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1 Abbreviations Used

AMP = Ampicillin

ATP = Adenosine triphosphate

AUC = Area under the curve

BLAST = Basic local alignment search tool

°C = Degrees Celsius

Ca2+ = Calcium ions

Cl = Confidence Interval

cDNA = Complementary deoxyribonucleic acid

cRNA = Complementary ribonucleic acid

CTP = Cytidine triphosphate

DDT = Dichloro-diphenyl-tricloroethane

DMSO = Dimethyl-sulphoxide

DNA = Deoxyribonucleic acid

dATP = Deoxyadenosine triphosphate

dCTP = Deoxycytidine triphosphate

dGTP= Deoxyguanosine triphosphate

dNTP = Deoxynucleotide triphosphate: N indicating that this may refer to any
deoxyribonucleotide: dATP, dCTP, dGTP or dTTP

dTTP = Deoxythymidine triphosphate

dsRNA = Double stranded ribonucleic acid

DTT = Dithiothreitol

ECso = Effective concentration causing 50% of the maximum response
EDTA = Ethylenediaminetetraacetic acid

exp = Exponential

G = Conductance

g = Local gravitational acceleration

Gmax = Maximum conductance

GTP = Guanosine triphosphate

HEPES = (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

Hz = Hertz



| = Current

ICso = Concentration causing 50% response inhibition
ID = Internal diameter

loeak = Peak current

lwait = Tail current

IPTG = Isopropyl B-D-1-thiogalactopyranoside
k = Slope factor

K+ = Potassium ion

Kdr = Knockdown resistance

kHz = Kilohertz

L = Litre

LB = Lysogeny broth

Log 10 = Log to the based 10 of a value

M = Molar

M7G = 7-Methyl guanosine

MQ = Megaohm

mg = Milligram

M; = Integral modification

ml = Millilitre

mM = Millimolar

mRNA = Messenger ribonucleic acid

ms = Millisecond

mV = Millivolt

Mg = Microgram

pl = Microliter

UM = Micromolar

n = Number of cells/individuals in a test group
Na+ = Sodium ion

ng = Nanogram

nl = Nanolitre

nm = Nanometre
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NTP = Nucleotide triphosphate: N indicating that this may refer to any ribonucleotide:

ATP, CTP, GTP or UTP

OD = Optical Density

OIE = World organisation for animal health

p = Phosphate

PCR = Polymerase chain reaction

RCF = Relative centrifugal force

RNA = Ribonucleic acid

rpm = Revolutions per minute

S.E. = Standard error

SEM = Standard error of the mean

Skdr = Super knockdown resistance

SNP = Single nucleotide polymorphism

SOC= Super optimal broth with catabolite repression
ssDNA = Single stranded deoxyribonucleic acid

TAE = Trisacetate ethylene diamine tetra acetic acid
TEVC = Two electrode voltage clamp

Tris = Tris(hydroxymethyl)aminomethane

UTP = Uridine triphosphate

UV = Ultraviolet radiation

V = Voltage

Vs0.act = Half-activation voltage (voltage causing 50% of the maximum response)
Vso.inact = Half-inactivation voltage(voltage causing 50% of maximum inactivation)
VGSC = Voltage-gated sodium channel

V,ev = Reversal potential

V1 = Test potential

V1.inact = INactivating pre-pule potential

WHO = World health organisation

X-gal = 5-bromo-4-chloro-3-indolyl-B-D-galactoside
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2 Abstract

Many acarine (tick and mite) species are ectoparasites of humans, livestock and
domestic pets, where they spread disease and impact adversely on health. They are
normally controlled through the application of acaricides; however, the prolonged use
of individual compounds has resulted in many species developing resistance to specific
pesticides. This thesis describes investigations into the molecular properties that
determine the resistance to and selectivity of pyrethroids, an important class of
pesticides that act on the voltage-gated sodium channels (VGSCs) of arthropod
neurons. Comparison of insect and acarine VGSC sequences, coupled with molecular
modelling studies, have identified a residue at amino-acid position 933 (M. domestica
numbering) found within a putative pyrethroid binding pocket that may contribute to a
greater selectivity of pyrethroids with comparatively larger halogenated groups for
acarine VGSCs compared to those of insects. This is due to the presence of a smaller
glycine residue at position 933 in acarine channels, compared to a cysteine residue in
insect channels, which may enhance the binding of such pyrethroids (O'Reilly et al.,
2014). This model is supported by the findings of Jonsson et al 2010, that R. microplus
cattle ticks carrying the amino acid substitution G933V, are resistant to the pyrethroid
flumethrin, which has a comparatively larger halogenated group, but not the
pyrethroid cypermethrin, which has a comparatively smaller halogenated group. Work
in this thesis describes progress made in the investigation of such specificity; involving
sequencing studies, two-electrode voltage clamp electrophysiology in Xenopus laevis
oocytes involving insect and acarine VGSCs, and whole arthropod bioassays. While this
work cannot conclusively disprove the model proposed by O’Reilly et al 2014, it
suggests that the mechanisms of selectivity for pyrethroids in arthropods may involve
the interplay of several factors, rather than being solely based upon structural

variations in their VGSCs.

Abstract Word Count: 295
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3 General Introduction

3.1 Acari

Acari are members of the subphylum chelicerata, one of the three major lineages that
diverged early on in the evolution of the phylum arthropoda. The chelicerata are
named after their claw-like feeding appendages called chelicerae that they use as
fangs or pincers. Most extant chelicerates are arachnids, a group comprised of spiders,
scorpions, ticks and mites - and it is the ticks and mites that make up the subgroup
acari (Campbell et al., 2015). At the time of writing over 55,000 acarine species have
been described, making it the most diverse group of the Arachnida, totalling nearly
half of all known Arachnida species and 3.5 % of all Animalia species discovered so far
(Zhang et al., 2011). However, this is likely to be a conservative estimate, with some
entomologists estimating that the total number of mite and tick species is between
500,000 and 1,000,000 (Zhang et al., 2011). Acari range in size, from the smallest mites,
at around 0.1 mm in length, to the largest ticks, at a little over 30 mm in length; they
also range in shape from round to elongated forms and can be hard or soft bodied. The
larvae of acari have three pairs of legs, but during development into nymphs and
adults, they develop an additional pair, marking them as distinct from insects (Online:

Online: Encyclopadia Britannica 2016).

Acari are distributed globally in a wide range of habitats, they have been recorded at
5,000 m above sea level on the slopes of Mount Everest and at 5,200 m below sea
level in the Northern Pacific Ocean, they are found in hot springs, deserts, tundra and
even the Antarctic (Online: Encyclopaedia Britannica 2016). Their habitats also intersect
with areas inhabited by humans; unfortunately, this is not always beneficial from a
human standpoint, since many acari are vectors of diseases transmissible to humans,
other animals (including domestic livestock and companion animals), and crop plants
(Online: Encyclopaedia Britannica 2016). The need to prevent the transmission of these
diseases means that there is an associated need to control vectorial acarine species,

and some of the challenges involved in meeting this need are addressed in this Thesis.
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3.2 Mites

3.2.1 Mite Anatomy and Lifestyle

Mites, like all acari, have eight legs. They can be distinguished from ticks as they have
hairs or bristles called setae on their legs and bodies and they do not have teeth on the
hypostome of the mouthparts (Service, 2012). The term “mite” comes from old English
and means “a very small creature” and in fact most are less than 1 mm in length and
none are longer than a few millimeters (Walter and Proctor, 1999). Mites live in a wide
range of habitats, such as fresh and brackish water, hot springs, soil, and as parasites
on plants, mammals, birds and insects; as a consequence of this habitat diversity mites
exhibit a wide range of body forms, mating strategies, and lifecycles (Service, 2012;

Walter and Proctor, 1999).

Mites can reproduce sexually or asexually (both as haploid arrhenotoky and as
thelytoky) and different species exhibit a variety of lifecycles that often involve a
combination of stages. The sarcoptiform mites and many trombidiformans begin their
lives as, usually spherical, eggs that hatch into either prelarvae and then go on through
development to become larvae, protonymphs, deutonymphs, tritonymphs and finally
adult mites. The prostigmatans skip the tritonymph stage and in most
heterostigmatans, the adult stage is only separated from the egg by a single larval
stage. However, in some heterostigmatan species females are physogastric, meaning
that the abdomen is able to swell to accommodate growing young, and in these mites
all development, and mating, occurs within the body of the mother and she gives birth

to fully formed and already mated adult offspring (Walter and Proctor, 1999).

3.2.2 Mite Damage and Mite-Borne Disease

Mites can be benign or even, on balance, beneficial from a human standpoint, being
critical players in the formation of soil and acting as important agents of biological pest
control (Walter, 1999; Online: Encyclopadia Britannica 2016). However; they can be

threatening to humans, with crop-feeding mites causing damage to our food supply by
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feeding on plant tissue and/or by transmitting plant viruses (Van Leeuwen et al., 2015),
and some animal-feeding mites acting as vectors for disease or causing skin irritation

or allergies (Deplazes et al., 2016; Service, 2012).

For human health issues the species of most importance are Sarcoptes scabiei (the
scabies mite), trombiculid mites (including the scrub typhus mites), house dust mites
and follicle mites (Service, 2012). S. scabiei causes scabies, a skin condition resulting
from the direct burrowing action of the mite, which is particularly prevalent in areas
where people live in close contact with one another. Scabies starts by a female mite
being transmitted onto a person’s skin, where it will dig out a small pocket in which to
wait until it encounters a male mite and can mate. Once fertilized the female mite
begins to burrow down through the outer layers of the skin, feeding on the liquids
produced from broken dermal cells. Mites usually choose to burrow in places where
the skin is thin and creased, commonly the hands, wrists and elbows; this burrowing
occurs at a rate of around 0.5-5mm per day and burrows can be seen on the skin as
thin lines. Each fertilized female will then lay 1-3 eggs per burrow, which hatch into
larvae after 3-4 days (Service, 2012). S. scabei is not a disease vector, but rather affects
the host by causing an allergic reaction; giving rise to an itchy rash and the scratching
reaction that this rash induces in the host frequently gives rise to secondary bacterial
infections. As the rash is caused by an allergic response it can persist even after all the

mites are destroyed (Service, 2012).

In Northern Europe and the USA Neotrombicula autumnalis (the harvest mite) and
Eutrombicula alfreddugesi (the red bug) are trombiculid mites responsible for bites and
irritation to humans walking through long grass or scrub in the summer or autumn
(Service, 2012). However; in South East Asia, in an area known as the “tsutsugamushi
triangle”, some species of trombiculid mites are responsible for the spread of a serious
disease, scrub typhus (Online: World Health Organisation 2016). Scrub typhus, also
known as Tsutsugamushi disease, is caused by the bacterium Orientia (formerly
Rickettsia) tsutsugamushiwas and was first described in 1899 in Japan. The symptoms
are often non-specific, making misdiagnosis common. Disease presentation begins

with flu-like symptoms including chills, shaking, a fever, intense headache, infection of
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the mucous membrane surrounding the eyes and swelling of the lymph nodes. A rash
may also be present on the infected person’s trunk, as may a dry, dark scab known as
an eschar at the bite site. Mortality rates in untreated patients can be as high as 30%

(Online: World Health Organisation 2016).

Also in humans house dust mites (a collection composed of around twenty mite
species) can aggravate conditions such as asthma and follicle mites (Demodex species)
can cause skin complaints such as acne, rosacea, impetigo contagiosa or blepharitis
(Service, 2012). Whilst not seemingly serious; the aggravation of asthma and other
conditions and the allergic complaints caused by these mites can certainly be life-

altering and even life-threatening in extreme cases (Service, 2012).

In livestock mites can also cause numerous skin problems and systemic allergies. The
mite species responsible include Psoroptes, Chorioptes, Demodex, Cheyletiella,
Notoedres, Trombicula, and Otodectes, along with S. scabei (Taylor, 2001), but McNair
(2015) has noted Psoroptes ovis (the sheep scab mite) and Dermanyssus gallinae

(poultry mites) are of particular veterinary importance in livestock.

P. ovis represents a major economic burden in the UK, and is found in sheep-producing
countries worldwide, except for New Zealand and Australia, where it has been
successfully eradicated (Sargison et al., 2007). P. ovis are small (0.75mm) and live
below the fleece on the skin surface, where they feed on tissue fluid, in a similar way
to S. scabei (van den Broek et al., 2000). The disease is not usually fatal but the severe
itching in infected animals frequently leads to secondary bacterial infections and also
distracts the animal from eating, causing weight loss (Kirkwood, 1986). Coupled with
damage to the fleece, this weight loss reduces the value of the animal to the farmer
and since mites can survive for up to 16 days off the animal, the condition can spread

quickly through a flock (McNair, 2015; O' Brien et al., 1994).

D. gallinae is very common in in hen houses worldwide, especially in Europe, where it
is estimated that up to 90% of hen houses in Italy and up to 60% of hen houses in the

UK are infested (Fiddes et al., 2005; Marangi et al.,, 2012). D. gallinae is
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haematophagous, feeding on the blood of the chickens and causing anaemia, which
decreases egg production and can sometimes be fatal (Kirkwood, 1967). Furthermore,
it is thought that these mites can act as vectors for bacterial and viral infections
(Valiente Moro et al., 2005). D. gallinae mites are very small, around 1mm long, and as
such are difficult to treat with acaricides, as they can easily hide in small inaccessible
nooks during the day, with feeding activity taking place at night. (Kirkwood, 1967).
Furthermore, D. gallinae can also infest other animals, including the humans who work

in the hen houses and so can be transported between populations (Rosen et al., 2002).

Companion animals can be infested by many diverse species of mites and given the
close contact between these animals and humans, mites which infest companion
species are of particular concern as the transmissive agent of zoonotic diseases
(Deplazes et al., 2016), defined as “diseases and infections that are transmitted
naturally between vertebrate animals and man” (Online: World Health Organisation

1959).

In the order Prostigmata the genera Demodex, Cheyletiella and Trombicula are
important ectoparasites of dogs and cats, but will also attack other companion animals
and humans (Deplazes et al., 2016). Demodex species are small-legged, cigar-shaped
mites that are extremely host-specific; Demodex canis is a particularly important
ectoparasite of dogs, causing fur loss as mites multiply to excess in hair-follicles, often
leading to secondary bacterial infections in the skin which can be extremely severe.
This condition, called demodicosis, can also present in cats, goats, cattle, pigs and
horses (Deplazes et al., 2016). Cheyletiella (fur mites) are common on dogs, cats and
rabbits; though they can colonise humans. In dogs, cats, and humans the mites
(termed “walking dandruff”) can cause dandruff, itching and eczema, but the condition
may also be asymptomatic (Deplazes et al., 2016). Trombicula mites, as discussed
above, are important carries of disease in humans (Service, 2012; Online: World Health
Organisation 2016) but also infest animals, providing a zoonotic transmission route for
both the mites and, in South East Asia, for scrub typhus (Tsutsugamushi disease)
(Deplazes, 2016; Online: World Health Organisation 2016). These mites are not host-

specific, and the larvae will attack any mammal or bird, typically en masse, meaning
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that one individual may be attacked by thousands of mites. This causes extreme itching
and occasionally convulsions or seizures, with symptoms lasting for several days after

the larvae have left the host (Deplazes et al., 2016).

Outside of the order Prostigmata, other important mites of companion animals include
Ornithonyssus bacoti (the tropical rat mite), a haematophagous mite (family
Macronyssidae) which causes itching, rough fur and restlessness in rodent pets
including hamsters, gerbils, rats and mice. These mites may also use humans as hosts,
with children who are in close contact with their pets often being affected by itchy,
erythematous papules. Also in the family Macronyssidae, Ophionyssus natricis (the
common snake mite) is the most pathogenic ectoparasite of domestic snakes and can
also affect lizards and again can move to humans, causing itchy skin lesions and
vesicular exanthema along with secondary effects from scratching (Deplazes et al.,
2016). Mange is another mite-caused condition that can occur in companion animals
and is caused by a variety of species such as Otodectes cynotis (ear mange in cats and
dogs), S. scabiei variants (Sarcoptes manage in horses, canids and mustelids), Notodres
species (Notoedrosis in cats and rabbits) and Trixacarus caviae (Trixacarosis in Guinea
pigs). All of these can temporarily infest humans causing pseudoscabies or temporary

dermatitis (Deplazes et al., 2016).

There are many phytophagous mites that infect crop plants, posing critical threats to
the production of many human and animal-feed plant species including fruits,
vegetables, corn, soybean and cotton (Jeppson et al., 1975; Van Leeuwen et al., 2015).
Mite species belonging to the family Tetranychidae (spider mites), the Tenuipalpidae
(false spider mites), the Tarsonemidae (tarsonemid mites) and the Eriophyidae (gall
and rustmites) pose a particularly serious economic threat by both direct feeding
effects and by the spread of numerous plant pathogens (Van Leeuwen et al., 20103;
Van Leeuwen et al., 2010b). The spider mites Tetranychus urticae, Panonychus citri and
Panonychus ulmi are considered to be the most devastating pests, with P. citri and P.
ulmi mainly infesting citrus and apples respectively and T. urticae infecting over 1000
reported host species belonging to more than 250 plant families (Online: Alain Migeon

And Franck Dorkeld Spider Mites Web: a comprehensive database for the
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Tetranychidae 2006-2015). A comprehensive review of the impact of agricultural mites
estimates that worldwide the control of these pests is worth over €900 million, with
the majority of this being spent to control the three spider mite species (Van Leeuwen

et al.,, 2015).

Alongside their direct effects on crop plants, mites may also have a deleterious effect
on food production via the infestation of insects required for crop pollination, most
notably Varroa destructor and Acarapis woodi mites and their deleterious effects on
the honeybee, Apis mellifera. A. mellifera plays a critical role in human health and the
global economy, both as honey producer and as the main pollinator of food crops

(Decourtye et al., 2010).

V. destructor causes varroosis of the European honey bee, now the most common bee
disease in Europe, and this disease is now also present in North and South America,
Russia and Africa; spreading from hive to hive and country to country via the long
range transportation of bees, with the mites spreading between bees through drones,
workers, robber bees and swarming behaviour (Deplazes et al., 2016). Female mites
lay eggs in the brood cells of hives before the brood cells are capped, and these
develop into adults over approximately 8 days on the bee larvae; adult females mites
leave the brood, already fertilised, together with the bee once it hatches, whilst male
mites die within the brood cell once fertilisation has occurred (Deplazes et al., 2016). It
is the female mites that feed on the bee’s haemolymph, depleting energy resources so
that when infected individuals hatch they are significantly smaller and have
considerably shorter life-spans than uninfected bees; in heavy infestations young bees
may not be viable at all (Deplazes et al., 2016). In addition damage by direct feeding, V.
destructor is known to play a role in the transmission and virulence of the globally-
distributed deformed wing virus, which causes shrivelled wings in infected bees,
rendering them unable to fly and therefore feed. Furthermore, V. destructor
infestation also causes immunosuppression in developing bees, making them more
vulnerable to the virus (de Miranda and Genersch, 2010; Genersch and Aubert, 2010;
Yang and Cox-Foster, 2005). Without V. destructor mite control a honeybee colony will

collapse in the third or fourth year after primary infestation, and varroosis is so serious
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as to be a World Organisation for Animal Health (OIE) listed notifiable disease (Online:
World Organisation for Animal Health 2016). Effective elimination of V. destructor is
currently not possible, due to transmission of mites from other hives, so bee keepers
aim to reduce the number of mites to below a damage threshold (Deplazes et al.,

2016).

Tracheal mite disease (Acarapiosis) caused by A. woodi infestations is also on the OIE
notifiable list (Online: World Organisation for Animal Health 2016). These mites
develop within the trachea of honey bees (so are an internal mite) and puncture the
tracheal wall to ingest haemolymph. This obstructs air circulation, causing general
weakness and can render the bees unable to fly and can cause death, particularly in
spring. Acarapiosis is found worldwide, except in Australia and New Zealand, and is
spread only by direct bee to bee contact; however, affected colonies tend to swam,
facilitating the spread of the mites. Bees are only susceptible until the age of four days,
after which the spiracles are protected by strongly chitinised bristles, and the mites
can no longer penetrate into the trachea (Deplazes et al., 2016; Sammataro et al.,

2000).

3.3 Ticks

3.3.1 Tick Anatomy and Lifestyle

The term tick (suborder Ixodida) refers to any of approximately 867 species
of invertebrates in the order Parasitiformes (subclass acari) (Jongejan and Uilenberg,
2004). Most ticks are 15 mm or less, however some can grow up to 30 mm. Ticks are
closely related to mites, from whom they differ by the presence of a “Haller’s organ”, a
sensory disk found on the tip segment of the first of four pairs of legs (Haller 1881 - As
cited in (Foelix and Axtell, 1972)) they also lack setae on their bodies and have a
toothed hypostome (Service, 2012). All tick species belong to one of three families: The
Nuttalliellidae or the Ixodidae, which together comprise the hard ticks, or the
Argasidae, the soft ticks (Jongejan and Uilenberg, 2004; Service, 2012). There are some

obvious physical differences, allowing easy differentiation between hard and soft ticks,
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with hard ticks having a hard cuticle and a scutum (protective shield) either completely
or partially covering the dorsal region, and soft ticks having more leathery bodies and
no scutum (Mehlhorn, 2001). Hard and soft ticks also differ in their life cycles. Soft ticks
live on their host animal and feed intermittently, before detaching and retreating to a
hiding place, off the host. Adult soft ticks mate off the host, and females generally lay
eggs after each blood meal. There are then several nymphal stages, which are always
parasitic (Jongejan and Uilenberg, 2004) and like the adults nymphs attach to the host
for a relatively short time. Soft ticks tend to feed on many different individual hosts,
often from different species, during their lifetime and are referred to as “many-host”
ticks (Service, 2012). Hard ticks feed continuously on host blood for several days during
each life stage (larvae, nymph, adult) and have one, two or three hosts, and usually
mate on a host animal. When an adult female has obtained a blood meal, she drops
from the host, lays a single large mass of eggs, and dies. The male may remain on the
host for several months (Jongejan and Uilenberg, 2004). Many species of hard tick are
host specific, for example, some feed almost exclusively on birds, others on reptiles
and others on certain groups of mammals, such as canids. However, others will feed

on any available host, including humans (Service, 2012).

3.3.2 Tick Damage and Tick-Borne Disease

Ticks were the first arthropods to be recognised as vectors of disease and, along with
mosquitoes, are the major arthropod vectors of diseases in livestock, companion
animals and humans (Colwell et al.,, 2011; Jongejan and Uilenberg, 2004). They
transmit more pathogens, including protozoans, rickettsiae, spirochetes and viruses,
than any other arthropod species (Ghosh et al., 2007). A tick is considered a vector for
a pathogen if it will feed on an infected host, acquire the pathogen during the blood
meal, maintain the pathogen through one or more life stages, and then pass the
pathogen on to other hosts (Jongejan and Uilenberg, 2004; Kahl et al., 2002). Ticks are
responsible for the spread of a large number of potentially life-threatening diseases of
humans, such as tick-borne encephalitis (caused by viruses of the family Flaviviridae),
babeosis (a febrile, malaria-like parasitic disease caused by protozoa of the Babesia

genus), ehrlichiosis (febrile illnesses caused by bacterial infection of white blood cells
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by bacteria of the genus Ehrlichia) and Lyme borreliosis (Dantas-Torres et al., 2012;

Jongejan and Uilenberg, 2004; Telford and Goethert, 2004).

Worryingly, there is evidence that the incidence of tick-borne diseases is increasing
(Dantas-Torres et al., 2012; Nicholson et al., 2010; Piesman and Eisen, 2008), and it is
thought that changes in human and tick behaviour will increasingly lead to the
conditions required for tick-borne disease to spread (Randolph, 2010; Sutherst, 2004).
A good example of this is Lyme borreliosis, or Lyme disease, in the United Kingdom
(UK). This human disease is caused by bacteria of the Borrelia genus vectored
predominantly by Ixodes ricinus in the UK (Alao and Decker, 2012) and was first
described in the late 1970’s in Lyme, Connecticut (Steere et al., 1977). Early symptoms
include a bull’'s-eye rash and flu-like symptoms that are treatable with antibiotics
(Online: Centers for Disease control and Prevention 2015). However, if not treated,
complications involving the nervous, cardiovascular and musculoskeletal systems can
occur (Alao and Decker, 2012; Uzzell et al., 2012). From 2001 to 2011, the number of
confirmed cases of Lyme disease in England and Wales rose from 268 to 959 (Online:
Health Protection Agency 2013) suggesting that the disease is on the increase here,
although this seeming increase may result from improved disease detection methods

(Uzzell et al., 2012),

A further example of a tick-borne disease increasing in humans is Spotted Fever
Rickettsiosis (SFR) in the USA. SFR is actually a group of diseases caused by bacteria of
the Rickettsia genus, which are spread to humans by various hard tick species, via a
range of domestic and wild animal hosts. It includes the well-documented Rocky
Mountain spotted fever. Symptoms of an SFR include fever, headache, fatigue, muscle
aches, a maculopapular or petechial rash and often blackened or crusted skin at the
site of the tick bite (Online: Centers for Disease control and Prevention 2016). The
severity depends on the species of Rickettsia involved and varies from self-resolving to
potentially fatal (Online: Centers for Disease control and Prevention 2016). Reported
cases in the United States increased from 1.7 cases per million person-years in 2000 to

14.3 cases per million person-years in 2012, suggesting that favourable ecological
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changes influencing vector tick populations and disease transmission may be occurring

(Drexler et al., 2016).

Ticks may also cause direct health problems in in humans and other animal hosts by
substances in tick salvia, which cause “tick paralysis” and “non-paralytic tick toxicosis”.
Tick paralysis typically causes a progressive paralysis starting in the lower limbs that
slowly reaches the upper body, possibly with other symptoms including vomiting and a
typhus-like rash depending on the host and tick species involved. Non-paralytic tick
toxicosis gives a multitude of symptoms ranging from fever, sweating, breathing
difficulties, to nervous incoordination and death (Estrada-Pena and Mans, 2014). Tick
paralysis occurs globally, involving more than 70 tick species and including both Ixodid
and Agrasid ticks, with the most important species being Dermacentor andersoni and
Dermacentor variabilis in the United States and Canada, and Ixodes holocyclus in

Australia (Estrada-Pena and Mans, 2014; Mans et al., 2004).

For non-humans the host range of ticks is wide and includes mammals, birds, reptiles
and amphibians, and both hard and soft tick species can be found as parasites
associated with livestock and companion animals (Deplazes et al., 2016; Guzman-
Cornejo et al., 2011; Jongejan and Uilenberg, 2004; Service, 2012). As for mites, animal
tick infestation links animal and human health via zoonoses; for example, in the United
Kingdom, Ixodes ricinus, the main vector of Lyme disease (Uzzell et al., 2012), has been
reported on both domestic dogs and cats (Jameson and Medlock, 2011) and provides a
potential route for disease transmission from companion animals to humans. In fact,
most tick-borne diseases infecting to animals are caused by pathogens that can also
infect humans, so livestock and companion animals can be reservoirs for human tick-

borne disease (Deplazes et al., 2016).

In livestock tick-borne diseases occur in domestic poultry, cattle, sheep, goats and
camels (Jongejan and Uilenberg, 2004). In cattle alone, tick-borne diseases affect over
80% of the population, posing a considerable constraint to livestock production and
hence the health of many humans living in rural areas (Marcelino et al., 2012). Ticks

can cause severe damage to the health of livestock animals simply through their role
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as haematophagous feeders, which damages the skin and coat of infected animals, and
causes anaemia through blood-loss, leading to lower milk/meat production.
Furthermore, ticks also transmit a large variety of disease pathogens to livestock
animals, for example anaplasmosis and babesiosis (Deplazes et al., 2016).
Anaplasmosis is caused by intracellular parasites of the genus Anaplasma (Alessandra
and Santo, 2012). In sheep and goats, the condition tick fever is predominantly caused
by Anaplasma ovis and less commonly by Anaplasma phagocytophilum (Alessandra
and Santo, 2012). A. ovis is spread by the ticks Rhipicephalus bursa, Rhipicephalus
bursa turanicus, Dermacentor silvarum, Dermacentor marginatus, D. andersoni and
Haemaphysalis sulcate (Alessandra and Santo, 2012); while A. phagocytophilum is
spread by /. ricinus in Europe and Ixodes scapularis and Ixodes pacificus in the US
(Richter et al.,, 1996). In cattle the causative agent of anaplasmosis is usually
Anaplasma marginale, spread mainly by Rhipicephalus microplus, along with other
members of the Rhipicephalus and Dermacentor species. Amblyomma variegatum and
Hyalomma species can also spread anaplasmosis, in the form of Anaplasma bovis
(Deplazes et al., 2016; Marcelino et al., 2012). Babeosis in small ruminants and cattle is
caused by protozoa of the genus Babesia, which infect erythrocytes causing, among
other symptoms, severe anaemia (Perez de Leon et al., 2014), for example Babesia ovis
in sheep with a mortality rate of 30-50% (Alessandra and Santo, 2012). Babesiidae are
transmitted by many different ticks including Amblyomma, Dermacentor, Ixodes,

Haemaphysalis, Hyalomma, and Rhipicephalus species (Deplazes et al., 2016).

Common companion animals such as cats, dogs and horses all suffer from ticks and
tick-borne disease (Jongejan and Uilenberg, 2004; Reichard et al., 2010; Service, 2012)
and issues for animal welfare and disease transmission can be very significant (Kiss et
al., 2012). Dogs are particularly affected, for example in tropical, sub-tropical and some
temperate zones dogs may contract babesiosis that can be highly pathogenic. Babesia
causing canine babesiosis are spread by D. reticulatus in Europe and Asia, by
Rhipicephalus sanguineus in America, and by Haemaphysalis bispinosa and
Haemaphysalis leachi in Australia and Africa (Deplazes et al., 2016). Ehrlichiosis in dogs
also occurs in several global regions, the vectors being R. sanguineus and D. variabilis,

and can be fatal (Jongejan and Uilenberg, 2004). Cats can also be affected by tick-
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borne disease, for example feline cytauxzoonosis, vectored by Amblyomma
americanum and caused by the protozoan Cytauxzoon felis, is fatal in almost all cases

(Meinkoth and Kocan, 2005; Reichard et al., 2010).

3.4 Acarine Control

The widespread threats from mites and ticks to both human and animal health and to
crop production means that there is a pressing need for good, sustainable, control
strategies. As a species, human beings are existing in a time of immense and rapid
changes in the global environment, such as an increased level of atmospheric carbon
dioxide and global temperature rise (Solomon et al., 2007), which could have an
impact on acarine-borne disease, causing human (and therefore animal) movement
into acarine infested areas (Colwell et al., 2011; Randolph, 2010) and triggering

changes to both acarine longevity and their habitat range (Sutherst, 2004).

One line of defence against human and animal acarine-borne disease is avoidance of
areas inhabited by acari during their peak periods of activity, and various agencies such
as the Centers for Disease Control and Prevention in the USA, the European Centre for
Disease Control, and the Health Protection Agency in the UK have produced detailed
and easily accessible web-based information to help to educate the public in acarine,
and thus acarine-borne disease, avoidance and bite prevention (Online: Centers for
Disease control and Prevention 2015b; Online: European Centre for Disease Prevention
and Control 2016; Online: Health Protection Agency 2012; Online: World Health
Organisation Regional Office for South East Asia, 2016). For example, it is possible to
reduce the risk of human exposure to Lyme borreliosis in far western North America,
simply by encouraging people to avoid dense woodland, with ground cover dominated
by fir needles or leaf litter, between mid-April and mid-June, because this is the peak
activity time for nymphs of the tick Ixodes pacificus (Clover and Lane, 1995; Eisen et al.,
2003; Eisen et al., 2004; Talleklint-Eisen and Lane, 2000). If entry into tick or mite
infested areas is unavoidable, an alternative is simple personal avoidance behaviours,
for example, sticking close to the centre of trail paths and not wandering into areas

covered by tall grass or leaf litter (Online: Centers for Disease control and Prevention
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2015b) or the wearing of suitable protective clothing (Piesman & Eisen, 2008; Online:
World Health Organisation Regional Office for South East Asia, 2016). However, there
is currently little information into how effective such strategies are in reducing the
incidence of acarine-borne disease (Mowbray et al., 2012). Furthermore, trying to
mitigate the effects of acarine-borne diseases in animals by behavioural changes is not
very effective and is not applicable to control of mites affecting crop production. It is
therefore important that novel and more effective methods for acarine control are in
constant development, including biological control, novel vaccines, RNAi technologies,
plant-derived (or natural) chemical acaricides and repellents, and synthetic chemical
acaricides and repellents (Dietemann et al., 2012; Kiss et al., 2012; McNair, 2015; Van

Leeuwen et al., 2015).

3.4.1 Biological Acarine Control

Biological control has been defined as “the use of an organism to reduce the
population density of another organism” (van Lenteren, 2012). For pest mite species in
a crop setting, this primarily involves augmenting biocontrol using natural enemies,
reared on mass and released into an agricultural/horticultural setting. Such mass
production and sale of natural enemies has been in operation for around 120 years
and has been successful in fruit orchards, vineyards, cotton fields, maize crops and
greenhouses; proving to be an environmentally sound and economically valid method
of pest control. This includes biological control of mite pest species (van Lenteren,
2012), which has been used since around 1968 (van Lenteren, 2012). In 2010 it was
estimated that 170 species of invertebrate natural enemies were sold worldwide for
controlled release to allow the biological control of over 100 crop pest species (Cock et
al., 2010). However, despite the availability and successes of this technology,
augmented biological control was used on only approximately 0.4% of land under
cultivation in 2010 (Cock et al., 2010). This could be due to serval factors, including
target specificity of the natural predators; which may seem to be a positive trait, but
actually limits return on investment in terms of sales (Barzman et al., 2015; van
Lenteren, 2012). Furthermore, most farmers are accustomed to the use of pesticides

and may be reluctant to change to an unproven method, with regulations on the
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application and collection of biological control agents that can delay or even prevent

them from being used (Cock et al., 2010; van Lenteren, 2012).

Biological control can also be achieved using fungal-based acaricides, known as
mycoacaricides, which have been in use for many years in crop-pest situations. For
example, Mycar, a mycoacaricide based on Hirsutella thompsonii, was granted
registration for the control of the citrus rust mite, Phyllocoptruta oleivora, in the
United States in 1981 (de Faria and Wraight, 2007) and entomopathogenic fungi have
been used to successfully control many pest-mite species on crops both in the
laboratory and in the field (Bugeme et al., 2015; Marcic, 2012; Naik and Shekharappa.,
2009; Shi and Feng, 2006; Shi et al., 2008; Ullah and Lim, 2015). Entomopathic fungi
have also been used in animal pest-mite control, for example in beehives to control V.
destructor mites (Kanga et al., 2003; Meikle et al., 2007). However, in this case the
beneficial effects of the fungus may be outweighed by negative effects on the bees
themselves, namely increased mortality and reduced adult body mass (Hamiduzzaman
et al., 2012). Furthermore, two large field trials involving the fungal pathogen
Metarhizium anisopliae showed no significant V. destructor control (James et al., 2006).
Recently, conidia of M. anisopliae were shown to be effective against eggs of the tick R.
sanguineus under laboratory conditions (Luz et al., 2016). However, this study used
egg clutches of only 25, rather than the thousands seen in a wild clutch, and since
efficacy was affected by both concentration and formulation, further investigation
would be needed to see if this fungus could be used in the field. M. anisopliae and
Beauveria bassiana have been shown to give 100% mortality against adult P. ovis
sheep scab mites in vitro at temperatures and humidity simulating that of sheep skin
(Lekimme et al., 2008) and initial in vivo tests showed that both can infect P. ovis on a
host sheep, with B. bassiana giving the highest infection levels. However, in the latter
trials, the sheep were housed indoors, so further investigations are required to
establish efficacy under outdoor conditions (with their varying levels of UV radiation,
rainfall, and humidity) (Abolins et al., 2007). Combining conidia from B. bassiana with a
desiccant dust was effective against the poultry red mite D. gallinae in laboratory
testing arenas, although again tests would be needed to show efficacy in both chicken

house and free-range situations (Steenberg and Kilpinen, 2014).
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There have been several mycoacaricidal products that began registration for use
against ticks and mites (de Faria and Wraight, 2007), but at present, although there are
mycoacaricidal products marketed as suitable for use against agricultural pest mite
species, none are detailed as being suitable for use against mites on animals. Only one
that was original marketed as suitable for use in outdoor tick control, Met52®EC, is
available to buy from Monsanto BioAg™, although this is no longer stated in the online
literature as being suitable for use against ticks and no mention is made of animal

mites (Online: Monsanto 2014).

Bacterial toxins have also been investigated for mite control, for example toxins from
strains of the bacterium Bacillus thuringiensis have been found to be effective as a
control agent against V. destructor mites in A. mellifera hives. With some of the toxins
having only a limited toxic effect on the bees at doses 14 times higher than the LD 50
for the mites. However, field trials would be needed to confirm efficacy of this toxin,
refining the delivery method and monitoring the wellbeing of any hive undergoing
treatment (Alquisira-Ramirez et al., 2014). Proteins from B. thuringiensis strain GP532
have also shown an in vitro acaricidal effect on the scabies mite Psoroptes cuniculi,
isolated from New Zealand rabbits, but again field trials of the protein would be
needed before it could be seen as a viable treatment option for this form of mange

(Dunstand-Guzman et al., 2015).

3.4.2 \Vaccination

The use of vaccination in animals against ectoparasite mite species has been trialled
(McNair, 2015) and recently a recombinant vaccine, based on a cocktail of seven
antigens, has proven effective against P. ovis in lambs, giving a reduction in both mite
numbers (56%) and lesion size (57%). This may be seen as progress towards a
commercial vaccine, which could be developed following the necessary field trials and

optimisation of vaccine production (Burgess et al., 2016).

For ticks vaccination against the pathogenic agent causing a tick-borne disease is an

alternative option to tick-avoidance, and this has shown some successes. However in
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humans, the only tick-borne disease currently controlled by a proven efficacious
vaccine, is Tick-borne encephalitis (TBE) (Piesman and Eisen, 2008). There are currently
four licenced vaccines available for TBE, FSME-Immun® and Encepur®, used mainly in
Europe, and TBE-Moscow® and EnceVir®, used mainly in Russia [Online: World Health
Organisation 2011]. Immunization campaigns in Australia between 1991 and 2000
were estimated to have saved the equivalent of 80 million US dollars by reducing costs
associated with caring for patients, loss of productivity and premature retirement due
to post-infection neurological complications (Online: World Health Organisation 2011).
A more recent study showed that the current adult vaccination programme in
Slovenia is also cost-effective (Smit, 2012). However, caution should be observed when
considering vaccination programmes. The World Health Organisation (WHO) states
that cost-effectiveness will be “strongly influenced by the price of the vaccine and by
how well the target populations are defined”, recommending large scale vaccination
only in areas where the disease is highly endemic and that any vaccination should be
targeted to at-risk groups in areas where the disease incidence is moderate or low

(Online: World Health Organisation 2011).

In stark contrast to the success of TBE vaccines, LYMErix™, the Lyme borreliosis vaccine
designed for use in humans, was withdrawn in 2002, after just four years on the
market, despite being relatively safe and efficacious (Steere et al., 1998) (Piesman and
Eisen, 2008). This was due to several factors including the need for frequent boosters,
high cost, exclusion of children from vaccination, fear of vaccine induced Lyme disease
like symptoms and litigation related to the vaccine, which compounded to give low

sales (Hanson and Edelman, 2003).

