-time PCR equipment and fluorescent probe-based
reagents, making them less accessible for laboratories with limited resources. For this reason,
Millan-Leiva et al. (2018) proposed a PCR—RFLP method as a cheaper and more accessible

alternative for detecting pyrethroid-resistant V. destructor mites.

Another alternative described by Hall (1998) is based on Polymerase Chain Reaction—
Restriction Fragment Length Polymorphism (PCR-RFLP) for detecting mutations in the
nucleotide triplet encoding the amino acid at position 925 of the V. destructor VGSC. In this
method, a 701-bp fragment spanning the relevant Domain II intron—exon—intron region of the
VGSC, including position 925, is first amplified by PCR. The amplified product is then digested
with the restriction enzyme Sacl. After digestion, the fragments are separated by gel
electrophoresis, where the banding pattern reveals the presence or absence of the restriction

site, enabling differentiation of the three possible genotypes: SS (L/L; homozygous
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susceptible), SR (L/V; heterozygous), and RR (V/V; homozygous resistant).Specifically, SS
individuals show a double-band pattern (437 and 264 bp), RR individuals show a single 701-
bp band, and heterozygous SR individuals display a triple-band pattern (701, 437, and 264 bp),

as represented in figure 3 below.
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Figure 3. Detection of mutations at position 925 of the V. destructor VGSC using a PCR-RFLP assay. Migration
of PCR bands in a 2% TBE agarose gel after digestion with Sacl (GAGCT/C). SS: L/L; homozygous for the
susceptible allele. RR: V/V; homozygous for the resistant allele. SR: L/V; heterozygous (Millan-Leiva et al., 2018).

The knockdown resistance (kdr) and super-kdr traits are recessively inherited (Davies
et al., 2007), meaning that only lanes showing a single 701-bp band correspond to resistant
mites. The results from Figure 4 were obtained using DNA extracted from homozygous mites
for the susceptible allele (leucine) or from those carrying the allele for valine. However, they
can be extrapolated to almost any substitution of the first nucleotide of the CTG codon encoding
L925, including the already described substitutions to isoleucine (L925I) or methionine
(L925M) (Gonzalez-Cabrera et al., 2016; Alissandrakis et al., 2017).
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Figure 4. Schematic representation of the PCR amplified region of the V. destructor VGSC Domain II. The insight
shows the nucleotide and amino acid sequences from position 925 of the channel protein. The numbering matches
that in Accession KC152655.2. The amino acid at position 925 and the Sacl restriction site (5'-GAGCT/C-3') are
highlighted in blue and orange, respectively. The arrow indicates the enzyme-cutting site (Millan-Leiva et al.,
2018).

2.5 Enhancing molecular diagnostics: A focus on LAMP and beyond
2.5.1 PCR and its relationship with LAMP

PCR is a laboratory technique that enables the amplification of specific DNA sequences.
This amplification is essential for applications such as sequencing, pathogen detection,
mutation analysis, molecular archaeology, cancer research, diagnostics, mutagenesis, drug

discovery, and genetic engineering (Madadelahi, Agarwal, Martinez-Chapa & Madou, 2024).

PCR is based on repeated thermal cycling through three core steps: denaturation (strand
separation), annealing (primer binding to complementary sequences), and extension (DNA
synthesis by a polymerase) (Lorenz, 2012). The method was enabled and substantially refined
by the introduction of a thermostable DNA polymerase from Thermus aquaticus (Tag DNA
polymerase), which supports efficient amplification across successive cycles under high-
temperature conditions (Lorenz, 2012). Nevertheless, overly prolonged denaturation can still
inactivate the polymerase and compromise enzymatic activity, underscoring the need to

optimize cycling parameters for robust amplification performance (Lorenz, 2012).

One of PCR’s major advantages is its high sensitivity, allowing amplification from
minimal amounts of biological material within two to three hours, making it indispensable in
scientific, diagnostic, and forensic laboratories (Decorte & Cassiman, 1993; Keller et al., 2015).
However, PCR requires specialized equipment (a thermocycler) and additional time for

DNA/RNA extraction and result visualization (Soroka et al., 2021).

To overcome some limitations of PCR, a Japanese company, Eiken Chemical Co., Ltd.,

developed Loop-Mediated Isothermal Amplification (LAMP) in 1998, published in 2000
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(Notomi et al., 2000). Unlike PCR, LAMP performs amplification at a constant temperature,
eliminating the need for a thermocycler and allowing the process to be carried out in a dry block
heater or water bath. Furthermore, LAMP uses multiple primers (four to six) that recognize up
to eight distinct regions on the DNA template, providing higher specificity compared to
conventional PCR, which typically uses two primers (Parida et al., 2008). These features make

LAMP particularly suitable for rapid diagnostics and resource-limited settings.
Table 2. Comparison of Conventional PCR and LAMP: key operational features, readout options, and limitations

Feature Conventional PCR LAMP

Thermal cycling (denaturation— Isothermal amplification (single
Amplification mode ) .
annealing—extension) temperature)

Runs on simple heaters (e.g., dry

Equipment Requires a thermocycler
block/water bath)
Longer workflow (cycling + post- Rapid amplification; streamlined
Turnaround S
PCR visualization) workflow
) ) 4-6 primers; multiple target sites (high
Specificity Typically, 2 primers

specificity)

gel electrophoresis or instrument- ) ) ) o
) ] Can be visual (colorimetric/turbidity) or
Readout options based detection (e.g., real-time

PCR)

fluorescence-based

Equipment-dependent; multi-step Primer design/optimization; nonspecific

Main disadvantages ) . o
workflow and infrastructure needs amplification risk

2.5.2 Mechanisms of LAMP

A crucial factor in ensuring the accurate progression of the LAMP reaction is the primer
design stage. Multiple pairs of primers must be carefully optimized based on the concentration,
nucleotide pair positioning, and the distance between DNA regions. Additionally, primers must
maintain a single-stranded structure at a temperature range of 60—65 °C and not create a stable
double-strand structure (NEB, 2021). Using a higher number of primers to amplify the same
sequence can increase the interactions between them. LAMP primers can be designed using
online software such as PrimerExplorer (Eiken Chemical Co., Ltd.), Premier Biosoft’s LAMP
Designer (PREMIER Biosoft). Furthermore, selecting the appropriate primers requires a

preliminary analysis of genomic sequence variations within the targeted species based on the
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specific LAMP objective. If this information is unavailable, sequencing must be conducted to
determine the genetic variation of the targeted gene within the species and to identify the most
suitable regions for primer design, avoiding highly variable areas that could compromise the

success of the LAMP reaction.

LAMP typically uses six primers: two internal primers (FIP and BIP), two external
primers (F3 and B3), and two optional loop primers (FL and BL). Internal primers (FIP and
BIP) are long (4549 bp) and bind two distinct regions on opposite strands, enabling strand
displacement and loop formation. External primers (F3 and B3) are shorter (21-24 bp) and
present at lower concentrations, initiating controlled extension and assisting strand
displacement. Loop primers (FL and BL), although optional, significantly accelerate
amplification by binding to loop regions between primer sites, reducing reaction time by up to

50% (Nagamine et al., 2002).

The reaction uses Bst DNA polymerase, which exhibits strong strand displacement
activity at 60—65 °C, eliminating the need for thermal cycling. LAMP proceeds through three
stages: (1) formation of a dumbbell-like single-stranded template, (2) cyclic amplification, and
(3) elongation with recyclization. This process produces cauliflower-like DNA structures and
achieves exponential amplification within a short time frame (Notomi et al., 2000; Soroka et

al., 2021).

Unlike PCR, which often requires electrophoresis for product visualization, LAMP
enables rapid detection during or immediately after amplification. Detection methods include
colorimetric assays, turbidity measurement, real-time fluorescence, smartphone-based systems,
and lateral flow assays. Common fluorescent dyes include calcein, SYBR Green, and
EvaGreen, with additional options such as malachite green, hydroxynaphthol blue, and GelRed

(Mori et al., 2004; Foo et al., 2017; Da Silva et al., 2020).

As shown in Figure 5, LAMP uses six primers: two internal primers (FIP and BIP), two
external primers (F3 and B3), and two optional loop primers (FL and BL). The internal primers
(FIP and BIP) are long (45—49 bp) and designed to bind two distinct regions on the template,
one on the sense strand and the other on the antisense strand. Each internal primer consists of
two complementary areas: FIP contains Flc and F2, while BIP contains Blc and B2. These
primers play a crucial role in the initial priming and strand displacement synthesis, allowing for
the formation of looped DNA structures essential for continuous amplification. The external
primers (F3 and B3) are shorter (21-24 bp) and present in lower concentrations in the reaction

mixture. They bind more slowly to the template than the internal primers, ensuring a controlled
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extension process and assisting in the efficient displacement of DNA strands. F3 hybridizes
with F3c on the template strand, and B3 binds to B3c, contributing to the amplification cycle.
Although optional, the loop primers (FL and BL) significantly enhance reaction efficiency by
binding to the single-stranded loop regions between primer binding sites. FL binds to the loop
between F2 and F1, while BL binds to the loop between B2 and B1, effectively accelerating the

amplification process.

Together, these six primers and Bst DNA polymerase, which exhibits high strand
displacement activity at 60—65°C, create a continuous and self-sustaining DNA amplification
process. The primers generate dumbbell-like structures, which serve as self-priming templates,
leading to exponential DNA amplification in a short period. Figure 5 visually illustrates this
intricate primer design, highlighting their complementary binding sites and sequential

interactions that drive the LAMP mechanism (Parida et al., 2008; Soroka et al., 2021).

Internal Primer FIP

Loop Primer FL

External Primer F3
/ /

F3c F2c FL Flc B1 BLc B2 B3
F3 F2 BLc F1 Blc BL B2¢ B3c
o
Loop Primer BL / External Primer B3f
G

Internal Primer BIP i

Figure 5. Schematic representation of the six-primer system used in loop-mediated isothermal amplification
(LAMP), highlighting the spatial organization of primer binding regions along the target DNA. The forward (F)
and backward (B) designations indicate primer orientation relative to the target sequence, while numerical labels
(1, 2, 3) denote distinct recognition sites. The suffix “c” represents sequences complementary to their
corresponding regions. The inner primers (FIP and BIP) are composite oligonucleotides that incorporate two target-
specific domains, enabling coordinated strand invasion and self-priming. The outer primers (F3 and B3) define the
external boundaries of the amplified region, whereas loop primers anneal to single-stranded loop domains
generated during amplification. Together, these primers recognize eight separate target sites, providing the
structural basis for high specificity.

This dumbbell-like structure acts as the starting template for cyclic amplification. The
addition of loop primers provides additional priming sites on the loop regions, accelerating the
LAMP reaction. In the accelerated LAMP format, six primers recognize up to eight distinct

regions within the target gene, which increases reaction speed and contributes to the high
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specificity of the assay (Parida et al., 2008). As a result, loop primers significantly enhance the
efficiency and sensitivity of the reaction while reducing the reaction time by 50%. Additionally,
these primers activate only once the artificial template has been generated, which significantly
improves the selectivity of the reaction (Nagamine et al., 2002). The LAMP technique does not
require a DNA denaturation step since the Bst DNA polymerase exhibits strand displacement
activity, allowing the reaction to proceed under isothermal conditions (Notomi et al., 2000;
Nagamine et al., 2002). All LAMP stages occur at a constant temperature of 60—65°C,
eliminating the need for a thermocycler, which is essential for precise thermal and time
adjustments in PCR. The LAMP process consists of three stages: production of the starting
material, cyclic amplification, and elongation with recyclization. The key step in the first stage
involves generating an artificial template in the form of single-stranded DNA with a dumbbell-
like structure. The subsequent stages involve exponential amplification of the self-priming
template and strand replacement, ultimately producing a mixture of double-stranded DNA. The
final LAMP output consists of cauliflower-like DNA structures. Over time, various LAMP
modifications have been introduced, including reverse transcription LAMP (RT-LAMP),
multiplex LAMP (M-LAMP), and real-time product detection through protocol modifications,
enabling RNA analysis and multiplex detection (Soroka et al., 2021).