In companion animals and livestock, vaccines are available against anaplasmosis,
heartwater (ehrlichiosis), babeosis, tropical theileriosis and Lyme borreliosis (Dantas-
Torres et al., 2012; Hebert and Eschner, 2010; Marcelino et al., 2012; Schetters, 2005;
Suarez and Noh, 2011). As with their human counterparts, these animal vaccinations
against the pathogenic agents vectored by ticks have also shown mixed results. For
example, in companion animals, vaccinations against Lyme borreliosis and canine

babeosis are currently available for dogs. However, these require boosters after one
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year and six months, respectively, and in the case of babesiosis, there is little efficacy
data available. Therefore, the costs involved in annual or bi-annual vaccination make it
more cost effective to use other control measures, such as the application of tick
repellents, and overall the current position is that it would be unadvisable to rely on
vaccination alone as a means of protecting companion animals against ticks (Day,
2011). Furthermore, although livestock vaccinations against heartwater, tropical
theileriosis, anaplasmosis and babesiosis can be successful, most of those currently
available vaccines are live, blood-derived, attenuated forms of the pathogen itself
(Marcelino et al., 2012) or forms of the pathogen with naturally low pathogenicity
(Shkap et al., 2007). This may pose many problems such as the spread of silent
pathogens from the blood of culture donors (for example bovine leukaemia virus), the
risk of reversion to virulence of the pathogen, uncertainties in standardising the dose,
quality control of the vaccine, the maintenance of donor animals which may
themselves become reservoirs for ticks, and difficulties in transportation and storage
at the end user (Shkap et al., 2007). All of these factors can reduce the efficacy of
vaccination programmes against tick-borne diseases in livestock (Marcelino et al.,

2012).

There is also the possibility of vaccination against the ticks themselves, to reduce of
the vector and hence disease transmission. This is currently done on large scale in
cattle against the tick R. microplus, using two commercially available vaccines, Gavac™
and TickGARD™, both based on the R. microplus gut antigen Bm86 (Kiss et al., 2012).
Vaccination with Bm86 triggers antibody production in the host animal, and ingestion
of these antibodies damages the feeding ticks (Willadsen, 2001), reducing the number,
weight and reproductive capacity of engorged females (Kiss et al., 2012). However, as
with vaccination against a tick-vectored pathogen, such vaccination against the ticks
themselves shows variable efficacy. For example R. microplus Bm86-based vaccines,
that elicit protective immune responses against R. microplus feeding, vary considerably
in their efficacy depending on the genetic variability of the tick and bovine
populations. Furthermore, although there is some evidence of cross-protective
immunity, an antigen against one type of tick may not provide resistance against

another species (Parizi et al., 2012). To serve as a true preventer of tick-borne disease,
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anti-tick vaccines must disrupting tick feeding before any pathogen has chance to pass
into the host animal. This may require anti-tick vaccines that disrupt tick attachment

rather than tick feeding (Piesman and Eisen, 2008).

3.4.3 RNAI Gene Silencing

RNAI gene silencing is an interesting novel method that has been proposed for control
of some acari. The technique has been shown to be effective in the crop pest T. urticae
by using double-stranded (ds) RNA injection to silence the Distal-less gene (Khila and
Grbic, 2007). For V. destructor, dsRNA has been delivered by injection and immersion
of the mites into a dsRNA solution (Campbell et al., 2010) and also by feeding mites on
bees which have, in turn, been fed dsRNA (Garbian et al., 2012). The latter trial
involved injecting a mixture of dsRNA designed to silence 14 genes in V. destructor that
are thought to be responsible for fundamental housekeeping functions as well as
apoptosis inhibition in mite cells, and gave a 60% reduction in the mite population on
the bees, without a significant reduction in bee numbers compared to an uninjected
control. Further studies are now needed in the field, to test the effects of dsRNA-
treatment in V. destructor-infected honeybee colonies. The first step is to find target-
genes that have the greatest effect on mite survival with the least amount of dsRNA

needing to be fed to the bees (Garbian et al., 2012).

In 2002 RNAi methods proved successful in the tick A. americanum, where injection of
histamine binding protein (HBP) dsRNA into females gave a reduction in the HBP
transcripts (Aljamali et al., 2002). Following this, RNAi was used to silence the
subolesin gene in D. variabilis (de la Fuente et al., 2006). Subolesin is a highly-
conserved protein in tick species that is involved in feeding and reproduction, and its
knockdown resulted in a decrease in tick survival and the production of sterile ticks.
This has led to the suggestion that the release of subolesin-silenced ticks could be a
method for the control of tick populations, as the release of R. microplus subolesin-
silenced ticks achieved tick-control in cattle populations when used in combination

with a cattle-based recombinant subolesin vaccination (Merino et al., 2011).
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However, while the release of sterile acari represents a potential approach to tick and
mite control, some concerns have been expressed about releasing genetically modified
vectors into the environment, and this may prevent further use of the technology

(Sparagano and De Luna, 2008).

3.4.4 Plant-Derived Chemical Acaricides

Plants are one of the greatest sources of organic compounds, and many show
pesticidal properties; furthermore, they are generally more biodegradable and have
reduced environmental effects when compared to synthetics pesticides, and so the
anti-parasite (including anti-acari) activity of plant extracts is being increasingly
investigated (Flamini, 2006). In fact a large number of products are already in
commercial use, for example neem oil (from the neem tree) is reported to have

biocidal effects against over 200 species of arthropod pests (Isman, 2006).

Contact acaricidal activity of plant extracts has been shown against a variety of crop
plant-infesting mite species including Tetranychus cinnabarinus and T. urticae (Isman,
2000; Lee et al., 1997; Tunc and Sahinkaya, 1998). Interestingly in the case of T. urticae,
EcoTrol, a Rosemary oil-based pesticide, not only gave complete pest mortality at
concentrations not phytotoxic to the host plant, but also proved not toxic to the
predatory mite Phytoseiulus persimilis at these concentrations in both laboratory and
greenhouse experiments. Offering potential integrated pest management options
against this species (Miresmailli and Isman, 2006). Essential oils generally show great
promise for use in crop species, as most are volatile and rapidly evaporate from the
foliage or degrade due to UV and temperature exposure, minimising residues on food
crops (Miresmailli and Isman, 2006). Furthermore, in contrast to certain synthetic
insecticides, neither bioaccumulation nor bio-magnification has been reported for any
plant-derived pesticides to date and for many mammalian toxicity is low and
environmental persistence is short (Regnault-Roger et al., 2012). Many plant-based
compounds have toxic, repellent, anti-feedant or growth regulatory effects when used
in the laboratory against both tick and mite ectoparasites. However, their efficacy is

variable and dependent upon many factors including the target species, species life-
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stage, the pest feeding mechanism, the method of extraction of the plant active, the
type of solvent used, the time of harvest, and the working concentration (George et al.,

2008; Kiss et al., 2012; McNair, 2015).

Although plant-derived products are thought to be less environmentally damaging
than their synthetic alternatives, there are worrying opinions that people may falsely
believe that naturally-derived products are inherently safe, when in actuality very few
of these products have undergone toxicological testing against mammals and non-
target organisms (Attia et al., 2013; Shaalan et al., 2005). Furthermore, as field studies
have a large cost implication, not least because of the high cost of extraction for plant-
derived compounds, a successful active needs to show great promise to progress to
reach this stage of testing (Attia et al., 2013; George et al., 2008; Kiss et al., 2012). In
particular, great care must be taken when using plant-derived pesticidal products in
beehives, as they tend to have broad-spectrum toxicity against arthropods (George et

al., 2008).

3.4.5 Synthetic Chemical Acaricides

Synthetic chemical repellents and acaricides are currently the most widely used and
effective method of controlling ticks and mites and hence the diseases they vector

(Kiss et al., 2012; McNair, 2015; Van Leeuwen et al., 2015).

The following effects can be achieved when using acaricides:
i. Repellency: When the compound causes the tick/mite to move away from
an area, plant or animal.
ii. Disruption of attachment to the host: When feeding is prevented by the
compound.
iii. Direct kill: A true acaricidal effect.

(Adapted from (Halos et al., 2012)).

Repellents and acaricides can be applied directly to the fur or skin of an animal or

human, or applied indirectly by addition to collars, clothing or bedding (Beugnet and
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Franc, 2012; Jongejan and Uilenberg, 2004; Katz et al., 2008; Piesman and Eisen, 2008).
They can also be sprayed directly onto crop plants (Van Leeuwen et al., 2015). Other
methods treat areas off the host, for example, acaricides sprayed onto vegetation in an

area-wide attempt to reduce tick-borne diseases (Piesman and Eisen, 2008).

In humans, repellents such as N,N-diethyl-meta-toluamide (DEET) and permethrin-
based products, have proven reasonably safe to use and effectively reduce the risk of
bites from a variety of species when applied directly to the skin or onto clothing
(Carroll et al., 2005; Kumar et al., 1992; Lane, 1989; Pretorius et al., 2003; Schreck et al.,
1986; Service, 2012; Solberg et al., 1995). On companion and livestock animals, a wide
variety of repellents and acaricides are used including organophosphates, pyrethroids,
carbaryl, fipronil, macrocyclic lactones and amitraz, all of which have been shown to be
effective against ectoparasites (Beugnet and Franc, 2012; Deplazes et al.,, 2016;
Guerrero et al., 2012; McNair, 2015; Stanneck et al., 2012) and a similarly wide-range

of products are licensed for use in crop plant protection (Van Leeuwen et al., 2015).

The widespread use of acaricides has led to the development of resistance in many
acari worldwide, leading to a real concern that the armoury of effective compounds
will be exhausted unless concerted action is taken to develop new products and
reduce the spread of resistance (McNair, 2015; Rinkevich et al., 2013; Van Leeuwen et
al., 2015; Van Leeuwen et al., 2010a). Acaricide resistance to multiple compounds is
seen in several agriculturally and economically important acari, including the two-
spotted spider mite T. urticae (a costly pest of a wide range of outdoor and protected
crops), S. scabei (the causative agent of scabies in animals), the Southern cattle tick R.
microplus, the red poultry mite D. gallinae, and V. destructor (a major threat to food
security due to its parasitism of honey bees) (Reviewed in (McNair, 2015; Van Leeuwen
et al., 2015; Van Leeuwen et al., 2010a)). The development of new resistance-
management strategies, to prolong the use of existing synthetic acaricidal compounds,
and the design of novel synthetic acaricides has therefore become a critical area of
study in recent years (Davies et al., 2007; O'Reilly et al., 2014; Van Leeuwen et al.,

2015).
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3.5 Pyrethroid Pesticides and the Arthropod VGSC

3.5.1 Pyrethroid Discovery and Development

A major component in acarine control is the use of the pyrethroid pesticides (Deplazes
et al., 2016; McNair, 2015; Rinkevich et al.,, 2013; Van Leeuwen et al., 2015; Van
Leeuwen et al., 2010b). Synthetic pyrethroids were first introduced in the 1970’s and
represented a new class of environmentally friendly, highly effective and selective
insecticides. At the time it was introduced, the pyrethroid deltamethrin was the most
effective insecticide on the market, being 100 times more active than DDT without the

same bioaccumulation problems (Khambay and Jewess, 2005).

Pyrethroids are the synthetic analogues of naturally occurring compounds found in the
flowers of plants of the Chrysanthemum genus. The dry flowers were probably used as
insecticides in ancient China as early as the 1% Century AD, and by the middle Ages
they were being used for pest control in Persia. They arrived in Europe around 200
years ago, where they were traded as “Persian dust” (Davies et al., 2007). The
insecticidal compounds within the Chrysanthemum flowers are esters of
chrysanthemic acid (pyrethrins I) and pyrethric acid (pyrethrins 1l) and the alcohol
moiety of the pyrethrins exists as three natural varieties, so that the complete
pyrethrin series is pyrethrin | and Il, jasmolin | and Il and cinerin | and Il (Casida, 1980).

Pyrethroid insecticides were commercially produced from Chrysanthemum flowers in
the mid-19™ Century, with the main active ingredients being pyrethrins | and Il (Figure
1). However, these compounds show low photostability and were costly to produce.
There followed a period of structural modification of the pyrethrin series to produce
the first synthetic pyrethroids, and between 1967 and the late 1980’s many highly
insecticidal, photostable, compounds with low mammalian toxicity were synthesised;
including permethrin, cypermethrin and deltamethrin (synthesised by Elliot and co-
workers at Rothamsted Research, England) and fenvalerate (synthesised by the

Sumitomo Chemical Company, Japan) (Casida, 1980; Khambay and Jewess, 2005).
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Pyrethroids are divided into two groups based on both their biological action and their
chemical structures. Type | pyrethroids are generally good ‘knockdown’ agents (they
incapacitate rapidly, but relatively high concentrations are needed to kill an arthropod)
and Type Il pyrethroids are generally good killing agents (being slower acting than Type
| pyrethroids, but killing arthropods at lower concentrations) (Elliott, 1989; Soderlund,
2012). The differing symptoms seen with Type | and Type Il pyrethroids have been
associated with an a-cyano group at the a-benzylic position in Type Il; however, the
presence of this group does not always lead to increased kill at a lower concentration,
so it is likely that Type | and Type Il represent extremes of a spectrum of activity, from
knockdown to kill, rather than discrete groups (Khambay and Jewess, 2005) (Figure

3.1).

Figure 3.1: Pyrethrins | and Il and Exemplar Type | and Il Pyrethroids
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Pyrethrins |1 and Il are shown to illustrate their structural similarity to the modern synthetic
pyrethroids, Permethrin and Deltamethrin. Permethrin is an example of a Type | pyrethroid and
Deltamethrin an example of a Type Il pyrethroid. The a-cyano group found in Type Il pyrethroids is

highlighted on Deltamethrin by a green box. All structures are adapted from ChemSpider 2016.

3.5.2 Expression of VGSCs

The target-site for pyrethroid action is the voltage-gated sodium channel (VGSC) of the
arthropod nervous system (Vais et al., 1997; Williamson et al., 1993a; Williamson et al.,
1993b). Like all ion channels, VGSCs are macromolecular proteins that form pores in

cell membranes, and form one of the excitable elements in nerve cells allowing for the
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propagation of nerve impulses (Hille, 2001). The first arthropod VGSC gene was cloned
from Drosophila melanogaster, and was named para based on temperature-sensitive
paralytic mutations (Loughney et al., 1989). Since then para-orthologous VGSC genes

have been found in a wide-range of arthropod species (Rinkevich et al., 2013).

In mammals, nine genes are thought to be responsible for the coding of distinct VGSC
a-subunits with different gating properties, this allows differential expression of VGSCs
to fulfil unique physiological roles in different cell types, tissues, and developmental
stages; however, in those arthropods sequenced to date only one functional VGSC is
encoded from one gene (Catterall, 2012; Dong et al., 2014; Goldin, 2001). Thus in
arthropods extensive RNA splicing and RNA editing are employed on VGSC transcripts
to give a variety of channels with distinct gating properties (Du et al., 2009b; Lin et al.,
2009; Liu et al., 2004; Olson et al., 2008; Song et al., 2004; Tan et al., 2002). RNA
splicing in arthropod VGSC genes was first shown in the para (or DmNay) gene in D.
melanogaster (Loughney et al.,, 1989; Thackeray and Ganetzky, 1994, 1995). It has
since been shown that splicing sites are conserved in the VGSC genes of several other
arthropods including: Blattella germanica (German cockroach), Bombyx mori
(Silkworm), Heliothis virescens (Tobacco Budworm), Musca domestica (House Fly), and
Plutella xylostella (Diamondback moth) (Lee et al., 2002; Park et al., 1999; Shao et al.,
2009; Sonoda et al., 2006; Tan et al., 2002). Further VGSC transcript modification, in
the form of RNA editing, has so far been found in VGSC transcripts from D.
melanogaster (Hanrahan et al., 2000; Olson et al., 2008) and B. germanica (Liu et al.,

2004; Song et al., 2004).

3.5.3 VGSC Structure and Function

The VGSCs of arthropods are highly homologous to mammalian VGSC a-subunits;
being comprised of 4 internally homologous domains (DI-DIV), each comprising 6
membrane-spanning segments (S1-S6) connected by intracellular linkers (Noda et al.,
1984). To make the functional channel, the S5 and S6 segments of each of the four
domains come together to form a central ion-conducting pore, whilst the S1-S4

segments form the voltage-sensing part of the channel (Figure 3.2).
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Figure 3.2: A Representative VGSC
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An exemplar VGSC showing domains I-IV and their six membrane-spanning domains (1-6).

The voltage sensor for the channel is comprised of repeating motifs of a positively
charged amino acid residue, followed by two hydrophobic residues that are found in
each S4 segment. Hairpin loops between the S5 and S6 segments form a narrow ion-
selective filter at the extracellular end of the pore, within these loops sodium ion
selectivity is determined by the amino-acids D, E, K and A in analogous positions in
domains |, 1l, 1, and IV respectively (a sequence known as the “DEKA” motif). The
intracellular loop between DIIl S6 and DIV S1 contains the amino-acid motif “IFM” in
mammalian cells or “MFM” in arthropods, and this creates an inactivation gate, critical
for fast inactivation of the channel and facilitating the refractory period required
between action potentials. (Dong et al., 2014; Hille, 2001; McCusker et al., 2012;
O'Reilly et al., 2006; Payandeh et al., 2011). The availability of crystal structures from
bacterial homologues of VGSCs, in both open and closed conformations, suggest that
the mechanism for channel gating primarily involves the C-terminal end of the S6
helices. Here a rotation around the backbone angle of one amino-acid residue in the
middle of S6 helices swings those subunits away from the central pore, thus opening
up the bottom of the VGSC allowing fully-hydrated sodium ions to traverse (McCusker
et al., 2012) (Figure 3.3).
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Figure 3.3 VGSC Structure

Ribbon “cartoon” representation of the open crystal structure of the heterotetrameric
Magnetococcus marinus NavMs VGSC as viewed from the membrane. This channel is structurally
homologous to arthropod VGSCs. One monomer is coloured to show: The voltage sensor (blue), the
$4-S5 linker (green), the pore helices (yellow), the C-terminal domain (red), and sodium ions entering
the channel (purple). The other three monomers are depicted in grey, for ease of viewing. Kindly
provided for this work by Professor Bonnie Wallace.

Alongside the pore-forming VGSC a-subunit, mammalian sodium channels have one or
more auxiliary subunits, known as B-subunits. These small transmembrane proteins
are known to modulate activity of the mammalian VGSC (Brackenbury and Isom, 2011;
Catterall, 2012). Similarly, insect VGSCs are also known also have both pore-forming
and auxiliary subunits, the TipE and TEH protein in D. melanogaster and their
orthologues in other insects, which are functionally homologous to the B-subunits in
mammals (Dong et al., 2014). However, interestingly in acari any such auxiliary

proteins have yet to be discovered (Li et al., 2011).
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Vertebrate NaV; VGSCs show selectivity for sodium over potassium with permeability
ratios ranging from 12-21, while potassium channels select potassium over sodium by
a ratio of 100-1000 (Hille, 2001; Lim and Dudev, 2016). Thus, these channels allow the
selective, directional, movement of these two ions across the cell-membrane of axon,
making them critical in maintaining the normal functioning of an animal’s nervous
system by allowing the propagation of action potentials (Campbell et al., 2015) (Figure
3.4).

Figure 3.4: Representation of an Action Potential in a Nerve Cell Axon
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A: Membrane is at resting potential of -70mV. Voltage gated sodium channels are in a closed resting state.
B: A depolarising stimulus arrives.

C: Depolarising stimulus causes the membrane to depolarise to the threshold. Voltage gated sodium channels open
to give their active state and Ma*ionsenterthe cell. Voltage gated potassium channels slowly open.

D: The rapid entry of Na*ions depolarises the cell. Giving the rising phase of the action potential.

E: Voltage gated sodium channels close and inactivate. Potassium channels continue to open.

F: K* ions move out of the cell into the extracellular fluid.

G: K" ions continue to leave the cell hyperpolarising it.

H: Voltage-gated potassium channels close and some K*ions return into the cell through leak channels.

I: Resting membrane potential is restored. Voltage-gated sodium channels return to closed resting state (via their
deactivated state).

A representation of changes in neuronal axon membrane potential elicited by a stimulatory nervous
impulse (action potential).

VGSCs are thought to exist in four states mediated by two defined “gates”, the
activation gate and the inactivation gate. At the resting membrane potential, the VGSC
is in a closed resting state; the activation gate (the channel pore) is closed, but the
inactivation gate (the linker region between Domains lll and IV at the intracellular base
of the channel pore) is open and not blocking the pore. In response to a graded

depolarisation in a dendrite or cell body, the channel undergoes a structural change to
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give an open, or activated, state allowing a selective influx of sodium ions through the
pore (McCusker et al., 2012). After a short delay the inactivation gate occludes the
pore mouth and the channel forms the inactivated state, which is followed by a fourth
state, the deactivated state, when the pore is closed at both the activation and
inactivation gates. Once the membrane has returned to resting potential the
inactivation gate moves away from the intracellular pore mouth and the channel is
returned to the closed resting state, ready for another action potential (Figure 3.5)

(Wakeling et al., 2012).

Figure 3.5: The Four States of the VGSC
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A diagrammatic representation of the four states of the VGSC: i) Closed resting, ii) Open, iii)
Inactivated, iv) Deactivated. Where A) indicates the inactivation gate and B) indicates the activation
gate.

3.5.4 Pyrethroid Action at the Arthropod VGSC

To allow normal propagation of an action potential, VGSCs must transit between the
four transition states: i) “closed resting”, ii) “open” iii) “inactivated” and iv)
“deactivated” and toxins may act by altering the equilibrium between the transition
states and thus disrupt normal nerve signalling (Catterall, 1980). It is proposed that
pyrethroids bind to arthropod VGSCs at a specific site; speculated to be a long, narrow,
hydrophobic cavity bounded by the DIIS4-S5 linker and the DIIS5 and DIIl S6 helices
(Davies et al., 2008; O'Reilly et al., 2006). Upon binding, pyrethroids lock arthropod
VGSCs in the open conformation causing prolonged current flow through the channel,
resulting in repetitive firing of nerve impulses, hyper-excitability and/or death

(Wakeling et al., 2012; Zlotkin, 1999) (Figure 3.6).
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Figure 3.6: Exemplar Effect of Pyrethroids Generating Persistent Current in Arthropod VGSCs
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The effect of pyrethroid pesticides on arthropod VGSCs as exemplified by Deltamethrin. The persistent current recorded from the V. destructor VGSC using Two-Electrode
Voltage Electrophysiology in a Xenopus laevis oocyte. Voltage across the oocyte membrane has been manipulated such that: (Phase 1) Expressed VGSCs would undergo a
period of rapid opening and closing events, allowing pyrethroid binding while VGSCs are in their open conformation. (Phase 2) All VGSCs should be closed and current flow

should be zero. Any persistent current in this second phase is due to VGSCs within the oocyte membrane being held open. Persistent current flow through the VGSC population
in the oocyte is shown in the presence of (A) No pyrethroid and (B) 1 uM Deltamethrin.
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The success of pyrethroids as insecticides results mainly from the relative insensitivity
of the mammalian VGSC to these compounds (Khambay and Jewess, 2005), which can
be explained, at least in part, by differences in channel structure. Mammalian VGSCs
differ from those found in arthropods by the presence of an isoleucine, rather than a
methionine, in the DIIS4-S5. The absence of this methionine in mammalian channels
would prevent the formation of a key sulphur-aromatic interaction with pyrethroids,
rendering them relatively insensitive to the compounds (Davies et al., 2008; O'Reilly et
al., 2006). This effect is enhanced as pyrethroids preferentially target the open state of
arthropod VGSCs, accessing their binding site through fenestrations in the VGSC that
are much larger when the channel is activated (Bloomquist, 1996; McCusker et al.,

2012) (Figure 3.7).

Figure 3.7: VGSC Structure and Pyrethroid Binding

Space filling model (coloured according to electrostatics) of the open crystal structure of the M.
marinus NavMs tetrameric channel as viewed from the membrane. This channel is structurally
homologous to arthropod VGSCs. The locations of detergent and polyethylene glycol molecules are
shown on the surface in green and red stick format. The location of the fenestration leading to the
hydrophobic cavity, which pyrethroid insecticides could enter for binding in homologous arthropod
VGSCs, is circled in black. Kindly provided for this work by Professor Bonnie Wallace.
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3.5.5 The VGSC and Pyrethroid Resistance in Arthropods

Extensive use of pyrethroids around the globe has led to widespread resistance to
these compounds amongst target species, including ticks/mites. Such resistance arises
through modifications to the target site protein, increased metabolism or
sequestration of the acaricide, or a reduction in the ability of the acaricide to
penetrate the tick exoskeleton (Guerrero et al., 2012). Pyrethroid insensitivity based
on target site resistance (mediated by mutations in the gene encoding the VGSC) is of
particular importance to both acarine and insect control (Williamson et al., 1996). A
comprehensive review of the many VGSC target-site mutations thought to be
associated with pyrethroid resistance in insects and acari can be found in (Rinkevich et

al., 2013).

Pyrethroid target-site resistance, termed knockdown resistance (kdr) (Busvine, 1951),
has several forms including the more potent super-kdr variants, which confer up to
500-fold resistance to Type Il pyrethroids (Sawicki, 1978). Modelling of the VGSC with
pyrethroids has suggested that several of the mutations conferring super-kdr are
located within a putative binding pocket, whilst further kdr-associated mutations,
found away from the proposed binding site, are in positions which may contribute to
changes affecting channel kinetics and therefore pyrethroid binding (Davies et al.,

2007; Davies et al., 2008; O'Reilly et al., 2006).

For ticks, three point mutations conferring amino acid substitutions have been
associated with target-site pyrethroid resistance R. microplus; the first in Mexico (He et
al., 1999) and the others in Australia (Jonsson et al., 2010; Morgan et al., 2009) (Table
3.1). Pyrethroid resistance has also been reported in Rhipicephalus sanguineous,
although this has not been associated with target site changes (Eiden et al., 2015;

Miller et al., 2001).
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Table 3.1: VGSC Substitutions in R. microplus

Domain | Segment Amino Acid Substitution Reference Code
1] S6 Phe-lle F1538I

Il S4-5 LINKER | Leu-lle L925I

Il S4-5 LINKER | Gly-Val G933V

Summary of amino acid substitutions detected in the VGSC channel and associated with pyrethroid

resistance in R. microplus. Reference code numbering comes from alignment with M. domestica.
In mites pyrethroid resistance is relatively common, with many important species

reported to have target site substitutions (Table 3.2) (Gonzalez-Cabrera et al., 2013;

Van Leeuwen et al., 2010a).

Table 3.2: VGSC Substitutions in Important Mite Species

Affected SerEl || Segne Amino Acid Reference
Organism Substitution Code

V. destructor Il S5 Leu-Val L925V
T. urticae Il S6 Leu-Val L1024V
T. urticae [1-111 S6-S1 LINKER Ala-Asp A1215D
V. destructor 1] S6 Phe-Leu F1528L
S. scabiei 1] S6 Gly-Ala G1535A
T. urticae [ S6 Phe-lle F1538I
V. destructor H-1v S6-S1 LINKER Leu-Pro L1595P
V. destructor v S5 lle-Val 11752V
V. destructor v S6 Met-lle M1823I

Summary of amino acid substitutions detected in the VGSC channel and associated with pyrethroid
resistance in some economically important mite species. Reference code numbering comes from

alignment with M. domestica.

3.5.6 Pyrethroids as Acaricides

Although the pyrethroids were developed first as insecticides, some are reported to be
more effective at killing acari than they are at killing insects. This offers the possibility
of selective control of acari without damaging beneficial insects (species of

environmental and/or human importance). For example, the pyrethroid Tau-
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Fluvalinate is used against V. destructor mites in A. mellifera (honey bee) colonies, as it

can kill the mites without affecting the bees (Gonzalez-Cabrera et al., 2013).

Investigations into why some pyrethroids show specificity for acari over insects have
suggested that it is due to differences between their VGSCs. Modelling studies by
O’Reilly et al in 2014 suggested that the interaction between pyrethroids and the VGSC
involves the amino acid at position 933 (M. domestica numbering is used throughout).
Pyrethroids with selective acaricidal activity differ from other pyrethroids by having
large halogenated substituents in their acidic moiety, which it is proposed, could be
accommodated by acarine channels with the smaller glycine/alanine at position 933

but not by insect channels with the larger cysteine residue (O'Reilly et al., 2014).

This view is supported by the finding of a mutation in the VGSC of Australian cattle
ticks, which leads to a replacement of the normal glycine at residue 933 with a valine;
ticks with the valine are sensitive to cypermethrin, which has a comparatively small
acidic moiety, but resistant to flumethrin, which has a comparatively large acidic
moiety (Jonsson et al., 2010). The O’Reilly et al 2014 model suggests that the slightly
larger valine residue would preclude binding of the acarine-specific flumethrin, but
allow the binding of cypermethrin, with the smaller acidic moiety (O'Reilly et al., 2014)
(Figure 3.8).

Figure 3.8: Example Pyrethroids with Large and Small Acidic Moieties
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Cypermethrin and flumethrin shown as examples of pyrethroids with relatively small and large acidic
moieties. Areas of interest within the acidic portion are highlighted by green boxes. Both pyrethroid

structures are from ChemSpider 2016.
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3.6 Electrophysiological Methods to Study VGSC Activity

In 1881 Sidney Ringer showed that a solution containing sodium, potassium, and
calcium ions was required to keep a frog’s heart beating, thus creating “Ringer’s
Solution”. Since then, it has been understood that ions play a role in the functioning of
the nervous system (Hille, 2001). However, it was in the period from 1935-1952 when
classical biophysics established the ionic theory of membrane excitation, showing that
ion permeability changes were responsible for the electrical signals seen in the
nervous systems of animals (Hille, 2001). Today we can use techniques developed

during this period to study how ion channels function.

3.6.1 Two Electrode Volt Clamp (TEVC) Electrophysiology

In 1982 Ricardo Miledi and co-workers successfully expressed nicotinic acetylcholine
receptors (nACHRs) in oocytes from Xenopus laevis (the African clawed frog) by
injecting NACHR mRNA isolated from cat muscle, allowing study of the changing
currents that arose across the oocyte membrane due to expression of the protein
(Miledi et al., 1982). The same group then went on to study more than a dozen
different ion channels and receptors, injecting mRNA isolated from various tissues.
When cloning of receptors and channels became possible, the X. laevis oocyte system
allowed single cDNAs encoding specific channels to be expressed and compounds with
selectivity for specific receptor subtypes or channels to be identified (Papke and Smith-
Maxwell, 2009). The relatively large size of the X. laevis oocyte (1Imm diameter on
average) makes them easy to handle, and their very low levels of endogenous channels
and receptors makes it possible to study currents arising from expressed exogenous
channels (Goldin, 2006). This is particularly pertinent for tests involving pyrethroid
pesticides, which are known to be able to bind to other channels besides VGSCs
(Casida et al., 1983; Khambay and Jewess, 2005). The basic method of TEVC
electrophysiology can be used to study VGSCs, which are exogenously expressed in
oocytes following micro-injection of cloned RNA (Section 7.2.7). In this system, the
oocyte is placed in the middle of a recording chamber filled with a conductive solution

known as Xenopus Ringer, based on the original solution made by Sidney Ringer in
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1881 (Hille, 2001). The chamber is connected via a conductive bridge to an input on an
amplifier, also connected to the amplifier are two microelectrodes and these are
carefully inserted into the oocyte. One is used to measure the membrane-potential of
the oocyte membrane by recording the internal voltage of the oocyte relative to the
experimental chamber, and the other is configured to inject a current into the oocyte
(Dascal, 2001; Goldin, 2006; Papke and Smith-Maxwell, 2009). If the experimental
chamber is considered “zero” in terms of electrical potential, it is possible to set the
voltage across the oocyte membrane by adjusting the amount of current injected, thus
“clamping” the oocyte at a desired membrane potential. For example, the typical
resting membrane potential of a X. laevis oocyte is between -10 and -40 mV, the
typical resting potential of a nerve axon is around -70mV. Therefore, clamping an
oocyte injected with a VGSC at -70mV will mimic the conditions found in the axon of a
nerve cell at rest. Any alterations of the set voltage will trigger responses in the

exogenous VGSCs in line with those seen in their native cell (Hille, 2001).

3.6.2 Studying Pyrethroids and VGSCs Using TEVC Electrophysiology

Since the D. melanogaster para VGSC was first functionally expressed in X. lagevis
oocytes (Feng et al., 1995) it has been possible to use this channel as a model to study
the effects of target-site mutations suspected of conferring pyrethroid resistance. As
described, pyrethroids act by stabilising the VGSC in the open “activated”
conformation and causing repetitive firing of action potentials via a continuous flow of
sodium ions into the intracellular matrix (Catterall, 2000; Vais et al., 1997; Zlotkin,
1999). This can be observed using TEVC electrophysiology whereby the application of a
pyrethroid results in wild-type D. melanogaster para channels showing a delay in
returning from an open “activated” to a closed “inactivated” state. This is seen as an
increase in the amount of current needed to restore the membrane potential from one
in which the channels would be mostly open, to a more-negative potential at which
the channels would be mostly closed, and the period over which this channel
inactivation occurs. In channels containing an amino acid substitution that confers
pyrethroid resistance, this delayed closure is no longer observed, and channels return

more rapidly to a closed state (Vais et al., 2000b; Warmke et al., 1997).
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3.7 Aims and Objectives

From the background described in the introduction to this work there is a clear need
for good control of acari, and to date the pyrethroids have played an important role in
this. However, there are now concerns over resistance developing to these compounds
presenting a need to understand more about their mode of action and any potential

acarine selectivity.

The study reported here set out to understand the interactions of acaricides with the

VGSCs of arthropods to elucidate efficacy levels and any acarine specificity.

The specific objectives of this work were:

e To identify known or novel mutations in the VGSC sequences of different acarine
species that confer resistance to pyrethroids, to inform effective pest management

strategies (Chapter 5).

e To attempt to fully sequence and clone a tick VGSC for expression in X. laevis

oocytes (Chapter 6).

e To examine the molecular interactions of pyrethroids at amino acid position 933 of
arthropod VGSCs, postulated by O’Reilly et al 2014 to contribute to the increased
activity and selectivity of certain pyrethroids at acarine VGSCs compared to closely

related insect VGSCs (Chapter 7).

e To look at the in vitro toxicity of acaricides on live arthropods to examine the

accuracy of reported pyrethroid selectivity in insects and acari (Chapter 8).
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4 General Experimental Methods

Unless otherwise stated all protocols were performed at room temperature (20-25°C).
All methods in this chapter are adapted from standard protocols as found in

“Molecular Cloning: A Laboratory Handbook” by Sambrook and Green, 2012.

4.1 Source Organisms

Tick species were obtained via Andreas Turberg and Melania Akkoese at Bayer Animal
Health, Monheim, Germany. Bayer Animal Health sources tick species as follows:
Amblyomma americanum (lone star tick) from Oklahoma State University, Stillwater,
Oklahoma, USA; Amblyomma hebraeum (bont tick) from the Bayer Animal Health
Breeding Lab, Monheim, Germany (Origin: Understepoort Isolate, South Africa), Ixodes
ricinus (castor bean tick) and Dermacentor reticulatus (ornate cow tick) from Insect
Services, Berlin, Rhipicephalus microplus (cattle tick) Parkhurst strain from the Bayer
Animal Health Breeding Lab, Monheim, Germany (Origin: Parkhurst Isolate, State of
Queensland Department of Primary Industries and Fisheries, Queensland, Australia),
Rhipicephalus sanguineous (brown dog tick) and Dermacentor variabilis (American dog

tick) from EL LABS, Soquel, California, USA.

Mite species were obtained from a variety of sources. Dermanyssus gallinae (red
poultry mite) was obtained from Melania Akkoese Bayer Animal Health, Monheim,
Germany. Psoroptes ovis (sheep scab mite) RNA was a gift from Dr Stuart Burgess at
the Moredun Research Institute, Scotland, UK. For bioassays Varroa destructor (honey-
bee mites) were taken from bees at The Honey Farm, Imkerei Ullmann, Erlensee,
Germany. The RNA source for V. destructor VGSC cloning was from mites collected by
Pete Kennedy from the DL colony at the Rothamsted Research farm, Harpenden,

England.

The insect species Musca domestica, strain WHO(N), was bred at Bayer Animal Health,

Monheim, Germany.
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All species were known to be pyrethroid susceptible, with the exception of R.
microplus (Parkhurst) ticks, which had previously been described as pyrethroid
resistant (Morgan et al., 2009; Nolan et al., 1989); and V. destructor mites, which were

untested for their susceptibility to pyrethroids.

4.2 Agarose Gel Electrophoresis

Agarose gels were used to check the size and quality of nucleic acid samples. Gels were
made by dissolving molecular biology grade agarose (ThermoFisher Scientific) in 1 x
TAE (Tris-acetate-EDTA) buffer (pH8.3) at an appropriate percentage of agarose for the
size of the nucleic acids being visualized (See (Sambrook and Green, 2012)) before the
addition of Ethidium Bromide to a final concentration of 0.4 pug/ml. The mixture was
then poured into a gel mould and combs added to create wells into which nucleic acid
samples could be loaded. Once set gels were placed into electrophoresis tanks and
submerged in 1 x TAE buffer (pH8.3). Nucleic acid samples were mixed with an
appropriate loading dye and added into the wells alongside a DNA size ladder
(ThermoFisher Scientific), to allow size estimation of nucleic acid strands (bands). RNA
samples were first denatured by heating to 65°C for five minutes in RNA loading dye.
Samples were run through the gel by the application of an electrical current until
sufficient separation of bands had occurred as would allow size differention. Bands
were visulaised, such that quality and size could be estimated, using the Gene Genius

Bio-imaging System (Syngene).