» F1 Blc
F2 B2c

Flc B1

Flc B1 ~
F2c B2

F1 Blc

Figure 6. Representation of the stem—loop (“dumbbell”) intermediate formed during early LAMP amplification.
This structure results from intramolecular hybridization between complementary primer-derived regions, creating
a self-priming DNA template with accessible loop domains at both termini. These loop regions function as
additional annealing platforms for loop primers, increasing the number of active priming events within the reaction.
The diagram highlights the spatial relationship between inner primer-derived stem regions and loop primer
attachment sites, illustrating how structural reconfiguration of the template enables rapid and sustained
amplification under isothermal conditions. Created with BioRender.com  (Illustration ID:
693657a3af8f753b96bed2el).
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A significant advantage of LAMP is its ability to rapidly detect amplified products
through various methods. In PCR-based amplification (excluding real-time PCR), the process
typically concludes with electrophoretic separation, which requires time-consuming gel
preparation (agarose or polyacrylamide), electrophoresis, and staining, often involving dyes
that are mutagenic or carcinogenic. In contrast, LAMP products can be visually detected
immediately after or even during the reaction without the need for additional procedures
(Soroka et al., 2021). Several detection techniques have been developed for positive LAMP
reactions, including colorimetric detection using fluorescent dyes, UV light irradiation, agarose
gel electrophoresis, turbidity measurement, real-time fluorescence, smartphone-based
detection, lateral flow assay (LFA), and AC susceptometry (Alternating Current susceptometry;
measures magnetic susceptibility under an alternating/changing magnetic field, rather than a
constant one.). Among the most commonly used fluorescent dyes for detecting LAMP
amplicons are calcein, SYBR Green, and EvaGreen (Mori et al., 2004; Foo et al., 2017).
Additional dyes used for this purpose include malachite green, hydroxynaphthol blue,
Goldview, GelRed, SYTO fluorescent dye, leuco crystal violet (LCV), and berberine dye (Da
Silva et al., 2020).
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Mechanism of Amplification: Loop mediated isothermal Amplification
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Figure 7. Schematic Overview of the LAMP Amplification Mechanism (Milenia Biotec).
2.5.3 Advancements in Primer Design Tools

Primer design plays a pivotal role in the accuracy, sensitivity, and speed of Loop-

Mediated Isothermal Amplification (LAMP) assays. The success of a LAMP assay depends on
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the precise selection of six primers (F3, B3, FIP, BIP, LF, LB), each targeting distinct regions
of the DNA sequence. This complexity has driven the development of dedicated primer design
software tools that facilitate the automation, validation, and optimization of primer sets tailored
for LAMP-based diagnostics (NEB, 2021). Among these, PrimerExplorer V5 (Eiken Chemical
Co., Ltd.),, NEB LAMP Primer Design Tool (NEB, 2021), and Premier Biosoft LAMP Designer
v1.16 (PREMIER Biosoft) represent three of the most established and widely used platforms in
both research and applied settings.

PrimerExplorer V5, developed by Eiken Chemical Co., is one of the most historically
validated LAMP primer design tools. It offers a web-based interface with two distinct modes:
Easy Mode, designed for routine primer design with minimal user input, and Expert Mode,
which allows detailed customization of parameters such as melting temperature (Tm), GC
content, and primer length (Eiken Chemical Co., Ltd). The algorithm uses the nearest-neighbor
thermodynamic model with fixed salt and oligonucleotide concentrations (e.g., 50 mM Na*, 4
mM Mg?") to calculate Tm and ensures primer sets avoid self-complementarity and stable
secondary structures by enforcing 3’ AG thresholds (Eiken Chemical Co., Ltd,). Expert Mode
is particularly advantageous for mutation-targeted or polymorphism-specific primer design,
enabling exclusion of SNP sites or prioritization of conserved sequence blocks. Though
PrimerExplorer lacks integrated BLAST specificity checking, it remains a go-to tool for

academic researchers due to its robustness, flexibility, and open accessibility.

The NEB LAMP Primer Design Tool, developed by New England Biolabs, is a web-
accessible application designed for ease of use and rapid turnaround. The platform streamlines
the process by allowing users to input a single DNA sequence and receive optimized primer
sets with minimal manual parameterization. NEB's tool automatically selects primers with
minimal primer—primer interaction (AG > —4 kcal/mol) and preferentially designs loop primers
with Tm values between 64—66 °C to enhance reaction speed and efficiency (NEB). While it
does not include built-in BLAST search functionalities, it offers features such as fixed primer
input and real-time AG analysis of the full set to assess the risk of self-dimerization and hairpin
formation. NEB’s strict internal heuristics and default parameters, which include an optimized
amplicon length of 120—160 bp and loop regions of 40—60 bp, ensure rapid and high-fidelity
LAMP performance with minimal nonspecific amplification (NEB, 2023).

Premier Biosoft’s LAMP Designer v1.16 is a commercially available desktop
application offering the most extensive customization among the three platforms. It integrates

design and validation, allowing for precise definition of Tm, GC%, primer lengths, and loop
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configurations, while also including free-energy computation (AG (Gibbs free energy change)
estimates the thermodynamic favorability and stability of DNA/primer folding or hybridization
at a given temperature; the most likely structure is typically the one with the lowest (most
negative) AG, indicating a more stable, spontaneous (exergonic) configuration (Nelson & Cox,
2008) at user-defined temperatures (e.g., 60 °C). Significantly, it is the only tool in this
comparison that includes built-in BLAST integration with customizable databases, enabling
real-time specificity checks and masking of conserved off-target sequences during primer
selection (Premier Biosoft). Additional features include a primer rating system, multiplex
compatibility checks, and comprehensive export capabilities in Excel or CSV format. LAMP
Designer has demonstrated robust performance in the design of primers targeting polymorphic
regions or for use in multiplex assays, such as those detecting resistance-associated mutations

in V. destructor.

In addition to these core tools, several other platforms, such as GLAPD (Genomic
LAMP Primer Design) and Primer3, have been adapted to support LAMP-specific applications.
GLAPD focuses on designing group-specific LAMP primers from genomic datasets, with
special emphasis on avoiding conserved regions in non-target organisms. Meanwhile, Primer3,
though originally developed for PCR, has been widely used for LAMP primer design when
integrated with external scripts and post-processing tools, enabling custom workflows for

specific diagnostic needs (Untergasser et al., 2012).

The continued refinement of LAMP primer design tools plays a critical role in advancing
field-deployable diagnostics, particularly in applications such as pesticide resistance detection,
pathogen identification, and SNP genotyping. Integrating artificial intelligence and machine
learning into these platforms may further improve primer specificity, decrease optimization

time, and enable broader adoption in diverse research and clinical environments.
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3. OBJECTIVES

The primary aim of this work is to develop a Loop-Mediated Isothermal Amplification
(LAMP) technique to detect mutations associated with V. destructor resistance to pyrethroids
in Portugal. This technique is intended to provide a rapid, specific, and field-deployable method
for monitoring resistance, thereby supporting more effective and sustainable treatment
strategies in apiculture. To achieve this overarching goal, the study is guided by the following

specific objectives:

I. Establish a baseline dataset of V. destructor VGSC gene polymorphisms in Portugal:
This involves collecting and analyzing V. destructor samples from different regions to identify
the presence and frequency of mutations in the voltage-gated sodium channel (VGSC) gene

associated with pyrethroid resistance.

II. Design LAMP primers targeting pyrethroid resistance mutations: Using advanced
primer design tools, the project developed specific LAMP primers capable of detecting known

resistance-associated single-nucleotide polymorphisms (SNPs) in the VGSC gene.

II1. Optimize the LAMP assay in the laboratory: The designed primers will be tested and
refined under laboratory conditions to establish a robust LAMP protocol. This includes

optimizing reaction conditions to ensure sensitivity, specificity, and reproducibility.

Together, these steps form the foundation for creating a practical diagnostic method to
guide acaricide usage. Early and accurate detection of resistance in Varroa populations is
critical for effective control, as it enables beekeepers to adapt their treatment choices and avoid

therapeutic failure due to resistance.
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4. METHODOLOGY

4.1. Establish a baseline dataset of V. destructor VGSC gene polymorphisms in Portugal

Studying genetic variations in the voltage-gated sodium channel (VGSC) gene in
Portuguese populations of V. destructor is an important step toward understanding mutations
associated with resistance. This section describes the collection, storage, and processing of mite
samples obtained from apiaries across different regions of mainland Portugal, with the aim of
analyzing VGSC genetic diversity and identifying mutations potentially linked to resistance.
Sequencing is necessary to determine the genetic variation of the targeted gene within the
species and to identify the most suitable regions for primer design, avoiding highly variable
areas that could compromise the success of the LAMP reaction. Additionally, these samples

serve as a source of both positive and negative controls.

4.1.1 Sampling of V. destructor

As part of the MITE project (“MITE — Varroa e virus transmitidos: Monltorizacao de
muTacdes e dEsenvolvimento de ferramentas moleculares inovadoras™), samples of Varroa
destructor were collected with the active collaboration of beekeepers managing apiaries across
diverse regions of mainland Portugal. To ensure standardized and reliable field collection,
participating beekeepers received sampling kits containing prepaid envelopes addressed to the
Polytechnic Institute of Braganca (IPB), a zip-lock plastic bag, three sterile 1.5 mL Eppendorf
tubes filled with absolute ethanol, pre-printed identification labels, and PARAFILM® strips for
secure sealing during transport. These kits facilitated straightforward collection and shipping

while minimizing sample degradation and contamination.

The collection protocol followed harmonized European guidelines for V. destructor
sampling and preservation (Benito-Murcia et al., 2021; Mondet et al., 2020). In accordance with
these procedures, adult females were immediately immersed in absolute ethanol after
collection, ensuring the preservation of DNA integrity during transport. Upon arrival at the
Mountain Research Centre (CIMO) at the Polytechnic Institute of Braganga, samples were
logged into an internal registry, assigned unique identification codes, and stored in ethanol at -

20 °C until further processing.

In this study, DNA was extracted from 100 adult V. destructor mite from the 57 colonies
distributed across 35 apiaries (Figure 8). This sampling strategy, integrating both geographical

spread and colony-level representation, was designed to maximize the reliability of the dataset
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and ensure that downstream analyses accurately reflected the natural distribution of genetic

polymorphisms in Portuguese V. destructor populations.

Figure 8. Geographic distribution of the 35 sampled apiaries across mainland Portugal. The map shows the
location of apiaries sampled in this study, with each dot marking a precise site. Apiaries were chosen to represent
the diversity of Portuguese beekeeping regions, ensuring variability in V. destructor populations. Generated with
QGIS Desktop 3.36.1, the map provides a georeferenced overview essential for establishing a representative
national baseline of VGSC gene polymorphisms.

4.1.2 DNA Extraction from V, destructor

For DNA extraction, one adult V. destructor mite was selected from each colony.
Residual ethanol was carefully removed by rinsing the mites in distilled water, followed by air
drying. Each mite was then placed in 2.0 mL screw-cap tubes containing two 3 mm zirconia
beads. Tissue disruption was performed using a Precellys 24 tissue homogenizer (Bertin

Instruments) in three cycles of 5 seconds at 6200 rpm.

Genomic DNA was extracted from individual adult V. destructor mites using the
QIAamp® DNA Micro Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol
for Isolation of Genomic DNA from tissue samples. For each Varroa, 180 uL of Buffer ATL and
20 uL of proteinase K were added. Buffer ATL is a tissue lysis buffer based on SDS and Tris,
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which disrupts cellular membranes and inactivates nucleases while maintaining optimal
conditions for proteinase K activity (Qiagen, 2014). Proteinase K digests proteins and
nucleases, ensuring the integrity of DNA. The samples were thoroughly mixed and incubated
for 1 hour at 65 °C in a thermomixer to achieve complete lysis of the Varroa tissues. Following
lysis, 200 uL of Buffer AL was added to promote DNA binding to the silica membrane, followed
by 200 pL of 96-100% ethanol to facilitate DNA precipitation and its subsequent binding to the

column.

The resulting lysate was carefully transferred to a QIlAamp MinElute spin column
positioned in a 2 mL collection tube. The column was centrifuged at 6000 x g (8000 rpm) for 1
minute, allowing DNA to bind to the silica membrane while other cellular components passed
through. Subsequently, the columns were washed sequentially with 500 uL of Buffer AWI1, a
stringent wash buffer that removes proteins and polysaccharides, followed by centrifugation at
6000 x g (8000 rpm) for 1 minute. Next, 500 pL of Buffer AW2, an ethanol-based solution that
removes salts and remaining contaminants, was added, followed by centrifugation at maximum
speed for 3min. Centrifugation after each wash step ensures the complete removal of residual
buffers and ethanol, allowing the membrane to dry thoroughly and preventing carryover that

could interfere with downstream applications.

After the previous step, DNA was eluted in 35 pL of Buffer AE. The QIAamp MinElute
column was incubated for 5 minutes at room temperature before centrifugation, as
recommended by the manufacturer to improve DNA yield. The purified genomic DNA was then
stored at —20 °C until further use in PCR amplification and sequencing of the VGSC gene
(Qiagen, 2014).