4.3 Extraction of Total RNA from Ticks and Mites

Total RNA was extracted from whole ticks/mites using the Bioline Isolate RNA Mini Kit,
using half the manufacturers recommended volumes of reagents. When RNA was
extracted for the purpose of whole species VGSC sequencing several individuals were
used per reaction to increase RNA vyield; however, RNA was isolated from a single
arthropod when it was required for assertaining the pyrethroid resistance status of an
individual. Filter tip pipettes were used throughout the extraction process to reduce

the likelihood of RNase contamination and sample degradation and to prevent cross-
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contamination. Acari were placed into 1.5 ml microcentrifuge tubes and snap frozen in
liquid nitrogen at the point of collection, then immediately stored at -80°C to limit
RNA degradation. When removed form storage each sample was transferred to a 1.5
ml microcentrifuge tube and the tubes floated in liquid nitrogen for 1 minute; the
samples were then ground to a powder until complete breakage of the exoskeleton
was achieved, using sterile plastic pestles that had been pre-chilled by dipping in liquid
nitrogen. The tubes were then placed at room temeperature and 225 ul of lysis buffer
R was added, they were then further homogenised with the pestle to ensure adequate
cell lysis. Samples were then cetnrifuged for 1 minute with a relative centrifugal force
(RCF) of 16168 x g and the resulting supernatant carefully pipetted onto R1 spin
columns that had been placed over sterile 1.5 ml microcentrifuge tubes. Samples were
then were centrifuged at room temperature for 2 minutes at 10037 x g, R1 spin
columns were discarded, and 1 volume (~200 ul) of sterile (microfiltered) 70% ethanol
was added to the resulting filtrates. Mixtures were vortexed briefly, before being
carefully pipetted to labelled R2 spin columns placed over fresh sterile 1.5 ml
microcentrifuge tubes and then centrifuged for 2 minutes at 10037 x g.
Microcentrifuge tubes were discarded and R2 spin columns were placed over fresh 1.5
ml microcentrifuge tubes and 500 pl wash buffer AR was added to the R2 columns.
Samples were centrifuged for 2 minutes at 10037 x g, the filtrate discarded, and 700 ul
wash buffer BR added to the R2 columns. Samples were centrifuged again for 2
minutes at 10037 x g and again the filtrate was discarded. This centrifugation step was
repeated to ensure that all wash buffer was removed from the R2 columns. R2
columns were then placed over fresh sterile 1.5ml microcentrifuge tubes and 30 pl of
nuclease-free sterile distilled water was added to the centre of each R2 column to
elute acarine RNA. Columns were incubated at room temperature for 1 minute then
centrifuged for 2 minutes at 10037 x g. The RNA concentration of each sample was
determined using a Nanodrop spectrophotometer (ThermoScientific) and a small
amount (apporximately 500 ng each smaple) was run on a 1.5% agarose
electrophoresis gel to check the quality of the extracted RNA (See Chpater 4.2). All

RNA samples were stored at -80°C.
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4.4 Reverse Transcription of RNA

Reverse transcription of RNA into cDNA was done using the RevertAid Premium First
Strand complementary DNA (cDNA) Synthesis Kit (ThermoFisher Scientific). All
centrifugation steps were at 4°C in a table top centrifuge. Specific primers were diluted
to 100 ng/ul immediately prior to use. To begin cDNA synthesis 0.5 pl oligo dT primer,
0.5 pl 10 mM dNTP mix and 0.1 ul of each gene specific primer were mixed on ice in
0.25 ml thin-walled microcentrifuge tubes. The gene specific primers used in each case
were 1147R (a degenerate primer designed bind in Domain Il of the acarine VGSC) and
2187R (a degenerate primer designed to bind downstream of Domain IV of the acarine
VGSC); except in one instance with R. microplus, where only the 1147R gene specific
primer was used, in an attempt to enhance cDNA synthesis from the 5’ end of the tick

VGSC RNA (Table 4.1).

Table 4.1: Degenerate Primers for cDNA synthesis of Acarine VGSCs

Name Target Domain (D) Sequence 5'-3' Base Pairs
1147 R DIl TCDAWNGCYTCYTGHAGYTTYTTNGT 26
2187 R DIV CCADATYTCRTARTACATRTC 21

Following this 0.5 ul (~1 pg) RNA was added to each reaction mix, along with nuclease-
free sterile distilled water if required to give a final volume of 7.25 ul. Samples were
heated at 65°C for 3 minutes, chilled on ice, pulse centrifuged to collect the contents in
the base of the tube, then placed back on ice. Next 2 ul of 5xRT buffer, 0.25 ul Ribolock
and 0.5 pl RevertAid premium was added to each sample, reactions were mixed gently
then incubated at 50°C for 1 hour (double the time suggested in the suggested
protocol to allow time for synthesis of the long (~6500bp) VGSC sequences. Resulting

cDNA samples were stored at -80°C.
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4.5 Polymerase Chain Reaction (PCR) Protocols

Reactions were optimised on a reaction-by-reaction basis; based on the melting
temperature of the primers, the type of polymerase used, the length of the desired
amplicon, the GC-content (or suspected GC content) of the target amplicon, and the
volume of PCR product required. Further details are given where appropriate in the
methods section of results chapters. PCR products were stored at -20°C.

For each PCR a negative control was prepared containing no template cDNA to ensure

observed bands were not the result of spurious-template contamination.

4.6 Primers

Degenerate primers were designed by the author with the help of Joel Gonzales, all
other primers were designed solely by the author unless otherwise stated. All primers
were synthesised by Sigma-Aldrich. Specific sequence and melting temperature (Tm)

details are given in the methods section of the results chapters.

4.7 Maedia and Antibiotics

Liquid Lysogeny Broth (LB) media (Bertani, 1951) was prepared by adding 10 g bacto-
tryptone, 5 g bacto-yeast extract and 10 g NaCl to 950 ml of deionized water and the
mixture stirred until all solutes had dissolved. The pH was adjusted to 7.0 with 5M
NaOH and the volume made to 1 L with deionized water and the resulting solution
sterilized by autoclaving. If agar-plates were required, 15 g of bacto-agar was added to
the mixture. Any antibiotics required for bacterial selection were added just prior to
use of the media. Super Optimal Broth with Catabolite Repression (SOC) media was
prepared by adding 20 g bacto-tryptone, 5 g bacto-yeast extract and 0.5 g NaCl to 950
ml of deionized water and the mixture stirred until all solutes had dissolved. 10 ml of a
250 mM KCl solution was added and the pH adjusted to pH7.0 with 5M NaOH. The
volume of the solution was adjusted to 1 L with deionized water and the resulting
solution sterilized by autoclaving. Just before use, 5 ml of a sterile solution of 2 M

MgCl, and 20 ml of filter-sterilised 1 M glucose solution were added along with any
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desired antibiotics. The antibiotics Ampicillin (Amp) and Carbenicillin were made as 50

mg/ml stocks and used at a working concentration in media of 50 pug/ml.

4.8 Gel Purification of PCR Products

DNA was purified from agarose-gel slices using a QlAquick Gel Extraction Kit (Qiagen).
This allows purification of up to 10 pug of DNA of lengths between 70 bp and 10 Kb. All
centrifugations were at room temperature at 16168 x g in a bench-top
microcentrifuge. Gel slices containing the DNA fragments were excised using a clean,
sharp scalpel and placed in 1.5 ml microcentrifuge tubes. Samples were weighed and 3
volumes of Buffer QG was added for every 1 volume of gel slice (100 mg gel being
taken as ~ 100 pl). Samples were then incubated at 50°C for 10 min (or until the gel
slice had completely dissolved), with vortexing every 2-3 minutes to help dissolve the
gel. Mixtures were confirmed to be still yellow, indicating a pH of <7.5 as needed for
adsorption of the DNA onto QlAquick column membranes, before the addition of 1 gel
volume of isopropanol to each sample and samples were mixed by inversion. To bind
the DNA samples were added to QlAquick spin columns, placed over 2 ml collection
tubes, and centrifuged at 16168 x g for 1 minute. Flow through was discarded and the
columns placed back into the same tubes, sample volumes of >800 ul were applied to
the columns in multiple steps. To ensure maximum DNA purity an extra 500 ul Buffer
QG was applied to the columns, samples were re-centrifuged at 16168 x g for 1
minute, the flow-through discarded, and the columns placed back into the same
collection tube. Columns were washed with 750 ul Buffer PE (with ethanol added as
per manufacturer’s instructions), which was left on the columns for approximately 5
minutes prior to centrifugation for 1 minute. The flow-through was discarded and the
columns placed back in the collecting tubes, samples were re-centrifuged at 16168 x g
for a further 1 minute to completely remove the wash buffer (as residual ethanol from
the buffer can inhibit subsequent enzymatic reactions). The columns were then
transferred to clean 1.5 ml microcentrifuge tubes and the DNA eluted by the addition
of 50 ul nuclease-free water, followed by incubation for four minutes, and to
centrifugation for 1 minute. Purified DNA was then analysed by agarose gel

electrophoresis (Section 4.2) and stored at -20°C.
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4.9 Cloning of DNA for Sequence Analysis

PCR products were purified by gel extraction then cloned into the vector pJET1.2/blunt
using the CloneJET™ PCR Cloning Kit (ThermoFisher Scientific). This vector was chosen
because:

i) Recircularised pJET1.2/blunt vector expresses a lethal restriction enzyme after
transformation, so only recombinant clones containing a plasmid with the desired
insert survive.

ii) The 5'-ends of the pJET1.2/blunt cloning site have phosphoryl groups so
phosphorylation of the PCR primers is not required.

iii) The direction of the insert in the vector was not important, and blunt-end cloning
raises the chances of correct ligations (compared to a TA cloning vector).

iv) All common laboratory Escherichia coli strains may be directly transformed with
pJET1.2/blunt ligation products.

v) pJET1.2/blunt contains the B-lactamase gene, conferring resistance to ampicillin,

which can be used for the selection and maintenance of recombinant E. coli.

Plasmids with inserts were transformed into E. coli Stratagene’s XI10 Gold
ultracompetent cells following manufacturers’ instructions, except that SOC media,
rather than NZY' broth, was used as the growth medium (Section 4.7 and 4.10).
Following transformation, cultures were plated onto LB plates containing 50 ug/ml
ampicillin to allow the selection of transformants. Plates were incubated at 37°C

overnight and then stored at 4°C.
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4.10 Transformation of Plasmids into E. coli

The following E. coli strains were used for DNA transformations in this work:

e Stratagene’s XL10 Gold cells: These have the genotype Tet'A(mcrA)183 A(mcrCB-
hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac Hte [F° proAB
laclZAM15 Tn10 (Tet’) Amy Cam']. XL10 Gold cells were chosen for the cloning of
VGSC fragments that would not produce functional channels. These cells possess
the Hte phenotype, which increases the transformation efficiency of ligated DNA
molecules. Also they are not ampicillin resistant, allowing selection of correctly

ligated pJET1.2/blunt-DIV plasmids.

e Stratagene’s XL1 Blue ultracompetent cells: These have the genotype recAl endAl
gyrA96 thi-1 hsdR17 supE44 relAl lac [F* proAB laclqZAM15 Tn10 (Tetr)]. This cell
line was chosen for the transformation of full-length VGSC constructs, as XL1 blue
cells had maintained arthropod VGSCs in that past that had proven fatally toxic to

other E. coli strains (Martin Williamson personal communication).

e Invitrogen’s MAX Efficiency® Stbl2™ competent cells: These have the genotype F-
mcrA A(mcrBC-hsdRMS-mrr) recAl endAllon gyrA96 thi supkEd4d relAl A- A(lac-
proAB). These are recommended for use with unstable inserts and proved

successful for the mutant V. destructor G933V VGSC construct (Chapter 7).

For all transformations E. coli cells were thawed on ice and 50 pul aliquots were added
to pre-chilled 14 ml BD Falcon polypropylene round-bottom tubes. B-Mercaptoethanol
provided by the manufacturer was then added to cells as per manufacturer’s
instructions. For XL1 Blue and XI10 gold cells, tubes were mixed gently then incubated
on ice for 10 minutes, with gentle mixing every 2 minutes (Stbl2 cells did not require
this step). Following incubation with B-Mercaptoethanol, 2 ul of a ligation mix, or
0.5ul of a plasmid control, was added to individual cell aliquots. Cells were then
incubated on ice for 30 minutes, then heat-shocked according to manufacturer’s
instructions. Following heat-shock 450 ul of preheated (42°C) SOC broth was added to
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each sample and the tubes were incubated at 30°C for 1.5 to 2 hours with shaking at
225-250 rpm. After this recovery period 250 ul of each ligation reaction (or
between2.5 and 25 ul of each control) was plated onto LB-Ampicillin, LB-Carbenicillin
or LB-Ampicillin[X-gal/IPTG] plates, depending on blue/white selection or growth
control needs (Section 4.7). The latter plates were prepared by pipetting a 100 pl pool
of SOC medium onto LB agar surface, then 30 pl of 10 mM Isopropyl B-D-1-
thiogalactopyranosid (IPTG) and 30 ul of 2% 5-Bromo-4-Chloro-3-Indolyl [-D-
galactopyranoside (X-gal) were added and the mixture spread over the plate at least
30 minutes prior to plating the transformations. Plates were incubated at

temperatures between 21 and 30°C for at least 24 hours to allow bacterial growth.

4.11 Colony PCR

Single colonies of E. coli containing recombinant plasmids were picked from agar plates
using 10 pl filter pipette tips. These cells were streaked onto a fresh LB/Amp plates
(colony plates), which were incubated for ~8hrs at 37°C then stored at 4°C. The cells
remaining on the tips were then washed into nuclease-free water in the wells of a
sterile 96 well plate and left to incubate at room temperature. These cells were then
used in PCR reactions designed to amplify the insert contained within their
recombinant plasmids. PCR protocols varied according to the length of the inserts and

primer used (Section 4.5).

For colonies containing the vector pJET1.2 carrying inserts (of less than 1 Kb)

composed of sections of tick VGSCs the PCR reactions contained:

0.5 pl pJET1.2 Forward Sequencing Primer ~10 uM*

0.5 pl pJET1.2 Reverse Sequencing Primer ~10 uM*

2 pl cells

9.5 ul Water, nuclease-free

12.5 ul ThermoFisher Scientific’s DreamTaqg PCR Master Mix (2X)

Total volume 25 pl

*Primers supplied with the CloneJET™ PCR Cloning Kit (ThermoFisher Scientific).
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Tubes were flicked to mix the contents, pulse centrifuged to collect the contents in the

base of the tube, then placed into a thermocycler where the protocol in Table 4.2 was

applied.
Table 4.2:
Step Temperature Time
Initial Denaturation 95°C 3 minutes
94°C 30 seconds
25 Cycles 60°C 30 seconds
72°C I minute per Kb of amplicon
Final Extension 72°C 5 minutes
Hold 10°C oo

For colonies containing the vector pGH19 (Section 6.2.1) carrying full-length VGSC

inserts (of over 5 Kb) PCR reactions were carried out using New England Biolabs’s Q5®

High-Fidelity DNA Polymerase (Q5). The reagents, pGH19-specific primers, and PCR

conditions listed in Tables 4.3 and 4.4 were used.

Table 4.3: Reaction Setup

Component Negative control | Reactions [Final]
5X Q5 Reaction Buffer 10 ul 10 ul 1X
10 mM dNTPs 2 ul 1l 400 uM
10 uM 5’_UTR_3_F*
GGGATGTGCTGCAAGGCGATTAAG 2:5ul 2:5ul 0.5 M
10 uM 3’_UTR_3_R¥*
GTATAGATACTCAAGCTAGCCTCG 2:5ul 2.5 0.5 uM
Template 2 ul dH,0 2 ul Cells
Nuclease-Free Water 32 ul 3ul
Q5 High-Fidelity DNA Polymerase 0.5 ul 0.5 ul 0.02 U/ul

*Primers designed by Joel Gonzales
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Table 4.4: Thermocycling Conditions

Step Temperature Time
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
35 Cycles 68°C 20 seconds
72°C 7 minutes
Final Extension 72°C 5 minutes
Hold 10°C oo

The DNA fragments produced by the colony PCR reactions were analysed by

electrophoresis on a 1.5% agarose gel (Section 4.2).

4.12 Nucleic Acid Precipitation

Nucleic acids were precipitated by the addition of an equal volume of sodium acetate
(4 M, pH 5.2) and 5 x the sample volume (calculated before addition of sodium
acetate) of filter sterilized 100% ethanol. Samples were incubated at room
temperature for at least 5 minutes prior to centrifugation at 16168 x g for 30 minutes
at 4°C. Following centrifugation supernatants were carefully discarded and nucleic acid
pellets rinsed with 500ul 75% sterile filtered ethanol. Samples were then centrifuged
at 16168 x g for 15 minutes at 4°C and the supernatants discarded. Nucleic acid pellet s
were air-dried and re-suspended in 10-50 ul of nuclease-free water, depending on the
desired final concentration. Nucleic acid concentrations were checked using a
Nanodrop spectrophotometer (ThermoFischer Scientific) and gel electrophoresis was

used to confirm the quality of samples (Section 4.2).

4.13 Extraction of Plasmid DNA from E. coli

Extractions of plasmid DNA from E. coli used the QlAprep Spin Miniprep Kit from
Qiagen, designed to purify up to 20 pg of high-copy plasmid DNA from up to 5 ml
cultures of E. coli grown in LB medium. Firstly, bacterial cultures were pelleted by
centrifugation then resuspended to give a homogenous solution in 250 pl Buffer P1
(with RNase added as per manufacturer’s instructions). Samples were transferred to

1.5 ml microcentrifuge tubes and 250 pl Buffer P2 was added to each reaction,
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solutions were then mixed thoroughly by inversion. This lysis step was allow to
proceed for no more than five minutes before the addition of 350 ul Buffer N3 to each
sample. The solutions were mixed immediately and thoroughly by inversion to give a
cloudy solution then centrifuged for 10 minutes at 16168 x g in a table-top
microcentrifuge. Resulting supernatants were carefully applied to QlAprep 2.0 spin
columns (in collecting tubes) and centrifuged at 16168 x g for 30-60 seconds. Spin
columns were then washed with 0.75 ml Buffer PE (with ethanol added as per the
manufacturer’s instructions) and centrifuged at 16168 x g for 1 minute; the flow-
through was discarded and samples were re-centrifuged at 16168 x g for an additional
1 min to remove all residual wash buffer (residual ethanol from the buffer could have
resulted in inhibition of subsequent enzymatic reactions). To elute plasmid DNA from
the columns, columns were placed into clean 1.5 ml microcentrifuge tubes and 50 pl
nuclease-free water was added to each sample, these were left to incubate for 1
minute prior to centrifugation at 16168 x g for 1 minute. Columns were then discarded
and the concentration of plasmid DNA determined using a Nanodrop

spectrophotometer (ThermoFischer Scientific) and gel electrophoresis (Section 4.2).

4.14 Sequencing and Sequence Analysis

All sequencing was done by Eurofins MWG Operon. Sequence analysis used Geneious

software created by Biomatters and available from http://www.geneious.com/

4.15 Site-Directed Mutagenesis of Cloned VGSC Sequences

Mutagenesis of the D. melanogaster para VGSC construct (para 13-5) and of pgh19
vectors containing the V. destructor VGSC construct (Varroa 13-5) (Sections 6 and 7)
used the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies). In
each experiment the pWhitescript 4.5-Kb control plasmid was used to demonstrate the
efficiency of mutagenesis; this plasmid contains a stop codon (TAA) at a position which
is normally a glutamine codon (CAA) in the R-galactosidase gene, so that that E. coli
cells transformed with this plasmid appear white on LB-Ampicillin[x-gal/IPTG] plates.

The control primers create a point mutation in pWhitescript that changes the stop
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codon (TAA) in the R-galactosidase gene back to a glutamine codon (CAA), so that
following transformation colonies that have undergone successful mutagenesis appear

blue on LB-Ampicillin[x-gal/IPTG] plates.

Mutagenesis control reactions contained:

5 ul of 10x reaction buffer

2 ul (10 ng) of pWhitescript 4.5 Kb control plasmid (5 ng/ pl)

1.25 ul (125 ng) of oligonucleotide control primer #1 [34-mer (100 ng/ ul]
1.25 ul (125 ng) of oligonucleotide control primer #2 [34-mer (100 ng/ ul]
1 ul of dNTP mix

3 pl of QuikSolution reagent

36.5 pl of double-distilled water (ddH20) to a final volume of 50 pl

After samples were mixed and pulse centrifuged to collect the contents in the base of
the tube, 1 pl of PfuUltra HF DNA polymerase (2.5 U/ul) was added and samples were

cycled using conditions outlined in Table 4.5.

Table 4.5:
Segment | Cycles | Temperature Time
1 1 95°C 1 minute
95°C 50 seconds
2 18 60°C 50 seconds
68°C 1 minute per Kb of plasmid
3 1 68°C 7 minutes

Sample mutagenesis reactions contained:

5 pl of 10x reaction buffer

X ul (Around 50 ng) of Template DNA

1.25 pl (125 ng) of each forward oligonucleotide primer
1.25 pl (125 ng) of each reverse oligonucleotide primer
1 wl of dNTP mix

3 pl of QuikSolution

X ul ddH20 to a final volume of 50 ul
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After samples were mixed and pulse centrifuged to collect the contents in the base of
the tube, 1 pl of PfuUltra HF DNA polymerase (2.5 U/ul) was added and samples were

cycled using specific cycling parameters depending on the construct (Sections 6 and 7).

Following the temperature cycling, reaction tubes were placed on ice for 2 minutes to
cool the reactions to <37°C, then 1 pl of the Dpnl restriction enzyme (10 U/ ul) was
added and samples were mixed by pipetting. Sample tubes were briefly spun in a
microcentrifuge, then incubated at 37°C for 1 hour to digest the parental (non-
mutated) supercoiled dsDNA. Following the Dpnl digestion samples were transformed
into E. coli (Section 4.10) and mutagenesis reaction samples were plated onto LB-
Ampicillin plates, mutagenesis control reaction were plated on LB-Ampicillin[x-gal/IPTG]

plates to allow for blue/white selection (Section 4.10).

4.16 Data Analysis

Details pertaining to the data analysis of experimental work can be found in the

methodological sections of Chapters 6-8.
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5 Amplification and Sequencing of Acarine VGSCs

5.1 Chapter Introduction and Aims

Since the introduction of pyrethroid insecticides their extensive use has led to the
development of widespread resistance to these compounds in many arthropod species,
including mites and ticks of agricultural, animal health, and medical importance
(Rinkevich et al., 2013). This resistance reduces the effectiveness of pyrethroids, thus it
is critical to be able to determine which species are resistant, and their geographical
location, in order to limit the spread of resistance and create effective acarine control
measures where needed. Target-site resistance to pyrethroids results from mutations
in the gene encoding the VGSC, and these mutations cluster around a proposed
pyrethroid-binding site (O'Reilly et al., 2006). Therefore, the use of PCR amplification
and sequencing in the region of the proposed binding site can give a good indication of
any potential resistance mutations present in an acarine species, and can allow the
development of high throughput diagnostics to monitor the presence and spread of
target-site pyrethroid resistance. Furthermore; the suggested specificity of pyrethroids
with larger halogenated groups for acarine species over insects has led to speculation
that this could be due to variation in their VGSCs, especially at amino acid residue 933,
where most acarine species have a glycine and insect species sequenced to date have a
cysteine (O'Reilly et al., 2014). The hypothesis is that the presence of the glycine will
allow the binding of pyrethroids with larger halogenated groups, compounds whose
binding would be precluded by the presence of a cysteine. This model is supported by
the finding that a glycine to valine substitution at position 933 (G933V) in the VGSC of
Australian cattle ticks, results in cypermethrin remaining effective but flumethrin

becoming ineffective (Jonsson et al., 2010; O'Reilly et al., 2014).

This chapter reports the sequencing of cDNA from individuals belonging to several
acarine species, to identify any potential target-site pyrethroid resistance mutations
and to elucidate the amino-acid present at position 933 in the VGSCs of these acari.
Sequencing was done using PCR to amplify and sequence the region of the VGSC gene

around this residue. Initially using degenerate primers, to look at a wide-range of
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acarine species rapidly, and then with species-specific primers as needed. Following
initial acarine VGSC sequencing the R. microplus VGSC was chosen for further study,
because of its relevance to animal health and because it was the only tick species in
which target-site mediated resistance to pyrethroids had been detected (Rinkevich et
al., 2013; Van Leeuwen et al., 2010a). Rapid Amplification of cDNA Ends (RACE) and the
construction of an Illumina transcriptome were done with the aim of obtain a full-
length tick VGSC construct for study in X. laevis oocytes. The aim of all investigations
being to garner a greater knowledge of the potential efficacy of these compounds at

acarine VGSCs and thus inform the judicious use of these compounds against acari.

Throughout this study the numbering of the amino acid residues in the VGSC is
according to the published numbering for the M. domestica channel (Williamson et al.,

1993a).

5.2 Chapter Specific Methods

5.2.1 Primers for VGSC Amplification and Sequencing

For initial sequencing degenerate primers were designed for the targeted amplification
of membrane-spanning domains of previously un-sequenced acarine VGSCs. These
primers were based on published partial or putative mRNA channel sequences from
ten acarine species: I. scapularis (accession number XM_002407075), Metaseiulus
occidentalis (accession number XM _003741689), R. microplus (accession number
AF134216), S. scabiei type hominis (accession number DQ077148), S. scabiei type canis
(accession number EF041516), S. scabiei type suis (accession number DQ145115), T.
cinnabarinus (accession number JX290514), Tetranychus evansi (accession number
HM117902), T. urticae (accession number JN881331) and V. destructor (accession
number AY259834). The sequences of the primers and the domains they were
designed to amplify (target domains) are shown in Table 5.1. Primers in Table 5.1 were

designed by the author with the help of Joel Gonzéalez-Cabrera.
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Table 5.1: Degenerate Primers Targeting Acarine VGSC Sequences

Primer Target Primer Sequence 5'-3' Primer Length
Name Domain (D) (Base Pairs)
484 F DI AARRGMAARGAYATMTTYCG 20

490 F DI AARGAYATMTTYCGBTTYAG 20

898 R DI TCCWGGWACDAYAGCDACBG 20

903_R DI TTBARTCCWGGWACDAYAGC 20

819 F DIl GAYGTNATGGTNCTRAAYGA 20

924 F DIl ATGGCNATGGAYCAYCAYGAYATG 24

1146_R | DIl TCYTGHAGYTTYTTNGTRTC 20

1147_R | DIl TCDAWNGCYTCYTGHAGYTTYTTNGT | 26

1710_F DIl ATHTTYTGGCTVATHTTYTC 20

1712 F DIl TGGCTVATHTTYTCNATHATG 21

1814 F DIV TAYTTYGTNTTYTTYATHAT 20

1816_F DIV GTNTTYTTYATHATHTTYGG 20

1850_R | DIl TCYTCNGTCATRAACATYTC 20

1853 R | DIl TTYTGRTCYTCNGTCAT 17

2185 R | DIV TCRTARTACATRTCRTARTC 20

2187 _R | DIV CCADATYTCRTARTACATRTC 21

Further degenerate primers were designed for the amplification of Domain IV (DIV) of

acarine channels (Table 5.2), using mRNA sequences from one tick and four mite

species with available Domain

IV sequences: |.

scapularis (accession number

XM_002407075), M. occidentalis (accession number XM_003741689), T. cinnabarinus

(accession number JX290514), and V. destructor (accession number AY259834) for

both forward and reverse primers and T. urticae (accession number JN881331) for the

forward primers only. These primers were used to amplify and sequence DIV from D.

gallinae, P. ovis, A. hebraeum, D. variabilis, and R. sanguineus.

Table 5.2: Degenerate Primers Targeting Acarine VGSC Domain IV

Primer | Target Primer Sequence 5'-3" Primer Length
Name | Domain (D) (Base Pairs)
DIVFA DIV GAARAARATGGGMTCWAARAARCC | 24

DIVRA | DIV GRUCGAAMYGCUGCCARAUC 20

DIVFB DIV CCAMGRTTYAAACTTCARGC 20

DIVRB | DIV GCUGCCARAUCUCRUAGUAC 20
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Degenerate primers were designed to amplify the region just before DI (Pre-DI) and
just after DIV (Post-DIV) of the acarine VGSC, using mRNA VGSC sequences from M.
occidentalis (accession number XM_003741689), T. cinnabarinus (accession number
JX290514), T. urticae (accession number JN881331) and V. destructor (accession
number AY259834). These were used to amplify the R. microplus (Parkhurst) VGSC

sequence past the domain-spanning region to aid RACE primer design (Table 5.3).

Table 5.3: Primers Used to Amplify and Sequence the R. microplus VGSC

Primer Target Primer Sequence 5'-3' Primer Length
Name Domain (D) (Base Pairs)
Pre-DIFA Pre-DlI TDTTYMGRCCKTTYACSAGRG 21

Pre-DIRA Pre-DlI CATGAGGACGCAGTTGACGA 20

Pre-DIFB Pre-DlI GRCCKTTYACSAGRGARWSYYTSGC | 25

Pre-DIRB Pre-DI CAGTTGACGAGAATGGTTAC 20

Primers to amplify the full domain-spanning region of the R. microplus VGSC and the 3’
end including the 3’ untranslated region (UTR) are shown in Tables 5.4 and 5.5. Primers
in Table 5.4 were designed to sequence a full-length R. microplus domain-spanning
VGSC PCR product that included the 3’ UTR region. This PCR product was created using
the primers shown in Table 5.5, designed from sequence information obtained using
Pre-DI primers in Table 10 at the 5’ end and using raw reads from a R. microplus

Illumina transcriptome at the 3’ end.
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Table 5.4: Primers Used to Sequence the R. microplus VGSC

Primer Name Primer Sequence 5'-3' Primer Length (Base Pairs)
RM DIS1R GGTGCACTAGGATGCAGATG 20
RM DIS1 F CATCTGCATCCTAGTGCACC 20
RM DIS3 F GGATTTTGTTGTTATATCTCTAGCG | 25
RMSeqCheck5' CGCTAGAGATATAACAACAAAATCC | 25
DI-Il FCP F CCTGGGCTCCTTCTATCTAGT 21
DI-Il FCP R AGCAATTGGCCATGCACTTG 20
DIl FCP F CGCTATTCATGGCCATGGAC 20
RM DIIS2 R CATAAGCTTCATTCCAGC 18
RM DIIS2 F GCTGGAATGAAGCTTATG 18
RM DII-1II R GTCGGGATTCGCTTGGGACAG 21
RM DII-1Il F CTGTCCCAAGCGAATCCCGAC 21
RM DII-IlIl RB GTGTCCACATCTTCCGTGTC 20
RM DlII-1ll FB GACACGGAAGATGTGGACAC 20
D II-III FCP R ATCGCGTGTAACACCAGTCG 20
RM DIIIS5 R CTTTCCCGCAAGCATCTGGA 20
RM DIIS5 F TCCAGATGCTTGCGGGAAAG 20
RM DIVS3 R AGGTCCTTTAGCACCGTACC 20
RM DIVS3 F GTGCTAAAGGACCTGATCGC 20
RMSeqCheck3' | CTTGTGATGTTCATCTACGC 20
ParaRMCheckF | ACCTCATCATCAGCTTCCTCG 21
RM PostDIV R TTGGTCAGGTTGGAGTAGGC 20
RM PostDIV F GCCTACTCCAACCTGACCAA 20

Table 5.5: Primers Used to Amplify the Functional Region of the R. microplus VGSC

and the 3’ UTR

:r;::r Primer Sequence 5'-3' :;;T:L:ie:;)gth
RMFLO115 FPA | CCTTTCACGCGAGAGTCCCTAGCC 24
RMFL0O115 RPA | CGCGAGAGTCCCTAGCCGCCCAAG |24
RMFLO115 FPB | GGTGCTTCTGCGTCGAGGGTACG 23
RMFLO115 RPB | CTTCTGCGTCGAGGGTACGTAGC 23
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5.2.2 PCR Protocols

For each amplification of regions of the VGSC, two rounds of PCR were carried out, the
first (PCR 1) with a set of outer primers and the second (PCR 2) with at least one inner
(nested) primer. This enabled the synthesis of enough PCR product for sequencing

reactions.

Standard PCR reactions used the ThermoFisher Scientific’s DreamTaq PCR Master Mix
(2X), containing DreamTaq DNA Polymerase and proprietary PCR buffer containing KCI
and (NH4)2S04 at a ratio optimized for best performance of the DreamTaq DNA
Polymerase, dNTPs, and 4mM MgCl,. The buffer also includes a density reagent,
allowing direct loading onto agarose gels and two tracking dyes for monitoring
electrophoresis. The master mixes also contained 1 ul of each primer (forward and
reverse) from a stock made to 100ng/ul. PCR 1 reactions contained 2 pl cDNA as a
template, cDNA concentration is unknown, due to RNA and nucleotide contamination
of the mix; however, 2 ul insect cDNA prepared in the manner outlined in Section 4.4
had previously been shown to be effective in PCR experiments (Joel Gonzalez-Cabrera
and Martin Williamson personal communication). Nested PCR 2 reactions contained 1
pl of PCR 1. Control reactions contained nuclease-free water in place of the template
DNA. Unless otherwise stated, PCR reactions started with an initial denaturation step
at 95°C for 3-5 minutes followed by 25 to 45 PCR cycles, each with denaturation steps
of 95°C for 45 seconds and extension steps of 72°C that allowed approximately 1 min
of extension time per Kb of sequence to be amplified. Primer annealing steps were 45

seconds and Tm’s were primer specific.

Amplification reactions with degenerate primers from Table 5.1 were done on all

acarine species tested in this study using ThermoFisher Scientific’'s DreamTaq PCR

Master Mix (2X), with Tm’s and primer combinations as shown in Table 5.6.
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Table 5.6: Effective Primer Combinations and Tm’s Used for Primers in Table 5.1

Primer Name | Target Domain (D) | PCR | Tm (°C)
484 F DI 1 45
898 R DI 1 45
490 F DI 2 44
903_R DI 2 44
819 F DIl 1 45
1146_R DIl 1 45
924 F DIl 2 53
1147 R DIl 2 53
1710_F DIl 1 54
1850_R DIl 1 54
1712 F DIl 2 50
1853 R DIl 2 50
1814 F DIV 1 45
2185 R DIV 1 45
1816 _F DIV 2 45
2187 R DIV 2 45

Reactions with primers from Table 5.2 were used in protocols designed to amplify DIV
from D. gallinae, P. ovis, A. hebraeum, D. variabilis, and R. sanguineus, using
ThermoFisher Scientific’'s DreamTaq PCR Master Mix (2X) and Tm’s and primer

combinations as shown in Table 5.7.

Table 5.7: Effective Primer Combinations and Tm’s Used for Primers in Table 5.2

Primer Name | Target Domain (D) | PCR | Tm (°C)
DIVFA DIV 1 54
DIVFB DIV 1 54
DIVRA DIV 2 51
DIVRB DIV 2 51

Degenerate Pre-DI primers shown in Table 5.3 were used to amplify a region of the R.
microplus (Parkhurst) VGSC past the domain-spanning region. These reactions used
ThermoFisher Scientific’'s DreamTaq PCR Master Mix (2X) with Tm’s and primer

combinations as shown in Table 5.8.
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Table 5.8: Effective Primer Combinations and Tm’s Used for Primers in Table 5.3

Primer Name | Target Domain (D) | PCR | Tm (°C)
Pre-DIFA Pre-DlI 1 48
Pre-DIRA Pre-DlI 1 48
Pre-DIFB Pre-DI 2 54
Pre-DIRB Pre-DI 2 54

Primers shown in Table 5.5 were used designed to try to obtain the full membrane-
spanning domain region of the R. microplus VGSC, using PCR reactions with New
England Biolabs’s Q5® High-Fidelity DNA Polymerase (Q5) All reaction mixes contained
1X Q5 Reaction Buffer (New England Biolabs), 0.5 uM of each primer (forward and
reverse), 400 uM dNTPs (from an equal mix of dATP, dCTP, dGTP, and dTTP nucleoside
triphosphates) and 0.04 U/ul High-Fidelity DNA Polymerase (Q5). PCR 1 reactions
contained 1 pl cDNA as a template and nested PCR 2 reactions contained 1 ul of the
PCR 1 reaction as a template. Control reactions contained nuclease-free water in place
of the template DNA. Following an initial denaturation step of 98°C for 30 seconds,
PCR amplification occurred over 25 cycles, each with denaturation steps of 98°C for 10
seconds and extension steps of 72°C for 6 minutes. Primer annealing steps were 20

seconds in duration and Tm’s and primer combinations are shown in Table 5.9.

Table 5.9: Effective Primer Combinations and Tm’s Used for Primers in Table 5.5

Primer Name Target Domain (D) | PCR | Tm (°C)
RMFLO115 FPA | Full Channel 1 72
RMFLO115 RPA | Full Channel 1 72
RMFLO115 FPB Full Channel 2 72
RMFLO115 RPB | Full Channel 2 72

Following PCR amplification, samples were either sequenced directly following DNA

precipitation or after cloning (see Chapter 4).
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5.2.3 Rapid Amplification of cDNA Ends (RACE)

5’ and 3’ RACE reactions for VGSCs were done using the FirstChoice® RLM-RACE Kit
(Ambion) on RNA from [. ricinus, R. microplus and R. sanguineus and the SMARTer™
RACE cDNA Amplification Kit (Clontech) and the GeneRacer™ Kit (Invitrogen) for R.
microplus RNA only ( the latter kit being used in amplification of only the 5’ end). All
reactions were according to manufacturer’s instructions; however, with the
FirstChoice® RLM-RACE Kit the “small scale” reaction protocol was followed and with
the SMARTer™ RACE cDNA Amplification Kit, half volumes of reactants were used. All
gene-specific RACE amplification primers were designed according to manufacturer’s

directions and are shown in Tables 5.10, 5.11 and 5.12.

The PCR mix for amplification using the FirstChoice® RLM-RACE Kit (Ambion) was
adapted to accommodate the use of a range of primers and DNA polymerases,
specifically ThermoFisher Scientific’'s DreamTaq PCR Master Mix (2X), New England
Biolabs’s Q5® High-Fidelity DNA Polymerase (Q5) and the KAPA2G Robust DNA
Polymerase from KAPA Biosystems. The PCR mix for amplification using the SMARTer™
RACE cDNA Amplification Kit was adapted to accommodate the use of a range of
primers and DNA polymerases, specifically ThermoFisher Scientific’s DreamTaq PCR
Master Mix (2X), New England Biolabs’s Q5® High-Fidelity DNA Polymerase (Q5),
ThermoFisher Scientific’s Long PCR Enzyme Mix and the KAPA2G Robust DNA

Polymerase from KAPA Biosystems.