4.1.3 PCR Amplification of VGSC Domain II

To enable the molecular characterization of pyrethroid resistance in V. destructor, a
polymerase chain reaction (PCR) was used. The primer pair employed for amplification was
1273iF (5'-AAGCCGCCATTGTTACCAGA-3") and 1973iR (5'-
GCTGTTGTTACCGTGGAGCA-3") (Millan-Leiva et al., 2018). These primers amplify a 701
bp fragment corresponding to domain II of the voltage-gated sodium channel (VGSC) gene.
These primers were optimized for the PCR reaction according to the manufacturer's instructions
for OneTaq DNA Polymerase (NEB), with specific adjustments for a 25 pL reaction volume
(Table 3).
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Table 3. Components of the PCR reaction with a final volume of 25 uL, additional adjustments were made to the
concentration of the primers. The data was obtained and adapted from the official New England Biolabs (NEB)
protocol for OneTaq® DNA Polymerase (M0480). The 5X OneTaq Standard Reaction Buffer provides Mg*';
therefore, no additional MgClz was added. Source:
https://www.neb.com/en/protocols/2012/10/11/onetagdnapolymerasem0480

Components 25 pL (reaction) Concentration final
5X OneTagq Standard Reaction
Buffer* 5uL Ix, including 1.8 mM Mg**
10 mM dNTPs (#N0447) 0.5 uL 200 uM each
10 pM Forward Primer 0.2 uL 0.2 uM
10 uM Reverse Primer 0.2 uL 0.2 yM
OneZaq DNA Polymerase 0.125 pL 1.25 units/50 ul PCR
Template DNA 2L < 1,000 ng
Nuclease-free water To 25 puL -

Amplification was performed in a T100 Thermal Cycler™ (Bio-Rad). The PCR
program consisted of an initial denaturation step at 94 °C for 30 seconds, followed by 30 cycles
of denaturation at 94 °C for 15-30 seconds, annealing at 62.5 °C for 60 seconds, and extension
at 68 °C for 60 seconds. A final extension step was performed at 68 °C for 5 minutes, followed
by a hold at 4 °C. The annealing temperature was adjusted according to the primer pair used for
amplification of the VGSC Domain II fragment, while the remaining cycling conditions

followed the general recommendations for OneTaq® DNA Polymerase.

4.1.4 Electrophoresis and Visualization of PCR Products

PCR products were resolved on a 1% agarose gel prepared in 1x TAE buffer and stained
with ethidium bromide. For each sample, 2 uL of PCR product was mixed with 1 pL of loading
dye and loaded alongside a 3 kb Plus DNA Ladder (NEB). Electrophoresis was performed at
85 V for 45 min. Bands were visualized under UV illumination using a ChemiDoc™ XRS+
system (Bio-Rad) and documented with Image Lab™ software. The expected VGSC Domain
IT amplicon (~701 bp) was observed in six samples chosen randomly (25a, 26a, 27b, 42b, 47b,
and 49a) (Figure 9), with no evidence of non-specific amplification; sample 25a showed

comparatively lower band intensity than the others.
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Figure 9. Agarose gel analysis of VGSC Domain II PCR products. Representative 1% agarose gel showing PCR
amplicons obtained from six Varroa destructor DNA extracts. Lane M: 3 kb DNA ladder. Lanes 1-6 correspond
to samples 25a, 26a, 27b, 42b, 47b, and 49a, respectively. The migration position between the 0.5 kb and 1.0 kb
markers confirms amplification of the expected fragment size.

4.1.5 Sanger Sequencing and Sequence Analysis

The 100 PCR-amplified samples were sent to Macrogen Spain (Madrid, Spain) for for
unidirectional Sanger sequencing using the forward primer 1273iF (Sequence (5' - 3'):
AAGCCGCCATTGTTACCAGA). Although PCR amplification requires a pair of primers to
generate the full-length amplicon, Sanger sequencing can be performed using a single primer,
in the direction considered most informative for the target region. Sequencing in the forward
direction was therefore selected to ensure high read quality and adequate coverage of the region

containing the resistance-associated codons 918 and 925.

Chromatogram files generated by Sanger sequencing (. abl format) were inspected in
BioEdit v7.2.5 (Hall, 1999) to assess base-calling accuracy and overall sequence quality. During
the initial inspection, putative positions showing heterozygosity were identified and carefully
examined, as overlapping peaks in the chromatograms correspond to true DNA polymorphisms.
To represent these sites accurately, [UPAC nucleotide ambiguity codes (e.g., R=A/G,Y = C/T,
W = A/T) were applied to annotate mixed signals, thereby preserving allelic variation within
the dataset. This approach ensured that polymorphic positions were properly represented and
prevented the loss of biologically relevant information during sequence editing and curation.

The complete list of [IUPAC nucleotide codes used in this process is summarized in Table 4.
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Table 4. IUPAC nucleotide ambiguity codes and their designations. The International Union of Pure and Applied
Chemistry (IUPAC) codes are used to represent heterozygous or ambiguous nucleotide positions in sequence data.
Each symbol corresponds to a defined set of possible bases at a given position and is derived from either
biochemical properties (e.g., purine vs. pyrimidine) or alphabetical conventions. These codes were applied during
sequence curation in BioEdit to annotate overlapping chromatogram peaks and preserve genuine polymorphisms
in the dataset. (Source: https://genome.ucsc.edu/goldenPath/help/iupac.html).

Symbol Bases Origin of designation
G G Guanine
A A Adenine
T T Thymine
C C Cytosine
R GorA puRine
Y TorC pYrimidine
M AorC aMino
K GorT Keto
S GorC Strong interaction (3 H bonds)
W AorT Weak interaction (2 H bonds)
H AorCorT not-G, H follows G in the alphabet
B GorTorC not-A, B follows A
\% GorCorA not-T (not-U), V follows U
D GorAorT not-C, D follows C
N GorAorTorC aNy

Following this polymorphism screening, the chromatograms were subjected to a quality-
focused cleaning step to ensure that only high-confidence sequence information was retained
for downstream analyses. In particular, the 5" and 3’ extremities were examined carefully, as

signal intensity typically declines toward both ends of Sanger reads, frequently resulting in
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reduced peak resolution, peak broadening, baseline noise, and occasional peak overlap. These
low-quality terminal regions were trimmed to remove background signal and to define a reliable
sequence window composed of well-resolved, high-intensity peaks. Trimming was performed
conservatively to avoid discarding informative positions while eliminating segments where

base calling could be affected by poor peak separation or unstable signal.

The validated, high-quality sequences were subsequently processed in MEGA X
v11.0.13 using the CLUSTALW progressive multiple sequence alignment algorithm, which
builds a guide tree from pairwise similarities and progressively merges sequences to produce a
global alignment. Consensus inspection at this stage enabled a first separation of conserved
tracts (candidate primer-binding regions) from polymorphic loci relevant for resistance

genotyping. (Tamura et al., 2021; Thompson et al., 1994).

To strengthen traceability and primer-target rationale, the alignment was then imported
into Jalview, an interactive alignment editor and analysis workbench that supports WYSIWYG
alignment inspection, multiple overview tracks, and annotation layers (e.g., conservation and
column occupancy). Jalview was used to visually delineate conserved versus variable regions,
confirm the integrity of the alignment around the diagnostic codons, and generate an alignment
overview/annotation export capturing conservation and coverage patterns across all sequences

(Waterhouse et al., 2009).

Because read-length differences can introduce padded ends that bias variability
estimates, analyses were restricted to the high-coverage alignment core (columns with >60/67
unambiguous A/C/G/T calls, excluding gaps/ambiguity), ensuring that variability reflects true

nucleotide heterogeneity rather than missing data.

Variability profiling was conducted in R using script (packages: Biostrings, data.table,
entropy, ggplot2). Two complementary metrics were computed: per-site Shannon entropy
(log2), H=—)ipilog2(pi), where H = 0 indicates complete conservation and higher values
indicate mixed bases (Shannon, 1948; Vinga, 2014); and a nucleotide-based polymorphism rate
using 1-nt windows (step = 1), reporting the percent of polymorphic positions per nucleotide

(0-100%) to support primer placement relative to the resistance loci.

4.2. LAMP primer design targeting pyrethroid resistance mutations

LAMP assay development for pyrethroid resistance in V. destructor progressed from
sequence curation to primer validation. Consensus sequences were aligned to select conserved

regions, then used for primer design in NEB and LAMP DESIGNER. Candidate sets were
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assessed for GC content, Tm, AG, and secondary structures, with only stable primers advanced

for testing.

4.2.1 Primer Design Software and Workflow

Primer design for VGSC Domain II was carried out with NEB LAMP Designer (NEB,
2021) and LAMP DESIGNER v1.16 (Premier Biosoft) using curated FASTA fragments (=220—
350 bp) free of polymorphisms. Because LAMP requires multiple primers (F3, B3, FIP, BIP,
+LF/LB) to bind specific regions of the target sequence in a defined spatial arrangement,
candidate primer sets were evaluated according to Tm, GC content, primer spacing, and
predicted secondary structures. These parameters were used to select primer sets suitable for

stable and efficient amplification under isothermal conditions at 60—65 °C.

4.2.1.1 Primer Generation Using NEB LAMP Designer

Primer sets were generated using the online NEB LAMP Primer Design Tool
(https://lamp.neb.com/). Sequences were entered into the Sequence module (<2,000 bp),
following the procedures outlined in the NEB LAMP Primer Design Tool Tutorial (NEB). The
design process followed the tool’s default presets, adjustable by the user, which specify
windows for GC/Tm, inter-primer spacing, and AG values suitable for the four to six primers

required for LAMP (F3, B3, FIP, BIP, +LF/LB).

The selected primer sets were ranked by prioritizing low predicted primer—dimer
stability and amplicon lengths compatible with LAMP amplification, particularly lengths that
support efficient loop formation and strand displacement. Mutations at codons 918 and 925
were considered when defining positions, ensuring the variant was placed within the internal
FIP/BIP segments while keeping the outer primers outside polymorphic regions. Loop primers
(LF/LB) were generated in the Loop Primer module after selecting the main set, as the tool
automatically proposes them. When suitable loops were not obtained, parameters or the main
set were adjusted, and the search was repeated. In some cases, it was normal for only one loop
primer to be generated instead of two. For retained designs, tab-delimited exports captured
primer sequences, binding coordinates, lengths, basic thermodynamic summaries, and set

identifiers (order-ready format).

Secondary-structure checks were performed in-tool and independently verified in IDT
OligoAnalyzer, using the HAIRPIN, SELF-DIMER, and HETERO-DIMER functions;

Tm/GC/extinction coefficients were cross-checked via ANALYZE, mismatch effects were
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explored with TM MISMATCH, and sequence-level specificity was queried through the
integrated NCBI BLAST option, after adjusting calculation settings to LAMP-like ionic
conditions (IDT, 2023).

4.2.1.2 Primer Generation Using LAMP DESIGNER v1.16

Primer sets were generated in LAMP DESIGNER v1.16 (Premier Biosoft) as a
complementary design environment under isothermal conditions. The software automatically
generates multiple LAMP primer sets, each consisting of six primers (F3, B3, FIP, BIP, LF, and
LB). FASTA fragments of the target sequence were loaded into the project workspace. Although
LAMP DESIGNER v1.16 can retrieve sequences directly from GenBank, the primer design in
this study was performed using curated VGSC Domain IT FASTA sequences generated from
our own Sanger sequencing data. Designs were initiated using the program’s default settings,
which could be adjusted when necessary. Parameters were only modified when allele placement
within FIP/BIP or spacing constraints required adjustment, and any deviations from the default

settings were recorded.

Specificity and structural checks were performed within the software, which integrates
BLAST (NCBI). Secondary-structure and multiplex views were consulted to identify stable
hairpins or cross-dimers, while detailed thermodynamic thresholds are reported separately.
Final candidate primer sets were exported (CSV/Excel) with sequences, coordinates, inter-

primer distances, Tm/GC summaries, and loop-primer status.

4.2.1.3 Integrated cross-platform evaluation of candidate LAMP primer sets

Candidate primers generated by NEB LAMP Designer and LAMP DESIGNER v1.16
were evaluated for length, spacing between primers within the sequence, and the positioning of
target alleles. Secondary structures and primer—primer interactions were analyzed externally,
and designs that did not meet the criteria were revised or excluded. Specificity was assessed to
ensure detection of V. destructor, with exclusion of candidates showing potential binding to A.
mellifera, considering the close evolutionary relationship between the species. Remaining
candidates were ranked based on Tm cohesion within the set, low interaction potential, correct

allele placement in FIP/BIP, and the presence of both loop primers.
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4.2.1.4 Primer design parameters and Operational Windows

Both NEB LAMP Designer and LAMP DESIGNER include predefined operational
parameters typical of primer design software, providing a standardized starting point while
allowing users to fine-tune settings manually for specific targets. Primer melting temperatures
(Tm) were calculated using the nearest-neighbor (Santalucia) model under defined ionic
conditions (50 mM Na*, 8 mM Mg?**, with specified dNTPs) compatible with the chemistry of
the isothermal assay. Duplex stability is highly sensitive to salt composition, with Mg** being
the dominant stabilizing factor at millimolar concentrations relevant for LAMP (SantaLucia,
1998; Owczarzy et al., 2008). The Tm spread within each primer set was limited to <3 °C to
ensure all primers functioned at a single annealing temperature (Tomita et al., 2008; Nagamine

et al., 2002).

Primers were constrained to 40-65% GC content, with 50-60% preferred to balance
stability and specificity. A GC clamp (one G/C within the last five nucleotides) was favored at
the 3’ end, while runs of more than three consecutive G/C bases were avoided to reduce
dimerization risk (Thermo Fisher Scientific, 2019; NEB, 2021). Canonical LAMP geometry
was applied: F2-B2 product length of 120-180 bp, F2«<>F1c spacing of 40—60 bp, and F2—F3
spacing of 0-60 bp. These constraints promote stable loop formation and efficient strand

displacement (Notomi et al., 2000; NEB, 2021).

Hairpin stability thresholds were set to AG > —3.0 kcal mol™ for the 3’ terminal region
and AG > —5.0 kcal mol™! for internal regions. 3'-end stability of primers was limited to AG > —
4.0 kcal mol™!, while self-dimer thresholds were —2.5kcalmol™ (3') and —8.0 kcal mol™
(internal). These limits ensure primers remain extendable while excluding designs prone to

strong dimers or hairpins (Untergasser et al., 2012; IDT, 2023).

Loop primers (LF/LB) were added when suitable candidates were found within the same
GC/Tm/AG windows, accelerating reaction kinetics (Nagamine et al., 2002). For Allele-
Specific assays, discriminatory nucleotides were deliberately positioned within the internal

segments of FIP/BIP to maximize mismatch sensitivity at polymorphic sites.

4.3. Structural integrity and thermodynamic stability assessment

The final primer sets were evaluated using diagnostics from both LAMP DESIGNER
and NEB LAMP Designer, with independent confirmation in IDT OligoAnalyzer. The
assessment included analysis of hairpins, 3'-end stability, and primer—primer interactions,

including both self- and hetero-dimers. Hairpin formation was evaluated for all
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oligonucleotides, with particular attention to the longer FIP and BIP primers, and designs were
rejected when hairpins at the 3’ end were overly stable. Acceptance thresholds were set at AG

> —2.0 kcal-mol™* for the 3" end and AG > —3.0 kcal-mol™* for internal hairpins.

Primer self-association was assessed at both the 3’ end and internally, with cutoffs of
AG > —5.0 kcal-mol™ for 3’ self-dimers and AG > —6.0 kcal-mol™! for internal self-dimers.
Designs exceeding these limits were either downranked or discarded. Considering that LAMP
reactions use four to six primers, inter-primer interactions were prioritized. Acceptance
thresholds followed the same policy as self-dimers, with AG >—5.0 kcal-mol™" at the 3’ end and
AG >—6.0 kcal-mol ™! internally. The most stable cross-dimer within each set, corresponding to
the “worst-case” AG, was used as the decision metric, with sets showing less-negative worst-

case values being preferred.

In addition, primer binding sites were carefully checked to avoid regions of the template
that could form highly stable secondary structures predicted to persist near the reaction
temperature. This approach ensures that selected primers are stable, extendable, and have a low
propensity for undesired interactions, thereby maximizing the efficiency and specificity of the

LAMP assay.

4.4. Laboratory optimization of the LAMP assay on CFX96

After primer selection, one candidate primer set from each design platform (NEB LAMP
Designer and LAMP DESIGNER v1.16) was synthesized by STABVIDA using standard
desalting purification. LAMP reactions were prepared using Doctor Vida Universal LAMP
Master Mix and the proprietary LAMP Dye supplied by STABVIDA. Reaction assembly was
performed in a controlled workflow to minimize carryover contamination, using a one-pot
premix (master reaction prepared first; template added last in a physically separated area). The
composition of the 25 pL reactions followed the manufacturer’s recommendations and is

detailed in Table 4 (Doctor Vida, 2025).
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Table 5. Composition of the LAMP reaction using the Doctor Vida Universal LAMP Master Mix (StabVida), with
a final volume of 25 pL. Primers were added at the indicated concentrations, along with fluorescent dye (LAMP
dye 50X provided by StabVida). The preparation follows the manufacturer's instructions (Doctor Vida, 2025).

Components Reaction (25 nL) Final Concentration
Universal LAMP Master Mix 15 ul 15 uL
LAMP dye 0,5 uL 1X
Primer F3 (50 pM) 0,1 uL 0,2 uM
Primer B3 (50 pM) 0,1 pL 0,2 uM
Primer FIP (50 pM) 0,8 uL 1,6 uyM
Primer BIP (50 nM) 0,8 uL 1,6 uyM
Primer LF (50 pM) 0,2 uL 0,4 uM
Primer LB (50 pM) 0,2 uL 0,4 uM
Nuclease free water 1,5 For 20 pL
DNA 1 or 2uL -
Lysate SuL 20% v/v ot\’/ ‘E)Iilel rf;relal reaction
Final Volume 25 uL 25 uL

Amplification was performed on a CFX96 Real-Time PCR Detection System (Bio-Rad)
using an isothermal temperature gradient to identify an optimal setpoint (63, 64, 65, 66, and 67
°C). No-template controls (NTCs; reactions containing all reagents except the DNA template,
used to detect contamination or non-specific amplification) were systematically included, with
particular emphasis at 65 °C to monitor background amplification. Two extracted DNA input
volumes (1 pL and 2 pL) were compared to evaluate their impact on time-to-signal and curve
morphology. In parallel, lysate was also tested as a simplified template input, using 5 puL per 25
pL reaction, to evaluate whether the assay could amplify directly from minimally processed
samples without requiring purified DNA. Fluorescence was acquired in real time on the FAM

channel using baseline-subtracted single-threshold analysis.

Samples used as biological controls were selected based on prior Sanger genotyping at

codons 918 and 925: resistant controls carried the M918L/L925V double mutation (87a, 87b.1,
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88a, 88b), while non-resistant controls were wild-type at both codons (85a, 85b, 86a, 87b).
Because the primer design targeted the wild-type configuration, amplification was expected

preferentially in wild-type samples under specific conditions.

To confirm product formation and evaluate banding patterns, LAMP products were
analyzed by 2% agarose gel electrophoresis in 1x TAE stained with ethidium bromide, run at
85 V for 60 min, and visualized under UV using a ChemiDoc™ system (Bio-Rad) with Image

Lab™ goftware.

4.5. Specificity verification and temperature refinement on the QuantStudio™ 5
platform

To distinguish true target-dependent amplification from primer-driven artefacts
suggested by the CFX96 screening, an independent follow-up experiment was performed on a
QuantStudio™ 5 Real-Time PCR System (Applied Biosystems®). For each primer set (Set —
NEB LAMP Designer; Set - LAMP DESIGNER v1.16), 25 pL reactions were prepared using
the same reagent system described in Section 4.4 (Doctor Vida Universal LAMP Master Mix,
STABVIDA LAMP dye, primers, and nuclease-free water), and fluorescence was monitored on

the FAM channel using the instrument’s standard analysis settings.

Initially, both primer sets were tested under no-template conditions at 65, 66, and 67 °C
to evaluate background fluorescence and possible primer-derived amplification. These no-
template controls (NTCs) contained all reaction components except DNA and were assembled
in a dedicated clean area. In parallel, resistant DNA samples carrying the target mutations were
included as genotype-negative controls, because the selected primer design was expected to
preferentially amplify the wild-type sequence rather than the resistant genotype. To reduce
contamination-related false positives, reaction preparation was performed using UV-
decontaminated work surfaces and materials before amplification. The NTC reactions were then
run for 80 cycles, with 1 minute per cycle, at each tested temperature to determine whether

either primer set produced amplification in the absence of template DNA.

Based on the NTC behaviour and the CFX96 optimization outcomes, a subsequent
validation series was conducted at higher temperatures (68, 69, and 70 °C) in the presence of
Varroa destructor DNA to improve discrimination between specific and nonspecific signals.
For each temperature, both primer sets were tested under identical conditions and included: two
wild-type positive DNA controls (C+1 and C+2), previously confirmed to lack the
MOI18L/L925V resistance mutations and therefore expected to amplify with the wild-type-
targeting primer design; three additional wild-type samples (49A NR, 49B NR, 50A NR);
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three resistant samples carrying the M918L/L925V double mutation (47B_R, 51A R, 51B_R);
and three NTCs, in which water was added instead of DNA. All reactions were performed in
technical triplicate, with template DNA added last to minimise cross-contamination. The plate

layout for this validation is summarised in Figure 10.

Figure 10. Plate layout of the QuantStudio™ 5 LAMP evaluation at 68—70 °C. Schematic representation of the
arrangement of resistant (47B_R, 51A_R, 51B_R), non-resistant (49A NR, 49B_NR, 50A_NR), positive controls
(C+1, C+2), and no-template controls (NTCs) for Set - NEB LAMP Designer; Set — LAMP DESIGNER v1.16
across the three isothermal temperatures tested on the QuantStudio™ 5.

Real-time fluorescence was recorded for up to 80 minutes with 1-minute acquisition per
cycle. Amplification curves were analysed in the QuantStudio Design and Analysis software
using standard baseline subtraction and automatic thresholding. For each reaction, the time-to-
positive was expressed as the quantification cycle (Cq), and curves were grouped by sample
category (resistant, non-resistant, positive control, NTC) to evaluate separation between
phenotypes and to detect any residual late amplification in negative controls. The
methodological workflow implemented in this study is summarized in Figure 11, integrating
field sampling and molecular processing with downstream sequence curation and primer-
development steps. Following generation of a national VGSC Domain II dataset, sequences
were curated and screened for polymorphisms, then aligned and visualized using MEGA X and
Jalview to define conserved regions suitable for assay development. These curated targets were
subsequently used to guide LAMP primer design, in-silico quality screening, and experimental

optimization, ensuring continuity from sample collection to diagnostic assay validation.
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1. Experimental Workflow

Collection from 35 QIAamp DNA Micro VGSC Domain II
apiaries Kit (~701 bp)
Preservation in Precellys 24 PCR with primers
absolute ethanol homogenization 1273iF / 1973iR
Transport to CIMO Proteinase K Gel electrophoresis

(IPB) digestion Sanger sequencing at
Storage at —20 °C DNA purification Macrogen

Storage at —20 °C

2. Sequence Processing & Analysis

Sequence trimming & cleaning
IUPAC annotation
Multiple sequence alignment: MEGA X
Polymorphism identification: BioEdit, MEGA, Jalview

3. LAMP Primer Design & Optimization

Primer design: In silico validation: Experimental
NEB LAMP Designer Thermodynamic optimization:
LAMP Designer v1.16 stability CFX96, 63—-67 °C

Secondary structure QuantStudio™ 5, 68—
analysis 70 °C

Figure 11. End-to-End Methodology Workflow for VGSC Domain II Baseline Construction and LAMP Assay
Development
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S. RESULTS AND DISCUSSION

5.1 Analysis of V. destructor by DNA Sequencing

This section evaluates the VGSC Domain II fragment in Portuguese Varroa destructor
populations to estimate the prevalence of pyrethroid-resistance—associated mutations. Among
the 100 mites analyzed, 38 (38%) carried resistance-associated variants at positions 918 and/or
925, 54 (54%) showed no evidence of resistance, and 8 (8%) produced no interpretable result
despite repeated PCR (Figure 12). At the apiary level (35 apiaries), 13/35 (37.1%) were non-
resistant and 6/35 (17.1%) were entirely resistant. The remaining apiaries showed mixed
profiles: 6/35 (17.1%) had ~66% resistant / ~34% non-resistant, 2/35 (5.7%) had ~66% non-
resistant / ~34% resistant, 4/35 (11.4%) had ~66% non-resistant / ~34% no result, 3/35 (8.6%)
had ~66% resistant / ~34% no result, and 1/35 (2.9%) showed an approximately even

distribution (~33% resistant / ~33% non-resistant / ~33% no result).

B Resistance M918L-.925V . .
B No Resistance .‘J ..

No results

Figure 12. Map of resistance results found across the 35 apiaries analyzed in this study (100 samples in total). (red
=MO918L-L925V resistance, green = no resistance, grey = no result).

Comparative genotyping studies indicate that VGSC-mediated pyrethroid resistance in
Varroa destructor is common across Europe but strongly heterogeneous between regions. In

Portugal, an exploratory survey reported that 47% of successfully genotyped mites (45/96)
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carried the resistance-associated VGSC mutation (Li et al., 2022). In Spain, resistance allele
frequency estimates can vary substantially by study design and sampling frame: for example,
in longitudinal monitoring of colonies with no pyrethroid treatments in the preceding four years,
the resistance allele frequency (q) increased from 0.06 + 0.03 (autumn 2018) to 0.15 = 0.06
(autumn 2019), consistent with persistence/selection of resistant genotypes even under complex
exposure histories (Benito-Murcia et al., 2021). At the mechanistic level, Spain-wide surveys
confirmed the presence of L925V and the detection of M918L, with M918L consistently
observed in combination with L925V (Benito-Murcia et al., 2022). In the United Kingdom
(Central/Southern England), the L925V substitution showed strong association with resistance:
it was detected in all mites surviving tau-fluvalinate treatment, but in only ~8% of mites from
untreated control colonies, supporting its utility as a molecular marker (Gonzélez-Cabrera et
al., 2013). In Czechia, PCR-RFLP monitoring of pooled samples classified populations as 56%
sensitive, 9% resistant, and 35% mixed (containing both sensitive and resistant genotypes), with
geographic “hotspots” of higher resistance frequency reported in specific regions (Stara et al.,
2018). Finally, very high resistant allele frequencies have been reported in Tiirkiye, with a mean
resistant allele frequency of 83.29%, and regional values of 94.58% (Mediterranean), 85.71%
(Aegean), and 69.58% (Black Sea), emphasizing pronounced spatial structure in resistance

genotypes (Celikkol et al., 2025).