In all PCRs the extension time was set to allow for the size of the product expected

plus extra time to take account of untranslated regions at the 5" and 3’ ends of the

VGSC.
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Table 5.10: Primers Used with the FirstChoice® RLM-RACE Kit (Ambion)

Primer Name

Target Species

Primer Sequence 5'-3'

Primer Length
(Base Pairs)

Tick 5' Outer Primer A I. ricinus; R. microplus; R. sanguineus | GAGGACRCAGTTGACGAGAATGG 23
Tick 5' Outer Primer B I. ricinus; R. microplus; R. sanguineus | GATTCRAACGTGTAGATTGTGGT 23
Tick 5' Outer Primer C I. ricinus; R. microplus; R. sanguineus | GCTARAGATATAACAACAAAATC 23
Tick 5' Inner Primer A I. ricinus; R. microplus; R. sanguineus | GACRCAGTTGACGAGAATGGTTAC 24
Tick 5' Inner Primer B I. ricinus; R. microplus; R. sanguineus | AACGTGTAGATTGTGGTGAATAT 23
Tick 5' Inner Primer C I. ricinus; R. microplus; R. sanguineus | AGATATAACAACAAAATCCAACC 23
Tick 3' Outer Primer A I. ricinus; R. microplus; R. sanguineus | CGTCTCSTACCTCATCATCAG 21
Tick 3' Outer Primer B I. ricinus; R. microplus; R. sanguineus | GAYTGCAACCGSCCCACCGAC 21
Tick 3' Outer Primer C I. ricinus; R. microplus; R. sanguineus | CTACGGCGTCGACGAGAACT 20
Tick 3' Inner Primer A I. ricinus; R. microplus; R. sanguineus | CTCSTACCTCATCATCAGCTTCC 23
Tick 3' Inner Primer B I. ricinus; R. microplus; R. sanguineus | TGCAACCGSCCCACCGACGA 20
Tick 3' Inner Primer C I. ricinus; R. microplus; R. sanguineus | GCGTCGACGAGAACTTCAAC 20
5' Quter Primer A R. microplus AGAAGCTGAAAAGTGGGTGCA 21
5' Quter Primer B R. microplus ATGGTCATGAGGACGCAGTT 20
5" Inner Primer R. microplus TGCAGATGGCCAGTCTCCTGA 21
3' Outer Primer R. microplus CCCTTCGGGACTGCCTACCA 20
3" Inner Primer R. microplus TTGGACCTTACGCGCACGCT 20
5' RACE Chance Outer Primer | R. microplus AGCTGACAAAGCAGTCTCGG 20
5' RACE Chance Inner Primer | R. microplus GACAAAGCAGTCTCGGCGGG 20
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Table 5.11: Primers Used with the SMARTer™ RACE cDNA Amplification Kit (Clontech)

. . . ' o Primer Length
Primer Name Target Species | Primer Sequence 5'-3 (Base Pairs)
Tick 5' Outer Primer C Extended R. microplus CGCAAGGCGCTCAGGTTYCCCAAATTAA 28
Tick 5' Inner Primer C Extended R. microplus CAAAATCCAACCARTTCCAYGGATCTCGAAG | 31
Tick 3' Outer Primer C Extended R. microplus GGCATGTCYTTCTTYATGCACGTSAAGC 28
Tick 3" Inner Primer C Extended R. microplus CGCTAYGGCGTCGACGAGAACTTYAACTTYG | 31
RmSpec3'A R. microplus GCGGCCTACTTCGTGTCGCCCAC 23
RmSpec3'B R. microplus CCCTGGCCATGTCATTGCCGGCAC 24
RmSpec5'A R. microplus CGATGGGCGTGGCGATGAGCTCG 23
RmSpec5'B R. microplus GATCGGCGTCCTTGTGGTCTCGCGAG 26

Table 5.12: Primers Used with the GeneRacer™ Kit (Invitrogen)

Primer Name

Target Species

Primer Sequence 5'-3'

Primer Length
(Base Pairs)

RACE12.2015GSP1

R. microplus

GTAGTCGTCGCCTGCCGGGATGCCC

25

RACE12.2015GSP2

R. microplus

TCGATGGGCGTGGCGATGAGCTCGG

25
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5.2.4 Transcriptomics

Alongside RACE the R. microplus transcriptome was sequenced using the lllumina
HiSeq2000 method in order to try to obtain the full-length R. microplus VGSC
sequence. R. microplus total RNA (from larvae + adults) was sent to
Eurofins/MWG/Operon (Ebersberg, Germany) for cDNA library preparation and
normalisation. The cDNA was processed and sequenced using 2 full lanes of
HiSeq2000 with 1 x 100bp paired end reads protocol. Each lane generated just over
100 million reads, giving a combined total of 208 million reads. Initial read data were
analysed for quality using FastQC (Online: Babraham Bioinformatics 2016), digitally
normalised to further reduce the abundance of the more common transcripts and then
assembled using the programme Trinity (Grabherr et al., 2011). This resulted in
250,000 contigs of average length 950bp, which were put into the DeCypher server at
Rothamsted allowing sequence-specific searching using a Basic Local Alignment Search
Tool (BLAST). Raw reads were also put into a Geneious (Section 4.14) server for BLAST

searching.
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5.3 Results

5.3.1 Comparing the Pyrethroid Binding Site of Insect and Acarine VGSCs

PCR primers targeting Domains DI, DIl and DIIl of the VGSC (Table 5.1) were used

successfully on all nine acarine species to amplify and sequence regions of the VGSC;

with the exception of DI from P. ovis, which failed to amplify (Figure 5.1).

Figure 5.1: Acarine VGSC Sequencing Coverage
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Further amplification of the P. ovis VGSC DI was attempted with alternative primers;
but despite several PCR protocol iterations all attempts to gain this portion of the
channel failed. Primers targeting Domain DIV (Table 5.1) were successful for A.
americanum, D. reticulatus, I. ricinus and R. microplus only and molecular cloning and
colony PCR prior was needed to get enough material for sequencing (Chapter 4).
Sequence details for the acarine VGSCs sequenced in this study can be found in

Appendices 1 and 2.

For R. microplus, the entire domain-spanning sequence of the VGSC has been
elucidated, along with the 3’ UTR, using both PCR and bioinformatics-based methods.
Initially degenerate primers (Table 5.1) were used to amplify domain spanning
segments of the channel, then Pre-DI primers (Table 5.3) were used to extend the
sequence at the 5 end for later RACE protocols, Post-DIV primers were also
synthesised to try to extend the sequence at the 3’ end prior to RACE, but
amplification with these was unsuccessful. Several RACE protocols using three
different RACE methods and various PCR amplification steps using a range of primers,
cycling protocols, DNA polymerases and Tm’s were tested. However, all proved
unsuccessful in gaining either the 5’ or 3’ ends of the channel. As an alternative, a R.
microplus transcriptome from mixed larvae and adults was sequenced using the
Illumina HiSeq2000 method and this did generate reads corresponding to the 3’ end of
the gene, including the stop codon and the 3’ UTR. The transcriptome was assembled
using Trinity (Grabherr et al., 2011), but resulting assemblies discarded contigs
corresponding to the 3’ end, so direct sequence mapping to the /. scapularis (accession
number XM_002407075) VGSC sequence using the raw lllumina reads in Geneious

(Section 4.14) was used to obtain the sequence of the 3’ UTR.

Primers which enabled the full amplification and sequencing of the R. microplus
domain-spanning region (Table 5.5) were RMFLNMFA (“R. microplus full-length non-
mutant forward A”), RMFLNMRA (“R. microplus full-length non-mutant reverse A”),
RMFLFA (“R. microplus full-length forward A”), RMFLRA (“R. microplus full-length

reverse A”). Note that the latter two primers change the channel by adding Aflll and
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Absl restriction sites to the 5’ and 3’ ends, this was to allow the subsequent cloning of

the products (Chapter 6).

The sequencing reported here gave some interesting results regarding the similarity of
acarine VGSCs around the pyrethroid binding site and subtle differences between
acarine and insect channels. Overall, the acarine channels sequenced to date are very
conserved and are very similar to the M. domestica insect channel across the putative
pyrethroid binding site (O'Reilly et al., 2006) at the protein level (Figure 5.2). The mites
used in this study, D. gallinae and P. ovis, show the greatest level of variation when

compared to each other and to the tick and M. domestica channels.

Within Domain Il at residue 933 (Figure 5.2 “Domain Il S5”), there is a clear difference
between the acari sequenced in this study and the insect VGSCs sequenced to date.
This residue is a glycine in most acari, including those sequenced here, and a cysteine
in insects, so sequencing in the current study supports the theory proposed in O’Reilly
et al 2014, that the specificity of certain pyrethroids for acarine toxicity may be due to
differences between acarine and insect VGSCs at position 933. With the smaller glycine
in acarine channels being able to support pyrethroids with larger halogenated groups
that would be excluded by the larger cysteine found in insect VGSCs (O'Reilly et al.,
2014).
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Figure 5.2: Acarine VGSCs over the Proposed Pyrethroid Binding Site
The Domain Il S4-S5 Linker:
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6. D.gallinas 924_F P T ALY N AL r s I fM-C c E T I & AQNLD G NOLEDT F v L & I I I
7.D.gallinas 1146_R P T LY N L I F I FSMC A O E T EMY & A QNLED & N O T F v L & I I I
8. Doreticulatus 924_F P T B N BRI 8 fIEME ¢ K T OI G ANDE G N ELET F/ VvVIL &G I I I
9. Doreticulatus 1146_R P T ALY N AL r s I M- E T I & AQNLD G NOLEDT F v L & I I I
10. Dvariabilis 924_F P T ALY N AL r s I M- E T I & AQNLD G NOLEDT F v L & I I I
11. Lricinus 824_F P T B N BnEEne T s I EME ¢ K T I G ANDE G N ELET F/VIL G I I I
12. Lricinus 1146_R P T ALY N AL r s I M- E T I & AQNLD G NOLODT F v L & I I I
13. P.ovis 924_F P rT'L  NIfL L I & I M & E T ¥ & DL & NIL T F v L & I I I
14, P.ovis 1146_R P T B N B I 8 fIEME ¢ K T OWS 6 D ELE G N ELE T FIwvwiIiL® ¢ I I I
15 R.microplus 924_F P T ALY NP r s rIr&oMm-c E T I & A I & NIOLDT F v L & I I I
16. R.microplus 1146_R P T ALY NP r s rIr&@Mm-c E T I & A I & NIOLDT F v L & I I I
17. R.sanguineus DE 824_F P T ALY N L r s rIr&oMm- c E T I & ANLD G NOLODT F v L & I I I
18. R.sanguineus DE1146_R P T LY N L s I fMC c E T I & ALY G NOLET F v L & I I I
Domain Il S5:

DZ?IJ Dﬂ}n DSID

Consensus A DM G N EmE T FOW @IS ¢ T T I F I F AINIME G EME ¢ W F &G E N
1. M.domestica A DN G N EmEm T F DV C NINmmmny F @W F A DVEME G BFE g 'mme F e KB N

[ [ [ |

[ Dl 55 4

2. Aamericanum 924_F A DN G N mmm T F OWVIEODN ¢ MDD F @@IW F A DVeaME G BMm 0 BEw F ' G E N
3. Aamericanum 1146_R A DN ¢ N mmm T F OWIEODN ¢ MINOIOId F @@ F A IVveMe ¢ BMm 0 BEm F "G E N
4. Ahebrasum 924_F A DN ¢ N mmm T F OWIEODN ¢ MINOIOId F @@ F A IVveMe ¢ BMm 0 BEm F "G E N
5. Ahebrasum 1146_R A DN ¢ N mmm T F OWIEODN ¢ MINOIOId F @@ F A IVveMe ¢ BMm 0 BEm F "G E N
6. D.gallinae 924_F A DN ¢ N mmm T F OWIEODN ¢ IMINOIOId F @@ F A IVveMe ¢ BMm O BEm F "G E N
7.D.gallinae 1146_R A DN ¢ N mmm T F INEEIETCIEINSNESTE F BN F | A VSN GTENaeTos F F I G EKE N
8. Dureticulatus 924_F A DN ¢ N mmm T F OWIEODN ¢ MINOIOId F @@ F A IVveMe ¢ BMm 0 BEm F "G E N
9. Dureticulatus 1146_R A DN G N EmE T F OV ¢ MINOIOnd F @@ F A DVEME G BFME ¢ BEm F "G K N
10. Dvariabilis 924_F A DN G N EmE T F OV ¢ MINOIOnd F @@ F A DVEME G BFME ¢ BEm F "G K N
11. Lricinus 824_F A DN G N EmE T F OV ¢ MINOIOnd F @@ F A DVEME G BFME ¢ BEm F "G K N
12, Iricinus 1146_R A D G N EmE T F OV ¢ MINOIOnd F @@ F A DVEME G BFME ¢ BEm F "G K N
13. P.ovis 824 _F I'D B ¢ N EmE T F OV ¢ MINOIOnd F @@ F A DVEME G BFME ¢ BEm F "G K N
14, P.ovis 1146_R I'D B ¢ N @EmE T F OV ¢ MINOInd F @@ F A DVTEaME G B 0 BEem F "G K N
15. R.microplus 924_F AT G N EmE T F OV ¢ MINOInd F @@ F A DVTEaME G B 0 BEem F "G K N
16. R.microplus 1146_R AT G N EmE T F OV ¢ MINOInd F @@ F A DVTEaME G B 0 BEem F "G K N
17. R.sanguineus DE 824_F A DN G N EmE T F OV ¢ MINOInd F @@ F A DVTEaME G B 0 BEem F "G K N
18.R.sanguineus DE1146_R A IS N WEme T F DWIEIN ¢ MINNpnd F @@ F A IVeaME G BfE 0 BmEm F ' K N
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Comparisons of acarine protein sequences as sequenced in this study at the putative pyrethroid binding site (O'Reilly et al., 2006) using M. domestica (accession number
AF461154) as an insect reference. Species names and the primers used for sequencing the domain segments shown are on the left hand side of the sequence diagrams (Tables
5.1-5.5). Orange boxes represent the sites of VGSC target-site mutations associated with pyrethroid resistance as reported in arthropod species to date (Rinkevich et al., 2013).
Note that at these sites all acarine species sequenced carry the same amino acid as the pyrethroid susceptible M. domestica comparison.
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5.3.2 Pyrethroid Resistance in R. microplus and R. sanguineus

During the course of the acarine sequence analysis reported in this study amino acid
substitutions linked with target-site pyrethroid resistance were located in two tick

species; R. microplus (Parkhurst strain) and R. sanguineus (Field individuals).

The R. microplus strain used in this study is a lab strain, known to be pyrethroid
resistant, reared by Bayer Animal Health in Monheim, but originally isolated from the
field in Australia (Nolan et al., 1989). This strain has previously been characterised as
carrying target-site resistance for pyrethroids in the form of a leucine to isoleucine
amino-acid substitution at position 925 (L9251) and this amino acid substitution was

confirmed in the present study (Morgan et al., 2009; Nolan et al., 1989).

During sequence analysis a novel amino acid substitution, located in DIl S6 (Figure 5.3),
was identified in R. microplus (Parkhurst). The mutation causing this was shown to be
homozygous by molecular cloning and sequence analysis (Chapter 4) and results in a
valine at position 1010 being swapped for a phenylalanine (V1010F). The substitution
is close to other sites where substitutions have been reported to be associated with
resistance, i.e. 11011M/V, L1014F/H/S and V1016G/I (Figure 5.1) (Rinkevich et al.,
2013).
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Figure 5.3: The V1010F Aino Acid Substitution in R. microplus (Parkhurst Strain)

I | i \Y)

1936V | 1014F/H/s/C/W F1534C
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L9258 o, V1010F
L1596P

i) A representative insect/acarine VGSC showing domains I-IV and their six membrane-spanning domains illustrating the relative position of V1010F in R. microplus (Parkhurst)
(black star) compared to previously identified VGSC mutations (coloured circles) that have been confirmed to confer resistance to pyrethroids in X. laevis oocyte TEVC
experiments (Reported in Dong et al 2014). Mutations with a * do not confer pyrethroid resistance alone but enhance resistance conferred by L1014F or V410M.
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ii) Comparisons of acarine protein sequences as sequenced in this study around V1010F using M. domestica (accession number AF461154) as an insect reference. Species
names and the primers used for sequencing the domain segments shown are on the left hand side of the sequence diagrams (Table 5.1). Orange boxes represent the sites of
VGSC target-site mutations associated with pyrethroid resistance reported in arthropod species to date (Rinkevich et al., 2013).
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For R. sanguineus field samples, collected by Bayer Animal Health (Monheim, Germany)

were tested for resistance to pyrethroids by exposing individuals to permethrin

dissolved in acetone. Sample collection, including the location of collection sites,

bioassay protocols, and further sequence details are the confidential property of Bayer

Animal Health. Following bioassays, individuals were frozen at -80°C and then sent to

Rothamsted Research for PCR amplification and sequencing using primers shown in

Tables 5.1 and 5.2 (Section 5.2.1) and PCR protocols detailed in Section 5.2.2. Where

mutations were found, PCR products were cloned to establish if the mutations were

homozygous (on just one allele) or heterozygous (on both alleles). Mutations resulting

in amino acid substitutions in the VGSC found in R. sanguineus individuals during this

study are shown in Table 5.13 and Figure 5.4.

Table 5.13: Resistance Profiles of R. sanguineus

Name of Descriotion Mutations Present
Individual P L925] G933V F1538L
Control # Homozygous
RST1 WT" L/L WT F/F
> (Acetone treated only) / Vv/V /
RST2 Survivor 180 ppm* Heterozygous | Heterozygous | Heterozygous
permethrin L/1 G/V F/L
Survivor 180 ppm Heterozygous | Heterozygous
RST WT L/L
ST3 permethrin / G/V F/L
RSA4 USA® WT L/L WT G/G WT F/F
Presumed WT.
*wild Type

*parts per million
“EL LABS, Soquel, California, USA
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Figure 5.4: Mutations Found in Permethrin Resistant R. sanguineus Individuals

Il 1] IV

1336V | 1014F/H/S/CIW F1534C
OUTSIDE

|
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T929I

L1596P

A representative insect/acarine VGSC showing domains I-1V and their six membrane-spanning domains illustrating the relative position of L9251, G933V and F1538L mutations
found in R. sanguineus individuals in the present study. These are compared to previously identified VGSC mutations (coloured circles) that have been confirmed to confer
resistance to pyrethroids in X. laevis oocyte TEVC experiments (Reported in Dong et al 2014). Mutations with a * do not confer pyrethroid resistance alone but enhance

resistance conferred by L1014F or V410M. Note that L9251 is shown only once as a coloured circle, as it has already been confirmed to confer pyrethroid resistance in X. laevis
oocyte TEVC experiments (Usherwood et al., 2007).
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R. sanguineus individual RST1, used in the acetone control bioassay, was homozygous
for G933V, found in the putative pyrethroid binding site (O'Reilly et al., 2006) of the
VGSC. Individual RST2 had three heterozygous amino-acid substitutions; L925] and
G933V, located within the pyrethroid binding site in the Domain Il S4-S5 linker of the
VGSC, and F1538L in Domain Ill S6 (Figure 5.4). Cloning experiments showed that L925I
and G933V are on the same allele for this individual, whilst F1538L is on the opposite
allele. Individual RST3 also had G933V and F1538L, present heterozygously on opposite

alleles.

5.4 Discussion

Work described in this Chapter describes the sequencing of acarine VGSCs from a
variety of species and the detection of amino acid substitutions associated with

resistance to pyrethroids.

Significant progress was made in obtaining new sequence information for the
membrane-spanning domains of the VGSCs from nine acarine species, A. americanum,
A. hebraeum, D. gallinae, D. reticulatus, D. variabilis, |. ricinus, P. ovis, R. microplus
(Parkhurst) and R. sanguineus. In the case of R. microplus the sequencing covers
almost the entire length of the channel, with just the 5’ start sequence being missing
(Figure 5.1). The results highlight the striking similarity of amino acid sequences
between arthropod VGSCs over their functional membrane spanning domains, in
particular around the putative pyrethroid binding site (O'Reilly et al., 2006). This has
supported the view that amino acid 933 could play a role in pyrethroid selectivity. As
more acarine samples become available, future work should focus on further
examining the similarities and differences between the channels of a wider variety of
acari and insects, leading to stronger clarification on the mechanisms of pyrethroid

binding and selectivity.

The novel amino acid substitution, V1010F, identified in the R. microplus (Parkhurst)
VGSC could be playing a role in pyrethroid resistance in this strain, especially since it is

located in close proximity to other mutations already reported to be associated with
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target-site resistance to pyrethroids in other organisms (Rinkevich et al., 2013) (Figure
5.3). A similar leucine to valine, V1010L has been found in Anopheles culicifacies
(malaria mosquitoes) in India by Singh et al in 2010 and in this case V1010L was always
found in conjunction with L1014S heterozygous on the same allele (Singh et al., 2010).
L1014S is commonly associated with resistance to pyrethroids in insects, but this
mutation was not found in the acari in the present study. It is worth noting that
V1010L has had no associations to pyrethroid resistance as no A. culicifacies
mosquitoes in the Singh et al 2010 study were screened for their pyrethroid
susceptibility (Singh et al., 2010). At present it is also not possible to link V1010F with
resistance to pyrethroids in R. microplus due to the interfering effects of L925I, which
has been shown to be associated strongly with pyrethroid resistance in arthropods and
has been confirmed as conferring pyrethroid resistance in electrophysiological studies
with the D. melanogaster para VGSC (Morgan et al.,, 2009; Morin et al., 2002;
Usherwood et al., 2007). However, both the proximity of V1010F to other substitutions
in the VGSC that have been confirmed to confer pyrethroid resistance (Rinkevich et al.,
2013) and its presence as a homozygous mutation marks it as a potential subject for

further electrophysiological study.

The study has also led to the characterisation of resistance in R. sanguineus individuals,
the first time that pyrethroid resistance in this species has been linked to target site
mutations. The substitution L925I, found in R. sanguineus individual RST2 has been
linked previously with pyrethroid resistance in several other species (Morin et al., 2002;
Rinkevich et al., 2013) and has been confirmed to reduce VGSC sensitivity to
pyrethroids by expression in in X. laevis oocytes (Usherwood et al., 2007); therefore it
is likely that this mutation contributes to conferring the resistance to permethrin
shown by RST2. L9251 in RST2 is found heterozygously with G933V and with another
substitution, F1538L, found in Domain Ill S6 (Figure 5.2). F1538L has been reported as
potentially linked to pyrethroid resistance in the VGSC of the pollen beetle Meligethes
aeneus (Wrzesinska et al., 2014); and a substitution at the same position, F1538I (He et
al.,, 1999) has been found in several species to date (Rinkevich et al., 2013) and has
been confirmed to reduce VGSC sensitivity to pyrethroids by expression in X. laevis

oocytes (Du et al., 2011). Cloning experiments show that for R. sanguineus RST2, L925I
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and G933V are found on the same allele, whilst F1538L is found on the opposite allele;
therefore, it is possible that in this case the substitutions work in concert to give the

observed phenotypic levels of permethrin resistance.

Individual RST1 was homozygous for the substitution G933V, found in the putative
pyrethroid binding site (O'Reilly et al., 2006) of Domain Il S5 of the VGSC (Figure 8).
This was also present in R. microplus ticks from Australia, where, the homozygous form
remained sensitive to the pyrethroid cypermethrin, which has a comparatively small
acidic moiety, but gave resistance to the pyrethroid flumethrin, which has a
comparatively large acidic moiety (Jonsson et al., 2010). This specific sensitivity
supports the pyrethroid-selectivity model suggested by O’Reilly et al, in that the
slightly larger valine residue found in resistant ticks would preclude binding of
flumethrin but allow the binding of cypermethrin (O'Reilly et al., 2014). It is a shame,
therefore, that the resistance phenotype of RST1 is unknown, as this would have given
a valuable insight not only into its pyrethroid resistance profile, but into the
relationship between residue 933 and pyrethroid selectivity. Like cypermethrin,
permethrin has a comparatively small acidic-moiety (Figure 5.5); therefore, the O’Reilly
model implies that it is unlikely that the G933V mutation alone would give permethrin
resistance; permethrin being small enough to fit into the VGSC without hindrance from

the comparatively larger valine residue.

Figure 5.5: The Pyrethroids Cypermethrin and Permethrin
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o] c .
Cypermethrin w cl Permethrin

Cypermethrin and permethrin are shown as examples of pyrethroids with small acidic moieties. Areas
of interest within the acidic portion are highlighted by green boxes. Both pyrethroid structures are
from ChemSpider 2016.
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In flumethrin-resistant Australian R. microplus ticks, G933V and L925| were found
heterozygously on opposite alleles (Jonsson et al., 2010), suggesting that they may act
in combination to confer resistance. Interestingly, the resistance profile of these
individuals showed them to be resistant to flumethrin but not to cypermethrin
(Jonsson et al., 2010); supporting the model proposed by O’Reilly et al 2014. In the R.
sanguineus individual RST3 in the present study, G933V and F1538L are also found
heterozygously on opposite alleles, suggesting that they too could act in combination
in a similar manner to confer resistance. However, if the model proposed by O’Reilly et
al 2014 is correct, then the combination of G933V and F1538L in RST3 would not
confer resistance to permethrin; its comparatively small acidic moiety would allow it to
bind to channels containing a valine at position 933 (Figure 5.5). It could be that
F1538L alone gives target site resistance, as suggested case for heterozygous F1538L
pollen beetles (Wrzesinska et al., 2014). Alternatively, in both RST3 and pollen beetles
metabolic resistance could be involved, and such resistance has been characterised

previously in both species (Miller et al., 2001; Philippou et al., 2011).

It would be useful to do further studies of the R. sanguineus ticks from this
geographical area to get a better understanding of their resistance to permethrin and
how this might inform the pyrethroid binding model, proposed by O’Reilly et al in 2014,
and which is under investigation in the present study. It would be relevant to test the
susceptibility of such ticks to a range of pyrethroids, to see whether their resistance
profiles differ for pyrethroids with large acidic moieties such as flumethrin. Further
examination of sequence data from both survivors and susceptible individuals could
then identify any target site mutations involved. If ticks which survive a flumethrin
treatment, but not a permethrin treatment, are homozygous for G933V (like RST1),

this would support the model.
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6 Progress in Obtaining a Chimeric Arthropod VGSC

6.1 Chapter Introduction and Aims

Study of a tick VGSC by expression in X. laevis oocytes has been frustrated by the lack
of a complete sequence encoding such a channel. Attempts to use of Rapid
Amplification of ¢cDNA Ends (RACE) and a R. microplus lllumina transcriptome to
provide the sequence of a 5’ end of a tick VGSC were also unsuccessful in the current
study (Chapter 5). Therefore, the aim of the present chapter was to produce a chimeric
channel with the domain-spanning sequence and functionality (voltage sensing and
pore forming domains) of a R. microplus channel but with the N and C termini of an
insect, D. melanogaster, VGSC. The resulting construct would be expected to function
as a R. microplus channel when expressed in X. laevis oocytes and could thus be used
to investigate pyrethroid activity at an acarine VGSC; allowing comparison of
pyrethroid selectivity between acarine and insect VGSCs to inform targeted pesticide

application.

R. microplus was chosen because of the economic burden of treatment against this
parasite, and because it was the only tick species that had been shown to have target-

site mediated pyrethroid resistance (Rinkevich et al., 2013).

6.2 Chapter Specific Methods

6.2.1 para 13-5 Mutagenesis and Primer Design

A construct containing a functional D. melanogaster para VGSC was supplied by Martin
Williamson (Rothamsted Research, Hertfordshire, UK). This construct, para 13-5
(Warmke et al., 1997), is the plasmid vector pGH19 containing the D. melanogaster

para VGSC flanked by the 5 and 3’ untranslated X. laevis beta-globin sequences, to

stabilize heterologous cRNAs expressed in X. laevis oocytes (Liu et al., 1996).
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To create a R. microplus/D. melanogaster chimeric VGSC construct, it was first
necessary to find sites that would allow the creation of unique restriction sites in para
13-5 by site-directed mutagenesis to enable the insertion of the domain-spanning (or
functional) region of the R. microplus VGSC into the D. melanogaster para channel.
The D. melanogaster para VGSC gene and the R. microplus domain regions were
aligned in Geneious (Section 4.14) and two suitable restriction enzymes were identified;
Aflll (New England Biolabs® Incorporated) at the 5’ end and Absl (SibEnzyme®) at the 3’
(Figure 6.1). The primers used to create Absl and Aflll sites in the D. melanogaster para

VGSC are listed in Table 6.1.
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Figure 6.1: The para 13-5 Construct Showing the Modifications Needed to Generate
the R. microplus/D. melanogaster para chimeric VGSC Construct
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The para 13-5 construct used in the creation of a D. melanogaster para/R. microplus chimeric VGSC.
To create the channel construct, mutagenesis of the existing para 13-5 construct was performed to
insert cut sites for the restriction enzymes Aflll and Absl. At the same time, PCR was used to generate
complimentary sites at the end of the domain-spanning regions of the R. microplus VGSC. Restriction
digestion and subsequent ligation would give a chimeric D. melanogaster para/R. microplus VGSC
channel construct.
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Table 6.1: Primers Used to Create Absl and Aflll Sites in the D. melanogaster para gene in para 13-5

Name Restriction Site Progress Sequence 5'-3' Base Pairs
ParaMut5'F3M | First 3 mutations towards Aflll site | GCAATGTGGCTCTTCGATCCATTCAATCCGATACGTCGTGTGGCC 45
ParaMut5'R3M | First 3 mutations towards Aflll site | GGATTGAATGGATCGAAGAGCCACATTGCTTTTGATGCAGAAAAGCG | 47
ParaMut5'F Aflll site complete GCAATGTGGCTCTTAAGTCCATTCAATCCGATACGTCGTG 40
ParaMut5'R Aflll site complete GGATTGAATGGACTTAAGAGCCACATTGCTTTTGATGCAG 40
ParaMut3'F3M First 3 mutations towards Absl site | TTCCTGGACGCCCTCGAGCCCCCGCTGCAGATCC 34
ParaMut3'R3M First 3 mutations towards Absl site | TCTGCAGCGGGGGCTCGAGGGCGTCCAGGAATTCG 35
ParaMut3'F Absl site complete TTCCTGGACGCCCTCGAGGAGCCGCTGCAGATCC 34
ParaMut3'R Absl site complete TCTGCAGCGGCTCCTCGAGGGCGTCCAGGAATTCG 35
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Mutagenesis of para 13-5 to create the Aflll and Absl sites used the QuikChange Il XL
Site-Directed Mutagenesis Kit (Agilent Technologies) and the primers shown in Table
6.1. Two rounds of mutagenesis were required; in the first reaction, primers were
designed to generate the first three mutations needed to create each restriction site,
and in the second reaction the primers were designed to give complete restriction

sites. Each mutagenesis reaction the cycling parameters shown in Table 6.2.

Table 6.2: PCR Conditions for the Creation of Absl and Aflll Sites in para 13-5.

Segment | Cycles | Temperature | Time
1 1 95°C 1 minute
95°C 50 seconds
2 18 60°C 50 seconds
68°C 1 minute per Kb of plasmid
3 1 68°C 10 minutes

After the mutagenesis of para 13-5 the sequence was checked by sequencing a second
Absl site, previously unknown in the plasmid due to a prior sequencing discrepancy,
was located. This was removed by a further round of site-directed mutagenesis using

the same protocol as shown in Table 6.2 and the primers shown in Table 6.3.

Table 6.3: Primers Used to Remove Second Absl Sites from para 13-5

Name Sequence 5'-3' Base Pairs
AbsI2MutF | CGGCCGCCTCCAGGCTAGCTTGAGTATC 45
AbsI2MutR | AAGCTAGCCTGGAGGCGGCCGCCTGCAGG | 47

6.2.2 Amplification of the Domain-Spanning Region of the R. microplus VGSC

The full-length domain (FLD) spanning region of the R. microplus VGSC was amplified
using the nested PCR protocols detailed in Tables 6.4-6.7. Primers RMFLFA and
RMFLRA were designed to create Aflll and Absl sites at the 5’ and 3’ ends respectively
of the R. microplus VGSC such that the amplicon could be inserted, in frame, into the
sites created in para 13-5 as detailed in Section 6.2.1. All primer Tm’s were calculated

using New England Biolabs’s Q5 Tm Calculator.
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Table 6.4: PCR1 Reaction Setup

Component Negative Control | Reactions | [Final]
5X Q5 Reaction Buffer 10 ul 10 pl 1X
10 mM dNTPs 1l 1l 200 um
10 uM RMFLNMFA
GACTACGTCCACCACTCGC 2:5 2.5 0.5 1M
10 uM RMFLNMRA
TTGCGGGCGAAGAAGTCC 2:5 25 0.5 1M
Template 2 ul dH,0 2 ul cDNA
Nuclease-Free Water 315 ul 31.5 ul
Q5 High-Fidelity DNA Polymerase | 0.5 pl 0.5 ul 0.02 U/ul
Table 6.5: Thermocycling Conditions

Step Temperature | Time
Initial Denaturation | 98°C 1 minute

98°C 30 seconds
35 Cycles 69°C 30 seconds

72°C 5 minutes
Final Extension 72°C 5 minutes
Hold 10°C oo

Table 6.6: PCR2 Reaction Setup
Component Negative Reactions | [Final]
control
5X Q5 Reaction Buffer 10 ul 10 pl 1X
10 mM dNTPs 1l 1l 200 uM
10 M RMFLFA
GCGCTGTTTCTETTAAGCCCCTTCAACC 251 2.5 0-5uM
10 pM RMFLRA
GGATCTGCAGAGGCTHBIBBRBEGCGTTcAcs | 2> W |22 W 0-> UM
2 ul

Template dH,0 2 ul PCR1
Nuclease-Free Water 31.5 ul 31.5ul
Q5 High-Fidelity DNA Polymerase 0.5 ul 0.5 ul 0.02 U/ul

CTTAAG = Aflll restriction endonuclease site

_ = Absl restriction endonuclease site
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Table 6.7: Thermocycling Conditions

Step Temperature | Time
Initial Denaturation | 98°C 1 minute
98°C 30 seconds
35 Cycles 72°C 30 seconds
72°C 5 minutes
Final Extension 72°C 5 minutes
Hold 10°C oo

The resulting PCR product was fully sequenced using primers shown in Table 5.4.

6.2.3 Ligation Reactions to Create a Chimeric Arthropod VGSC Construct

Firstly a total of 3 pg each of the doubly mutated para 13-5 plasmid (the vector)
(Section 6.2.1) and the R. microplus VGSC PCR product (the insert) (Section 6.2.1) were
cut with Aflll in 1X CutSmart® Buffer (50 mM Potassium Acetate, 20 mM Tris-acetate,
10 mM Magnesium Acetate, 100 pg/ml BSA) (New England Biolabs® Incorporated) in a
total reaction volume of 50ul at 37°C for one hour. Samples were then heated to 65°C
for 20 minutes to denature the Aflll enzyme. In the same manner 500 ng of un-
mutated para 13-5 was treated with Aflll as a negative control for Aflll digestion
(Control A). This was frozen along with another control (Control B) of 5 ul cut vector

DNA, to act as both a positive vector digestion and a ligation control.

Aflll cut Control B (4 ul), insert, and the remaining vector DNA was ethanol precipitated
as (Section 4.12) and the pellet resuspended in 49ul Absl 1X Reaction Buffer (10 mM
Tris-HCI (pH 9.0 at 25°C), 10 mM MgCI2, 50 mM KCI, 1mM DTT) (SibEnzyme?®). After 1
pl of vector and insert DNA was removed (to act as a control for the efficiency of
ethanol precipitation) 2ul of Absl was added to the Aflll-cut vector and insert tubes
and both were incubated at 37°C for one hour. Concurrently the following control
digestions (controls C-F) were performed in 1X Absl or 1X Fast Digest reaction buffer at

37°C, in a total volume of 25 ul (Table 6.8).
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Table 6.8: Control Reactions

Control | Contents

C 500ng para 13-5 cut with Fast Digest Notl (ThermoFisher Scientific).
D 500ng para 13-5 with Absl only.

E 500ng vector with Notl (ThermoFisher Scientific).

F 500ng vector with Absl only.

All resulting controls and double-digested vector and insert DNA were run overnight
on a 1% agarose gel, along with uncut parental para 13-5 and uncut vector and insert
DNA. The next day the gel was stained with ethidium bromide (0.75 pug/ml) for 30

minutes, then de-stained in 300 ml distilled water before visualisation (Figure 6.2).

Figure 6.2: Gel of DNA Fragments used in the Creation of a Chimeric D. melanogaster
para and R. microplus VGSC Construct.

LANE NUMBER

Band 1 2 3 4 5 6 X Y 7 8 9 10 11 12 13 14

Lane 1is a 1Kb DNA Ladder (GeneRuler™, Fermentas) with the size, in base pairs, of each band on the
left-hand side of the gel image. Lane 2 is uncut para 13-5 plasmid, Lane 3 uncut vector and Lane 4
uncut insert. Lane 5 is Control A and Lane 6 Control B (see 6.2.3). Lanes X and Y have 1 pl each of
ethanol purified Aflll cut vector and insert respectively. Lanes 7-10 are Controls C-F. Double Aflil/Absl
digested vector was split between Lanes 11 and 12 and insert between Lanes 13 and 14.

The gel (Figure 6.2) showed that the control A DNA (Lane 5) was uncut, indicating that
para 13-5 does not have any additional Aflll sites. In contrast, Control B (Lane 6)
showed that the mutated para 13-5 had been cut successfully with Aflll to give a linear
band. Control X and Y, composed of 1 ul of ethanol purified Aflll cut vector and insert
DNA, show that DNA was not being lost during the ethanol precipitation process.

Controls C and D (Lanes 7 and 8 respectively), showed that para 13-5 was cut
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successfully with Notl and with Absl as expected. Controls E and F (Lanes 9 and 10
respectively) showed that the vector was cut successfully with Notl and also with Absl,
although the Absl digestion was less efficient and possibly showed star activity. The
double digested vector DNA (in both Lanes 11 and 12) showed a fragment at
approximately 5,200bp, representing the D. melanogaster para VGSC domains being
removed and a fragment of approximately 4,100 bp, representing the pGH19 vector
with D. melanogaster para 5 and 3’ VGSC tails, as needed to make the chimeric
construct. The double digested insert is shown in Lanes 13 and 14. After visualisation
bands representing all vector and insert fragments (including the removed D.
melanogaster para VGSC fragment) and control bands B-F were cut from the gel and
the DNA extracted (Section 4.8). Note that the upper vector gel fragments from lanes
11 and 12 were combined, the lower vector gel fragments from lanes 11 and 12 were
combined and insert fragments from lanes 13 and 14 were combined to increase the
amount of DNA. Samples were eluted into 50 ul nuclease-free water and 1 pl of each

was run on a 1% agarose gel to check DNA recovery.

The ligation of the DNA fragments used New England Biolabs’s® High-concentration T4
DNA ligase and the ligation mix contained 1000 cohesive end units in a total reaction
volume of 10 ul in 1X DNA ligase buffer (50 mM Tris-HCIl, 10 mM MgCI2, 1 mM ATP, 10
mM DTT). The construct was made from 2.5ul of prepared vector (pGH19 with 5’ and
3’ D. melanogaster para channel tails) and 5ul of prepared insert DNA with a DNA
quality and ligation control comprising 2.5 pl of prepared vector (pGH19 with 5’ and 3’
D. melanogaster para channel tails) and 5ul of the D. melanogaster para VGSC
domains removed by double-digest. As a ligation efficacy control 5ul of Controls B-F
were added to further separate ligation mixes. The ligations were incubated at 16°C
overnight and then 2ul of each was removed and used to transform XL1 Blue E. coli
(Section 4.10). The remainder of each ligation mix was then incubated for a further 48
hours at 4°C and then 2ul of each was removed and used to transform XL1 Blue E. coli
(Section 4.10). Plates were incubated for 24 hours at 32°C, resulting colonies were
picked and overnight cultures were prepared in 2 ml LB broth containing 50 pg/ml
ampicillin (Section 4.7). DNA was prepared from the cultures using a Qiagen mini-prep

kit to remove plasmid DNA (Section 4.13). Extracted DNA was sent for sequencing
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(Section 4.1) to check the presence and reading frame of the R. microplus full-length

domain-spanning insert using primers shown in Table 6.9.

Table 6.9: Primers Used to Sequence Chimeric VGSC Constructs

Primer Name Primer Sequence 5'-3' Primer Length (Base Pairs)
T7* TAATACGACTCACTATAGGG 20
RM DIS1R GGTGCACTAGGATGCAGATG 20
RM DIS1 F CATCTGCATCCTAGTGCACC 20
RM DIS3 F GGATTTTGTTGTTATATCTCTAGCG | 25
RMSeqCheck5' CGCTAGAGATATAACAACAAAATCC | 25
DI-Il FCP F CCTGGGCTCCTTCTATCTAGT 21
DI-Il FCP R AGCAATTGGCCATGCACTTG 20
DII FCP F CGCTATTCATGGCCATGGAC 20
RM DIIS2 R CATAAGCTTCATTCCAGC 18
RM DIIS2 F GCTGGAATGAAGCTTATG 18
RM DII-1II R GTCGGGATTCGCTTGGGACAG 21
RM DII-1ll F CTGTCCCAAGCGAATCCCGAC 21
RM DII-1lIl RB GTGTCCACATCTTCCGTGTC 20
RM DII-Ill FB GACACGGAAGATGTGGACAC 20
D II-III FCP R ATCGCGTGTAACACCAGTCG 20
RM DIIIS5 R CTTTCCCGCAAGCATCTGGA 20
RM DIIS5 F TCCAGATGCTTGCGGGAAAG 20
RM DIVS3 R AGGTCCTTTAGCACCGTACC 20
RM DIVS3 F GTGCTAAAGGACCTGATCGC 20
RMSeqCheck3' CTTGTGATGTTCATCTACGC 20
ParaRMCheckF | ACCTCATCATCAGCTTCCTCG 21
RM PostDIV R TTGGTCAGGTTGGAGTAGGC 20
RM PostDIV F GCCTACTCCAACCTGACCAA 20

*T7 Universal Primer designed to anneal to the T7 promoter sequence found in pGH19 (Sambrook and
Green, 2012).