Taken together, these benchmarks place Portuguese resistant haplotype frequencies
within the broader, yet regionally heterogeneous, European pattern. They underscore the need
for ongoing molecular surveillance and adaptive management (acaricide rotation plus routine

molecular screening) to limit further selection and spread of pyrethroid resistance.

5.2 LAMP Primer design targeting pyrethroid resistance mutations
5.2.1 Sequence Alignment and Analysis using BioEdit and MEGA/JalView/R

Although 100 adult V. destructor mites were processed for VGSC Domain II analysis,
70 chromatograms were retained for detailed sequence curation and alignment based on read
quality. After quality control in BioEdit v7.2.5, 67/70 samples (95.7%) produced interpretable

VGSC Domain II sequences suitable for downstream alignment and genotyping.

Raw chromatograms were visually inspected to ensure reliable base calling and to
identify ambiguous signals. A recurrent mixed signal was observed at nucleotide position 428,
characterized by overlapping peaks consistent with a genuine polymorphic site. When present,

this locus was annotated using the appropriate [UPAC ambiguity code (e.g., R = A/G) to
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preserve allelic variation rather than forcing a single-base assignment. Sequences showing
excessive background noise or unresolved signal at this position were excluded from
interpretation until re-analysis to maintain dataset integrity. Figure 13 illustrates the detection

and annotation of the ambiguous peak at position 428.

410 a2 40 “
C AT CTTCATTTTCGCC GTT AT GGG CQAT 6 C A4 C T T T T CGGC

Figure 13. Detection of polymorphism at position 428 in BioEdit. Chromatogram trace showing overlapping peaks
at nucleotide position 428, annotated as R (A/G) using ITUPAC ambiguity codes. This inspection step was
performed prior to sequence trimming to evaluate heterozygosity and ensure that polymorphic sites were correctly
represented in the curated dataset.

Because Sanger read quality typically decreases at both ends of chromatograms, low-
confidence segments at the 5’ and 3’ extremities were trimmed to retain only high-quality
sequence for downstream analyses. Representative trimming steps are shown in Figure 14,
including removal of noisy peaks at the 3’ end and overlapping or low-resolution peaks at the

5" end before exporting the cleaned sequences for alignment.

610 620 630 640 630 660 670
{{GGC H{GGTC%%{%CT GTC% GG{{%{%{%{%H%{{{%TGG TAAAA.AGGGGGGTT'"%{G {%G'
7429?9850? :

/\M\“a\ﬂk'.fm,.{w|U5f\f\
|

|h'|.'|,| W

150 160 170 180 190 200

[ CCGACAATCTTTICTCGCTCCCGCCCTCCCGCTATCACTGTICTCC TAAT AT ACGT {T{T%T
........................................................................................................................................................................................ 2435307190

,n. i 'ﬂu a“ i *ﬂl

||| } |II H

Figure 14. Chromatogram cleaning in BioEdit v7.2.5. (A) Trimming of noisy peaks at the 3’extremity, starting
from position 607 until the end of the sequence, to ensure retention of high-quality bases. (B) Trimming of
overlapping and low-resolution peaks at the 5’ extremity, from position 190 to the start of the sequence.
Chromatogram trace view displaying the four fluorescent channels (A, T, C, G), used to assess peak quality and
detect heterozygosity. Editable nucleotide sequence view, enabling manual correction and annotation of ambiguous
bases with IUPAC codes to produce a clean consensus sequence.

iy A;
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Among the 67 curated sequences, 29/67 (43.3%) carried the double-resistance haplotype
MO918L/L925V (codons ATG—TTG and CTG—GTG, respectively), while 32/67 (47.8%) were
homozygous wild type (ATG/CTG) at the diagnostic codons. A remaining subset (6/70; 8.6%)
was temporarily unclassified due to chromatogram ambiguity/noise at the critical locus (notably
around position 428) pending re-evaluation. Taken together, the interpretable dataset indicates
an approximate distribution of ~43% resistant versus ~57% non-resistant genotypes in the

sequenced subset.

The 67 high-quality consensus sequences were aligned in MEGA X (CLUSTALW) and
inspected in Jalview to verify alignment quality and localize sequence variability. The
alignment was dominated by conserved blocks with variability concentrated in restricted
regions, notably the resistance-associated loci corresponding to codons 918 and 925. An
overview of the alignment is provided in Figure 15 (full alignment views are provided in the

Annex: Figure Al).

To avoid interpreting sequencing end artifacts as biological variation, polymorphism
quantification was restricted to a high-coverage core defined as positions with >60/67
unambiguous base calls. Within this core (188 nucleotide positions), 168/188 (89.4%) sites
were monomorphic and 20/188 (10.6%) were polymorphic. Importantly, only two
polymorphisms occurred at high frequency and corresponded to the canonical resistance
substitutions M918L and L925V, which appeared as a linked haplotype, consistent with
resistance surveillance in Iberian and European V. destructor populations (Li et al., 2022;

Benito-Murcia et al., 2022).

From an assay-development perspective, the intervening region spanning codons 919—
924 was highly conserved: 17/18 sites were fully conserved, with only a singleton at codon 922
(1/67; ATA—ATG). This conservation was corroborated by Shannon entropy profiling (Annex:
Figure A2), which showed dominant entropy peaks at codons 918 and 925 but near-zero entropy
across 919-924, and by nucleotide-level polymorphism plots (Annex: Figure A3), which

likewise localized variability to the diagnostic loci.

Together, alignment visualization (MEGA X/Jalview) and quantitative profiling (R)
provide a reproducible justification for primer placement: primer-anchoring regions should be
selected within conserved windows (notably codons 919-924) while avoiding regions
overlapping the diagnostic resistance codons 918 and 925, where mismatches would

compromise amplification and genotyping accuracy.
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Figure 15. Multiple sequence alignment of V. destructor VGSC Domain II (n = 67) in MEGA X: conserved blocks
and diagnostic codons 918/925.Multiple sequence alignment generated in MEGA X (CLUSTALW) after quality
filtering. Conserved nucleotide blocks (uniform columns) define candidate primer-binding regions, while
polymorphic columns cluster at the diagnostic resistance loci codon 918 (M918L; ATG—TTG) and codon 925
(L925V; CTG—GTG) highlited in dark blue boxes. Existance of Polymorphic region (K: G or T). White ( Empty)
columns in the MEGA view reflect low-information/uncalled positions due to read-length differences (not
biological deletions). The conserved region between codons 919-924 is highlighted as a stable primer-anchoring
candidate.
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5.2.2 LAMP Primer design outcomes
5.2.2.1 Results from NEB LAMP Designer

The NEB LAMP Designer generated five candidate primer sets, each with overall
dimerization energies ranging from —1.66 to —2.46 kcal-mol . After comparative evaluation of
role-specific melting temperatures, GC content, and inter-primer spacing, the five designs were
ranked using a transparent, software-aligned scoring logic that prioritizes balanced Tm values
across outer primers (F3/B3) and inner-primer components (F1c/F2 and Blc¢/B2), moderate
GC% (avoiding extremes that increase non-specific binding or secondary structure), stable but
not excessively negative terminal AG values (minimizing primer-end “stickiness” that can
promote mispriming), appropriate spatial architecture (sufficient separation between F3—F2 and
B2-B3 to support efficient LAMP strand displacement), and correct placement of the diagnostic
region without constraining essential primers to overlap resistance codons unless deliberately

intended (NEB 2021).

As summarized in Table 6, ID:36 (dimer AG = —1.82 kcal-mol™") provided the best
overall balance of these constraints, including balanced Tm values across F3/B3 and inner-
primer components, acceptable GC content, and favorable end-stability metrics, and was

therefore selected for downstream assay development.

ID:16 was not selected because both diagnostic codons were located within inner-primer
binding regions, with codon 918 overlapping Flc and codon 925 overlapping Blc. Since Flc
and Blc are part of the inner primers that drive LAMP amplification, placing polymorphic sites
within these regions could affect primer binding and reduce the consistency of amplification
between genotypes. ID:1 (dimer AG = —1.88) showed acceptable thermodynamic ranges but
retained codon 925 overlap with Blc, again risking bias at an inner-primer component. Among
the —2.46 kcal-mol ™ designs, ID:89 had the advantage that neither codon 918 nor codon 925
overlapped any primer-binding region; however, it was down-ranked due to comparatively less

favorable role-specific thermodynamic balance for the selected design window.

Finally, ID:69 (dimer AG = —2.46) was ranked lowest because codon 918 overlapped
F3 and codon 925 overlapped F2, and critically, F3 and F2 were directly adjacent (F3—-F2
distance = 0), a configuration that is typically disfavored in LAMP due to reduced architectural

flexibility and increased risk of inefficient initiation.
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Table 6. Comparative thermodynamic and positional evaluation of five NEB LAMP primer-set candidates. NEB
LAMP Designer outputs for each set (F3, B3, FIP, BIP), reporting length, GC%, Tm, and terminal 5'/3" AG values,
with FIP/BIP shown as F1¢/F2 and B1c/B2 components. Codon 918 is highlighted in red and codon 925 in green
to visualize potential primer overlap.

Primer
Primer
set
F3
FIP
ID: 16 ¢y epa)
Dimer
AG = -
1.66 BIP
(B1¢/B2)
B3
F3
FIP
ID:36
(F1¢/F2)
Dimer
AG: -
BIP
1.82
(B1¢/B2)
B3
F3
FIP
ID:1
(F1c/F2)
Dimer
AG: -
BIP
1.88
(B1¢/B2)
B3
F3
1D:89 FIP
(F1c/F2)

Length

18

46
(25+21)

38
(20+18)

20

19

46
(23+23)

45
(25+20)

18

22

42
(22+20)

38
(20+18)

20

18

46
(23+23)

GC%

50

44/
38

55/
44

40

47

48/
39

40/
40

50

32

45/
40

55/
44

40

50

43/
35

56.94

62.09

56.44

61.98

56.95

55.58

58,2

62.52

56.90

61.89

55.58

56.81

55.48

60.62

55.57

61.98

56.95

55.58

56.29

61.72

55.90

5’AG

—4.01

—5.18

—4.55

—5.32

-5.26
—4.33
—4.16

-5.37

—4.07

—-3.80

—4.33
—6.07
—2.82

—4.07

—4.30

-5.32

-5.26
—4.33
—5.25

—5.60

—2.75

43

3’AG

—5.06

—4.29/
—4.16

-5.25/
—5.57

—4.92

—4.91

—4.34/
—6.36

-3.74/
—4.92

—4.41

—6.43

—6.24/
—4.27

=525/
—5.57

—4.92

-5.17

=5.30/
—6.54

Sequence (5'—3")

GTTTCTGCGTGTGTACGT

CGTCTTGCCCATGATAGATATCAGT
- ACAGTTGAGAGTCTTCAAACT

AGCTCTGGGTAACCTGACCT -
TCTTGCCGAAAAGTTGCA

CAAACACTTGTTGTCGAGAT

CAAACTAGCCAAGTCATGG

CAAAGGTCAGGTTACCCAGAGCT -
CTGATATCTATCATGGGCAAGACG

ATCATCTTCATTTTCGCCGTTATGG -
CAAACACTTGTTGTCGAGAT

AAGCGTGAAGTGCGATAC

AAAATTATGAATCGTTTCTGCG

CAGTAGATTCAACGTTGGCCAT -
TGTGTACGTTACAGTTGAGA

AGCTCTGGGTAACCTGACCT -
TCTTGCCGAAAAGTTGCA

CAAACACTTGTTGTCGAGAT

ACCTGACCTTTGTGTTGG

TGTCGAGATAGTTCTTGCCGAAA -
GAATTATCATCTTCATTTTCGCC



Dimer 61.25

—4.55 —
AG:- P s 22 7639 ACAAGTGTTTGTGAGTATCGCAC -
Blc/B2 23+18 56 —4.60
rag | BIOBD @3419) 120 | 570 CAGGGAAGCTGACAGAGA
F3 18 50 55.26 491 —4.25 TCATGGGCAAGACGATAG
61.51 —6.24
6o | T SO B B ;3321 ATGCCCATAACGGCGAAAATG -
(F1c/F2) | (21+18) 56 —-5.25 GAGCTCTGGGTAACCTGA
. 56.90 —5.01
Dimer
AG: - i i3 6025 = —5.40 a7
246 @ BF / / A7 GCAACTTTTCGGCAAGAACTATC -
(B1c¢/B2) | (23+19) 47 5675 | —3.20 —5.63 TACAATGAGCCAACGAAGG
B3 18 56 55.79 —4.76 —6.03 GACAGAGAGTGAGAAGCG

Within Set ID 36, the outer primers F3 (19 nt, 58,2 °C, 47,4% GC) and B3 (18 nt, 59,9
°C, 50% GC) fulfilled the expected baseline requirements. The inner primers exhibited the
hierarchical thermal profile characteristic of LAMP: F2 (24 nt, 62,4 °C, 45,8% GC), Flc (23
nt, 65,8 °C, 52,2% GC), B2 (20 nt, 58,7 °C, 40% GC), and Blc (25 nt, 63.9 °C, 40% GC).
Diagnostic codons 918 and 925 overlapped with the composite FIP region (F2—F1c), ensuring
detection of resistance markers without introducing mismatches at the critical 3’ terminal.
Among loop candidates, LB (23 nt, 65.4 °C, 47,8% GC) was selected as the most suitable to
complement the P36 geometry.

The final primer set (ID: 36), designed on a 186 bp fragment of the VGSC Domain I,
consisted of the following sequences: F3 (5'-CAA ACT AGC CAA GTC ATG G-3"), B3 (5'-
AAG CGT GAA GTG CGA TAC-3"), FIP combining Flc (5'-CAA AGG TCA GGT TAC CCA
GAG CT-3") with F2 (5'-CTG ATA TCT ATC ATG GGC AAG ACG-3'), BIP combining Blc
(5'-ATC ATC TTC ATT TTC GCC GTT ATG G-3') with B2 (5'-CAA ACA CTT GTT GTC
GAG AT-3'), and the loop primer LB (5'-GCA TGC AAC TTT TCG GCA AGA AC-3').
Construction of the FIP required reverse complementation of Flc to ensure correct orientation.
Together, these primers provided comprehensive coverage of the curated VGSC fragment,

including the resistance-associated codons at positions 918 and 925.
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F3

1 TAAARATTAT GAATCGTTTC TGCGTGTGTA CGTTACAGTT GAGAGTCTTC AAACTAGCCA AGTCATGGLC AACGTTGAAT 80
FIP (F2) FIP (F1c)
81 CTACTGATAT CTATCATGSG C ;;Cé’f}-h G {_ .c GTAACCTGAC CTTTGTGTTG GG 160
ssssarssss srsrespaas sren Saeis SEsEaes Bege SRATEREERE SREREIAEEE 404 soteres 201
925
BIP (B2) B3
TTTTCGGCAA E;;CT(ATCTC GACAACAAGT GTTT rruf ATCGCACTTC ACGCTTTT 239

Figure 16. Positional map of NEB LAMP primer set ID:36 ( Set 1) across the 239-bp VGSC Domain II design
window. Schematic showing the locations of the outer primers (F3, B3), inner primer components (FIP: F2 and
Flc; BIP: Blc and B2), and Loop B within the selected target fragment. The resistance-associated codons 918 and
925 are indicated (918 in red; 925 in blue) to visualize their proximity to primer-binding regions and confirm
correct anchoring of the assay design.

To complement these results, the primer set was subjected to in-silico secondary
structure validation using IDT OligoAnalyzer under LAMP-like ionic conditions (50 mM Na*,
8 mM Mg?"). Secondary structure analysis confirmed that the primers selected from NEB Set
ID 36 (Set 1) were structurally robust. Particular attention was given to AG values at the 3’ ends
of the primers, since excessive stability at this region can compromise amplification by
promoting self-annealing. Hairpin formation was weak across the set, with the most stable
values observed for Flc (—2.44 kcal-mol ™) and B3 (—1.99 kcal-mol™), both below exclusion
thresholds. Self-dimerization was similarly modest, with the strongest interaction detected for
F2 (=3.61 kcal-mol™"), while most primers, including F3 (—1.94 kcal‘mol™) and LB (—1.94
kcal-mol™), remained close to neutral stability. These results confirmed that none of the primers
formed prohibitive secondary structures, validating the selection of Set ID 36 (Set 1) over less

favorable candidates and reinforcing its suitability for downstream LAMP optimization.

Supplier quality control (STAB VIDA) further confirmed the thermodynamic values
obtained during in-silico validation. Desalting analysis confirmed the expected molecular yields
and reconstitution volumes, while measured melting temperatures and GC percentages aligned
with NEB predictions: F3 (50.97 °C, 47.37% GC), B3 (52.82 °C, 50% GC), FIP (67.07 °C,
48.94% GC), BIP (65.8 °C, 40% GC), and LB (58.0 °C, 47.8% GC). Minor shifts in Tm and
concentration were observed after desalting, a phenomenon attributable to residual salts and
small synthesis by-products that may influence primer purity and downstream thermodynamic
calculations (Thermo Fisher Scientific). The results of the primordial Primers, and after the

desalting by STABVIDA and mentioned in the table 7 below.
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Table 7. Integrated summary of LAMP primers designed with NEB Primer Designer and validated after Desalting
by STABVIDA. The table combines in silico properties (sequence, position, length, Tm, GC%, ratings, AG values)
with synthesis data (yield and reconstitution volume), confirming the suitability of the five primers for LAMP
targeting the Varroa destructor VGSC gene.

. . . Primer Desalting
Software: NEB Primer Designer_186 bp STABVIDA
. Tm
Prim Positi = Len Tm szré)m Self-Dimer GC GC  Ratin oM \; ggr (50 GC
er %0 80 o) alm AC % Gl 2 s v M)
(bp)  (nt) (kcal/mol) mps | (/100) « NaCl,
ol) WL* or
F3 7920’ 19 582 -191 194 474 3 8 213 213 5097 47.37
B3 224515 18 59,9 —1,99 -1,34 50 2 92 31,9 319 5282 50
FIP 068 G e
(Flc 41 (Flc) 49 3 89 185 185 67,07 48.94
+r2) 103 62,4 LA
) 125 ’ (F2)  -3.61(F2)
BIP }gg_/ 63,9 ;301’?)3/( -3.43(Blc
Ble 20 45/ T ) /- 40 2 94 251 251 6579 40
+B2) .- 87 (B2 1.47(B2)
194
LB . 23 654 -122 -1.94 478 2 86 30,1 301 5796 47.83

Add nuclease-free H:O
and incubate at room T°C
for 5 min

Mutation sites: CAG at position 925 (Flc) and ATG at position
918 (F2)

5.2.2.2 Results from LAMP DESIGNER v1.16

The LAMP DESIGNER v1.16 software (target amplicon: 203 bp) successfully
generated a complete primer set (F3, B3, FIP, BIP, LF, and LB) that met the thermodynamic
and structural requirements for loop-mediated isothermal amplification. To achieve this,
reaction-condition parameters within the software were adjusted to approximate LAMP
chemistry for in silico thermodynamic calculations. These included monovalent ion
concentration, free Mg?" concentration, dANTP concentration, and calculation temperature. The
nucleic acid concentration parameter was kept at the software default value of 100 nM for

primer Tm and AG estimation, and does not represent the final DNA template concentration
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used experimentally, monovalent ion concentration of 50 mM, free Mg** concentration of 8.0
mM, dNTP concentration of 1.0 mM, and a free-energy calculation temperature of 60 °C. These
conditions narrowed the search space for potential primers and ensured that the program

returned candidates compatible with the biochemical constraints of the assay.

Following this, primer parameters were refined, the acceptable primer length was fixed
between 18 and 22 bp. Melting temperatures were constrained according to primer role: 65.0 =
4.0 °C for the inner primers (Flc/Blc), 60.0 = 4.0 °C for the outer primers (F3, F2, B3, B2),
and 62.0 £ 4.0 °C for the loop primers (LF/LB). The spatial configuration of the primers was
also adjusted to match canonical LAMP geometry, with the 5’ ends of F2 and B2 separated by
100-160 bp, the 5" end of F2/B2 positioned 20—60 bp upstream of the 3" end of Flc/Blc, and
the 3" end of F3/B3 located 0—20 bp upstream of the 5’ end of F2/B2.

Advanced search parameters were then applied, these included strict AG thresholds to
minimize unwanted secondary structures: hairpin AG at the 3’ end < —3.0 kcal-mol™’, internal
hairpins < —5.0 kcal-mol™, self-dimer AG at the 3’ end < —2.5 kcal-mol™, and internal self-
dimers <—8.0 kcal-mol™'. GC clamps (at least one G/C at the 3’ end) and run/repeat restrictions
(<5 bp) were enforced, while the acceptable global GC content was restricted to 40—65%. With
these constraints in place, the software produced multiple potential sets, and the most suitable

was selected for overlapping the target resistance mutations.

The final disposition of the eight LAMP primers designed with LAMP Designer v1.16
along the V. destructor VGSC domain II target is shown in Figure 17. The outer primers F3 and
B3 (black boxes) delimit the 5" and 3’ flanks of the amplicon and were synthesised as 5'-
TATGAATCGTTTCTGCGTG-3" and 5'-CACTTGTTGTCGAGATAGTT-3', respectively. The
canonical inner primers follow standard LAMP geometry: the forward inner primer (FIP)
consists of the reverse complement of the Flc segment (blue box; encompassing codon 918)
fused to F2 (red box), giving the oligonucleotide 5'-
ATCGTCTTGCCCATGATAGATCGTTACAGTTGAGAGTCTTC-3'". The backward inner
primer (BIP) is formed by the reverse complement of Blc (blue box; spanning codon 925)
linked to B2 (red box), with sequence 5'-
AGGAGCTCTGGGTAACCTAAGTTGCATGCCCATAAC-3". The loop primers occupy the
inter-arm loop regions and are highlighted by rose boxes in Figure 16: the loop-forward primer
LF  (5-GCCATGACTTGGCTAGTT-3') and loop-backward primer LB  (5'-
GACCTTTGTGTTGGGAATTATC-3") were also ordered as reverse complements of their
target sites. In this configuration, the resistance-associated codons 918 (CAT) and 925 (CTG)
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are embedded within Flc and Blc, while outer and loop primers bind conserved flanking and

loop regions, supporting efficient amplification and high allelic specificity.

F3 FIP (F2)
1 AAACGCATTA ACTAAAGCAA TAAGTAAAAA 1wr~k;,k_ TTTCTGCGTG) TGTALGTTAC AGTTGAGAGT CTTCHAACTA
FIP (F1c) BIP (BlC)
81 (GCCAAGTCAT GGCCAACGTT GAATCTACTG ~T{~TC';I-C SCAAGAC -Jﬁ SAGCT (CTGSGTAACC TACCTTTGT| 160
SRS et s ererenans - (eessserses srrserraes 4 Jrererers sereravens
918 925
BIP (B2) B3

161 |GTTGGGAATT ATCATCTTCA ’T'TCECiC~ TATGGGCATG C%ACT'}"CE GC;.LC[LACT; TCTCGACAAC AL(E*C}TT"GT 240

Figure 17. Positional map of LAMP Designer v1.16 primer set 2 across the 240-bp VGSC Domain II design
window, showing overlap of codons 918 and 925 with Flc and Blc.

The software-calculated primer properties are summarized in Table 7. External primers
F3 and B3 exhibited Tm values close to 60 °C and GC contents around 40—42%. The longer
inner primers FIP and BIP displayed Tm values of 64—66 °C, ensuring stronger binding, while
loop primers LF and LB had intermediate values (~62 °C), thereby accelerating reaction
kinetics. All primers were assigned ratings between 85 and 94 out of 100, confirming their
structural suitability. AG values for hairpins and dimers remained within the predefined
thresholds, with the strongest hetero-dimer (B3—Blc) recorded at —2.3 kcal-mol™, which is

acceptable for multiplex primer sets.

After primer synthesis by STABVIDA, desalting data confirmed the expected yields and
reconstitution volumes. F3 and LF were obtained at the highest quantities (34.8 nmol and 28.1
nmol, respectively), while B3, FIP, BIP, and LB ranged between 22—-27 nmol. Reconstitution in
nuclease-free water at 100 uM resulted in stock solutions sufficient for assay optimization. The
measured Tm and GC content from the supplier were in full agreement with the design tool

predictions, further validating the robustness of the selected primer set.

Taken together, the combined outputs of LAMP DESIGNER and STABVIDA
demonstrate that the selected primer set fulfills all requirements for diagnostic application. To
provide a comprehensive overview, the complete primer properties and synthesis data are
presented in Table 8, consolidating every relevant feature, including sequence, position, length,

GC content, Tm, ratings, AG values, and synthesis yields.
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Table 8. Integrated summary of LAMP primers designed with LAMP DESIGNER v1.16 and validated
by STABVIDA. The table combines in silico properties (sequence, position, length, Tm, GC%, ratings,
AG values) with synthesis data (yield and reconstitution volume), confirming the suitability of the six
primers for LAMP targeting the Varroa destructor VGSC gene.