6.2.4 Removal of a Notl Site from the R. microplus Sequence

As the native R. microplus channel (Section 10.1 Appendix 1) contains a Notl restriction
site and this enzyme was used to linearize plasmid vector pGH19 prior to cRNA
transcript preparation (Chapter 7) the chimeric constructs underwent site-directed
mutagenesis to remove this site following the protocol shown in Table 6.2 and the
primers shown in Table 6.10. The constructs were fully sequenced after this process
(using primers shown in Table 6.9) to check for additional any mutations that might
have been introduced.
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Table 6.10: Primers Used to Remove Second Notl Sites from Chimeric Constructs

Name Sequence 5'-3' Base Pairs
Notl Removal F | CCGGAGTCGCGCCCGCGCTCCGCCGCC 27
Notl Removal R | GCGGAGCGCGGGCGCGACTCCGGGTAG | 27

6.3 Results

6.3.1 Creation of R. microplus/D. melanogaster para Chimeric VGSCs

Three chimeras were successfully created, constructs Chimera L2, Chimera L4 and
Chimera LC (Figure 6.3). All three resulted in slow growth when they transformed E.
coli a characteristic noted previously in E. coli containing functional arthropod VGSCs
(Martin Williamson and Joel Gonzalez-Cabrera personal communication). However,
whilst all constructs contained the R. microplus functional domains successfully ligated
into the D. melanogaster para channel, subsequent sequencing revealed that all
sequences contained premature stop codons. Note that these were present in Chimera
LC and Chimera L4 both before and after removal of the Notl site. Chimera L2 and
Chimera L4 were found to be identical, and both contained a frame-shift mutation
between Domains | and Il, caused by the deletion of amino acids and resulting in the
creation of many stop codons before the start of Domain Il in both clones (Figure 6.3).
A further deletion also occurred in these clones, in an area homologous to optional
exon b, a removal variation first described in the D. melanogaster para VGSC and since
documented several arthropod species (Dong et al., 2014; Loughney et al., 1989). This
deletion alone would not cause a frame shift in the channel (Figure 6.3). Finally, a
probable alternative exon is was present in Chimera L2/L4, in a homologous position to
that of variations seen in other arthropods. This variable region was first described as
the mutually exclusive exons k and | in the M. domestica Vssc1 and D. melanogaster
para VGSCs, and was subsequently documented in two other arthropod species, B.
germanica and V. destructor (Dong et al., 2014; Lee et al., 2002). Chimera LC was found
to contain a point-mutation encoding a stop codon between Domains | and I, in place
of a tryptophan in the native R. microplus channel (Figure 6.3). The full sequences of

Chimera LC and Chimera L2/L4 can be found in Section 10.3 Appendix 3.
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Figure 6.3: Comparison of the R. microplus, Chimera L2, Chimera L4, and Chimera LC VGSCs over Variable Regions of Interest.

Chimera constructs Chimera LC, Chimera L2 and Chimera L4 compared over variable regions to each other and the R. microplus full-length domain PCR product shown in
Section 10.1 Appendix 1 and detailed in Chapter 5.

(A)

R.microplus CGACTCTAAGGCCAGCCTGAGCCTACCCGGC TCGCCCTTTAACC TCCGTIGGGGGCAGCCGCGGTAGTCAGC TGAGCGTGAGC TGGCGCAGCAA
Frame 1 . 0D s A A S E 5 Em F E HEEN 5 EFE BEm = 5 W os W R &
Chimera CLC A

Frame 1 D S E A S L 3 L E G S E F I L E = G S R = 5 Q L s vV s HEE E S I
Chimera L2 A - GTGC & AA

Frame 1 . . E —--mmm e e e e VI R ENEEEEENmTES R EEEWM s A E R E A DN
Chimera L4 A - GTGC & AA

Frame 1 . I = L e e V. R

ENENEEEENTEPY R EEM 5 A E R E T A NS

The first deletion region in Chimera L2 and Chimera L4, giving a frame shift in these clones and causing subsequent stop codon creation. Also the guanine to adenine mutation

resulting in the creation of a tryptophan to stop substitution in Chimera LC. The R. microplus PCR product (Chapter 5) (Section 10.1 Appendix 1) is set as the reference sequence
and colour highlighting indicates variations from this sequence.

(B)

[ Optional Exon? )
R.microplus AAAC CCAGTGAGAGAG TG TCCAT T TAT TAT T TC CC CACAGAGGGGGAGGAGLAGGAGAGGC CCAAGTTCAAAGACAAGTGCATGGCCAATTIGCTT
Frame 1 BEmTEY 5 E R W 5 I Y ¥ F WENEIN E BEW E E Il E O C MY A N C
Chimera CLC

AAAGCCAGTGAGAGAG TG TCCAT T TATTAT TTCCC CACAGAGGGEGEAGGAGCAGGAGAGGC CCAAGTTCAAAGACAAGTGCATGGCCAATTGCTT
Frame 1 Em A 3

E R W 5 BImy ¥ F HENEN K BEE F E BN F R NEPNEEN r BN D BEN C M A BN C B
Chimeral2 AAAGCCAGTGAGAGA-- - — - —"—"—-"—"——-————————————— GAAGGGGAGGAGCAGGARAGGCCCAAGTTCAAAGACAARGTGCATGGCCAATTGCTT
Frame 1 mEm 2 S E R -———-—-——-——————=—-—————-———- E N

E ENE R NENEEE F BEE D BEE C M A HNN C B

Chimerald AAAGCCAGTGAGAGA---———"""-""-"-"—-"————-——-—————— GCAAGGGEEAGGAGCAGGAAAGGCCCAAGTTCAAAGACAAGTGCATGGCCAATTGCTT
Frame 1 s A S E R —-——-—--——-——=———"—=——-"—"——-—"—"——-- E IEE

E E NN E R NENEES r BN D BEN C M A BEN C B

The second deletion region in Chimera L2 and Chimera L4 around a region corresponding to optional exon b in other arthropods (Dong et al., 2014). This is shown removing the
frame shift created by the first deletion for clarity.
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(€

Dl 54
Alternative Exon? )
R.microplus 'CoTACTCGTGTC CTTCTTTAACAT GG CETAGCCATGATGGECTACGGACGAATCCC CGCCTTTAARAC CATGCGAACCCTCCGAGC GU TCAGACCTTTGAGGGECGATETCC CECCTEEAGE FAATGCGCGET TG TTC

Frame 1 TV EEY S F FEEM A 'V AM MBESYNNE ITTYA F S FNESEFE ANEE EPEEE A'M 5 EEEENNBEMNM B V WV
Chimera LC

Frame 1 v L v & F F N M & Vv A M M & ¥ & R I P A F K T WM B T L B A L B P L B A M 5 B L E & M E WV WV
Chimera L2 AG G5 C TC AAT CGT AGC C GECE T AA [T = R [E RN A (SR € AC CC TC T CC C A G
Frame 1 Vv L WV 5 I I A S5 A /A B I'EBM:r F ¥ T M E T L B A L B P L R A 5 R [F 5 M B W W
Chimera L4 AG G5 T TC AAT CGET AGC C GECE CT AA [ e ) [ER A [N AC CC TC T CC C A G
Frame 1 Vv OL WV 3 NN I A 5 A =/ 'A ¢ R I'EBM:Lr F K T M E T L B A L E LAl s E M R WV WV

The variable region found in R. microplus constructs corresponding to the mutually exclusive exons k and | in D. melanogaster and M. domestica, exon 3 in V. destructor (Wang

et al., 2003), and exons G1, G2 and G3 in B. germanica (Tan et al., 2002). The R. microplus PCR product (Chapter 5) (Section 10.1 Appendix 1) is set as the reference sequence
and colour highlighting indicates variations from this sequence.
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Given the importance of obtaining a functioning R. microplus/D. melanogaster VGSC,
attempts were made using site-directed mutagenesis to change the stop codon in
Chimera LC back to a tryptophan, and to remove a guanine nucleotide from around the
Exon b removal site in Chimera L4 and Chimera L2 to correct the frame shift. Although
the mutagenesis reactions were successful, all resulting constructs were further
mutated, presumably by the E. coli, and would not be expected to express functional
VGSCs. As found when X. laevis oocytes were injected with cRNA from a similarly
truncated channel from B. germanica (Tan et al., 2002). Further attempts to obtain a

functional VGSC used Chimera LC as a start point. These attempts included:

e Changing the E. coli cell type used for growth following mutagenesis (XL1 Blue, XL10
Gold and Stbl2 cells were all used),

e Lowering the growth temperature to room temperature,

e Using carbenicillin in place of ampicillin in LB growth media,

e Mutagenesis then removal of the T7 promoter from the construct,

e Colony PCR of transformed E. coli prior to liquid culture growth using primers
designed to amplify the full-length chimeric channel,

e A “ZIP-PCR” as an alternative to site-directed mutagenesis; this involves two rounds
of PCR, with the first designed to amplify the two halves of the construct and in the
process remove the stop codon, and the second to “zip” these two halves together

and give a full-length channel.
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6.4 Discussion

In summary none of the attempts to create R. microplus/D. melanogaster chimeric
VGSC constructs for functional studies were successful, which was very disappointing.
However, future work on the constructs might produce a functional channel. Moving
the chimeric VGSC and X. /aevis Beta-globin sequences to different bacterial expression
vectors, to see if this stabilises the construct in E. coli, is a potential solution. As is
moving these regions to an insect expression vector, then attempting maintenance,
and even chimeric channel expression, in insect cells. Any VGSC expression could then

be monitored using patch-clamp techniques.

In addition, there are some interesting wider inferences to be made from the data
obtained in this study. Despite their frame-shift deletion, Chimera L2 and Chimera L4
showed possible alternative exon usage within the R. microplus VGSC, which is
comparable to that seen in other arthropods (Dong et al., 2014). Firstly around an area
homologous to optional exon b, a variation first described in the D. melanogaster para
channel and since documented in several arthropod species (Dong et al., 2014;
Loughney et al., 1989). This exon is suspected to be involved in the modulation of
current flow, as removal of this region has been shown to increase current expression
of B. germanica and V. destructor channels (Du et al., 2009a; Song et al., 2004).
Furthermore, Chimeras L2/L4 showed alternative exon usage in a homologous position
to that of mutually exclusive exons k/l, a variation first described in the M. domestica
Vssc1 and D. melanogaster para VGSCs (Dong et al., 2014; Lee et al., 2002) (Figure 15).
This region is also homologous to sites of variation documented in two other
arthropod species, B. germanica and V. destructor. In B. germanica the same region
contains one of three mutually exclusive exons G1, G2 or G3, with G3 encoding a stop
codon and thus a truncated channel protein that is not functional in X. laevis oocytes
(Tan et al., 2002). In V. destructor the same region contains exon 3, which interestingly
is either present or absent, and thus would also encode a truncated channel protein
(Wang et al., 2003). The arrangement of this region is homologous to, and conserved
in, the vertebrate VGSC Nay1.6. As found in mice, humans and fish (Plummer et al.,

1997). This level of conservation suggests that alternative splicing in this region is likely
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of ancient evolutionary origin and that it may play a role in the control of VGSC
expression and/or function (Dong et al., 2014). Indeed it has been shown that the
amino acid sequence within this exon region modulates the generation of a persistent
current in the D. melanogaster para channel, with channels containing exon | showing
greater persistent currents (so maintaining the open state for longer) than those
containing exon k (Lin et al., 2009). This is supported by findings that alternative
splicing that includes exon | over exon k is associated with increased neuronal activity
(Lin et al., 2012). All chimeric constructs created in the present study show a slightly
greater level of similarity to exon | in D. melanogaster para (Figure 6.4). However,
Chimera LC and the R. microplus PCR product (Chapter 5) (Section 10.1 Appendix 1)
show less similarity to this exon than do Chimeras L2/Chimera L4, and interestingly
these sequences also show less similarity to the published sequence for I. scapularis
and V. destructor. It could be therefore that Chimera LC and the R. microplus PCR

product represent an “exon k” or “G2” type variant in R. microplus.
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Figure 6.4: A Comparison of the Conserved Variable Region in Domain Ill Segments 3 and 4 of Arthropod VGSCs

(A)

1 10 m a0 a4
Consensus Vo s BTNV A S W EENEE A EEE TTHN A F NN Y R EESNE A NER VEPENME A M 5 R EOEEEN M R

DIl

e VarbeExenRegon
1.0.melanogasterparaexonk AN 5 BAENTONGEEAN A~ A OWOWYD 5 HEN A "D DOWIEEN A 'F E S (MR NN E A B E NEDBM E A Wl 5 (R UEY E NEEMTNEE
2. M. domesticavssc ! exonk A 5 EAECTONENEAN VO A CVOOHD S NENEAEENE D OTO A (WO F R S (MR NN E A BEE BN E A W S (R IH E NENM EEE
3.B. germanica exon G2 B : BTN A AW ANEA A DIOINSENA F R S/M FEESMER A NEE IEAEME AV 5 R W ENEM R
4.D.melanogasterparaexon| W 5 HANIVEEE F °wC A 5 BV EEN A HEENTTOEEN & F BB R BT E A B E FENEM R A MY 5 TR CMTEEENENTTT R
5 M domesticaVsscl exon| W S HEENTOEENE F "v0 A S B A BEE A IEENTTVEEN ~ F NENEIN T R BINET R A B R NENEA R A FMT 5 CROCHTEEEEENTMT R
6. B. gerranica exon G VS EEIEEEF V A S BNV EEAKEESETIEE. FESNY FNENYEE ANIEPTEEE AM 5 E MEEEEM R
7.V, destructor exon 3 Vo8 WII'HEE vV ~A B W G A IEINES T IEN . F BN F BN R A NEE 'EAMEE A BNE:S E FEEEEM R
8. Chimera L2 Wos VOV BT A 5 A NNEEEE A SR CTTHEN A F NN M R EEEME A NER EFEEE ANMS R F EEEEM R
9. Chimera L4 Vo s WV INEEET A S ABNENGE A ER 'THENA F EEENY FRENEER ANEE EAEEERE ABNES E FEEGEEM R
10. Chirnera LC V'8 F FEEM AV AM MEEY ENERE 'TTENA F SN FESSE-R ANMEE 'EAMEEE A'M 5 EBEE BBEM R
11. R. microplus V5 F FEEM AV AM MEEY BEBENR (T'ENA FIEEENY FREEN-R A FEE BB E A'M 5 ERENE BEBEM R
(B)

1 10 m a0 @0 4
Consensus s L T L FAENEN M R

A S WG A ESERE TN~ FIEEEYM FENNEFE ~FEE EEFEE AM 5 R

n
)
L)

1.D. melanogaster para exon k S L I N LA ABMEW!S ¢ AMSDAVIEEN -~ FMBEES M FE T L E A L R P L E ANES FEEEEY: MEBEE
2. M. domestica Vssc 1 exon k S L I N L Vv ABEWIS & I'AEBMMFPMRES M E T L E A L R P L R ANN: FENEY: MEH
3. B. germanica exon G2 S L I W LA AW A - AADMIEN2: FF RS M E T L R AL E PLEANNS REEEENG MR
4. D.melanogasterparaexonl vV 2 L I N IED WV A B = A CHEBMI 0 A F ETMUERTILUEALT EU PILU EAM G GG ENBIO G ME
A M. domestica Vssc1 exon | Vv 8 L I NEEEV A S A ¢ A HEBMI O A F ETMUETTIULUZ EREATLU EREUPILU EAMS SGUENMIC M E
6. B. germanica exon G1 Vv 58 L I NEEEVWV A S = A I ¢ A F £E T M R TL E AL E P L EREAM S ENE G M E
7.W. destructor exon 3 v £ @I v L Vv AN L A -BI 0 A F ETMETTLUERATLZERP L E A 5 REENQ G M R
8 Chimera L2 Voo Ny L A AL & AR I QAFETMETTLZEREATLTERUPULE A S REEN QO & M R
9. Chimera L4 VoS ey L e~ S'AL G AR I QAUFETMZETTLTEATLTZERPTILTE A S REERQ = M E
10. Chimera LT VoS PEREN N DE A NN A NN NS R IBEA F ETMETLEALERPLEAMS R El - M R
11. R. microplus VoS FENNEN I PEN A NN ANDSFN MW R IBMA F E T M ETLEREALEREPLEAMSES R EN:C M R

Comparison of the variable region found in Domain Il Segments 3

and 4 of selected arthropod VGSCs. (A) The region with no highlighting. (B) The

region highlighting

differences to the sequence consensus. The sequence for D. melanogaster and M. domestica was taken from Lee et al 2002, B. germanica from Tan et al 2002, and V.
destructor from Wang et al 2003. Sequences for R. microplus and chimeric constructs are from the current study.
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It would be interesting to investigate the use of alternative exons found in this study in
R. microplus, including in different developmental stages and tissue types, as this could
help target pyrethroid control strategies to a particular tick life-stage. Variation in
expression is already seen in exon G1/G2/G3 in different life stages of B. germanica
(Tan et al., 2002). This could be informative from an acarine control perspective, as
such variation in channel structure could affect pyrethroid action at the R. microplus
VGSC, given that pyrethroids act by increasing current persistence (Davies et al., 2008)
and considering the link between exon k/I variation and current persistence reported
(Lin et al., 2009). Furthermore, D. melanogaster para VGSCs expressing the k exon
variation have been reported to be 24 times less sensitive to the pyrethroid
deltamethrin than those expressing the | exon variation (Burton, 2012), Further work
could therefor also involve inserting the suspected R. microplus exon “1” and “k”
sequences separately in place of the same region in the D. melanogaster para or V.
destructor VGSC. By employing the same investigative methods as in Chapter 7, it
would then be possible to investigate the effects of R. microplus “exon k/I” usage on

pyrethroid sensitivity using electrophysiological methods.
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7 Electrophysiological Studies of Acarine and Insect VGSCs

7.1 Chapter Introduction and Aims

The aim of this chapter was to compare insect and acarine VGSC function and test the
idea, proposed by O’Reilly et al 2014, that residue 933 is involved in pyrethroid
selectivity; to this end both native and mutated versions of the arthropod VGSCs were
expressed in X. laevis oocytes. Differences in VGSC responses to pyrethroid insecticides
with large and small halogenated-groups could then be recorded using TEVC
techniques (Section 3.6). Disappointingly, a R. microplus/D. melanogaster chimeric
channel could not be successfully maintained in E. coli (Chapter 6) so the studies were
done using native and mutant VGSCs from D. melanogaster and the honeybee mite V.
destructor. The native VGSC constructs used were D. melanogaster para 13-5 (as
cloned by Feng et al 1995) (Section 6.2.1) and V. destructor 13-5 (the plasmid vector
pGH19 containing the V. destructor VGSC flanked by the 5’ and 3’ untranslated X. laevis

beta-globin sequences, as cloned by Joel Gonzalez-Cabrera at Rothamsted Research).

7.2 Chapter Specific Methods

7.2.1 Mutagenesis of D. melanogaster para VGSC at Residue 933

Mutagenesis of the D. melanogaster para VGSC construct D. melanogaster para 13-5

was carried out using the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent

Technologies) (Section 4.15). Primers (Table 7.1) were designed to change the residue

from a cysteine in most native insect VGSCs, including the D. melanogaster para VGSC,

to either:

e An alanine: As found in some mite species at position 933.

e A glycine: As found at position 933 in all tick and most mite species sequenced to
date.

e A valine: As found at position 933 in R. microplus ticks which are sensitive to
cypermethrin (which has a relatively small acidic moiety), but resistant to

flumethrin (with a relatively large acidic moiety) (Jonsson et al., 2010).
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Table 7.1: Primers Used to Change Residue 933 of the D. melanogaster para VGSC

Name Sequence 5'-3' Base Pairs

GTAATCTGACATTTGTACTTGCCATT
ParaMutCI33AF |\ 1 ATCTTCATCTTTGCGGTGATG >0

CGCAAAGATGAAGATGATAATGGCA
ParaMutCI33AR |\ T ACAAATGTCAGATTACCCAAAG >0

GTAATCTGACATTTGTACTTGGCATT
ParaMutC33GF | 1 ATCTTCATCTTTGCGGTGATG >0

CGCAAAGATGAAGATGATAATGCCA
ParaMutC333GR |\ 1 ACAAATGTCAGATTACCCAAAG >0

GTAATCTGACATTTGTACTTGTCATT
ParaMutCI33VF | 1 ATCTTCATCTTTGCGGTGATG >0

CGCAAAGATGAAGATGATAATGACA
ParaMutCI33VR |\ 1 ACAAATGTCAGATTACCCAAAG >0

All mutagenesis reactions were cycled using the cycling parameters shown in Table 7.2

Table 7.2: PCR Conditions Used for Mutagenesis of Residue 933 of the

D. melanogaster para VGSC

Segment | Cycles | Temperature Time
1 1 95°C 1 minute
95°C 50 seconds
2 18 60°C 50 seconds
68°C 10 minutes
3 1 68°C 10 minutes

Following mutagenesis, 2l of each sample was transformed into Stratagene’s XL1 Blue
ultracompetent cells and with non-mutated D. melanogaster para 13-5 was used as a
growth control (Section 4.10). Following growth at 30°C, small colonies that grew in
the same way as the control colonies containing the native D. melanogaster para 13-5,
were picked, along with a control colony, and grown in LB liquid media containing 50
ug/ml Amp. After 24-48 hours, plasmid DNA from colonies that grew at the same rate
as the native D. melanogaster para 13-5 control were purified using a mini-prep
(Qiagen), plasmid DNA was also purified form a colony of the native D. melanogaster
para 13-5 control (Section 4.13). Extracted plasmids were then used as templates in
PCR reactions that amplified the D. melanogaster para VGSC gene region of the
constructs, along with the 5" and 3’ untranslated X. laevis beta-globin sequences. This

allowed an increase in the amount of VGSC gene DNA available for sequencing. PCR
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reactions were carried out using New England Biolabs’s Q5® High-Fidelity DNA
Polymerase (Q5) the reagents, pGH19-specific primers, and cycling conditions are

shown in Tables 7.3 and 7.4.

Table 7.3: PCR Reagents Used in the Amplification of VGSCs in D. melanogaster para

13-5
Component Negative Control | Reactions [Final]
5X Q5 Reaction Buffer 10 pl 10 ul 1X
10 mM dNTPs 2 ul 1l 400 uM
10 uM 5°_UTR_3_F Primer 2.5 ul 2.5 ul 0.5 uM
GGGATGTGCTGCAAGGCGATTAAG
10 uM 3’_UTR_3_R Primer 2.5 ul 2.5 ul 0.5 uM
GTATAGATACTCAAGCTAGCCTCG
Template 0.5 pl dH,0 0.5 ul para
13-5
Template
Nuclease-Free Water 32 ul 32 ul
Q5 High-Fidelity DNA Polymerase 0.5 pl 0.5 ul 0.02 U/l

Table 7.4: PCR Reaction Conditions Used in the Amplification of VGSCs in

D. melanogaster para 13-5

Step Temperature Time
Initial Denaturation 98°C 30 seconds
35 Cycles 98°C 10 seconds
68°C 20 seconds
72°C 7 minutes
Final Extension 72°C 5 minutes
Hold 10°C oo

The products of the PCR reactions were analysed for the presence of the required PCR
product using gel electrophoresis on a 1% agarose gel in 1xTAE. The DNA was then
precipitated (Section 4.2) and sent for sequencing (Section 4.14) using the primers
shown in Table 7.5, to check the success of the mutagenesis reaction and confirm that

no additional mutations had occurred during the transformation into E. coli.
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Table 7.5: Primers Used to Sequence VGSCs in D. melanogaster para 13-5

Name Sequence 5'-3' Base Pairs
598 F_ Dm TGCCCGTTTACGTATCTTAGAG 22
705_R_Dm TCGCAGGGCTGCTAGATTAC 20
1251 F Dm TTTGATTTTGGCCATTGTTG 20

1353 R Dm AGCTTCTTCCGCTTCACGTA 20
1909_F Dm TATACCTCGCATCAGTCCCG 20
2001 R Dm CTCCTTGGTCATTGTGCTGA 20
2548 F Dm TATTTCTTCACCGCCACCTT 20
2640_R_Dm GAAGATGTTCCAGCCCTCCT 20
3203_F_Dm GGGTTAAGCGTAATATTGCTGA 22
3854_F Dm TGAGTAGCTTAGCTTTGGCA 20
3953_R_Dm | AATATAACCGTAAATATTCTGTCCA 25
4497 F Dm ACCAATTCGTGAAACGAACA 20
4594 R _Dm | TGATAACACCAATGAACAGATTGA 24
5158 F _Dm CTGTTCAACATCTGCCTGCT 20
5800_F Dm GAGATTGGTGAGATAGCGGC 20
5898 R_Dm GATTAGCCGGGCGCAGTA 18

7.2.2 Mutagenesis of the V. destructor VGSC at Residue 933

Mutagenesis of the V. destructor VGSC was done as described in 7.2.1 using the

QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies) (Section 4.15).

Primers were designed (Table 7.6) to change the residue at position 933 in the V.

destructor VGSC to either:

e A cysteine:

As found at position 933

D. melanogaster.

in most

insect species

including

o A valine: As found at position 933 in R. microplus ticks which are sensitive to

cypermethrin (which has a relatively small acidic moiety), but resistant to

flumethrin (with a relatively large acidic moiety) (Jonsson et al., 2010).
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Table 7.6: Primers Used to Change Residue 933 of the Varroa 13-5 at Residue 933

Name Sequence 5'-3' Base Pairs
voresmucssis | STTCCSTRTGETT |
varsaussyin | TSN |,
varsamwssye | STTCCTACTACTT |
e i

All mutagenesis reactions were cycled using the cycling parameters shown in Table 7.7.

Table 7.7: PCR Conditions Used for Mutagenesis of Residue 933 of the V. destructor

VGSC
Segment | Cycles | Temperature Time
1 1 95°C 1 minute
95°C 50 seconds
2 18 60°C 50 seconds
68°C 10 minutes
3 1 68°C 10 minutes

Following mutagenesis samples were cloned into Stratagene’s XL1 Blue and XL10 Gold
ultracompetent cells and Invitrogen’s MAX Efficiency® Stbl2™ competent cells a non-

mutated D. melanogaster para 13-5 was used as a growth control (Section 4.10).

Following growth at 30°C, small colonies that grew in the same way as the control
colonies were picked, along with a control colony and grown in LB liquid media
containing 50 pg/ml Amp. The same colonies were used in colony PCR reactions
(Section 4.11) to obtain the full-length V. destructor VGSC gene region of the V.
destructor 13-5 constructs, along with the 5’ and 3’ untranslated X. laevis beta-globin
sequences needed to stabilize the heterologous cRNAs when expressed in X. laevis
oocytes (Liu et al., 1996). Following colony PCR, the wild-type V. destructor 13-5
construct and each amplicon was used as a template in a nested PCR reaction to
amplify the gene region of the V. destructor 13-5, along with the 5" and 3’ untranslated
X. laevis beta-globin sequences. This allowed an increase in the amount of DNA

available for sequencing and provided linear products for reverse transcription. PCR
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reactions were carried out using New England Biolabs’s Q5® High-Fidelity DNA

Polymerase (Q5). The reagents, pGH19-specific primers and cycling conditions in

Tables 7.8 and 7.9.

Table 7.8: Reagents Used Nested PCR to Amplify V. destructor 13-5

Following Colony PCR

Component Negative Control Reactions [Final]
5X Q5 Reaction Buffer 10 ul 10 pl 1X
10 mM dNTPs 2 ul 1l 400 uM
10 uM Nested 5°_UTR_3_F 2.5 ul 2.5 ul 0.5 uM
GGCGATTAAGTTGGGTAACG
10 uM Nested 3°_UTR_3_R 2.5 ul 2.5 ul 0.5 uM
TACTCAAGCTAGCCTCGAGG
Template 0.5 ul dH,0 0.5 ul Varroa
13-5
Template
Nuclease-Free Water 32 ul 32 ul
Q5 High-Fidelity DNA 0.5 ul 0.5 ul 0.02 U/l

Polymerase

Table 7.9: Nested PCR Conditions Used in the Amplification of Varroa 13-5 Products

Following Colony PCR

Step Temperature Time
Initial Denaturation 98°C 30 seconds
35 Cycles 98°C 10 seconds
64°C 20 seconds
72°C 7 minutes
Final Extension 72°C 5 minutes
Hold 10°C oo

The products of the PCR reactions were analysed for the presence of the required PCR
product using gel electrophoresis on a 1% agarose gel in 1XxTAE (Section 4.2). The DNA
was then precipitated (Section 4.12) and sent for sequencing (Section 4.14) using the
primers shown in Table 7.10, to check the success of the mutagenesis reaction and
confirm that no additional mutations had occurred during the transformation into

E. coli.
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Table 7.10: Primers Used to Sequence V. destructor VGSC Products from Colony PCR

and Nested PCR Amplification of Varroa 13-5 Constructs

Name Sequence 5'-3' Base Pairs

T7%* TAATACGACTCACTATAGGG 20
Vd_420 R CTCTACAGGTGTGGCGATCA 20
Vd_653_F CCGAAACAATATTCACGACG 20
Vd_1356_F CAATCTGATTCTCGCCATTG 20
Vd_2043_F CGTAGACGCTCAGGAACACC 20
Vd_2751 F TTTCTTCACCGCTACCTTCG 20
Vd_3448 F GGTAAACAGCGCAACCAGAT 20
Vd_4146 F | CGCAGAAGGAAAAGAAAACG 20
Vd_4846_F GGCAGATTCTACCACTGCGT 20
Vd_5560_F CTTTCGATCCTTGGCACAGT 20
Vd 6251 F | AGTACAAGCTGATCGCGCTG 20

*T7 Universal Primer designed to anneal to the T7 promoter sequence found in pGH19 (Sambrook and
Green, 2012).

7.2.3 Preparation of DNA for in vitro Transcription

Prior to in vitro transcription of VGSCs contained in pGH19, the plasmids were

linearized using the Notl as shown in Table 7.11.

Table 7.11: Components of Plasmid Linearization Reactions Using Not1

Component Amount
para 13-5 DNA ~3 ug
Buffer FastDigest 10X* 3uL
Fast-Digest Notl* 3.5uL
Nuclease-Free H,0O To 30 uL

* ThermoFisher Scientific

Samples were incubated at 37 °C for 2 hours before the addition of 20 pL of distilled
nuclease-free H,0; giving a final volume of 50 plL. To this, 2 uL of proteinase K (5
mg/mL) was added to a final concentration of 200 pg/mL, along with 2.5 pL of 10% SDS
to a final concentration of 0.5 %. Samples were incubated at 50 °C for 30 minutes prior
to the addition of 2.5 uL of 0.5 M EDTA to a final concentration of 25 mM. Following
incubation, samples were purified by the addition of a 5 volume of saturated phenol
(28.5 pL) and a % volume of chloroform (28.5 pL). Samples were mixed by vortexing,
then centrifuged at 16168 x g at 4°C for 5 minutes. The aqueous phase (upper) layer

was pipetted into a new tube and 57 uL of chloroform added, before vortexing and
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then centrifugation at 16168 x g at 4°C for 1 minute. Another phenol:chloroform
purification was done and the final aqueous phase (upper) was pipetted into a new
tube and the DNA precipitated using 1 volume of 4 M Ammonium Acetate and 5
volumes of ice cold 100% ethanol (500 pL) incubated overnight at -20 °C. The samples
were then centrifuged at 16168 x g for 20 minutes at 4 °C and the supernatant
carefully removed. The remaining pellet was washed with 500 pL of ice cold 70%
ethanol, centrifuged at 16168 x g for 5 minutes at 4 °C, the supernatant was carefully
removed, and samples vacuum dried until no liquid was present. The pellets were re-
suspended in 10 plL nuclease-free water and 0.5 pL was run on a 1 % agarose gel to

check the purity of the product (Section 4.2).

In addition to VGSC constructs, another pGH19 construct containing cDNA needed to
transcribe the D. melanogaster TipE protein, was also prepared for in vitro
transcription. TipE is a VGSC accessory protein shown to greatly enhance activity of D.
melanogaster para VGSCs in X. laevis oocytes (Feng et al., 1995). The TipE construct

used in this study was made by Vais et al in 2000.

7.2.4 Preparation of cRNA Transcripts for Expression in X. laevis Oocytes

Linearized VGSC or TipE pGH19 plasmids, or already linear V. destructor VGSC PCR
products, were used as DNA templates for in vitro transcription to created capped
cRNA for use in X. laevis microinjection. This protocol was carried out using
ThermoFisher Scientific’'s T7 mMMESSAGE mMACHINE® kit. The starting mix was as
shown in Table 7.12.

Table 7.12: Reverse Transcription Mix

Template DNA | 2 X NTP/CAP* B]l.:;f)(:r GTP | Enzyme Water
PCR Product or
linearized 1pug 5uL 1uL 0.5 uL 1uL To 10 pL
plasmid

* 2X NTP/CAP is a neutralized buffered solution containing ATP (15 mM), CTP (15 mM), UTP (15 mM),
GTP (3 mM), 5’ RNA cap analog m7G(5")ppp(5")G (12 mM).
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Samples were incubated for 2 hours at 37 °C. For each 10 pL reaction, 0.5 pL Turbo
DNAse was added and samples were mixed then incubated for 15 minutes at 37 °C. 57
uL distilled Nuclease free H,0 and 7.5 puL ammonium acetate stop solution were added
to a final volume of 75 pL. Samples were then purified by phenol:chloroform
precipitation as described in 7.2.3. The final pellets were re-suspend in 10 uL nuclease-
free water and the concentration of the RNA was checked using a nanodrop
spectrophotometer (ThermoScientific). Samples (~¥500ng of RNA) were run on a 1 %
agarose gel (Section 4.2) to check the products. All cRNA transcripts were stored at -

80°C.

7.2.5 Preparation of X. laevis Oocytes

X. laevis ovaries were obtained from The European Xenopus Resource Centre (EXRC) at
Portsmouth University, details of housing and production conditions can be found
at:http://www.port.ac.uk/research/exrc/holdingandproducingconditions. At least ten
separate batches of oocytes were used to collect the data found in this work. The
ovaries were delivered on wet ice in EXRC Modified Barth’s Solution (MBS) containing
NaCl (88 mM), KCI (1 mM), NaHCOs (2.4 mM), MgCl, -6H,0 (0.82 mM), Ca(NOs), x 2H,0
(0.33mM), CaCl, x 6H,0 (0.41mM) and HEPES (10mM) pH 7.5 - pH 7.6, with a final
concentration of 5 U/ml penicillin and 5 pg/ml streptomycin. Once received, the X.
laevis ovaries were torn into approximately 1cm? pieces and placed into Ca**-free MBS,
containing NaCl (88 mM), KCl (1 mM), Tris pH 7.6 (15 mM), NaHCOs (2.4 mM) and
MgCl, -6H,0 (0.82 mM), this was adjusted to pH 7.5 using hydrochloric acid before
filtering using a 2 um Nalgene vacuum filtration system. To this solution 1-2 mg/ml
Type 1A Collagenase enzyme (Sigma-Aldrich) was added and oocytes were treated for
30-45 minutes at room temperature with gentle shaking to remove connective tissue.
The oocytes were then washed in fresh Ca®"-free MBS a minimum of five times to
remove excess collagenase and to prevent total loss of the follicular tissue which
surrounds each egg. The healthiest oocytes of the correct development stage (stage IV
or V) were then selected according to the guidelines for shape, size, and colour
developed at Nottingham University (Eldursi et al., 1997). Follicular tissue was then

removed from the oocytes using forceps.
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7.2.6 Microinjection of cRNA Transcripts

Microinjection of cRNA transcripts was done with an auto-nanolitre-injector, Nanoject
[I (Drummond Scientific) at a volume of 50.6 nl of cRNA per oocyte. Injecting tips were
pulled from 3.5 nanolitre glass capillaries (World Precision Instruments) using a
horizontal pipette puller. Prior to injection, the ends of the tips were opened by
carefully breaking under the microscope to give a slanted tip of approximately 10 uM
diameter. Injection tips were filled with mineral oil and secured onto the Nanoject Il
needle to create an injection pipette. cRNA transcripts for native or mutant D.
melanogaster para 13-5 and for Tip E were diluted with sterile nuclease-free water to a
final concentration of 0.5 ng/nl and mixed at a ratio of 1 part Tip E transcript, 1 part
VGSC transcript and 3 parts nuclease-free water, giving a final concentration for each
cRNA of 0.1 ng/nl. Native or mutant V. destructor 13-5 transcripts were diluted with
nuclease-free water to a final concentration of 1 ng/nl but these were not mixed with
Tip E, as this has been shown to hinder expression of the V. destructor VGSC (Du et al.,
2009a). Transcript cRNA was gently drawn into the injection pipette, taking care to
avoid any air bubbles. Defolliculated oocytes were then placed in a bath of Ca?*-free
MBS (Section 7.2.5) where they were each injected with 50.6 nl of transcript solution.
Following injection, the oocytes were incubated for either 2-4 days for D.
melanogaster para 13-5/TIP E transcripts or 4-5 days for V. destructor 13-5 transcripts
at 18°Cin 24 well VWR® multi-well plates (VWR) with no more than 3 oocytes per well.
Each well contained Ca2+—containing MBS, which was Ca**-free MBS (Section 7.2.5)
with the addition of CaCl,-2H,0 (0.77 mM), penicillin (100U/ml), streptomycin
(100ug/ml), kanamycin (4 ug/ml), and tetracycline (50 pg/ml), antibiotics were added
as advised by Alin Mirel Puinean and as used in (Puinean et al., 2013). Once TEVC
recordings had begun on a batch of VGSC-expressing oocytes any remaining cells from

that batch were stored at 4°C.
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7.2.7 Recording VGSC Signals Using TEVC Electrophysiology

TEVC, as introduced in Section 3.6, was used to measure current flow at fixed voltages
across an oocyte membrane. Oocytes were placed in sterile disposable 35 mm petri
dishes containing 2ml of Xenopus Ringer: NaCl (96 mM), KCl (2 mM), CaCl2 (1.8 mM),
MgClI2 (1 mM), and HEPES (5 mM), adjusted to pH 7.5 with NaOH. Electrodes inserted
into the oocyte for recording (E1) and injecting (Ei) current were prepared from
Borosilicate thin walled Clark capillary glass (with filament, OD 1.5 mm, ID 1.17 mm,
Length 100mm) (Harvard Apparatus) using a micropipette puller (model P-97, Sutter
Instrument Company). Electrodes were filled with 0.7 M KCL and 1.7 M K citrate, then
connected to the amplifier using 0.37 mm Teflon coated silver wire (Advent Research
Materials); where the Teflon coating at the tip had been removed and coated with
silver chloride to allow conductance. When inserted into an oocyte these electrodes
gave a resistance of 1-2 MQ; which allows sufficient current to pass rapidly into the
oocyte to give fast voltage-clamping. A third electrode, E2, is connected to the bath via
a platinum wire (Goodfellow) encased within an agar bridge, which acts to confirm
that the bath is clamped and give an accurate record of membrane potential. The
electrophysiology experiments were carried out at the University of Nottingham using
a CA-1B amplifier (Dagan Instruments), which allows use of a protocol whereby the
inside of the cell is held at “zero” (a virtual ground state compared to the bath) whilst
the bath is voltage clamped. This results in much faster clamping speeds allowing the
investigation of rapid changes in current as seen in VGSCs. All oocytes used needed to
be of sufficient quality able to survive testing, as determined by a resting membrane
potential more negative than -10 mV (though upwards of -15 mV was preferred) and a
leakage current of below -150 nA when clamped to -70 mV (all voltages stated are

relative to the virtual ground) (Figure 7.1).
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Figure 7.1: The TEVC Experimental Design

WinWCP Voltage
Protocol Generator

ITC-16 Computer Interface

!

CA-1B Amplifier

Bathguard Headstage

E2

A representation of TEVC Electrophysiology as used in this study. The oocyte is placed in a disposable
Petri dish containing Xenopus Ringer and impaled with two glass micro-electrodes, Ei and E1, which
are in turn connected to an amplifier. An agar bridge in the Xenopus Ringer connect a third electrode,
E2, to accurately confirm the oocyte membrane potential and that the bath is clamped during
experiments. Ei and E1 are shielded by a grounded metal dividing plate, reducing coupling between
the two electrodes. Voltage protocols are generated in Win-WCP and pass to the amplifier via an ITC-
16 computer interface (Instrutech Corporation), which converts the digital signal to analogue. Signals
from the amplifier are passed back to the computer via this interface, which then converts the

analogue signal to digital, and results are stored on the computer hard drive.
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Once clamped, the oocytes underwent a series of voltage protocols to investigate the
activity of the VGSC they were expressing. All protocols were designed and recorded
using the WinWCP programme (John Dempster, University of Strathclyde) and were
developed at Nottingham University in the lab of lan Duce and lan Mellor (Usherwood
et al., 2007; Usherwood et al., 2005). For each protocol, 4 leak-subtraction pulses per
test potential were performed to counter any membrane leakage in the oocyte. Four

different electrophysiological protocols were used:

Voltage Protocol 1

This protocol (Figure 7.2) allowed the study of activation and fast-inactivation of a
VGSC in the presence and absence of a toxicant (Usherwood et al., 2005). The oocytes
were clamped to -70 mV before the voltage was increased, with a 30 ms step
depolarisation, to the test potential (V7). Test potentials ranged from -65 mV to +45

mV and increased in 5mV increments.

Figure 7.2: Voltage Protocol 1
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(A) A representation of Voltage Protocol 1 showing the baseline clamped potential of -70 mV,
followed by a 30 ms step depolarisation from -70 to +45 mV in 5 mV increments. (B) Exemplar raw
data resulting from the application of Voltage Protocol 1 on X. laevis oocytes expressing the V.
destructor native VGSC.
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Voltage Protocol 2
This protocol (Figure 7.3) allowed the study of steady state inactivation of a VGSC in

the presence and absence of toxicants. Oocytes were clamped to -70 mV before the
application of a 200 ms inactivation pre-pulse (Vr.inact). This pre-pulse ranged from -90
mV to -20mV and was increased in 5 mV increments. Following each pre-pulse, the
cells were subjected to a V1 of -10 mV of 30 ms duration, this would cause immediate
activation in a native VGSC. However, the extent of activation seen is dependent on
the value of the pre-pulse potential, the more positive this potential, the more VGSCs
would be in an inactivated state come V+, and the smaller the resultant sodium current

would be.

Figure 7.3: Voltage Protocol 2

(A)
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(A) A representation of Voltage Protocol 2 showing the baseline clamped potential of -70 mV,
followed by the 200 ms step depolarisation from -90 to -20 mV in 5 mV increments. A 30 ms test pulse
at -10 mV at the end of the protocol was designed to investigate VGSC inactivation. (B) Exemplar raw
data resulting from the application of Voltage Protocol 2 on X. laevis oocytes expressing the V.
destructor native VGSC. Current shown is that recorded during the 30 ms V; of -10 mV following the
stated pre-pulse value.

121



Voltage Protocol 3
This protocol (Figure 7.4) allowed the study of a characteristic feature of VGSCs

expressed in oocytes and treated with pyrethroids, known as the tail current. Tail
currents are the observable manifestation of the action of pyrethroids, when they
slow channel inactivation/deactivation (Vais et al., 2001). Oocytes were clamped to -70
mV before the application of 100 0 mV conditioning pulses of 5 ms duration, each at a
frequency of 66 Hz. Between each conditioning pulse there was a 10 ms interval,
allowing time for any recovery of VGSCs from open (at 0 mV) to closed-resting state (at
-70 mV). Because pyrethroids bind preferentially to the open confirmation of
arthropod VGSCs (Vais et al., 2000a), binding of these insecticides to the VGSC is
encouraged during this pre-conditioning step. Following the pre-conditioning pulses, a
single 12 second repolarisation pulse of -110 mV was applied, a voltage step that
should induce VGSCs into an inactivated then deactivated state (Figure 18). During this
repolarisation pulse, the VGSCs which have undergone modification by pyrethroid
insecticides will show a delay in closing, and a residual current peak will be observed
(Figure 28). The amplitude and duration of any residual current can then be measured
to give a value for the percentage modification of a VGSC by a pyrethroid insecticide

(Usherwood et al., 2007; Vais et al., 2001).

Figure 7.4: Voltage Protocol 3
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A representation of Voltage Protocol 3 showing the baseline clamped potential of -70 mV followed by
100 5 ms pre-conditioning pulses to 0 mV. A 12 second repolarisation pulse to -110 mV at the end was
designed to investigate VGSC inactivation/deactivation.
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Voltage Protocol 4

This protocol (Figure 7.5) allowed the study of the block of arthropod VGSCs caused by
Tetrodotoxin (TTX). Oocytes were clamped to -70 mV before the voltage was increased

to -10 mV for a single 35 ms step depolarisation. This protocol was repeated 25 times.

Figure 7.5: Voltage Protocol 4
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A representation of Voltage Protocol 4 showing the baseline clamped potential of -70 mV followed by
a single 35 ms test depolarisation step to -10 mV.

7.2.8 Application of Toxicants to VGSCs Expressed in Oocytes

TTX is a potent neurotoxin known to block mammalian and insect VGSCs and as such
can be used to confirm that it is expressed VGSCs that are responsible for any
observed voltage-dependent current fluctuations in X. laevis oocytes (Agnew et al.,
1980; Catterall, 2000, 2012; Feng et al., 1995; O'Dowd and Aldrich, 1988). To this end a
final bath concentration of 2 uM TTX (dissolved in nuclease-free water) was applied to
the oocytes which had been injected with cRNA encoding arthropod VGSCs after 12
repeats of Voltage Protocol 4. All pyrethroid toxicants were dissolved in dimethyl-
sulphoxide (DMSO) to make 102 M working stocks prior to application. The final bath
concentration of DMSO did not exceed 1% of the total volume, which previous studies
(Burton, 2012; Usherwood et al., 2007) have shown has no effect on the arthropod
VGSCs. This was confirmed in the current study (data not shown). The pyrethroids
deltamethrin, flumethrin , permethrin and tau-fluvalinate were each all added to the
bath in concentrations ranging from 1 nM to 10 uM. All toxicants and DMSO were
added to the bath in 2 pl volumes by pipetting, actives were allowed to diffuse through
the bath for 10 minutes, during which time their circulation was aided by gentle

blowing across the bath, before commencement of the voltage protocols.
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7.2.9 Data analysis of TEVC Recordings

All data analyses and graph plotting was done using GraphPad Prism 6 (GraphPad

Software) available at: https://www.graphpad.com/

Following Voltage Protocol 1 (Section 7.2.7) the amplitude of the current recorded at
each voltage step was plotted against the test potential to give a current-voltage
relationship for the activation of the expressed VGSCs. Following leak-current
subtraction (in Win WCP), current peak data was baseline corrected using the mean
current amplitude of the first three test-potentials were no VGSCs were activated.
Baseline corrected data was then transformed by -1 and normalised, then transformed
back to negative values. This processing accounted for differences in current amplitude
that were due to different VGSC expression levels between oocytes. The mean and
standard error of the mean (SEM) for each current peak was calculated at each test
potential, then fitted using a modified Boltzmann equation (Equation 1) to give a
current-voltage relationship curve. This allowed the determination of the half-
activation potential (Vsoact), the voltage at which half the VGSCs in the cell can be
considered to be active, and the reversal potential (V.ey), the voltage at which there is

no net movement of sodium ions across the membrane.

Equation 1:

Ipeak = Gmax((VT'Vrev)/(1+exp((VT 'VSO.act)/k))

Where |, is the peak sodium current elicited by the step depolarisation test potential (V1 ), Gax is
the maximum sodium ion conductance, V,,, is the reversal potential, Vs, is the test potential that
would give a half maximum I .., and k is the slope factor in mV.

Recordings from Voltage Protocol 1 also enabled the fitting of a normalised
conductance-voltage relationship. Maximum conductance (Gnax) and reversal-potential
(Vrev) values for baseline corrected current peak data from each cell were calculated
using Equation 1. The normalised conductance (G/Gnmax) for each value of V; was then

calculated from baseline corrected data for each cell using Equation 2.
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Equation 2:
G/Gmax = (lpeak/(VT'Vrev))/Gmax

Where |, is the peak sodium current elicited by the step depolarisation test potential (V1 ), G is the
conductance at Vy, G,,.x is the maximum sodium ion conductance, and V,,, is the reversal potential.

The mean and SEM of these data was taken, giving the mean normalised conductance
(G/Gmax) for each V1. These values were then fitted using Equation 3, a Boltzmann
sigmoidal, to give a normalised conductance-voltage relationship curve and a

calculation of Vs 5t based on conductance.

Equation 3:
G/Gmax = B+(T0p'B)/(1+exp((V50.act'VT)/k))

Normalised conductance (G/G,..,) is given a function of the depolarising step test potential (V+),
normalised conductance varies from a minimum (B) value to a maximal Top value, Vs, is the half-
activation potential (at which 50% of the channels would be activated), and k is the slope factor in mV.

Following Voltage Protocol 2 (Section 7.2.7) the amplitude of the current recorded
following each Vrinact (Ipeak) Was divided by the maximal peak current elicited for the
series of -10 mV V1 pulses (lma), to give the normalised current for steady-state
inactivation of the expressed VGSCs. Following leak-current subtraction (in Win WCP),
loeak data was transformed and normalised, to account for differences in current
amplitude due to different levels of VGSC expression in different oocytes. Normalised
current (lpeak/lmax) Was plotted against each Vrinaet, then fitted using a Boltzmann
equation (Equation 4). This allowed calculation of the half-inactivation voltage, the

voltage at which half the VGSCs in a cell could be considered inactivated (Vsg.inact)-

Equation 4:

Ipeak/lmax = B+(Top'B)/(1+eXp((VSO.inact'VT.inact)/k))

Normalised current flow (l,eak/Imax) is given a function of inactivating pre-pulse (Vrinact), Where l,eq is
the peak sodium current given by a single Vi ...« pre-pulse, and I, is the maximum peak current
elicited by a series of V; pulses. Normalised current varies from a minimum (B) value to a maximal Top
value, where Vsgi.. is the half-inactivation potential (at which 50% of the channels would be
inactivated), and k is the slope factor in mV.
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In more recent studies (Burton, 2012; Burton et al.,, 2011; Usherwood et al., 2007)
Equation 5 has been used to analyse the tail current area by determining the integral
modification (M;) of a VGSC in the presence and absence of a pyrethroid. This takes
into account, not only the peak current elicited during a tail current, but also the
duration of the depolarisation event (Usherwood et al., 2007). Following leak-current
subtraction (in Win WCP), current peak data obtained by application of Voltage
Protocol 3 (Section 7.2.7) was transformed by -1 and early data points (corresponding
to duration of the pre-conditioning pulses) were excluded. The area under the curve
(AUC) of transformed data was calculated, including only those peaks above the
baseline. AUC data were then re-transformed by -1 to give the value luilintegral (2
multiplication of the negative peak amplitude of the tail current by the time the peak
remains negative). Following this processing the tail current data was fitted to
Equation 5 to give the M; value for that cell and pyrethroid concentration. These values

were pooled to calculate mean and SEM M; data for test pyrethroids.

Equation 5:

Ivli = ((Itail.integral /(VT'Vrev))/Gmax)Xloo

Integral modification (M;) is given a function of I integrar (@ multiplication of the negative peak
amplitude of the tail current by the time the peak remains negative) divided by the depolarising step
test potential (V;) minus the reversal potential of the cell in the absence of any toxicant (V,.,). Divided
by the maximum conductance of the cell (G,,,,), again in the absence of any toxicant. In this case, V is
-110 mV. Data is multiplied by 100 to give a percentage value.

7.3 Results

7.3.1 Varroa 13-5 and para 13-5 VGSC Mutagenesis and Expression

D. melanogaster para 13-5 mutants C933A/G/V were successfully made into cRNA
transcripts and were injected into X. laevis oocytes, as was the native D. melanogaster
para 13-5. As data for the C933A mutant has already been published (Usherwood et al.,
2007), and as this is not a native residue in V. destructor mites or ticks, this mutant was
abandoned. Of the two remaining D. melanogaster para 13-5 mutants, C933G has
shown expression in X. laevis oocytes but this was intermittent and poor, and the

C933V mutant failed to express, most likely due to oocyte quality at the time. In the

126



past, the native V. destructor 13-5 VGSC has suffered badly from random mutagenesis
in E. coli, and has proven difficult to maintain in both Stratagene’s XL1 Blue and XL10
Gold ultracompetent cells (Joel Gonzalez-Cabrera personal communication). Perhaps
not surprisingly, given the difficulties maintaining native V. destructor 13-5, only the V.
destructor 13-5 G933V mutant was obtained, and correct clones were only obtained
through transformation into Invitrogen’s MAX Efficiency® Stbl2™ competent cells
followed by colony PCR (Section 4.10 and 4.11). However, this was successfully made
into a cRNA transcript and injected into X. laevis oocytes, as was the native V.
destructor 13-5, for testing using TEVC Electrophysiology; both the native V. destructor
13-5 VGSC and the V. destructor 13-5 G933V mutant showed expression in X. laevis
oocytes, as did the native D. melanogaster para 13-5 VGSC when co-expressed with Tip
E (Feng et al., 1995; Warmke et al., 1997). These three constructs allowed investigation
into potential differences in pyrethroid binding between insect and acarine channels,
particularly involving residue 933, and so were taken forward for use in TEVC

experiments.

7.3.2 Characterisation of Arthropod VGSCs

7.3.2.1 Activation

Mean values (along with SEMs) for Vsg .t and Ve, for arthropod VGSCs in the absence

of any toxicant, calculated using Equations 1,2 and 3, are listed in Table 7.13. Current-

voltage relationships for these VGSCs and conductance-voltage relationships are

shown in Figure 7.6.

Table 7.13: Values of V5g.¢ and Ve, for Arthropod VGSCs in the Absence of Any

Toxicant
VGSC Source Vs0.act (MV) Viev (MV) (n)
D. melanogaster para -29.33+£0.32 174.70+9.71 | 37
V. destructor Native -17.98 £ 0.50 64.75 + 2.10 32
V. destructor G933V Mutant | -18.26+0.63 70.15+3.24 27
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Figure 7.6: Activation Relationships of Arthropod VGSCs
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(i) Current-voltage relationships of arthropod VGSCs recorded using Voltage Protocol 1 (Section 7.2.7)

and fitted using Equation 1 (Section 7.2.9). (ii) Conductance-voltage relationships of arthropod VGSCs
recorded using Voltage Protocol 1 (Section 7.2.7) and fitted using Equations 1, 2 and 3 (Section 7.2.9).
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7.3.2.2 Steady-State Inactivation
Mean values (along with SEMs) for Vsginact Values for arthropod VGSCs in the absence
of any toxicant, calculated using Equation 4, are listed in Table 7.14 and normalised

current-voltage (pre-pulse) relationships for these VGSCs are shown in Figure 7.7.

Table 7.14: Values of Vsg inact for Arthropod VGSCs in the Absence of Any Toxicant

VGSC Source Vs0.inact (MV) (n)
D. melanogaster para -48.14 £ 0.18 38
V. destructor Native -30.33+0.86 |40
V. destructor G933V Mutant | -28.61 +0.75 34

Figure 7.7: Steady-State Inactivation Relationships of Arthropod VGSCs
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Voltage dependence of inactivation for arthropod VGSCs as recorded using Voltage Protocol 2 (Section
7.2.7) and fitted using Equation 4 (Section 7.2.9).

129



7.3.3 Effects of Pyrethroid on Arthropod VGSCs

Pyrethroids toxicants were applied to X. laevis oocytes (Section 7.2.8) to assess their

effects on activation, steady-state inactivation, and their ability to induce tail currents.

7.3.3.1 Effects of Pyrethroids on Activation

Mean values (along with SEMs) for Vsg ¢t of arthropod VGSCs in the absence of any
toxicant and in the presence of 100 nM of each pyrethroid, as calculated using
Equations 1, 2, and 3, are listed in Table 7.15. Conductance-voltage relationships for
these VGSCs are shown in Figure 7.8. These relationships show how the activation of
each arthropod VGSC is affected by individual pyrethroid toxicants, with a shift to the
left demonstrating that activation is occurring at a more negative voltage. Such a shift
would be expected to correlate with increasing concentrations of a pyrethroid toxicant,
their mode of action being previously demonstrated to involve stabilising arthropod
VGSCs in the active conformation, thus more channels would be open and conductive

at lower voltages (Vais et al., 1997).
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Table 7.15: Values of V5 o for Arthropod VGSCs in the Absence of Any Toxicant and in the Presence of 100 nM Pyrethroid

VGSC Source Pyrethroid Applied Vs0.act (MV) P-Value (Toxicant-Control)* | (n)
D. melanogaster None -29.33+£0.32 N/A 37
D. melanogaster 100 nM Deltamethrin -37.58 £1.05 | <0.05 7
D. melanogaster 100 nM Flumethrin -37.57+£1.23 | <0.05 9
D. melanogaster 100 nM Permethrin -35.57+ 0.84 | <0.05 6
D. melanogaster 100 nM Tau-Fluvalinate | -32.05+0.65 | <0.05 8
V. destructor Native None -17.98 £ 0.50 N/A 32
V. destructor Native 100 nM Deltamethrin -19.71+0.87 | <0.05 9
V. destructor Native 100 nM Flumethrin -10.83 £1.22 <0.05 4
V. destructor Native 100 nM Permethrin -21.13£2.22 <0.05 6
V. destructor Native 100 nM Tau-Fluvalinate | -28.46+1.13 <0.05 4
V. destructor G933V Mutant | None -18.26 £ 0.63 N/A 27
V. destructor G933V Mutant | 100 nM Deltamethrin -7.99+2.71 <0.05 6
V. destructor G933V Mutant | 100 nM Flumethrin -26.09 £ 0.57 <0.05 3
V. destructor G933V Mutant | 100 nM Permethrin -15.57 +4.14 | <0.05 6
V. destructor G933V Mutant | 100 nM Tau-Fluvalinate |-26.90+1.73 | <0.05 5

*P-Values were calculated using GraphPad Prism 6 by comparing conductance-voltage relationship curves using an extra sum-of-squares F test. Values of less than 0.05
demonstrate that for a given pyrethroid and VGSC the Vg, values generated by these curves in the absence or presence of pyrethroid were significantly different to one

another.
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Figure 7.8: Conductance of Arthropod VGSCs Treated with Pyrethroid Toxicants
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7.3.3.2 Effects of Pyrethroid on Steady-State Inactivation

Mean values (along with SEMs) for Vsginact Values for arthropod VGSCs in the absence
of toxicant and in the presence of 100 nM of each pyrethroid, as calculated using
Equations 4, are listed in Table 7.16 and normalised current-voltage (pre-pulse)
relationships for these VGSCs are shown in Figure 7.9. These relationships show how
the fast inactivation of each arthropod VGSC is affected by individual pyrethroid
toxicants, with a shift to the right demonstrating that fast inactivation is occurring at a
more positive voltage. This positive shift would be expected to occur in line with
increasing pyrethroid concentration, as pyrethroids have been previously
demonstrated to block arthropod VGSCs moving from an open to an “inactivated”
closed state, meaning VGSCs would be promoted to the inactivated conformation at

more positive V1 potentials following pyrethroid application. (Vais et al., 1997).
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Table 7.16: Values of Vg inact for Arthropod VGSCs in the Absence of Any Toxicant and in the Presence of 100 nM Pyrethroid

VGSC Source Pyrethroid Applied Vs0.inact (MV) P-Value (Toxicant-Control)* | (n)
D. melanogaster None -48.14 + 0.18 N/A 38
D. melanogaster 100 nM Deltamethrin -49.67 £0.32 | <0.05 5
D. melanogaster 100 nM Flumethrin -48.81+£0.57 | 0.20 3
D. melanogaster 100 nM Permethrin -49.53 £0.37 | <0.05 5
D. melanogaster 100 nM Tau-Fluvalinate | -48.63+0.34 | 0.27 8
V. destructor Native None -30.33+0.86 N/A 40
V. destructor Native 100 nM Deltamethrin -36.32+0.79 | <0.05 10
V. destructor Native 100 nM Flumethrin -29.80+£1.20 <0.05 9
V. destructor Native 100 nM Permethrin -31.10+£0.80 0.44 10
V. destructor Native 100 nM Tau-Fluvalinate | -31.59+1.18 0.22 10
V. destructor G933V Mutant | None -28.61 £0.75 N/A 34
V. destructor G933V Mutant | 100 nM Deltamethrin -33.11£0.99 <0.05 8
V. destructor G933V Mutant | 100 nM Flumethrin -27.57 £0.70 <0.05 5
V. destructor G933V Mutant | 100 nM Permethrin -33.91+2.17 | <0.05 10
V. destructor G933V Mutant | 100 nM Tau-Fluvalinate | -28.72+1.57 | <0.05 10

*P-Values were calculated in GraphPad Prism 6 by comparing voltage dependence of inactivation curves using an extra sum-of-squares F test. Values of less than 0.05
demonstrate that for a given pyrethroid and VGSC the V50 ;... values generated by these curves in the absence or presence of pyrethroid are significantly different to one

another.
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Figure 7.9: Conductance of Arthropod VGSCs Treated with Pyrethroid Toxicants
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7.3.3.3 Pyrethroid Induced Tail Currents

Tail currents allow the observation of action of pyrethroid insecticides, whereby they
slow VGSC inactivation/deactivation, this can be translated into a percentage
modification (M;) of each type of arthropod VGSC by each pyrethroid toxicant, with
levels of modification being previously shown to increase in line with pyrethroid
concentration in native arthropod VGSCs (Vais et al., 2001). Mean values (along with
SEMs) for M; values for arthropod VGSCs in the absence of toxicant and in the
presence of 100 nM or 1 uM of each pyrethroid, as calculated using Equations 4, are

listed in Table 7.17 and shown in Figures 7.10 and 7.11 respectively.
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Table 7.17: Values of M; (%) for Arthropod VGSCs in the Presence of 100 nM and 1 uM of Pyrethroid Toxicant

hroid 100 nM 1uM
VGSC Source Pyrethroi Mean Mi (%) SEM (n) | Mean Mi (%) SEM (n)
D. melanogaster para Deltamethrin 142.23 89.58 9 487.85 307.58 6
D. melanogaster para Flumethrin 192.69 64.12 10 401.54 223.13 7
D. melanogaster para Permethrin 47.93 22.29 8 215.03 75.55 8
D. melanogaster para | Tau-Fluvalinate 108.03 52.94 10 392.27 163.38 7
V. destructor Native Deltamethrin 4.79 1.23 10 99.01 31.78 10
V. destructor Native Flumethrin 2.05 0.84 5 4.92 1.64 5
V. destructor Native Permethrin -0.076 0.15 9 2.46 1.35 9
V. destructor Native Tau-Fluvalinate 21.91 11.05 8 253.14 57.55 8
V. destructor G933V Deltamethrin 3.73 3.02 6 58.17 35.19 6
V. destructor G933V Flumethrin 2.71 0.79 5 7.82 2.72 5
V. destructor G933V Permethrin 0.17 0.21 8 1.68 0.73 8
V. destructor G933V | Tau-Fluvalinate 72.89 49.96 7 269.10 68.30 7

Mean M; (%) response of a VGSC to pyrethroid pesticides at 100 nM and 1 uM concentrations. Values were calculated following Voltage Protocol 3 using Equation 5 (Section

7.2.9) in Graph Pad 6.
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Figure 7.10: Integral Modification of Arthropod VGSCs Treated with 100 nM

Pyrethroid Toxicant
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Mean M, (%) response of a VGSC to 100 nM concentrations of pyrethroid pesticides. Values were
calculated following Voltage Protocol 3 using Equation 5 (Section 7.2.9) in Graph Pad 6.
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Figure 7.11: Integral Modification of Arthropod VGSCs Treated with 1 uM Pyrethroid
Toxicant
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Mean M; (%) response of a VGSC to 1 pM concentrations of pyrethroid pesticides. Values were
calculated following Voltage Protocol 3 using Equation 5 (Section 7.2.9) in Graph Pad 6.
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7.3.4 TTX Effects on D. melanogaster para and V. destructor VGSCs

Voltage Protocol 4 (Section 7.2.7) was used to measure the effects of 2 uM TTX applied
to arthropod VGSCs (Section 7.2.8). Results of this experiment in the present study can
be seen in Figure 7.12. The concentration of TTX delivered gave approximated a 50%
block of V. destructor VGSCs and a complete block of the D. melanogaster para VGSC,

as reported previously (Burton, 2012; Du et al., 2009a).

Figure 7.12: Results of an Application of 2 uM TTX on the D. melanogaster para and
V. destructor Native and G933V Mutant VGSCs
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Inhibition of arthropod VGSCs by 2 uM TTX using Voltage Protocol 4. The mean response of a total
number (n) of 3 cells for each VGSC type is shown along with 95% confidence intervals of the means
(small dots).
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7.4 Discussion

7.4.1 Activation of Arthropod VGSCs in the Absence of Any Toxicant

In the absence of any toxicant the D. melanogaster para channel Vsg 5 value reported
in this study of -29.33 £ 0.32 (n= 37) is lower than values previously reported for native
versions of this VGSC (Burton et al., 2011; Usherwood et al., 2007; Usherwood et al.,
2005; Vais et al., 2000a; Warmke et al., 1997). However, it is not significantly different
to values reported for a D. melanogaster para VGSC containing the naturally-occurring
mutation L932F (P>0.05 One-Way ANOVA with Dunnett post-test using Graph Pad 6),
which should not induce major changes in the kinetic properties of the VGSC, amongst
other mutant versions of this channel (Usherwood et al., 2007). Thus, the Vsg ¢ value
obtained in this study for the native D. melanogaster para VGSC is likely representative
of variation seen in this channel and is within expected parameters. Values of Vsg 5t for
the V. destructor native and G933V Mutant VGSCs in the absence of any toxicant were
-17.98 + 0.50 (n = 32) and -18.26 + 0.63 (n = 27) respectively. These values were not
expected to differ significantly from one another as the mutation incurred is naturally
occurring and would not be expected to impact on channel gating due to its position
within the VGSC (Jonsson et al., 2010; O'Reilly et al., 2006; Usherwood et al., 2007).
Indeed both V. destructor VGSC Vsgat Values are not significantly different to one
another, or to the value for the V. destructor native channel previously obtained by Du
et al 2009 of -18.23 + 3.33 (n = 5) (P>0.05 One-Way ANOVA with Dunnett post-test
using Graph Pad 6). This strongly suggests that Vsg.ac values for V. destructor VGSCs
found in this study accurately represent values for these VGSCs when expressed in X.
laevis oocytes. Interesting, this implies that the insect and acari VGSCs tested show
distinct properties in terms of their kinetics of activation (Tables 7.13 and 7.14), and
these values are in fact significantly different to one another (P<0.05 One-Way ANOVA
with Dunnett post-test using Graph Pad 6). However, Vs, values obtained for V.
destructor VGSCs in this study are statistically comparable to those previously reported
for both native and mutant D. melanogaster para VGSCs (P<0.05 One-Way ANOVA
with Dunnett post-test using Graph Pad 6) (Burton et al., 2011; Usherwood et al., 2005;

Warmke et al., 1997). As Vsg 4t Values for D. melanogaster para VGSCs seem to show a
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degree of variation in the literature, it is not prudent to suggest that they are truly
distinct. Further experimentation may shed light on the nature of the variation seen in
Vso.act Values for the D. melanogaster para native VGSC. For example, investigations as
to whether Tip E co-expression plays a role, as unlike D. melanogaster para VGSCs, V.
destructor VGSC expression in X. laevis oocytes is not enhanced by the co-expression

of an auxiliary protein (Du et al., 2009a; Warmke et al., 1997).

7.4.2 Inactivation of Arthropod VGSCs in the Absence of Any Toxicant

In contrast, values of Vsginact for D. melanogaster para VGSCs in the absence of any
toxicant are more comparable between experiments. The Vsg inact Value of -48.14 + 0.18
(n = 38) reported in this study is not significantly different to that reported for the
native D. melanogaster para VGSC in Burton et al 2011 and 2012 (P>0.05 One-Way
ANOVA with Dunnett post-test using Graph Pad 6), and is comparable to those values
reported in the literature (Usherwood et al., 2005; Vais et al., 2000b; Warmke et al.,
1997). Values of Vsginact for the V. destructor native and G933V Mutant VGSCs in the
absence of any toxicant were -30.33 + 0.86 (n = 40) and 28.61 + 0.75 (n = 34)
respectively. Again, values were not expected to differ significantly from one another,
due to the position of the G933V mutation within the channel (Jonsson et al., 2010;
O'Reilly et al., 2006; Usherwood et al., 2007), and both V. destructor VGSC Vsginact
values are not significantly different to one another; or to the value for the V.
destructor native channel previously obtained by Du et al 2009 of -29.16 + 1.72 (n = 5)
(P>0.05 One-Way ANOVA with Dunnett post-test using Graph Pad 6). Thus, it is likely
that the Vsginact Values for V. destructor VGSCs found in this study also accurately
represent values for these VGSCs. Unlike Vsg ot Values obtained for V. destructor VGSCs,
Vso.inact Values in this study are also statistically different to those previously reported
for native D. melanogaster para VGSCs (P<0.05 One-Way ANOVA with Dunnett post-
test using Graph Pad 6) (Burton et al., 2011; Usherwood et al., 2005; Warmke et al.,
1997). The V. destructor VGSC Vsg.inact Values in this study shift to the positive when
compared to those for D. melanogaster para VGSCs, indicating that these VGSCs
inactivate at a more positive potential, therefore these channels close at a higher

membrane potential after activation. As pyrethroids are thought to bind preferentially
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to open VGSCs, stabilising the “activated” state (Bloomquist, 1996; Soderlund and
Bloomquist, 1989), this suggests that V. destructor VGSCs could be more susceptible to
the effects of pyrethroids than D. melanogaster para VGSCs. The observed tendency
towards inactivation at higher potentials would increase the probability of pyrethroid
binding, as the time period during which VGSCs are open, or “activated”, would be

increased.

7.4.3 Activation of Arthropod VGSCs in the Presence of Pyrethroids

Analysis of Vsgac values for VGSCs after exposure to 100 nM pyrethroid revealed a
significant shift towards the positive for V. destructor native VGSCs treated with
flumethrin and V. destructor G933V VGSCs treated with deltamethrin or permethrin
(Figure 7.8) (Table 7.15). In contrast, in previous studies with the D. melanogaster
native VGSC, Vsgae Vvalues shifted towards the negative following pyrethroid
application (Burton et al., 2011). As do all D. melanogaster para VGSCs tested with
pyrethroids in the present study. This negative shift is in line with the theory that
pyrethroids stabilise arthropod VGSCs in the “activated” open conformation, meaning
more VGSCs are promoted to the open state at more negative Vr potentials following
pyrethroid application. All other pyrethroids applied to both native and mutant V.
destructor VGSCs produced a significant shift in the negative direction, as in line with
previous work, and the conductance-voltage relationship graphs for those producing
positive shifts show large errors (Figure 7.8). The reasons for this positive shift are
currently unknown, but as pyrethroids tested were shown to modify the V. destructor
VGSCs by application of Voltage Protocol 3 (Section 7.3.3.3) the reason behind this

anomaly unlikely to be due to a lack of pyrethroid action on the VGSCs.

7.4.4 Inactivation of Arthropod VGSCs in the Presence of Pyrethroids

The proposed theory that V. destructor VGSCs could be more susceptible to the effects
of pyrethroids than D. melanogaster para VGSCs, due to their tendency towards
inactivation at higher membrane potentials, is supported by the response of arthropod

VGSCs to pyrethroid toxicants in this study. Analysis of Vsg.nact Values for VGSCs after
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exposure to 100 nM pyrethroid revealed a significant shift towards more negative
values for D. melanogaster para VGSCs treated with deltamethrin or permethrin, V.
destructor native VGSCs treated with deltamethrin or flumethrin, and V. destructor
G933V VGSCs treated with any pyrethroid. In prior studies with the D. melanogaster
native VGSC, Vsginacet Values shifted towards the positive following pyrethroid
application (Burton et al., 2011), as do other VGSCs tested with pyrethroids in the
present study (Table 7.16) (Figure 7.9). Namely D. melanogaster para VGSCs treated
with flumethrin or tau-fluvalinate, and V. destructor native VGSCs treated with
permethrin or tau-fluvalinate. This positive shift is in line with the theory that
pyrethroids block arthropod VGSCs moving from an open to an “inactivated” closed
state, meaning VGSCs would only be promoted to the inactivated closed conformation
at more positive V1 potentials following pyrethroid application. The theoretic cycling of

the VGSC between states is shown in Figure 3.5 (Replicated in Figure 7.13 below).

Figure 7.13: The Four States of the VGSC

A

i) Closed Resting ii) Open iii) Inactivated iv) Deactivated

A diagrammatic representation of the four states of the VGSC: i) Closed resting, ii) Open, iii)
Inactivated, iv) Deactivated. Where A) indicates the inactivation gate and B) indicates the activation
gate. During Voltage Protocol 2 net VGSC movement from an open to an inactivated state is measured.

Pyrethroids bind preferentially to open forms of the arthropod VGSC, and are known
to inhibit deactivation (Bloomquist, 1996). However, their effects on inactivation, and
the movement of the inactivation gate, are primarily investigated using Voltage
Protocol 2. It could be that pyrethroids play a varied role in this fast inactivation, or do
not affect it at all, and variations seen in Vsginact Values following their application in
this study are due to experimental variation. Though significant, the shifts are small,

with the largest being around 6 mV (V. destructor native VGSC tested with
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deltamethrin) (Table 7.16). This is much lower than the 17 to 20 mV shift range seen
when comparing D. melanogaster para VGSCs to V. destructor VGSCs in the absence of
any toxicant (Table 7.14) (Figure 7.7). Further investigation of this property of
pyrethroids could be of interest following the current study, especially given the shifts
in Vso.inact S€€en between the insect and acari VGSCs tested in the present work in the
absence of any toxicant. It may be that this property is not important for pyrethroid

insecticidal action.

7.4.5 Pyrethroid Induced Tail Currents at Arthropod VGSCs

Tail currents allow the observation of action of pyrethroid insecticides, whereby they
slow VGSC inactivation/deactivation (Vais et al., 2001). In the present study, tail
currents were recorded to give the M; (%) of a VGSC in the presence and absence of a
pyrethroid toxicant. This figure takes into account not only the peak current elicited
during a tail current but also the duration of it (Usherwood et al., 2007). Previous
studies have shown that tail currents recorded for pyrethroids acting on insect VGSCs
stay below a defined zero current baseline (Burton et al., 2011; Du et al., 2006; Liu et
al., 2006; Tan et al., 2002; Usherwood et al., 2007; Usherwood et al., 2005; Vais et al.,
2001; Vais et al., 2000b). This point, set at VH = -70 mV, marks a zero point for the
calculation of the area under the curve required to give the M; (%) for a VGSC. In the
present study, while D. melanogaster para VGSCs followed this pattern, tail currents
recorded for the pyrethroids deltamethrin, flumethrin and tau-fluvalinate rose above
the current recorded at VH = -70 mV for both native and mutant V. destructor VGSCs
(Figure 7.14). This tail-current rise tended to increase with pyrethroid concentration
and was not present in the absence of toxicant. This phenomenon suggests a different
pyrethroid response in acarine VGSCs compared to insects, and presented a problem
in analysis by acting to artificially reduce the M; (%) value recorded for these VGSCs. If
the baseline for V. destructor VGSCs was set at VH = -70 mV this effect would be
enhanced. Therefore, in this study, the baseline from which the area under the curve
was calculated for V. destructor VGSCs was set at the end of the recording, at

approximately 13.45 seconds.
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Figure 7.14: Raw Data Showing Tail Currents from Arthropod VGSCs

(A) VGSC Tail Currents in the Absence of Toxicant
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(B) D. melanogaster para VGSC Tail Currents with 100 nM Pyrethroid
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(C) V. destructor native VGSC Tail Currents with 100 nM Pyrethroid
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(D) V. destructor G933V VGSC Tail Currents with 100 nM Pyrethroid

Deltamethrin

Flumethrin

Permethrin

_____________________________________________________________________________________________ —z

Tau-Fluvalinate

Example tail currents (A) In the
absence of toxicant and in the
presence of 100 nM pyrethroid for (B)
D. melanogaster para, (C) V. destructor
native and (D) V. destructor G933V
VGSCs. Channels were expressed in X.
laevis oocytes and exposed to
pyrethroid toxicant (Section 7.2.8)
before the application of Voltage
Protocols 1, 2 and 3 (Section 7.2.7).
Data shown was extracted from
WinWCP following Voltage Protocol 3
(John Dempster, University of
Strathclyde) and illustrates tail-current
rise above the Time = 0 baseline seen
in V. destructor VGSCs (red line).
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Pyrethroids with suggested selective acaricidal activity differ from other pyrethroids by
having large halogenated substituents in their acidic moiety (Figure 7.15). According to
the model proposed by O’Reilly et al 2014, pyrethroids with these larger moieties
could be accommodated in acarine channels, such as the V. destructor native VGSC,
which have a smaller glycine at position 933, but not so well by insect channels, such
as the M. domestica VGSC, which has a larger cysteine residue in this position, nor by
the mutated V. destructor G933V VGSC. This result is supported by the findings of
Jonsson et al 2010, that R. microplus cattle ticks resistant to flumethrin but not to

cypermethrin carried the G933V mutation in their VGSCs.

Figure 7.15: Pyrethroids Used in Electrophysiological Studies of Arthropod VGSCs
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Permethrin, Flumethrin, Deltamethrin and Tau-Fluvalinate shown as examples of pyrethroids with
relatively large and small acidic moieties. Areas of interest within the acidic portion are highlighted by

green boxes. All pyrethroid structures are from ChemSpider 2016.