Primer Desalting

Software: LAMP DESIGNER 1.16_203pb STABVIDA

Primer Pos Leng Tm Hair Self- GC GC Ratin nM Volum Tm GC
ht cO) pin Dimer %  Cla g(/  oles e for B0n (%)

(bp) AG AG mp 100) 100 M
(keal/ | (kcal/ s M naCl)
mol) mol) (pL)* -°C
F3 32 19 60.5 0 0 42.1 3 86 34,8 348 50,34 | 42,1
1
B3 235 20 60 0 -0.9 40.0 | 923 242 242 49,74 40
FIP 73— 41 64.1 -5,5 -2.9 439 3 889 224 224 64,14 439
(Flc+ 92/
F2) 45—
64
BIP - 40 65.8 0 -2.7 500 2 94.1 26,9 269 65,81 50
(Blc +
B2)
LF 93 18 62.1 -1,6 -1.6 50.0 1 854 28,1 281 52,37 50
LB 152 22 62.3 0 0 40.9 1 86.6 23,1 231 51,75 40,9

Add nuclease-free H.O
and incubate at room
T°C for 5 min

Positions where the mutation occurs: CAT—918 (Flc) and
CTG—925 (Blc).

5.2.3 Evaluation and validation of primers

To assess the robustness of the primer design process, the outputs of NEB LAMP
Designer (Set ID 36) and LAMP DESIGNER v1.16 were comparatively evaluated. Both tools
generated primers within acceptable thermodynamic windows, but differences were observed
in AG stability, loop primer integration, and post-synthesis validation. This evaluation
combined in-silico analysis with supplier quality control (STABVIDA) to ensure that only

structurally stable and diagnostically reliable primers were retained for downstream assays.
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The NEB primer set displayed stricter AG thresholds, with the most stable self-dimer
detected at —3.61 kcal-mol™" (F2) compared to —2.9 kcal-mol™ (FIP) in the LAMP DESIGNER
set. Such conservative AG profiles reduce the risk of primer self-annealing and mispriming.
Conversely, LAMP DESIGNER produced a more balanced distribution of melting temperatures
across primer roles, with values consistently clustering between 60—66 °C, and successfully
incorporated both loop primers, which are known to accelerate reaction kinetics. GC
percentages for both designs fell within the optimal 40-50% range, and primer ratings were
uniformly high (85-94/100). Collectively, these results show that NEB Designer prioritized
structural stringency, whereas LAMP DESIGNER optimized overall geometry and efficiency.

A direct comparison of the two primer sets is presented in Table 9. The NEB set
outperformed in terms of AG stability, ensuring minimal secondary structure interference.
However, LAMP DESIGNER exhibited stronger alignment with supplier QC data and higher
synthesis yields, while also producing a complete six-primer geometry that enhances
amplification kinetics. Together, these results underline the complementary strengths of the two

platforms.

Table 9. Comparative summary of NEB LAMP Designer and LAMP DESIGNER v1.16 primer sets, showing
averaged values for key thermodynamic and supplier validation parameters.

Tool / Ave. RUojeEst Tm Set Rating  Supplier
Primer Set Tm ELR HE SID T Completeness (0-100) Match
°C) (keal/mol)  (°C) P
8 . -3.61 (F2 5 primers (no g Good (£2
NEB 58-66 40-50 dimer) 8 LF) 86—94 °C)
LAMP -2.9 (FIP . Excellent
DESIGNER 60-66 40-50 dimer) 6 Full 6 primers =~ 85-94 (1 °C)

Overall, both NEB LAMP Designer and LAMP DESIGNER v1.16 produced
structurally valid primer sets for targeting resistance-associated mutations at codons 918 and
925 of the VGSC gene in V. destructor. While NEB emphasized stringent thermodynamic
thresholds that minimized the risk of secondary structures, LAMP DESIGNER demonstrated
higher post-synthesis robustness, improved supplier concordance, and complete loop
integration. The dual-software approach therefore provided complementary strengths: NEB
offered structural safety, while LAMP DESIGNER delivered field-ready stability. Taken

together, these findings validate the selected primer sets as both scientifically robust and
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diagnostically applicable, providing a reliable foundation for subsequent assay optimization

and field deployment.

5.3 Results of the optimization of LAMP assay
5.3.1 Initial optimization with Doctor Vida LAMP Master Mix

Following primer design and synthesis, both primer sets (NEB LAMP Designer ID 36,
Set 1, and LAMP DESIGNER v1.16, Set 2) were evaluated under standardized conditions using
the Doctor Vida Universal LAMP Master Mix. Optimization focused on primer performance
and isothermal temperature (63—67 °C), using V. destructor DNA previously characterized by
Sanger sequencing (resistant, heterozygous, and wild-type), alongside appropriate controls,
including wild-type negative samples and no-template controls (NTCs). As shown in Figure 18,
reactions performed at 63—65 °C exhibited highly synchronized amplification kinetics, with
most DNA-containing samples initiating amplification at similar cycle numbers and reaching a
uniform fluorescence plateau. Although this pattern suggested efficient reaction conditions, it
also raised concerns about non-specific amplification or primer-driven background. Therefore,
the results from this initial optimization were considered preliminary and required further
verification using no-template controls, agarose gel electrophoresis, and the subsequent

QuantStudio™ 5 specificity assessment.

To further investigate primer performance, reactions were conducted at higher
temperatures (65-67 °C) using DNA-containing samples, as shown in Figure 19. Distinct
temperature-dependent amplification profiles were observed between the two primer sets. The
NEB Set ID 36 (Set 1) showed rapid amplification with high fluorescence intensity at 65—-66
°C, whereas amplification at 67 °C was delayed, occurring at approximately 55-65 cycles. In
contrast, the LAMP DESIGNER v1.16 set (Set 2) exhibited strong and early amplification at
67 °C (around 24-30 cycles), while at 65 °C only a late and lower-intensity signal was observed.
In these amplification plots, ARn represents the baseline-corrected normalized fluorescence,

reflecting the accumulation of amplification products over time. These results demonstrate that
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amplification efficiency and kinetics are strongly influenced by temperature and primer design,

with each primer set exhibiting a distinct optimal temperature range.

Primers LAMP: NEB LAMP Primers LAMP: LAMP DESIGNER
Amplification Amplification
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Figure 18. Real-time LAMP amplification curves for resistant and non-resistant samples and the no-template
control (NTC) at 63-65 °C.
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Figure 19. Temperature-dependent amplification kinetics of LAMP primer sets (Set 1 and Set 2) at 65-67 °C.
5.3.2 Confirmation of template-independent amplification by agarose gel electrophoresis

To verify that the real-time fluorescence signals reflected DNA synthesis rather than an
optical artefact, amplification products from representative reactions were resolved on a 2%
agarose gel. As shown in Figure 20, both primer sets generated the characteristic LAMP
“ladder-like” banding pattern in the resistant (86a) and wild-type (61a) samples, but critically
the no-template control (CN/NTC) displayed a comparable ladder profile. Because validated
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LAMP workflows require the NTC to remain negative (i.e., no detectable amplification
product), a positive NTC indicates that the run is not analytically valid under the tested
conditions and should be repeated after corrective optimization (U.S. Food and Drug

Administration, 2024).

86a 61a CN 8ea 61a CN 86a 61a
S— — [ — o e m— . o —

l—Y—}\—Y—J

Set2_LAMP Set1_NEBLAMP
Designer

Figure 20. Agarose gel electrophoresis with the amplified products of both primer sets tested. A similar pattern of
bands is observed in both the positive and negative control samples. These results confirm the gPCR results and
highlight the need for further optimization to avoid false positives.

The presence of a LAMP-like ladder in the NTC is consistent with template-independent
amplification driven by primer-derived structures, rather than genuine target amplification. This
phenomenon has been documented in the LAMP literature: Meagher et al. (2018) showed that
the high primer multiplicity in LAMP increases the probability of primer—primer dimers and
that long inner primers are particularly prone to stable hairpin formation; in the presence of
strand-displacing polymerase, these structures can be extended to generate double-stranded
products and background amplification, including sporadic “spontaneous amplification” in no-
template reactions. (Meagher et al., 2018). In addition, other LAMP studies explicitly note that
primer-dimer formation can randomly produce false positives, motivating mitigation strategies
such as preheating/warm-start handling to limit non-specific primer extension during reaction

setup. (Rodrigues et al., 2024).

Collectively, the gel electrophoresis results corroborate the real-time fluorescence

behavior and support the conclusion that, under the present conditions, both primer sets are
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susceptible to primer—primer and/or intra-primer interactions that can initiate amplification in
the absence of target DNA. Therefore, further optimization (and potentially primer redesign) is

required before these reactions can be interpreted as mutation-specific genotyping outputs.

5.3.3 Genotype-based performance of Set ID 36 (Set 1) and Set 2 on QuantStudio™ 5

Given the strong tendency for self-amplification, a final series of experiments was
performed to test whether any genotype-dependent signal could still be recovered under more
stringent conditions, using the QuantStudio™ 5 platform and the panel of genotyped Varroa
destructor samples described in section 4.4. Both primer sets were tested at 68 °C, 69 °C and
70 °C with parallel plates including positive control pools (C+1, C+2), non-resistant wild-type
samples (49A NR, 49B NR, 50A_NR), resistant samples carrying the M918L/L925V double
mutation (47B_R, 51A_R, 51B_R) and NTCs.

For Set ID 36 (Set 1) (NEB LAMP Designer), the most informative condition was 69
°C. At this temperature, resistant samples consistently amplified early, with Cq values clustering
around cycle ~11, whereas non-resistant samples amplified later, around cycle ~20. The two
positive controls behaved like the resistant group, confirming that the reaction was responding
to target-containing DNA. NTCs remained flat for most of the run and only showed late, low-
intensity fluorescence increases between cycles 38 and 45. As shown in Figure 21, this produces
a visible separation between resistant and non-resistant curves, with the late NTC rise clearly
distinguishable from true positives. At 68 °C and 70 °C, Set ID 36 (Set 1) still generated
amplification in all sample types, but the time-to-positive gap between genotypes was reduced,
and curve morphology became less homogeneous, confirming 69 °C as the best compromise

between sensitivity and specificity.
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Figure 21. Real-time LAMP amplification curves for resistant and non-resistant V. destructor samples using Set
ID 36 (Set 1) at 69 °C on the QuantStudio™ 5. Representative amplification curves showing early signal in
resistant samples and positive controls (C+1, C+2) around cycle ~11, later amplification of non-resistant samples
around cycle ~20, and only late, low-level fluorescence in no-template controls (NTCs) appeared around cycle

~40, illustrating a clear time-to-positive separation between phenotypes.

In contrast, Set 2 (LAMP DESIGNER v1.16) did not exhibit any diagnostically useful
behavior under the same conditions. Across 68—70 °C, resistant and non-resistant samples
showed very similar amplification profiles, often overlapping with the NTCs both in onset and
plateau height. In many runs, NTCs rose at times comparable to or earlier than the biological
samples, indicating that primer-driven background remained dominant. As illustrated in Figure

22, the curves for all categories largely coincide, and no consistent Cq gap between resistant

and non-resistant genotypes can be defined.
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Figure 22. Real-time LAMP amplification curves for resistant and non-resistant V. destructor samples using Set 2
at 68—70 °C on the QuantStudio™ 5. Amplification profiles of resistant, non-resistant and NTC reactions overlap
across the three temperatures, with similar Cq values and curve shapes, indicating a lack of specific target-
dependent amplification and confirming that Set 2 is not suitable for diagnostic discrimination.

Overall, these QuantStudio™ 5 experiments confirm that both primer sets are prone to
template-independent self-amplification; however, Set ID 36 (Set 1) showed a narrow window
at 69 °C where resistant samples amplified earlier than non-resistant ones and before NTC
background rise. This supports exploring Set 1 as a semi-quantitative screening tool with
provisional thresholds (e.g., Cq < 25 plus flat NTCs). Nonetheless, such restrictive criteria may
increase false negatives, especially in low-quality extracts, and must be validated on a larger,
more representative dataset; if reproducibility is not confirmed, Set 1 should be excluded from

the final method.

Importantly, LAMP is already well-established in honey-bee health diagnostics when
the goal is presence/absence detection of unambiguous targets such as pathogens (e.g., Nosema
spp.), and it is widely reviewed as a practical platform for apiary-adjacent molecular testing
(Ptaszynska et al., 2014; Lannutti et al., 2020; Cameron et al., 2021). However, SNP genotyping
1s a more stringent analytical task: mismatch tolerance and background priming can erode allele
specificity, and even modest template-independent amplification can collapse the time-to-
positive separation needed for reliable SNP calls (Carascal et al., 2024). While engineered SNP-
LAMP approaches (e.g., competitive probe strategies) can improve single-base discrimination,

they add design complexity beyond conventional primer-only LAMP (Hyman et al., 2022).