If the O’Reilly et al 2014 model were to hold true, we would expect both flumethrin
and tau-fluvalinate to show reduced activity at the D. melanogaster para and the V.
destructor G933V mutant VGSCs compared the V. destructor native VGSC. To this end,
comparisons of VGSC M; (%) were made to see if VGSCs from different species
responded significantly differently to each of the pyrethroids tested (Table 7.17). The
only significant result found was that for permethrin; where the D. melanogaster para
VGSC showed significantly greater modification in response to permethrin application
than either the V. destructor native or the V. destructor G933V VGSCs. This was true at
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both 100 nM and 1 uM permethrin (P<0.05 One-way ANOVA with Dunnett post-test
using Graph Pad 6), a finding which does not support the model proposed by O’Reilly
et al 2014. Furthermore, the fact that G933V was seen to be a selective resistance
mutation to flumethrin in R. microplus (Jonsson et al., 2010) contradicts conclusions in
this study. Even within species this work found that arthropod VGSC M; (%) varied little
between pyrethroids; in fact for D. melanogaster para VGSCs the mean M; (%)
response of a VGSC to one pyrethroid did not differ significantly in its response to any
other at either 100 nM or 1 uM pyrethroid concentration (P>0.05 One-way ANOVA
with Dunnett post-test using Graph Pad 6). For V. destructor native VGSCs only the
mean M; (%) response of VGSCs exposed to tau-fluvalinate differed significantly in their
response to other pyrethroids. These VGSCs showed a greater M; (%) than permethrin
at 100 nM and at 1 uM pyrethroid concentrations, and deltamethrin and flumethrin at
1 uM concentrations only (P<0.05 One-way ANOVA with Dunnett post-test using
Graph Pad 6). This result is similar to that for the V. destructor G933V VGSC, where
only the mean M; (%) response of VGSCs exposed to tau-fluvalinate differed
significantly in their response to other pyrethroids, again giving a greater M; (%), but
this time only at 1 uM concentrations for all three other pyrethroids (P<0.05 One-way
ANOVA with Dunnett post-test using Graph Pad 6). Clearly future work is needed
before firm conclusions are drawn about the action of pyrethroids at insect versus
acarine VGSCs. During testing, X. laevis oocytes injected with V. destructor VGSCs and
exposed to deltamethrin frequently lost membrane clamp at pyrethroid
concentrations high enough to induce a tail-current, suggesting an opening of the
VGSCs triggered by the pyrethroid leading to irreversible current flow. However, the
rise seen in deltamethrin tail currents at higher pyrethroid concentrations may mean
that some of the effects of deltamethrin, and the other Type Il pyrethroids tested,
could be unrecorded and therefore their action underestimated. To combat this, any
future work will involve a modified version of Voltage Protocol 3 that extends the
hyperpolarising phase. This will allow observation of tail currents in V. destructor
VGSCs to see if they eventually decline. Furthermore, now that the work in this study
has established suitable pyrethroid concentrations to induce tail currents in V.
destructor VGSCs, it would be sensible to test each oocyte with one concentration only

per pyrethroid in future, as pre-bound pyrethroid could explain the rising tail currents
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seen. Work should also be expanded to other Type | and Type Il pyrethroids (Khambay
and Jewess, 2005), as it is interesting to note that in this study only the Type II
pyrethroids (those with a-cyano group at the a-benzylic position; Namely deltamethrin,
flumethrin and tau-fluvalinate) produced the effects seen. Such work could inform
discussion into the nature of pyrethroid binding at the arthropod VGSC, as the tail
current rising above the baseline could suggest that type Il pyrethroids bind for a
longer period to acarine VGSCs than to those of insects. It will also be necessary to
design an experiment to see if certain pyrethroids can bind at voltages during which
the V. destructor VGSCs should be closed, another factor which could cause the
observed tail currents. Finally, as it has been shown that pyrethroids can bind to other
channels besides the VGSC (Casida et al., 1983), it would be interesting to use TEVC
techniques to examine pyrethroid binding at different ion channels in acarine and
insect species, to see if this explains differences in pyrethroid selectivity seen between

species.

7.4.6 TTX Effects on Arthropod VGSCs

TTX has long been used as a means of confirming that an observed current in TEV
electrophysiology is due to the expression of a VGSC. Though TTX has been shown to
block the D. melanogaster para VGSC effectively in numerous studies (Burton, 2012;
Feng et al., 1995; O'Dowd and Aldrich, 1988; Warmke et al., 1997), it is significantly
less potent at the V. destructor VGSC (Du et al., 2009a). The concentration of TTX
causing 50% response inhibition from VGSCs (the I1Csg) was found to be around 0.2 nM
for D. melanogaster para VGSCs co-expressed with D. melanogaster TipE (Feng et al.,
1995). In contrast the ICsq for TTX was found to be 1.05 + 0.28 uM for the native V.
destructor VGSC and 1.45 + 0.50 uM for a V. destructor VGSC lacking a region
corresponding to optional exon b in B. germanica (Du et al., 2009a). As removal of this
region did not significantly affect TTX binding at the V. destructor VGSC, the maximum
possible concentration to gain a 50% block of the V. destructor VGSC can be estimated
as ~1.95 uM. Thus, the application of TTX to a final bath concentration of 2 uM in the
current study gave a full block of D. melanogaster para VGSC signals and

approximately 50% block of V. destructor native and G933V mutant VGSC signals
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(Figure 7.12). This is in keeping with the findings of Du et al 2009 with regards to the V.
destructor VGSCs and of previous work by Warmke et al 1997 and Burton 2012 (for

example) with regards to the D. melanogaster para VGSC.
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8 Pyrethroid Bioassays of Acarine Species and M. domestica

8.1 Chapter Introduction and Aims

Comparison of the D. melanogaster para and V. destructor VGSCs expressed in oocytes
using electrophysiological methods showed that, although there was a significance
difference in the response of these channels to permethrin, there was no significant
difference in the sensitivity of the insect and mite channels to pyrethroids with large-
halogenated groups (Section 7.4.5). This chapter aims to test whether similar
sensitivities to these compounds are found in whole insects/acari using contact
bioassays. Four ticks (A. americanum, I. ricinus, R. sanguineous and D. variabilis), a
representative insect (M. domestica) and the mite, V. destructor were tested using the
same 4 pyrethroids used in electrophysiological studies in Chapter 7: Permethrin,

deltamethrin, flumethrin and tau-fluvalinate.

8.2 Chapter Specific Methods

8.2.1 Arthropods

A. americanum, D. variabilis, |. ricinus, R. sanguineous, M. domestica, and V. destructor
were sourced as described in Section 4.1. The V. destructor were collected from adult
bees rather than capped worker bee brood combs as in previous studies (Kamler et al.,
2016; Kanga et al., 2010), due to a lack of availability of brood combs. Samples for
bioassay where taken from storage boxes; for the ticks this was done within a heated
frame to prevent escape of individuals and for M. domestica this was done under
carbon dioxide, with flies treated a maximum of two times with an incapacitating dose.
V. destructor were taken from the field at the hive site (The Honey Farm, Imkerei
Ullmann, Erlensee, Germany), with the being mites being removed from captured

adult bees using a soft paint brush, and placed immediately into the treatment vials.
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8.2.2 Contact Bioassays

A glass vial technique (Plapp et al., 1987) was used to measure the response of adult
arthropods to insecticides in the laboratory. The tests were done in 25 ml volume glass
scintillation vials, which were coated with a solution of insecticide in 0.25 ml acetone
and rolled gently on their sides using a commercial roller until the acetone evaporated
leaving an even coating of dried insecticide on the vial’s inner surface. Vials were
prepared a maximum of one day before use. To estimate the toxicity of the
pyrethroids, increasing doses were used along with two controls; a blank vial with no
coating and a vial coated in 0.25 ml acetone only. All species were tested with the
same pyrethroid concentrations at five-fold dilutions, except for I. ricinus, which was
tested using ten-fold dilutions (see Table 48). Five adult arthropods were placed into
each vial and the vials were closed with plastic caps containing small air holes. The vials
were then incubated according to species; A. americanum, D. variabilis, I. ricinus, M.
domestica and V. destructor were kept in the dark at 85% humidity and 21°C, and R.
sanguineus in the dark at ambient room conditions (approx. 40-60% humidity and
21°C). Pyrethroid effects were observed at 2, 4, 6, 24 and 48 hours after exposure
depending on the species. The exact experimental test conditions were established
from range-finding trials. These were performed once for all tick species, with one
replicate per pyrethroid concentration. Raw-data are detailed in Section 10.4 Appendix
4. For V. destructor the range-finding trials used a comparatively reduced number of
doses, due to a lack of mites. Raw-data from these trials is also detailed in Section 10.4
Appendix 4. Each experimental test was replicated a minimum of 3 times.
Concentrations used and recording times for these experiments are shown in Table
8.1. At each observation stage individuals unable to move when subjected to a
stimulus (heat or carbon dioxide for tick species, or tapping of the vial for V. destructor
or M. domestica), were considered dead, those with unusual or minimal movement
compared to control individuals (and thus unable to infect a host animal) were

considered to show a knockdown effect.
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Table 8.1: Concentrations and Recording Times for Pyrethroid Contact Bioassays

Species Concentrations Used (ppm) | Recording Times (Hours)

. 1650, 330, 66, 13.2, 2.64.
M. domestica | -~ ¢59 0.1056, 0.02112 2,4, 6,24

o 1650, 330, 66, 13.2, 2.64,
D. variabilis 0.528, 0.1056, 0.02112 4,24, 48

. 1650, 330, 66, 13.2, 2.64,
R.Sanguineus |1 c9¢ 0.1056, 0.02112 4, 24,48

. 1650, 165, 16.5, 1.65, 0.165,
I, ricinus 0.0165, 0.00165, 0.000165 4,24, 48

8.2.3 Statistical Analysis

The data obtained from the bioassays were subjected to probit analysis (Finney, 1947),
using counts of dead or knockdown individuals, for each insecticide and assessment
time, allowing a comparison of ECsy values (the dose required to affect 50% of
individuals). This allowed comparisons between the tick species with those for, M.
domestica. Models were fitted using the probit analysis implementation in GenStat for
Windows 18" Edition (VSN International, Hemel Hempstead, UK; www.vsni.co.uk),
assuming an underlying binomial distribution for the counts and a logit link function
and relating the proportion affected to the log 10 transformed pyrethroid doses (ppm).
Because there was limited information available for responses between the extreme
responses of 0% and 100% of individuals being affected, a common slope parameter
was assumed for each assessment time for each insecticide. These analyses provided
estimates of the ECsy values for each species, together with standard errors (using
Fieller’s theorem), on the log 10 dose scale, from which 95% confidence limits were
constructed on the log 10 dose scale. ECsg values and associated 95% confidence limits
were then back-transformed to the raw dose scale. A further logistic regression
analysis (also implemented in GenStat for Windows 18" Edition) provided a
parameterisation of the fitted probit model, allowing a direct assessment of the
difference in the logit intercept parameter (effectively the logit transformation of the
proportion affected at a log 10 dose of zero) for each tick species relative to M.
domestica. A two sided z-test of these differences identified where the intercept
parameter (and hence ECs value) for each species was significantly different (p <0.05)
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from that for M. domestica (a more negative intercept value being associated with a
larger ECsg value, a more positive intercept value being associated with a smaller ECsg
value than that of M. domestica). Observed proportions of affected individuals and
the fitted probit curves were plotted on the log 10 dose scale, illustrating the parallel
nature of the fitted curves on this scale as a consequence of assuming a common slope

parameter.

8.3 Results

8.3.1 Range Finding Trials

Initial range-finding trials were done with tick species A. americanum, D. variabilis, I.
ricinus, and R. sanguineus using ten-fold dilutions for each pyrethroid and starting at a
concentration equivalent to 1 g/Ha (or 1650 ppm). It was concluded that five-fold
dilutions would be the best, with some of the lower concentrations not being needed.
The exception to this was for I. ricinus, where it was found that clear results were
produced using a ten-fold dilution factor. This was probably due to the smaller body
mass of 1. ricinus, compared to the other species tested. Range finding trials were not
possible for M. domestica because not enough flies were available, but since it has a
mass comparable to the larger tick species, five-fold dilutions were assumed to be
suitable. For V. destructor only range-finding trials were possible, due to limited
availability of mites. The results of range-finding trials can be found in Section 10.4

Appendix 4.

8.3.2 Insect and Acari Comparative Contact Bioassays

Replicated bioassays were carried out with the ticks D. variabilis, I. ricinus and R.
sanguineus, and the insect M. domestica. A. americanum could not be used due to lack
of availability. The ECsg values, along with their lower and upper 95% Cls, are shown
below, after 4 Hours pyrethroid exposure in Table 8.2 and after 24 hours pyrethroid
exposure in Table 8.3. The ECso values and their respective Cls are also presented as

histograms in Figure 8.1 and as dose response curves in Section 10.5 Appendix 5.
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Table 8.2: EC5qs for Pyrethroids (ppm) After 4 Hours Exposure

Species Pyrethroid ECso (ppm) | Lower 95% Cl Upper 95% ClI
M. domestica Deltamethrin 0.24 0.14 0.39
D. variabilis Deltamethrin 11.83* 8.44 15.89
R. Sanguineus | Deltamethrin 2.37* 1.69 3.18
l. ricinus Deltamethrin 1.13* 0.67 1.60
M. domestica Flumethrin 5.90 3.34 10.42
D. variabilis Flumethrin 21.38* 12.13 37.75
R. Sanguineus Flumethrin 1.06* 0.60 1.87
1. ricinus Flumethrin 1.78%* 0.91 3.45
M. domestica Permethrin 1.30 0.80 2.10
D. variabilis Permethrin 425.70* 274.20 670.20
R. Sanguineus Permethrin 29.50* 18.40 47.30
l. ricinus Permethrin 7.80* 4.20 13.80
M. domestica | Tau-Fluvalinate 5.90 3.71 9.40
D. variabilis Tau-Fluvalinate 208.50* 132.14 324.30
R. Sanguineus | Tau-Fluvalinate 6.60 4.17 10.50
I. ricinus Tau-Fluvalinate 5.20 2.74 9.90

* = Significantly different to the M. domestica ECs, value for the same pyrethroid. As determined by a
two sided z-test of these differences which identified where the intercept parameter for each species
(and therefore ECg,) was significantly different (P<0.05) from that for M. domestica (Section 10.5

Appendix 5).
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Table 8.3: EC5qs for Pyrethroids (ppm) After 24 Hours Exposure

Species Pyrethroid ECso(ppm) | Lower 95% ClI Upper 95% ClI
M. domestica Deltamethrin 0.24 0.15 0.37
D. variabilis Deltamethrin 11.54* 7.79 16.73
R. Sanguineus | Deltamethrin 2.31* 1.56 3.35
I. ricinus Deltamethrin 0.17 0.12 0.26
M. domestica Flumethrin 1.18 0.74 1.88
D. variabilis Flumethrin 0.08* 0.05 0.11
R. Sanguineus Flumethrin 0.12* 0.08 0.18
1. ricinus Flumethrin 0.14* 0.09 0.21
M. domestica Permethrin 1.20 0.70 2.10
D. variabilis Permethrin 318.20* 183.20 557.60
R. Sanguineus Permethrin 3.80* 2.20 6.70
I. ricinus Permethrin 0.70 0.40 1.40
M. domestica | Tau-Fluvalinate 5.90 3.53 9.90
D. variabilis Tau-Fluvalinate 50.71* 30.53 84.00
R. Sanguineus | Tau-Fluvalinate 6.59 3.94 11.00
I. ricinus Tau-Fluvalinate 3.15 1.72 5.90

* = Significantly different to the M. domestica ECs, value for the same pyrethroid. As determined by a
two sided z-test of these differences which identified where the intercept parameter for each species
(and therefore ECg,) was significantly different (P<0.05) from that for M. domestica (Section 10.5

Appendix 5).
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Figure 8.1: ECso Values of Pyrethroids (ppm) for Acarine Species and M. domestica after 4 and 24 Hours Exposure
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8.4 Discussion

8.4.1 V. destructor Bioassay Range-Finding Trials

At the time the trials were carried out control mortality in acetone-treated and blank
vials was high, possibly due to fluctuations in humidity or to the age of the mites.
Other successful studies used mites taken from the brood comb (Kamler et al., 2016;
Kanga et al., 2010) rather than from adult bees as for the present study, and this may
have affected mite health and survival during the bioassays. Because of concerns over
mite survival, a scoring method for determining affected vs unaffected mites was used
that involved observation through the glass of the vials. However, this may have led to
wrong estimates of the number of affected/dead mites and the more robust method
of Kanga et al 2010 and Kamler et al 2016, which involved tipping mites out and
observing their motility, would have been more appropriate. As a further complication,
the pyrethroid resistance status of the available mites was not known and so the
results could have been skewed by the presence of pyrethroid resistance. These
factors combined means that in this study it is not possible to draw any conclusions
from the bioassays on V. destructor. It is the intention that improved studies will be
carried out by Bayer Crop Science when a larger number of wild-type mites from brood
combs are available. This will allow an expansion of the range of concentrations used,
and improvements in control mortality and scoring methods, so that the

determination of ECsg values for test pyrethroids against V. destructor will be possible.

8.4.2 Insect and Acari Comparative Contact Bioassays

Pyrethroids used in bioassays are shown in Figure 7.15 (Section 7.4.5) and are

replicated in Figure 8.2.
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Figure 8.2: Pyrethroids Used in Electrophysiological Studies of Arthropod VGSCs

o cl o A
CY\(K)‘\O 0\© O‘f’ i
/\©/ o
Cl il [¥ CH \©
3 H; s 5 F
Permethrin Flumethrin
i
[o]

nlO

DI Lo OCT

Deltamethrin

Tau-Fluvalinate

Permethrin, Flumethrin, Deltamethrin and Tau-Fluvalinate shown as examples of pyrethroids with
relatively large and small acidic moieties. Areas of interest within the acidic portion are highlighted by

green boxes. All pyrethroid structures are from ChemSpider 2016.

Both Deltamethrin and Permethrin have smaller halogenated substituents in their
acidic moiety. Pyrethroids with suggested selective acaricidal activity differ from other
pyrethroids by having large halogenated substituents in their acidic moiety. According
to the model proposed by O’Reilly et al 2014, pyrethroids with these larger moieties
could be accommodated in acarine channels, such as the tick channels tested in the
contact bioassays above, which have a smaller glycine at position 933, but not by
insect channels, such as the M. domestica channel, which has a larger cysteine residue
in this position. If this model were to hold true, we would expect neither deltamethrin
nor permethrin to show selective acaricidal activity, as they have comparatively
smaller acidic moieties. This appears to be the case here, where both pyrethroids show
no greater potency for acarine species compared to M. domestica. In fact, both
deltamethrin and permethrin show a statistically significantly greater effect on M.
domestica compared to D. variabilis and R. sanguineus (P<0.05 two-sided z-test) (Table

8.3).

Interestingly, the effects of these two pyrethroids varies between tick species. When
compared to D. variabilis at 24 hours, deltamethrin has a ~5 fold greater effect on R.
sanguineus and a ~67 fold greater effect on . ricinus, while permethrin has a ~83 fold
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greater effect on R. sanguineus and a ~455 fold greater effect on /. ricinus (Table 8.3).
These differences in efficacy could be due to a number of complex differences
between the tick species tested; such as body mass, metabolic processes, cuticle
composition, and symbiont presence or absence. Further investigations are merited
into the reasons behind the significantly more pronounced effects that these
pyrethroids have on I. ricinus and R. sanguineus compared to D. variabilis, as this may

aid development of more effective tick control.

Pyrethroids with larger acidic moieties used in comparative bioassays were flumethrin
and tau-fluvalinate (Figure 8.2). According to the model proposed by O’Reilly et al 2014,
both of these pyrethroids would show selective acaricidal activity. After 4 hours
exposure to flumethrin, the ECsq value for D. variabilis was significantly higher than
that for M. domestica (P<0.05 two-sided z-test), implying that more of this pyrethroid
would be required to kill or knockdown this tick species compared to M. domestica.
However, for R. sanguineus and I. ricinus the ECsq values were significantly lower
(P<0.05 two-sided z-test) than that for M. domestica, implying that less of this
pyrethroid would be required to kill or knockdown the acari tested compared to M.
domestica (Table 8.2). After 24 hours exposure to flumethrin, the ECsqvalues for all
acarine species tested were significantly lower than that for M. domestica (P<0.05 two-
sided z-test), implying that less of this pyrethroid would be required to kill or
knockdown the tick species tested compared to M. domestica (Table 8.3). Thus results
with flumethrin after 24 hours support the O’Reilly model that pyrethroids with larger
halogenated groups in their acidic moieties show increased acaricidal selectivity.
However, results after 4 hours show that this pyrethroid was significantly slower to act
on D. variabilis compared to the other tick species and to M. domestica (P<0.05 two-
sided z-test). As D. variabilis is an important disease vector species fast action of
acaricidal compounds to cause a knockdown or kill effect on this species are critical, to
prevent the spread of disease to humans and other animals (Deplazes et al., 2016;
Service, 2012). It is currently unclear what may slow the action of flumethrin on this

species, but investigations into this mechanism represent useful future work.
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After 4 hours exposure to tau-fluvalinate, the ECso value for D. variabilis was
significantly higher than that for M. domestica (P<0.05 two-sided z-test), implying that
more of this pyrethroid would be required to kill or knockdown this tick species
compared to M. domestica (Table 8.2). After 24 hours of tau-fluvalinate exposure, the
ECso values for all acarine species had reduced; however, the ECsovalue for D. variabilis
still significantly higher than that for M. domestica by ~9 fold (Table 8.3) (P<0.05 two-
sided z-test). The ECso values for R. sanguineus and |I. ricinus are not significantly
different to that for M. domestica after both 4 and 24 hours exposure (Figure 8.1)
(P>0.05 two-sided z-test). So although tau-fluvalinate has a comparatively larger
halogenated moiety (Figure 8.2) it does not appear to show greater acarine over insect
selectivity, at least in those species tested in this study. This suggests that the model
proposed my O’Reilly et al 2014 does not completely cover the complexity involved in
pyrethroid selectivity. Further bioassays involving more individuals and more species
would be required to confirm this, but in conclusion, results here suggest that
acaricidal selectivity is complex and dependent on more than the target protein; it is
possible that metabolic or structural mechanisms combine with target-site differences
to pay a role in selectivity. Further investigations into the reasons behind pesticide
specificity should be undertaken to look into differences in the exoskeletal structure
and metabolic processes between species before the O’Reilley et al 2014 model of
pyrethroid selectivity at the arthropod VGSC involving residue 933 can be confirmed or

denied.
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9 General Discussion and Future Directions

This chapter summarises the main findings of this thesis and suggested future work to

build on these discoveries is outlined.

9.1 Acarine VGSCs and Pyrethroid Resistance

Chapter 5 demonstrated that acarine species show high levels of conservation in the
amino-acid sequence of the membrane spanning domains of their VGSCs, including the
putative pyrethroid binding site proposed by O’Reilly et a/ 2006. Similarly, there is
conservation between the acarine channels and those of the insect M. domestica.
However, subtle sequence differences were found between individuals that could
affect pyrethroid toxicity and specificity. Specifically, this work identified two
mutations conferring amino acid substitutions in the VGSC of ticks. One, V1010F, found
in R. microplus, is in a position not reported previously to be involved in resistance and
the other, F1538L, found in R. sanguineus, is in the same position as F1538I, previously
shown to be associated with pyrethroid resistance in pollen beetles. Both warrant
further investigation regarding their influence over VGSC sensitivity using

electrophysiological methods.

Alongside F1538L, R. sanguineus ticks were found to also have the L925I substitution,
which has been confirmed to be responsible for pyrethroid resistance (Morin et al.,
2002; Rinkevich et al., 2013; Usherwood et al., 2007) and G933V, suspected to confer
selective pyrethroid resistance (Jonsson et al., 2010). In one individual tick (RST3),
G933V and F1538L were found heterozygously on opposite alleles, as seen previously
for G933V and L9251 in R. microplus ticks resistant to flumethrin but not cypermethrin
(Jonsson et al., 2010). The model proposed by O’Reilly et al 2014 predicts that G933V
would give resistance to pyrethroids like flumethrin, with comparatively large
halogenated groups, but not to permethrin, with comparatively small halogenated
groups (Figure 29). Thus, if the model were correct, then G933V/F1538L ticks would
not be resistant to permethrin, unless F1538L alone gives target site resistance. This

has been suggested for pollen beetles with heterozygous F1538L (Wrzesinska et al.,
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2014). Alternatively, metabolic resistance could also be involved and such resistance
has been characterised previously in R. sanguineus (Miller et al., 2001). It would be
useful to gather more R. sanguineus samples from the same geographical area to

examine the phenotypic and genotypic causes of any resistance in more detail.

9.2 Chimeric VGSCs

Chapter 6 described attempts to create chimeric R. microplus/D. melanogaster VGSC
constructs for functional studies. Although none of the attempts were totally
successful, the creation of Chimeras L2/L4 and Chimera LC constructs highlighted
possible alternative exon usage in the R. microplus (Parkhurst) VGSC comparable to
that seen in other arthropods (Figure 15). Firstly, alternative exon usage in an area
which encodes optional exon b in other arthropods (Dong et al., 2014; Loughney et al.,
1989), a region suspected to be involved in the modulation of current flow, because
removal of this exon increases peak current of B. germanica and V. destructor VGSCs
(Du et al., 2009a; Song et al., 2004). Secondly, alternative exon usage in an area which
encodes mutually exclusive exons k/I in other arthropods, a variable region found in
several animal species, including the acari V. destructor (Dong et al., 2014; Lee et al.,
2002). This area is interesting because it has been shown to modulates the generation
of a persistent current in the D. melanogaster para channel, with channels containing
exon | showing greater persistent currents (so maintaining the open state for longer)
than those containing exon k (Lin et al., 2009). All chimeric constructs created in the
present study show a slightly greater level of similarity to exon | in the D. melanogaster
para VGSC (Figure 15). However, Chimera LC shows less similarity to exon | than do
Chimeras L2/L4, therefore Chimera LC could represent an “exon k” type variant in R.
microplus. This is interesting given that D. melanogaster para VGSCs expressing the k
exon variation have been reported to be 24 times less sensitive to the pyrethroid
deltamethrin than those expressing the | exon variation (Burton, 2012). Further
examination of R. microplus exon usage would help clarify the potential importance of
alternative splicing in this species with regards to pyrethroid resistance and VGSC

properties.
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9.3 Electrophysiology with Arthropod VGSCs

Chapter 7 reports the first use of electrophysiological to determine the effects of
pyrethroids on V. destructor VGSCs. Although the results do not support the prediction
of the model by O’Reilly et al 2014, that pyrethroids with large halogenated moieties
(flumethrin and tau-fluvalinate) should show increased selectivity for the V. destructor
native VGSC, when compared to the V. destructor G933V or D. melanogaster para
VGSCs, they do offer novel information. The substitution G933V does not appear to
give selective resistance to flumethrin or tau-fluvalinate, as was reported in Australian
R. microplus ticks (Jonsson et al., 2010), but this needs to be confirmed by more
electrophysiological testing, particularly given the rising ail currents seen with Type Il
pyrethroids and V. destructor VGSCs (Figure 28). This phenomenon prevents firm
conclusions being drawn from the recordings because the inward current baseline and
the end point of tail currents cannot be determined. However, it hints at important
information regarding the binding capacity of pyrethroids to acarine VGSCs compared
to those from insects. The unexpected results from the V. destructor VGSCs needs to
be further investigated, using different experimental conditions, to see if there really is
a fundamental difference in the functioning of acarine VGSCs compared with those

from insects, which have been much more widely studied.

9.4 Contact Bioassays with Arthropods

As with permethrin resistance found in R. sanguineus in Chapter 5 and the
electrophysiological studies in Chapter 7, the contact bioassays reported in Chapter 8,
suggest that the model proposed by O’Reilly et al 2014 does not completely cover the
complexity involved in pyrethroid selectivity between acarine and insect species. In
particular tau-fluvalinate, a pyrethroid with a larger halogenated group (Figure 29), did
not show the increased acaricidal specificity that the model would predict. All tick
species tested were sequenced in this thesis (Chapter 5) and were confirmed to have
similar sequences across membrane-spanning domains of their VGSCs, including the
potential pyrethroid binding areas (Du et al., 2013; O'Reilly et al., 2006) and to have a
G at position 933 (O'Reilly et al., 2014) (Section 10.2 Appendix 2). This suggests that
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other factors besides selectivity at the VGSC, could be contributing to the action of
pyrethroids on whole arthropods, notably metabolic or structural mechanisms. This
possibility is supported by observations within tick species, that D. reticulatus is
relatively insensitive to permethrin, deltamethrin and tau-fluvalinate, compared to R.
sanguineus and [. ricinus. This is of particular interest as this tick was not relatively
more resistant to Flumethrin. Further bioassays are needed to look into possible
differences in exoskeletal structure and hence uptake of the pyrethroids, and into

metabolic differences between species.

9.5 Future Directions

As a result of the findings in this thesis, the following future work is proposed:

1. Results from the sequencing of the VGSC form R. sanguineus ticks resistant to
pyrethroids were limited due to a lack of individuals. More samples could be taken
from the same geographical area, so the extent of the resistance can be accurately
assessed and management strategies imposed. Furthermore, testing of individuals
for resistance to a pyrethroid with a comparatively large halogenated group, such as
flumethrin, and one with a comparatively small halogenated group, such as
permethrin, would enable further investigation of the model of pyrethroid
selectivity proposed by O’Reilly et al 2014. The one or two individuals carrying
G933V examined in this study are not sufficient to confirm or reject the hypothesis

proposed for the role of residue 933 in pyrethroid selectivity

2. Future work on the chimeric R. microplus/D. melanogaster VGSC constructs made in
Chapter 6 might produce a functional channel. One option to deliver this would be
moving the chimeric VGSC (and X. lgevis Beta-globin sequences) to different
bacterial expression vectors to attempt to stabilise the construct in E. coli. Another
option is to move these regions to an insect expression vector and attempt
expression in insect cells, using patch-clamp electrophysiology to monitor

expression levels.
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3. As exon variation can affect pyrethroid action at the R. microplus VGSC (Burton,
2012; Lin et al.,, 2009), it would be interesting to investigate the use of the
alternative exons found in this study in R. microplus, looking at different
developmental stages and tissue types. This could inform targeting of tick control

strategies.

4. Investigation of the suspected R. microplus exon “I” and “k” sequences using
electrophysiological methods might be accomplished by inserting these separately
in place of the same region in the D. melanogaster para or V. destructor VGSC and

then testing for pyrethroid selectivity

5. Chapter 7 showed rise tail currents for V. destructor VGSCs (Figure 27). This
phenomenon warrants further investigation so that firm conclusions can be drawn
regarding pyrethroid interactions at these channels. Initial advanced investigations
have shown that testing each oocyte with Voltage Protocols 1-3 (Section 7.2.7) prior
to pyrethroid application, then applying 10 uM pyrethroid and running Voltage
Protocol 3 only, removes the rise in tail currents previously seen. This methodology
with therefore be employed to attempt to measure the M; for pyrethroids at 10 uM

concentrations (Figure 9.1).
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Figure 9.1: Tail-Currents in Native V. destructor VGSCs Resulting from Modified

Protocol Application
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Example tail currents in the presence of 10 uM pyrethroid for V. destructor native VGSCs. Channels

were expressed in X. laevis oocytes and exposed to pyrethroid toxicant (Section 7.2.8) before the
application of Voltage Protocol 3only (Section 7.2.7). Data shown was extracted from WinWCP (John

Dempster, University of Strathclyde) and illustrates the removal of the tail-current rise above the
Time = 0 baseline previously seen in V. destructor VGSCs (red line).
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6. TEVC electrophysiology experiments in Chapter 7 did not conclusively prove or
discount the proposal by O’Reilley et al 2014, that differences in the amino acid
residue at position 933 in the VGSC of arthropods could determine pyrethroid
selectivity for insects or acari. Therefore, the technique of genome editing using the
CRISPR/Cas9 system could be used to replace the cysteine at residue 933 in the D.
melanogaster VGSC with a glycine, as found at position 933 in most acarine VGSCs
(Cong et al., 2013). If the resultant mutant D. melanogaster were found to have
increased sensitivity to pyrethroids with large halogenated groups when compared
to flies with native VGSCs, this would help to confirm the model put forward by
O’Reilley et al 2014 that this residue leads to acari having greater susceptibility to

these compounds.

7. The bioassays reported in Chapter 8 produced interesting results regarding
pyrethroid specificity both between acarine and insect species and within the acari.
However, these were limited in their scope and should be extended to more

replicates, with each species and more types of pyrethroids.

8. Bioassays in Chapter 8 showed differences in the effectiveness of different
pyrethroids, not just between insects and acari, but between different tick species.
Interestingly, work in Chapter 6 showed that R. microplus has variable exon k/I
usage within its VGSC, a region which has been linked to the modulation of
persistent current in the D. melanogaster para channel, with channels containing
exon | showing greater persistent currents and susceptibility to pyrethroids (Burton,
2012; Lin et al., 2009). Therefore, further work examining the amino acids in the
region corresponding to exon k/I in those ticks tested in Chapter could determine if
any differences in the sequence present, or in the expression level of exon variants,
would account for the differences in pyrethroid activity seen between tick species.
Such differences could then be further examined using TEVC electrophysiology and

could inform pyrethroid use against these tick species.
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Overall, the work reported here has looked at the interactions of VGSCs from insects
and acari using bioassays, cloning/sequencing and electrophysiology. Each has
provided valuable and interesting preliminary data, but each approach has its own
drawbacks, and further optimisation is required to draw the results together. This
could then offer ideas for the selective control of acari, an area of great importance in

the field.
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10 Appendices

10.1 Appendix 1

The R. microplus VGSC as sequenced from in this study following cDNA PCR amplification.
The sequence spans from the 5’ end of the channel before Domain | past the end of the protein coding sequence and into the 3" UTR.
Membrane-spanning segments and the domains to which they belong are indicated by blue bars, these were estimated using information from the V.

destructor mite channel as sequenced by Wang et al 2003.
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TP TATTAAT T TGGCCAACC TGACCCCCTTGCGAACT T T TCE TG TAC T TACAGCC T TGAAAACCCTACCCATACT TCC TGO TCTCAAGACGATCCTTCE
I v Vo E

500 oo ai0 820 630 G40 850 aE0

5 AN E BN F FE V B FE -2 NSNSV A
Dl 54
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G40 o0 Ti0 720 730 740 750 Ta0 770 T80
ACCCOCTEATACACTC TG TCAACAACC TCACAGATC TGATCATT T TGACAC T T IO TCAC TG TCGGTTT T TECC T TAC TEGOCGATTGCAAATATACATCE
H A V. I E g W R D W W F 8 S v F A b M W

740 200 81IEI SZI'D 230 240 250 260 a7 280

CEGTACTAACGCAAAAATGCEGTAC TCATACC TCC TACAAACCTATCGGATEC TEAATATGCAAGC TTCATC GAGAACCAGACTAACTEGEC TACCEAT
EE v NN VI I PP e - o A E ¥ A 2  F I E NS W A I D

a0 aon a10 az20 a3n 240 450 Qa0 arn 280
BACGATEGEATGTATC OGO TETETEGECAATTCGAG TEETECAGEECAA TG TCAAGAGEGC TACATETETCTECAGEGTATAGGAGATAATCCAGAC TA
D D BEE M bl C e s S HEE A DN C N E EEm Y M C D NN F D Y

a4an 1,000 1.010 1,020 1,030 1,040 1,050 1,080 1,070
TGGCTACACCAATTTCGATACTTTTGGTTGGGCTTTTC TTTCTGCGTTCAGGC TAATGACACAAGATGC TTGGGAATTATTGTATCAAATGGTGC TAA
BEN ¥ IS F D N F BEW W A 0 F 5 A F R M I D A W E Y M v

1,080 1,000 1,100 1,110 1,120 1,130 1,140 1,150 1,160 1,170
CAGCAGCGGEGGC O TG G CACA TG TG T T T T T T TG TG G TGATAATATTCC TG G TCC T TC TATC TAG TGAATC TGATC TTGGC TATC G TAGCCATGTCA
R A A HEENEN WEEHETMT C E F IV WV ImImmops F s F ¥ WV A IIImTwWT A M 8

1,180 1,180 1,200 1.210 1.22 1.230 1.240 1,250 1,280 1.270
TACGACGAAT TACAARAGAAGGCCGAAGAGGAGGCGGAGGAGGACCGCC TTC TC GAAGAAGCCATGCGGGCCGAAGAAGAGGCTCGCGCCGAAGC GG
T D E NN A E E E A E E D E IS E E A M R A E E E A E A E A A

1.280 1.280 1.300 1310 1320 1,330 1340 1.350 1380 1370
GECCGGCCACAGCCGACCGCACGACACCGGCGACAACGGCGGCGGCCAGGE TGGTCAGGAGCCCCTCGGAGTTCTCGTGCCGTTCGTACGAGC TCTTCG
A s IR D D BN v Vv R 5 TR s E"F 8§ C R S Y E F
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I,CiIED 1'3.90 1 ,4;00 1 ,4|-1IJ 1 ,120 1,‘!{30 1 ﬁd{l 1 ,4;50 1 ,150 l,‘!?D
TG TCAGGACCGGGEGCGC TGAGGATCCCAGGGACC TCC GG GAGCGGGCGAGCC TACGGAGC GO GGACGCGGCGGCCGACCAGC TGGACGACCTC TGO
R BEm A E D IEW R R E R A 8 R 5 A @DHD A A A C

1,480 1,440 1,500 1.510 1.520 1.530 1.540 1.550 1,560
TACCCGGAGTC GO GGO OGO TCCGCCGCCGAC TCTAAGGCCAGCC TGAGCC TACCCGGCTCGCCCTTTAACC TCCGTGLGGGCAGCCGCGETAGTCA
Y WpW E S MRNEEMTRT S A A DWW S BB A S 8 5 HEEENE F HEEEEE © R BEE - HE

1,570 1,580 1,500 1,500 1510 1,820 1,830 1,840 1,550 1,860
GCTGAGCGTGAGC TGGCGCAGCAACGGGCGTCGCC TGGGCGATCGCAAGCCCC TCGTCC TGCAGACGTACCGGGACGTTCAGGAACACCTGCCGTATG
5 W s WWOR S R L L ¥ R D V EN E Y

1 ,BIFIJ 1 ,EEED 1,5:90 1 ,?IDEI 1 ,FI1IZI 1 ,?IZIJ I,TISIJ 1 ,?I4EI 1 ,?ISEI 1 ,?IEiIZI

CCGACGACAGCAACGCCG TCACGCCAA TG TCCGAAGACAACGGCGCCATCCTGC TGCCCATGTACGCCAGTC TGGCGTCGCGGCGC TCCAGC TACACE
A A T, T, T A S I A 3 R R 2 s Y

1 .T':?EI 1 .T':SEI 1 .?:QIJ 1.8I|JD 1 '8.10 1 .BIEEI 1 .SIGIIJ 1'8.40 1.BI50 1 .BIBEI
TCGCATTCGTC GO GO TG TC G TACACG TCGCACGGL GGG GGCGTC T TCTGCCGAGGGGECGECCG TGO GELCGCGEEACC TGO GCCGECGETETCCT
S Em s 5 IR 8 IY I - DEEEENENEN YV F C R IEEEE A VD A EE A EEENEEEE A

1,870 1,880 1,800 1,900 1,910 1,920 1,930 1,940 1,940 1,960

CACCAAGGAGAGCCAATTGCGC TCTCGATCGCGARACC TGCAGGGATGC TAC TAC TACGAGGAGATGACTC TGGATGGGGAGGAATGTTTGGCTGTGA
E ¢ Il R © R S R NN C Y Y Y E E 'MW D BEN E E C BE AV H

1,870 1,880 1,880 2,000 2,010 2,020 2,030 2,040 2,050
AGARAGCAGCCGGACAGCCC TTTTAT TGAAC CATCGCAGAGGCAGGGCC TCG TAGATATGAAAGACGTGATGGTGC TTAACGACATCATCGAGCAGGCC
NP D 5 P F T E WEW S Il R E Il A
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2,080 2,070 2,080 2,000 2,100 2,110 2,120 2,130 2,140 2,140
GCGGGEGCGC CAGAGTAAACCCAGTGAGAGAG TG TCCATTTATTATTTCCCCACAGAGGGGGAGGAGCAGGAGAGGCCCAAGTTCAAAGACAAGTGCAT
A HEN R HEE - EEEWEN S E R W &5 [0I° Y Y F DNENEIE E BEN E E I F R NENEEE r BB D BN C ' M