Accordingly, future work should focus on improving primer design (especially reducing
3’ complementarity and avoiding very negative 3’ AG values), fine-tuning reaction chemistry

and temperature, and testing the assay on a larger and more diverse set of field samples. Only
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primer sets that keep the NTC flat for at least 80 minutes, produce the typical LAMP “ladder”
band pattern on agarose gels only in confirmed positive samples (and never in NTCs or negative
controls), and maintain a clear and consistent time-to-positive difference between resistant and
wild-type samples should move forward to limit-of-detection and field-deployment studies. If
LAMP cannot meet these reliability criteria, other isothermal genotyping approaches should be
considered, such as allele-specific RPA (Recombinase Polymerase Amplification) (Lobato &
O’Sullivan, 2018; Singpanomchai et al., 2021), padlock-probe ligation with rolling circle
amplification (Soares et al., 2021), or CRISPR-based detection combined with isothermal pre-

amplification, which can improve discrimination but adds extra steps (van Dongen et al., 2020).
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6. CONCLUSION

This dissertation investigated whether loop-mediated isothermal amplification (LAMP)
could be developed into a rapid molecular assay to detect pyrethroid-resistance mutations
(M918L/L925V) in V. destructor. The work combined VGSC sequencing to characterize local
resistance patterns, in silico primer design targeting the resistance-associated region, and
stepwise laboratory optimization and validation of two candidate LAMP primer sets. Together,
these approaches provided a coherent picture of both the biological context (presence of
resistant haplotypes) and the technical constraints of translating this information into a

diagnostic assay.

Sequencing of VGSC Domain II confirmed that a substantial fraction of the analyzed
mites carried the double-resistant haplotype alongside wild-type individuals, supporting the
relevance of a rapid molecular test to monitor resistance. /n silico design using two independent
platforms produced structurally valid LAMP primer sets, but thermodynamic screening already
suggested a risk of self-priming due to subtle 3’ complementarity. Experimental optimization
confirmed this: both sets generated amplification in resistant, wild-type, and no-template
controls, and reagent-only runs on the QuantStudio™ 5 showed that amplification could occur
in the complete absence of template DNA. These findings identified primer-driven self-

amplification, rather than contamination, as the principal barrier to specificity.

Final validation experiments with genotyped mites refined these conclusions. Under a
narrower temperature window on the QuantStudio™ 5, one primer set (Set ID 36) showed
encouraging behavior at 69 °C, with resistant samples and positive controls amplifying earlier
than non-resistant ones and no-template controls rising only at very late cycles. This indicates
that genuine target-dependent signal can transiently dominate over background under carefully
tuned conditions. However, the second set (Set 2) failed to produce any reproducible
discrimination, and the persistence of late amplification in no-template controls means that

neither design yet meets the robustness required for routine field deployment.

Overall, the first two objectives of this work, documenting VGSC polymorphism and
designing/characterizing LAMP primers, were fully achieved, whereas the development of a
fully reliable diagnostic assay was only partially successful. Nonetheless, the study provides a
clear roadmap for future work: redesigning primers to minimize 3’ complementarity, tightening
AG thresholds, exploring alternative chemistries and temperatures, and re-evaluating new

designs on broader, well-genotyped panels. In doing so, it lays an essential foundation for future
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LAMP-based tools that could support timelier, evidence-based management of pyrethroid

resistance in V. destructor and contribute to the long-term health of honey bee colonies.
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7. ANNEX

CATGGCCAACGTTGAATCTACTGATATCTATCTTGGGCAAGACGATAGGAGC TG TGGGTAACCT -GACCTTTGTGTTGGGAATTATCATE
CATGGCCAACG TTCGAATCTACTCATATCTATCATGGG CAACACCGATAGGAGCTETEGGGTAACCT -GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACGTTGAATCTACTGCATATCTATCATGGOGCAAGACGATAGGAGCTETEGGG TAACCT -GACCTTTGTGTTGCGGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCTTGGGCAAGACGATAGGAGC TG TGGGTAACCT -GACCTTTGTGTTGGGAATTATCATE
CATGGCCAACG TTGAATCTACTCATATCTATC TTGGG CAAGACGATAGGAGCTETEGGTAACCT - GACCTTTGTEGTTGGEGAATTATCATC
CATGGCCAACGTTGAATCTACTGCATATCTATCATGGOGCAAGACGATAGGAGCTETEGGG TAACCT -GACCTTTGTGTTGCGGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGAAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGGCCAACG TTGAATCTACTCATATCTATCATGGGCAAGACGATAGGAGCTETEGGAAACCT - GACCTTTGTEGTTGGEAATTATCATC
CATGGCCAACGTTGAATCTACTGCATATCTATCATGGOGCAAGACGATAGGAGCTETEGGG TAACCT -GACCTTTGAGTTGGGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGAAACCT -GACCTTTGTETTGAAAATTATCATC
CATGG CCAACG TTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTHKTGTGTTGGGAATTATCATC
CATGGCCAACGTTGCAATCTACTCATATCTATCATGCGOGCAACACCATAGGAGCTETCAGTAACCT -GACCTTTGTGTTGCGGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGG CCAACG TTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACGTTGCAATCTACTCATATCTATCATGGOGCAACACCATAGGAGCTETEGGGTAACCT -GACCTTTGTGTTGCGGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGG CCAACG TTGAATCTACTGATATCTATC TTGGGCAAGACGATAGGAGC TG TGGGTAACCT - GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACG TTCGAATCTACTCATATCTATCATGGG CAACACCGATAGGAGCTETEGGGTAACCT -GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGOGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGAAACCT -GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACG TTGCAATCTACTCATATCTATCTTGGGCAACGACGATAGGAGCTETECGGTAACCT -GACCTTTGTGTTGTGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGOGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTGTTGAGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCTTGGGCAAGACGATAGGAGC TG TGGGTAACCT -GACCTTTGTGTTGGGAATTATCATE
CATGGCCAACG TTCGAATCTACTCATATCTATCATGGG CAACGACCGATAGGAGCTETECGGAAACCT -GACCTTTGTGTTGCGGAATTATCATC
CATGGCCAACGTTGAATCTACTGCATATCTATCTTGGOGCAAGACGATAGGAGC TG TEGGAAACCT -GACCTTTGTGTTGCGGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATG G CCAACG TTGETATCTACTGATATCTATC TTGGGCAAGACGATAGGAGCTETEGGTAACCT - GACCTTTGTEGTTGGGAATTATCATC
CATGGCCAACGTTGAATCTACTGCATATCTATCATGGOGCAAGACGATAGGAGCTETEGGG TAACCT -GACCTTTGTGTTGCGGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGGCCAACG TTGAATCTACTCATATCTATC TTGGG CAAGACGATAGGAGCTETEGGTAACCT - GACCTTTGTEGTTGGEGAATTATCATC
CATGGCCAACGTTGCAATCTACTCATATCTATCATGGOGCAACACCATAGGAGCTETEGGGTAACCT -GACCTTTGTGTTGCGGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEGAATTATCATC
CATGG CCAACG TTGAATCTACTGATATCTATC TTGGGCAAGACGATAGGAGC TG TGGGTAACCT - GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACGTTGTATCTACTCATATCTATCTTGGOGCAACACCATAGGAGCTETECGGTAACCT -GACCTTTGTGTTGCTGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTGEEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGAGTTGEGAATTATCATC
CATGG CCAACG TTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACGTTGCAATCTACTCATATCTATCTTGGOGCAACACCATAGGAGCTETECGGTAACCT -GACCTTTGTGTTGCGGCAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGOGCAAGACGATGGGAGCTETGGGTAACCT -GACCTTTGTGTTGGGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGCTETGGGTAACCT -GACCTTTGTETTEGEGAATTATCATC
CATGG CCAACG TTGAATCTACTGATATCTATC TTGGGCAAGACGATAGGAGC TG TGGGTAACCT -GACCTTTGTK - TGGEGAATTATCATC
AT EE C A e T TE AL T T AT e AT AT T AT AT G E CAAG A AT A A T ETEEETAACCT . GACCTTTETETTEEEAAT TATCATC

CATG G CCAACS TTeAATCTACTEATATCTATC T TGGGCAAGCACGATACCACCTE TG TAACCT - CACCTTTS TS TTGSCAATTATCATL
CATGGLCCAACGTTEAATCTACTEATATCTATC T TGGGLCAAGACGATACGAGCLTETGGGTAACCT - GACCTTTGTGTTIGOGCAATTATLCATL
CATGGCCAACGT TG TATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT - GACCTTTEGTETTEGTEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATCATGGEGCAAGACGATAGGAGCTETGGGTAACCT - GACCTTTEGTETTGGEGAATTATCATC
CATG G CCAA LG TTEAATC TAC TG ATATC TATCATGGGCAAGACGATAGGAGCTE TGGGTAACCT - GACCTTTGTGTTGEGAATTATCATE
CATG G CCAACS TTeAATCTACTEATATCTATCATGSGCAAGCACGATACCACCTL TGS TAACCT-CACCTTTS TG TTGSCAATTATCATL
CATGGLCCAACGTTEAATCTACTCATATCTATC T TGGGLCAAGACGATACGAGCLTETGGGTAACCT - GACCTTTGTGTTIGOGCAATTATLCATL
CATGGCCAACGTTGAATCTACTGATATCTATCATGES CAAGACGATAGGAGCTCTGGGTAACCT.GACCTTTGAGTTGGGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT - GACCTTTEGTETTGEGAATTATCATC
CATG G CCAACG TTEAATC TACTGATATC TATC T TGGGCAAGACGATAGGAGC TG TGGGETAACCT - GACCTTTGTGTTGEGAATTATCATE
CATG G CCAACG TTEAATC TACTCATATCTATCATGGGCAAGACGATACGAGCCTE TG TAACCT - CACCTTTG TG TTGGCAATTATCATE
CATGGCCAACGTTEAATCTACTCATATCTATCATGGGLAAGACGATACGAGCLCTETGGGTAACCT -GACCTTTGTGTTIGOGAATTATLCATL
CATGGCCAACGTTGAATCTACTGATATCTATCATGGEGCAAGACGATAGGAGCTETGGGTAACCT - GACCTTTEGTETTGGEGAATTATCATC
CATGGCCAACGTTGAATCTACTGATATCTATC T TGGGCAAGACGATAGGAGCTETGGGTAACCT - GACCTTTEGTETTGEGAATTATCATC
CATG G CCAA LG TTEAATC TAC TG ATATC TATCATGGGCAAGACGATAGGAGCTE TGGETAACCT - GACCTTTGTGTTGEGAATTATCATE

GOGTAACCTGACCTTTGTGTTGGGAATTATCATC

CATGGCCAACGTTGAATCTACTGATATCTATCATGGGCAAGACGATAGGAGLCTCTGGGTAACCTGOGACCTTTGTGTTIGGGAATTATCATC

Figure 23. Jalview consensus-frequency and occupancy tracks for the 67-sequence VGSC Domain II alignment.
Showing the consensus/conservation track with per-column nucleotide frequency (%) and the occupancy curve
summarizing the proportion of sequences contributing a called base at each alignment position. The color scale
was parameterized in Jalview to map conservation to intensity: yellow indicates fully conserved columns (100%
of sequences share the same nucleotide), whereas blue indicates mixed columns, with the overlay reporting the
allele split (A 58% / T 42% at one polymorphic position and G/C mixture at another). A pale/low-opacity blue at
the far right highlights low-frequency variation (T 91% / A 9%), consistent with rare polymorphisms. Together,
these tracks document alignment support and justify restricting downstream variability analyses to the high-
coverage core (=60/67 unambiguous A/C/G/T calls), while visually localizing candidate primer-anchoring regions
to highly conserved (yellow) segments.
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Figure 24. Per-site nucleotide variability across well-supported VGSC Domain II alignment columns quantified
by Shannon entropy (log2). Shannon entropy (base-2) computed per alignment column using only well-supported
sites (>60/67 A/C/G/T calls; ambiguous/gap-heavy columns excluded). H = 0 indicates complete conservation,
while higher values indicate mixed nucleotides. Two dominant peaks correspond to codons 918 and 925, whereas
the 919-924 block shows near-zero entropy with only a minor peak caused by a singleton substitution (1/67) within
an otherwise conserved primer-anchoring region.
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Figure 25. Per-nucleotide polymorphism profile across the 67-sequence VGSC alignment (1-nt window). Site-by-
site polymorphism was quantified across an aligned dataset of 67 VGSC sequences using a 1-nucleotide window
over the well-aligned segment of the alignment (columns 283—-502), defined by a minimum coverage threshold of
>60 sequences per position. For each alignment column, % polymorphism was calculated as %Polymorphism =
(1 — max (fA, fC, G, fT)) x 100. The profile indicates an overall high level of conservation across this region,
with most sites showing 0% or very low polymorphism and only localized peaks. The strongest peaks occur at
alignment positions 369 and 390, reaching ~41.8% polymorphism, consistent with pronounced biallelic variation
at those sites relative to the remainder of the region. Across the plotted interval, polymorphism values range from
0% to ~9,1% (Excluding psitions 369 and 390). A short discontinuity after position 400 reflects a local alignment
gap/low-coverage segment; for visualization continuity, missing positions >400 were displayed as 0%
polymorphism under the applied filtering scheme.
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