2,160 2,170 2,180 2,180 2,200 2,210 2,220 2,230 2
G CAAT TGO T TGAAG TG TATAGACATGTTC TGCGIGTGGGAC TGO TG TTGG TACTGGATCCGCATCCAGCGAGATACTAGGAC
AN BN cC T D M F CIW¥W W D C CIW ¥ W I R II'HN E T,

,2|4E| 2,1:50

TCATCGTGTTTGATC
i Vv F D I
[ oist

2,260 2,270 2,280 2,200 2,300 2,310 2,320 2,330 2,340 2,350
CETTCGTGGAGC TCTTCATCAC TC TATGCATC G TGG TCAACACGC TATTCATGGCCATGGACCACCACGCCATGGACCCAGACTTTGATAATGTCCTC
PN F VvV E BN F T HESE C T Vv V NN F M A M D HEHEHSE A M D @EEPE D F D N VvV B

8]

2, SEiIJ 2, 3?0 2, 330 2, 390 2, 400 2, 4IIJ 2, 4‘0 2, 430 2, 440 2, 45[

AAGAAGGGGAATTACTICT TTACCGCGACAT TCGCGATAGAAGC TGGAATGAAGC TTATGGCCATGAGTCCAAAGAATTACTTICCGCGAAGGC TGGAA
CKE K G N1 F F N ~ BN F A II0 E A NEE VY BDENEA M A M 5 NPV ¥ F R E BEE @ BN

2,480 2,470 2,480 2,480 2,500 2510 2,520 2,530 2,540
TATCTTCGATTTCCTCATCGTCGCGC TCTCCTTAATCGAACTAAGT TTGGAAAACGTCCAAGGATTIGTCTGTGCTACGTTCGTTTCGTCTGC TACGTG
BT F 0T F BT VvV A BE ‘> BN TI EBE - BE: NS Y EECSSE ©- VEWNE - F FEBESECE

- DIl S4

2, 550 2, 530 2, 5?0 2, 580 2, 590 2, BEIEI 2, 310 2, B‘U 2, 330 2, 640
TGTTCAAGCTAGCCARATCGTGGCCTECCCTTAACCTGCTCATCTCTATCETGGGGAAAACCATCGGTGCCATCGGGAACTTGACCTTTGTCCTGGGA
\" F BN -~ Bl - W P NS I - I M TS I BEw A I e r WV L,

2,850 2,680 2870 2,680 2,800 2,700 2710 2,720 2,730 2740
ATCATCATCTTCATC T TCECCETEATEGEEGAATGCAAC TC T TTGGCAAGAAC TATGAAGAAAGTAAACACAAGTTCAAAGATAACATGETTCCTCGETE
g1 I F oI FOA WV M EEE M B F BENENE Y E OE S NEENHNEE F RN D BEW M OV OFC EOW
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2 ?50 2 ?BEI 2 ?'.-‘IJ 2 ?SEI 2 ?QIJ 2 SDD 2 S1IZ| 2 S"‘D 2 SGIJ 2 840
CAACTTITGTIGACTTCATGCATTICGTTCATEAT TG TG TTICGAGTETTGTGOGRC GAGTGEATCCARTCCATETEHGEACTGCATGTGEGTCTO TEEDT
[ Em F F F E vV I C BEN E ] (! s IEEN

oise—IR

2,850 2,860 2,870 2,880 2,800 2,800 2810 2,020 2,830 2.8940
GCECCCTGCATCCCC TTC T TTC TCGC TAC TG TAT TCATCGGGAACC T TG ITGG TGO TCAACCTTTTCCTCGCC T TGO TGO TG TCCTCGTTC GG GGG TCC
HTEEe C F F I ~ Bl vV F T EEEEESE v V B - B - B - 8 F HEl A 5

2,050 2,080 2,070 2,080 2,000 3,000 3o 3,020 3,030

AATCTETCCCAACCEAAT OO GACACCEECCACACAAACAAAC TACAAGAACCCATCCGACCGETTTCACCEEECCAGTCEETGREATCAAGTC CAACTC
BN - BN -~ B P D S EE D DEaaaaE T & A LI D R F BEE R A 5 E W mNINas - IEm s

3.040 3,000 3,060 3,070 3,080 3,000 3.100 a1 3120 3,130
TATGAAACTTT TCAAGAGC TTCCGTCGGAAACCACGCAACCAGATCGGGGACCAGACAACAGACATTCGTIGETGGLGEGGCAGGUGAAGAGTTGGAGG
il F BElM 5 F R R HENNEN R NN TEESE D DN O UT7 R BEEEEENEE A BEN E O E B E

3.II4CI 3'1.50 3.IIBEI 3.1ITIJ 3.IIBEI 3.1IQIII 3.2|DD 3.2:10 3.1:2 3.2:30
CTGACCCGGGCGTCGCAGGGGAAGTGGTTCTCC TCGACGGTCGGGTGCCAATGCGAGACAGAAAGCCCCAACACAACAACGACCTTGAGGTTGTCGTT
A D WEEEE VvV A EEN FE OV OV EEE D BEE R OV WEYT M R D R EHEETETEENEHNNESNTN D B E

a, ""40 3, “50 a, "'ED 3, “?EI a, "'SIJ 3, “QD a, SEIIJ 3, 310 a, 3"'0 a, 330

CEEGACCGECC TCGATATCECCATTCAGGGTEATGECGAGCCCETTAAAA TGAAGT TGAAAAACAAC TCAAAGCCTGTRGATGAATTCTGTTTGEETGEE
i AT HNENEE D BEN E A0V HEE M BRSNS - EEeTTT VM N s VWV

3, 340 ER 350 3, SBEI ER 3?0 3, 380 ER GIQIJ EX 400 3, 410 EX 4‘0 3, 430

ACCTATGATCGAGCC TAAGAACAAGCAGC TAGAGAAAGACAACAAGGAAAAGGAGAAAGAAGCGCAGGGECAATAAGGTGTACCCGCAAAAGGACGAGE
E | P INETE T BEN D BN E EHEE £ A IR Vv Y NPV D E
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3,440 3,450 3,480 3,1?0 3,480 3,400 3,5IIJEI 3'5.10 3,5|2EI

ATACCCTCAGCGAAAAGTCAGCGTCCAGCCCCAAGGAGAAGGTCCTCCTTGGGAACAAGCCGTCCAAAGATC TTAGCAACAGTTCCCTGTACCTIGGGE
D N - ENEN 5 A S5 S DNENEESE F BN VvV BDAESTNCINTENNEEETEN S RS D A - EEE S S I Y NG

3.5:30 3.5|4EI 3.5:50 3.5:30 3.5|?EI 3.5:30 G.SIQEI S.ﬁIDD 3.B|1|J 3'3.20
AACAACC T TGAGGAGGAGAAGAAGGACGC CAGCAAAGAGGACC TC GG CAC TAARAGAAGGAGAGGAGGCCCCCACCGAAGAGCCCATCAACCCGEACAC
E E NS D A S HEE E D ENEN E E A NPNEN E E WP IT'ENETEN D

3,B|3EI 3,E:4EI 3,Ei5l3 S,E:BEI 3,EE?D S,BISIJ 3,5:90 3,?IEIIJ 3,?IIEI 3,TIED
GEAAGATGTGGACACAGACAAGC TGGAAACGGCCACC TCGGACATTATCATCCCCGAGATGCCGGLCGACTGC TGCCCCGACTGG TG TTACACGCGAT
WM E D ¥V D BN D EHN A HEll - D IIININImITees E fMTEs A D ¢ ¢ EEN D OWT ¢ Y Il R

3,730 3740 3,750 3,780 3 3,780 3.7e0 3.800 3810 3820

TG T T T TG T T T T T TGA T GAGAACAAGATTTTT TG GCAGC GO TACAAGATCGTGCGAACCAAGGCGTACGCCC TCGTAGAGCACAAGTACTTC
A AN Vv E BEEES Y F

F A F A C F F D E BN I F WHET- R Y BB TIT VvV R NN ~ Y
_______________oisi__________

3,830 3,840 3,850 3,860 3,870 3,880 3,800 3,000 3010 3,020

CAAACCATCCTCCTCCTTC TCATCC TCACCACCACC TIGGCGC TGECGC T TCAACAC G TTAACC TCAAAGACCCCCCCACCC TCAAGGCACG TGO TCAC
VOV I T B S S I A B 2 B F 0D OV IEAaES D E [TF IR A '

3,850 3,860 BRI 3880 3,800 4,000 4010

3,930 3.840
ATATATGGACAAGACC TTTACAGTGATC TTTTTC TTCGAAATGATGC TCAAGTGGC T TGO C TTTGGAT TCAAGRAAATATTTCACAAATGCCTGETGCT
Y M D IS F e v T F F F E M M BTN W B . F EEE F BN Y F e s W C

4,E!9l3 4,1IEIIZI 4, IIID

4,E!2l3 4,IJ|3EI 4,E!40 4,E!5EI 4,IJII3EI 4,E!TIJ 4,IJISEI

G T GAC T T TG TCATCG TAC TC G TG TCC T TC TT TAACATGGCC G TAGC CATGATGGGEC TACGGACGAATCCCCGCC TTTAAAACCATGCGAACCCTC
NEaTE M E I

W B o F Vv I YV IBWE Vv S5 F F B M A VvV A M ™M B Y BEN R I mED A F
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4,1|2E| 4,II3EI 4,1I4D 4,1|5E| 4,1IBD 4,1|?E| 4,IISD 4,1IQIJ 4,2|DEI 4,2:10
CGAGCGCTCAGACCTTITGAGGGCGATGTCCCGCC TGGAGGGAATGCGCGT TGTTGTCAACGCCC TGGTGCAAGCCATCCCAGCCATC TTCAACGTGCT
R A B R WENEAN R A M S R B E BB M R V V V N -~ B vV BEE 2 DIDWEN A 0IW F EEE VA

5

4.220 4230 4240 4240 4,260 4270 4280 4.200 4300 4310
G TG TG T T TCATC T TT TG G TCATAT TC TCCATCATG GGG TCCAGATGC T TGO GEGAAAGTTC TACCGC TGCGTCGATGGAAACGGCACACGCT
D R

Voo F ™ F & I M IEw v B M A NEEEE F Y R C W
4320 4330 4340 4,350 4,380 4,70 4,380 4,300 4,400 4410
TCGAACAGCACACACGTCCCARAACAGAAAGGCGTGTGAAGCCAACAACTTCACTTGGGACAACCCCATGATCAACTTCGACAACGTCCTCAACGCATAT
S IINNHN V MPUMNS R BEM A~ C E A NNINNTE F BN W D EEETET M T EN F D BEN vV A
4420 4,430 4,440 4,450 4,430 4470 4,480 4,400 4,500

TTGGCCCTTTTCCAAGTGGCAACATTCAAAGGC TGGACGGEACATTATGGACAATGCGATCGAC TCCAGGGGC GGAAAAGAGGACCAACCGGAATACGA
B ~ B r Y A BN r DBEEEs W Bl DT M D BEEE AT D 5 R IEEENESN E D EEETPYN E Y E

4,5:10 4,5|2EI 4,5:30 4,5:40 4,5|5EI 4,5:50 4,5ITEI 4,5:80 4,5|9EI 4,E:DD
GECTAACATC TACATG TACC TATACTTCGTGTTCTTCATTATCTTCGGC TCC TTC TTCACC TTGAATC TATTCATCGGTGTTATTATCGACAATTTCA
A HEN T Y M ¥ ¥ F OV F F IIIamw F EEE S F F F I'T &M v I I D BEm rFr &

Dill 56

4.B|1|J 4.B|2EI 4.BI3IJ 4.BI4EI 4.BI5IJ 4.BIB|J 4.3I?U 4.EE8|J 4.BIQEI 4.?:00
AT GAA CAAAAGAAGAAGGC TGGAGGATCAT TAGAAA TG T TCATGACAGAAGACCAAAAGAAATACTATAACGCCATGAAGAARATGGCGATCCAAAAAG
NN £ DN o e C E M F M BN E D NGNS v Y BN A 0 M DENEE M eEw s

4,?|1EI 4,TIED 4,?|3EI 4,?;40 4,?I§EI 4,?IBEI 4,TITIJ 4,?ISEI 4,TIQD 4,8|EIIJ
CCAGCCAAGGCAATTCCAAGACCCCGGTTCAAAC TTCAAGCAATGGTC TTCGACC TGAC TACAARACARAATGTTTGACATGGCGATCATGATATTTAT
[EN A EBEN A WINMEN E WEW R F A M ¥ F D M F D M AT M T F [ T
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4,5:10 4,SI2EI 4,5:30 4,SI4D 4,5:50 4,SII3IJ 4,8|?EI 4,5:80 4,SI9EI 4,9|DEI

TCGTCCTCAACATGACAGTCATGGCGC TCGACCACTATAAGCAGTCCAGGC TG TTCGAGTCCATCC TAGAACGGC TCAACATCTTCTTCATCGC TG TCT
O VIS M BV M A B D BEE Y DR E Il F E S T'HA F R BN T F F II0 A [V

4810 4820 4830 4840 4850 4,880 4870 4880 4800

TCACAGCCGAA TGO C TGO TCAAAATATTCCCO TGO GO TG A TAC TTTC GAGAGCCATGGAACATGTTCGACTTCGTAGT TG TCATATTATCTATT
F Il ~» E C NN T r A B R W BN ¥ F E E WPW W BEWM M F D F WV W W L I

5,E!EIIJ 5,IJI1EI 5,E!20 5,E!3EI 5,IJI4EI 5,E!5l3 5,IJIEiEI 5,E!?IJ 5,DISIJ 5,E!90
CTAGGTACGGTGC TAAAGGACC TGATCGCGGCC TACTTCG TG TCGCCCACGC TTC TCC G TG TG G ITGCG TG TCGTGAAAGTGGGCCGCG TGO TTCGGCT
v D A A Y F W B E ¥V VYV R V V IEE vV BEE R V E

5100 a1 g.120 4120 5,140 4,150 5,180 g.17m §.180 5100
GE-TGAAGGG TGO GO GGG CATCCGCACCC TGO TG TTC GO O TG CCATG TCAT TGO CGGCAC TG TTCAACATC TGCC TGO TCC TG TTCO TTGTGATGT
H Vv BRESEN » R BEE I R F A A IIMT s A F NI C F VoM

I 54 DI 55

5,200 5,210 5,22 5,230 5,240 5,240 5,260 5270 5,280 5,200
TCATC TAC G CAATC TT TG CATG TC TTTC T TCATGCACG TCAAGCACCGC TACGGLGTCGACGAGAACTTCAACTTCGAGACGTTCGGCCAGTCGATG
F T ¥ A [T F =W M =5 F F M HEE V BHEESEN F Y BEN VvV D E BEN F BN F E BN F DEDEEE 5 M

5300 5310 G320 5330 5340 5,360 5,360 5am 5380 5300
ATCCTGCTATTTCAAATGTGCACGTCCGCCGGC TGGEGACGG TG TG TTGGCCGCTATCATGGACGAGCACGACTGCAACCGGCCCACCGACGAATCCGA
F HEE M C Il 5 A BN @ D BEw vV A AII'M D E NBEE D C BN R WPl C E S E

5,‘!00 5,*!-10 5,120 5,*!80 5,140 5,4;50 5,*!-50 5,1?0 5,*!80
GEGCAATTGC GG CAAGCGGGGCATCGC GG T CGCC TACC TC G TC TCG TACC TCATCATCAGC TTCC TCGTCATCATAAACATGTATATTGCCGTCATCE
e C R A LW A LY Vi s b4 8 F VI T BEm M Y I A VvV I H
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5,480 5,500 5,510 5,520 5,530 5,540 5,550 5,560 5,570 5,580
TCGAGAACTACAGC CAGGCCACCGAGGACG TGCAGGAGGGCC TGACCGACGACGAC TACGACATGTACTACGAGATCTGGCAGCAATTCGACCCGAAG
E N ¥ S Il A BN £ [0 V EEE E Y D M ¥ ¥ E I W NN r

DI!J S6

5'5.90 5,EEIJD 5,E:1EI 5,5:20 5,Ei3l:l 5,E:4EI 5,5:50 ﬁ,qﬁl:l 5,E:?EI 5,EESD
GCGCACCCAGTACGTGGCC TACTCCAACC TGACCAAC TTCGTGAACGCEC TEGAGGAGCCYC TGCAGATCCCAARAGCCCAACAAGTACAAGC TGATCGC
e YV A Y 5 NN F YV N A A F O F WPV T PR EUENE Y R T A

5.E§QD 5.?IEIEI 5.?IID 5.?I2l3 5.?|3EI 5.?I40 5.?I5l3 5.?IBEI 5.?I?IJ 5.?ISIII
TG GACATACC CATC TG AAGGACGACATGG TG TACTGCGTCGACATC TTGGACGCCC TGACCCGGGACTTCTTCGCCCGCAAGGGGCACGCCATCG
C JEl D D M WV ¥ C A E D F F A R HNEEEENEE ~ I

5.7e0 5.800 G810 5820 5,830 5840 5,850 5,880 ST 5.880
AGGAGCCGCCCGAGATCACCGAGACC G TGATACACATAGACCGGL GGG TACGAGCCGGTCAGTTCGACGC TATGGC GCCAGCGCGAGGAGTACTGC
E E HNDENEN E IEEN E BN vV CITEHETTY D R NPEmEw Y E BEW Vo s ] ElElM R E E ¥ C

5,800 5,000 5,010 5420 5,030 5,040 5,50 5,080 5,470
GCCCGCGTCATCCAGCGGGCC TGGUGCCGATACAAGGGC GG GG TGG TG TCGGCGEEGACGACGCCGCCTCCGACGGAGGGGACCC TCCGACGGCGGE
A R WV I R AW R E Y HNNCEECENCENEE Vv BEEEEN D D A A 5 D HEEEEN D NPT A A

5,9|8EI 5,9IQD E,E!EIIJ Ei,IJI1EI B,E!QD E,DIGIJ Ei,IJI4EI B,qﬁﬂ E,DIEiIJ Ei,IJI?EI
CACCGCCCAGCAGCAGACGGCCATCGTGGTGGACAGCGACGGCCACGTGACACGCAACGGACACCG TG TGGTGC TGCACTCGCGTTCGCCCAGCGTCEG
N -~ DN s T VvV D 5 D EEEN VvV N R ENEENNEN R 5 R 5 EM 5w

a, IJBD i, EIQIJ i, IEIEI i, 1IIJ i, 1‘0 i, ISEI i, 140 @, 150 i, IBEI i, 1?0
CCAGCCGCTCGACGGATGTGTGACAAGAGTAGAAGCC TGCCCGTCTGOATTCCGCGEGCGAGCAGGAGTCCC TCAACCCGCCGUTCTTATC TCTCTAG
A 5 RE S HEHETDT V ENNE - ENEEENEN A R NN © A BEN E BN E S 5 INEEE
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10.2 Appendix 2

The VGSC domain-spanning regions from A. americanum, A. hebraeum, D. gallinae, D. reticulatus, D. variabilis, |. ricinus, P. ovis and R. sanguineus as
sequenced from in this study following cDNA PCR amplification.
Membrane-spanning segments and the domains to which they belong are indicated by blue bars, these were estimated using information from the V.

destructor mite channel as sequenced by Wang et al 2003.
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A. americanum Domain |
an

1 10 20 a0 40 50 a0 T"P EIEI [
DSl
GATATATTTCGGTTCAGC TCGACGAAGGCGCTGTTTCTGC TGAGCCCGTTCAACCCGGTCAGGAGACTGGCCATCTGCATCCTAGTGCACCCA

DI F R F 5 - NN ~ B F B - P F BEEESEN V. R R Il A [T ¢ DIV vV EEeE
ETGCACCCA
V IHE P |

100 10 120 130 140 15.0 1E.i0

. pps

CTTTTCAGCTTCTTTGTCATCGTAACCATTICTCGTCAACTGCGTCCTCATGACCATGCCCACCAACGACAAAATT
I Fr = F F VI VENNT BV BN C VB M BENY TP D BEN T
CTTTTCAGCTTCTTTGTAATCGTAACCATTCTCGTCAACTGCGTCCTCATGACCATGCCCACCAACGACAAAATT
I Fr = F F V T V IHIN T I VvV BNN C VvV AN M BN M TP D EEE T

GETEGCTCGAGGATTTATTC TAGAACAATTTACATAT

Y Il F V. A R EEE r T F I Y
TTCACCACAATCTACACGTTTG GEGTGEGCTCGAGGATTTATTC TAGAACAATTTACATAT
E lEN F "Il £ BN F BN v

280 200 200 210 azn 330 40 240 340 370

TCGGTTGGATTT TG T TG TTATATC TTTAGC G TATGTTACAATGTTTATTAATTTGGGGAACCTG
WHEAD F YV VI 5 HEWEA Y VIEEEM F I N

TG T AT T T TG T TG T TATATC TTTAGC G TATG T TACAATGTTTATTAAT T TG GAACC TGAGCGCC TTGCGAACCTTTCGTGTTC TCAGA
W A D F VvV WV IO S A YV OV M O FITHENCNTEETE - A I R BN F E vV Il R

380 3490 400 403

CCTTGAAAACCGTCGCTATCGTACCAGGAA
A HMNENENEDNE Vv A I WV P mEm
b D=4
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A. americanum Domain Il
1 10 20 30 40 a0 1] 0 a0 an 1I.'IID 11|D 11:0 1?:0

<
' 0 I 0 0

GATCATCACGACATGGACC CAGACTTTG L. AA
D BHESEN T M D BEN D F D III L' IHIIIIIIIIIII‘Y F F III A IIIF A IIIE A III M IIIII M A Bﬂ S IIIIIIII ¥ F FE E HEH
TACTTCTTTACC GO GACAT TG GATAGAAGCTGGAAT GAAGC TTATGGCCATGAGTC CAARAAA CTACTTTCGC GAAGECT
¥ F F HON > BONF A IIIE A NEE M NN M A M S CPNEEENN Y F R E NEE
52

140 150 160 170 180 . ) ! 2 2 240 240 260

lll slﬂllll E llls IIIE lllv llllllml E] \rlml E 5 F lellml E V. F IIIII A | IIIIIIH
Dl 54
270 280 240 300 310 320 330 340 350 380 370 380 3an

3
A ) ATAAG
llllﬂ!lmlllls lll M lllllllllllI,AIJIIIIIIIEIIII F 1JIIIIIIIIIIIII FI.. F A& [W ™ IIIM lllll F llllllll Y E E I
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NN v N . DR C B F P FE BEN YV PN R W N FEED F MBES F M IV F E VEECBEEE W I'E S5S'M W D
AACTACACCGACAACAAGTGTCTTTTCCCGEAACAGARAGTGLCCCGr TGGAACTTTCTCGAC TTCATGCATTCGTTCATGATTETC TTC CGGGTATIGTGTGGTGAGTGGATC GAGTCAATGTGGHATT

BN v BEN D NEN C B F PC F BEN V PO R W BN FEBEEDD F MBME: F M IV F R VENMC BEBEE W I E 3/M W D

530 540 540 560 470 580 540 00 a10 G20 30 G40 ]

GUATGTGEGTCTCGGGU TEGC CATGCATCCCTTTTTTCCTCGC CACAGTCGTAATCGGCAACCTGGTCGTGCTCAATC TCTTCTTG GO

CIMT W WV 5 BB W EEN C MI'IEN F F W LA EEV VI IT'IEE Vv vV N r B L
GCATGTGGGTCTCGGGCTEECCATGCATCCCTTTTTTC CTCGL CACAGTCGTAATCGGCAACCTGGTCGTGCTCAATC TCTTCTTGGCCC TG TTGCTC TCATCGTTCGGAGCATCCAATC TG TCACAG
CIMIW v 5 BEM W BEN Cc fT'NEN F F I LA BNV V T HGESE v VSN rF B . A - - F BN 5 N - N
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D. gallinae DIII

1 10 20 an 40 a0 a0 70 a0 an

ATTTTTGCGATCATGGGAGTTCAGA TG TTTGCCGGCAAATTCTACCAC TG TG TAGACGCCAACGGCACCACACTCAATTCATCGTTCATTCCA
s F A F ¥ HHE C 'V D A HSCETTES i - s F T mp
TETETAGACGCCAACGGCACCACACTCAATTCATCGTTCATTCCA
C A INENCHINTEENTNE N S 8 | F IITmmEm

100 110 120 130 140 150 160 170 180

AACAAGGATGCGTGCATCAACARACARC TACACC TGGCAGAACCCAATGATCAACTTTGACAACGTGC TCAACGCCTACTTGGCATTGTTCCAA

IENEN 0 A 0 C TS Y N W TR M T NN F D NV AT A Y A A AN F
A A ARG GAT GG TG AT AA A A A A TACAC O TG AGAAC CCAA TGATCAAC TTTGACAACGTGC TCAACGCCTACTTGGCATTGTTCCAA
I D A 0 C I v BN W TP M I N F D I YV AT A Y I A I F

1?0 200 210

]
k3
=

230 2?0 250 260 270

GTEECGACATTCAAGGGTTGGATTGACATCATGGCGCATGCCACCGACTCGARAAG
v A BN F BBEEEN W I D I M A EN A BN O S
GTGGCGACATTCAAGGGTTGGATTGACATCATGGCGCATGCCACCGACTCGAAAGGA L (S A ;

WV AN F BEENEN W T D O M A BHNE A BN D S NEENEENSE D D EENTEN DY E 'V Il T Y

TN |7
41 o

Dl S6

280 200 3?0 an fceli] 330 340 3460 3?0 3?0

TCETGTTCTTCATCATATTCGGGGCETTTTTC
F v F F I F m=m A~ F F
T TCTTCATCATATTCGGEGCGTTTTTCACCC TGAATC TG TTCATC GG TG TCATCATTGACAATTTCAATGAGCARA
F F F T T  F lEE A F F NSNS F T BEE vV T T D BNE Fr BN £ BN

A\ A A D III
N A s -
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D. gallinae DIV

1I IP EIIJ SFI 40 a0 a0 70 :11] a0 100 110 120 130 140 150 180

ARG AT GATATT TGACC TCAC AR C A AC A A GATGTT TGAC AT ARTCA TG_u.TC'I'I'C TG TG T AL A TG A AT AT GG A AT GGA R A T T A C GG A A T GG A G T T GAGTO G AT T I AGAGG O TAL ATATATTC TTC ATCGCCGTGTTTACGEE
L M T F DHFDHA-H-F-VH-VHJ.HE-Y Ells ENEF E STHHE RIEENT F FIT AV F HE A
GACL X T AT TGTGC TC AR ATGAC AGTGATG G AL TGGALC A TTACC GG A A TCGGAGC T T GAGTCGATC TTGGAGAGGC TAL ATATATTC TTC ATCGOCGTGTTTACGEC
DHA-H-F-‘JH-VHJLH BEN Y EEN: ENMF E 5 THEE RN IT F F'T A V FEEL

o
g
G

200 2!0 22IEI 230 240 250 260 270 280 290 300

\ Iy 54
CGAGTGCGTOCTGAAGATCTTCGCGCTA COCTGGC ACTACTTC AAGGAACCCTGG ALC ATGTTTEATTTCGTCGTCGTE ATCC TCTC AL TCC TGEGAACCOTACTC AL AGACC TEATCGCC ACCTATTTIGTATCGCCG ACTC TRC TRCGAGTCG TECGCGTTGTGA
E C VIEENET F A E VEEY F-E-H-H F I F VW W V_S_V_DA-Y F v SR Vv VvV R V ‘JI
COAGTGCGTGECTRAAGATCTICGCGCTACGC TGGC ACTACTTC LAGG
E CVINENT F AFEE VEENY F
DIV 52

; ! ! 3?IIJ 3:?0 39.0 400 410 42:'0 430 40 450 460 4?IEI 480 400 500

AGGTTGGCCGAGTACTGCGTCTCGTC AL AGGCGCCCGAGGARTACGGACACTOC TETTCGECC TCGCCATETCCC TACCCGEGE TETTCAATATT TGCC TIC TAC TATTCC TGGTC ATG TT TATC TACGCCATATICGE TATGTCGTTTTTC ATGARTGTGARAC

EVIEE VIRV ENS A RIET EEAEr ALY S LErFET CHPAEr BV I F IO Y AN F BN S

AGGTTGGCCGAGTACTGCGTCTCGTC AL AGGCGCCCGAGGALTACGGAC ACTGC TG TTCGCCC TCGCC ATGTCCC TACCCGCGE TG TTC AATATTTGCC TIC TAC TG TTCC TGGTC ATGTTTATC TACGCC ATATTCGG TATGTCGTTTTTC ATG AL TGTGALAC

BV IGNE VENEENIV NG @ RIGET FREISWSA - L AN S PPN A B FENT CIAEr BV N FT Y AT F BN S FOF OMEN
/54 S5

=
=
=
=

<

510 520 530 540 550 50 &70 &80 500 G600 &10 &20 830 840 G50 6a0

COTTATGGCATCGACGAGAMC TTC AACT TCGAA ACGTTCGGCC AGTOC ATGATC TTGC TG TTCC AL R TETGC ACGTCCGCTGGE TEGAGTGATGTCC TCGCCOCGATC ATGGACGAATCGGATTGCG MGG AACCCACCATCGACGAGGAAGGC G ALACCGAGGGGAL
E THET D ENSF ENF ENSEF NS I THIEEr BEY C NS LMY 50D VEML ANT"MN D E S'D C E EFFEIMT D E E NGNE NN E NG
CGTTATGGCATCGACGAGALCTTC AACT TCGAAACGTTCGGCC AGTCC ATGATC TTGC TGTTCC AL A TG TGC ACGTCCGCTGGE TEGAGTGATGTCC TCGCCGCGATC ATGGACGLATCGGATTGCG MGG AACCCACC A TCGACGAGG A AGGCG LLACCGAGGGGLL
E YHENT D ENIF ENF £EEEF G s 1 ' THIENEr BN C Els Ay 50 VElML AN D E 5'D C E EFFIEMT D E ENGE NN E NGH

670 620 60 700 710 720 730 740 740 a0 o 780 790 800 210 820 831

CTGCGGCALGA L AGGC AT TGO G TGO TACCTC G T TAGC TATC TAR T AT T IO G T I T TCGTC AT ATC A AC A TG TATATCGC TETCATCC TCGAGA AC TACTCGC ARGC AACCGAAGACGTCC A

BECEEENENEE T A V A YEMV 5 YEMI I S FEEV I THEENE Y T A V IBMEIMEEY SHNA.ANNE D VENE

CTGCGGC ALGAAAGGC AT TGCCGTGGCC TACCTCGTTAGC TATC TGATC AT T ICG T I TCTCGTCATC ATC ARC ATGTATATCGC TGTCATCCTCGAGAAC TACTCGC AAGC ARCCGAAGACGTCC AAGAAGGTCTC ACC GACGACGACTACGATATGTACTAC
B C IEENENENTY A (VA Y BV S Y_S FEEV T THEY ¥ T A V INEENEY SHE.LBEEE 0 VENE SN D D D ¥V D M ¥ ¥
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D. reticulatus DI

1 10 20

an 40 a0 &0 m 0 a0

ATATTTCGGTTCAGCTCGACGAATGCGCTGTTTCTGCTAAGCCCCTTCAACCCGGTCAGGAGACTGGCCATCTGCATCCTAGTGCACCCACTT
[T F e I ¢ IV V. EHETET

F R F &5 s 1IN »~ B F B - V. R R I A
AGGAGACTGGCCATCTGCATCC TAGTGCACCCACTT
TGO T |

E EFE B A I'T'm C IV

100 10 1?0 1?0 1?0 1?0 1?0 1?0 1?0

TTCAGCTTCTTTITGTCATCGTAACCATTCTCGTCAACTGCGTICCTCATGACCATGCCCAGCAACGATAAAATTGAACAAACAGAGACGATATTC
E HTTN F

F & F F ¥V I V HII THE Vv N - VvV N M Bl M P20 5 I 0D BEE T E DD

TTCAGCTTCTT TG TCATCGTAACCATTCTCGTCAAC TGCGTCC TCATGACCATGCCCAGC AACGATAARAATTGAACARACAGAGACGATATTC
F &8 F F N D BEm T E Bl T F

VT V I T AV BN VvV A M B M TP S

220 0 240 2480

ACCACAATC TACACGTTTGAATCATTTATCAAGATGATGGC TCGAGGATTTATTC AATTTA A
Y Il F E S FUOI'EEM M M A E EEN F I - BN F BN Y

ACCACAATC TACACGTTTGAATCAT T TATCAAGATGATGGC TCGAGGATTTATTC r 2 AATT A
Y NI F E 8 E

F I'T'lEE M M A R IBEE F TN E BN

310 azn 3?0 3?0 3?0 SQD 3?0

2%0 200 SQD

ITTEGATTTTGTTGTTATTTC TC TAGCGTATGTTACAATGT

B - F OV OV IOID s A Y OV EIE M

TTCATTT TG T TG TTATT TC TC TAGC G TA TG TTACAATGTTTATTAATTTGGGGAACC TEAGCGCC TTGCGAACC TTTCGTGTTCTTAGAGE
F IT NN - -~ I R I r F vV Il R A

Y - .

c

vV I M

B o F VWV w5 N A Y

280 340 303
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D. reticulatus DIl

1 10 20 an 40 a0 &0 70 a0 an 100 110 120 130

D IIIIII D M D III D F D III v IEIIIIIIIIIIII Y F F III A III F & III E- A III M IIIIII M A M S IIIIIIII Y F R E IIIH

IIIII F D F IIIIII VA III 5 IIIIII E III s III E III v IIIIIIII s v III E 5 F R IIIIII E WD F IIIIII A III 5 W IIIIIIIII
) DIl 54
270 280 280 300 310 320 330 340 380 380 370 380 340 400

ACCTECTCATC TCTATC ATGGEEAAAACCATCGETGCCCTCGEGAACTTGACCTTTG TCC ToGGAA TCATC ATC TTCATC TTC GUC GTGAT GGG AATGCAACTCTTTGGCAAGAACTACGAAGAAAATARGCAC

IS I S I M I I BN A BCINNENEs F v BASes I I I F I F A V M IEH Y NN F DGONENENN Y E E
ACC TG TCATC TCTATC AT GGG AL ACCATCGETGC COTCGE AL CTTGACC TTTG TCC TG GAA TCATC AT TTCATC TT. GCCGTGAT GGGAL T GCAACTCTTTGGCAAGA ACTACGAAGAL ARTAAGCAC
INENE I 5 I M ISR I 5N A NGNS ETE F vV BeEs I I I F I F A VvV M IEGEDMN NN F DEONENNN Y E E

410 420 430 440 450 480 470 420 400 a00 410 a2 530

AAGTTCAMAGATALACATGETT
BENF BEN D BB M W
AAGTTCAAAGATAL CATGETTCC TCGETGGAACTTTG TTGACTTCATGCAT TCG TTCATGATTGTG TTCCGGETETTGTE CGEGEAGTEEATCCAGTCCATGTGEEAC THCATG TG GTC TC TGE CTEGOC CTE
PBEN F BN D MM VIPJFR WHENNMF V D F MBS F M I ¥V F FE V EEC BEBEE W T HNHE:s M W D ¢ M W V 5 EBEEWIPC

540 540 560 470 480 540 00 810 620 830 a40 840 a0 aaa

F-A-V LLL SSF-A ss
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D. reticulatus DIl

TTTGCGATTATGGG TG TCCAGATGC TGGEGEGAAAGTTCTACCGC TGCGTCGACGCCAATGGCACGCGGC TGAACAGC TCCTACGTCCCARAL
3 Y WV [P

F A NIl M BIEE V Il ¥ B ~ BEeEs F Y R C [V D A NSNS R BN -
CTCTACCGC TGO GTCGAC GO CAATGGRAC GO GGO TGAACAGC TCC TACGTCOCAARAC
Y R C IV D A NN R AN - g5 Y W TR

1qD 110 1?0 1?0 1?0 1?0 1@0 1?0 1%0
e AAGAC A TG TGAAGC CAACAAC TACAC TTGGGACAACC CCATGATCAAC TTCGACAACGTCC TCAACGCATACTTGGCCCTC TTCCAAGT
E HNENEIN ¢ E A NS ¥ BEN W D EENTPY M TI'NEN F D B v BN 2 Y I . B F
G CAAGACA TG TGAAGC CAACARC TACAC TTGGGACAACCCCATGATCAACTTCGACAACGTCC TCAACGCATACTTGGCCCTCTTCCAAGTG
R C E A NN ¥ HEN W D BEENTES M TN F D BN vV DA 2 v I A I F VO

190 200

(=]
[=]

220 230 240 280 280 270

GCAACGTTCAAAGGC TGGACGGATATTATGGACAATGCGATCGACTCCAGGGGUGGAARAGAGGACCAACCGGAATACGAGGC TAACATCTAC
Al Fr BNEN W BN 0D I M D BEM A I D £ F BDEESES E D EEP E Y E A NEEN T Y
GO AA G T T AAAGG O TG A G GATATTATGGAC AATGL GATCGAC T CAGGEGUGGAARAGAGGACCAACCGGAATACGAGGC TAACATCTAC
A NN F D= W BN 0D I M D BN A~ I D © F NS E [ BEmrP E Y E A BN I Y

Dl 56

280 290 BQD ain 3 S?D 340 3?0 BQD 3?0

Dilll 56

ATGTACC TATATTTCGTATTCTTCATTATC TTC GG TCCTTC TTCACC TTGAATC TATTCATCGGTGTAATTATCGAC
'M Y B ¥ F V¥V F F II''I F EEE ¢ F F NSNS F I BEE Vv I I D
ATGTACC TATATTTCG TATTC TTCATTATC TTCGGE TCC TTC TTCACC TTGAATC TATTCATCGG TG TAATTATCGACAATTTCAATGARCAG
M v B Y F V. F F T T F lEE 5 F F NN F T BEE Vv T T D NN Fr BN F

Dlll S&
380 240 400 410 Hr

A NEENES - B E M F MBI E E
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D. reticulatus DIV

1 10 pel1] an 40 a0 a0 70 an an oo 1o 120 130 140 150 L] 170 180 140 200

TATTTCGTEFTTTTTTA

TTATATTCGG CTE CTTETTC AC CTTGAAT PTATT CATC FGTHTARTTATE GA CAATTTE AATG LA CTGE THG AT 06 TT6 GAAATETTE ATRA ACCR L T2 G0 CATER TGGGAT L ARARRGC CAGEE ATTEEARGGCOCARGTT A
* F Y F FII I FEM: F F EENANNESAF (T EEY [ [ 0 BONT OONE OGO » GGE : BE v F W B E D ENGGNEN ¥ v BON » 0 DHSSES o OGN : _n-a_n-n ]
GAAATETTCATEA AGACER L CTATAATEE CATEA TGGGAT L ARARAGC CAGE CARAG CAATTPC AAGGC OO AR GTT CA
E'M F MEEE D NN v v BEN: o DENEN M NN BNENCED : BN TTEIRECEIE T

b

1.0 21:' 230 240 250 260 270 280 200 aon ain 3z 330 340 35IIJ SEEIJ 3'.:‘0 SR?IJ SQIIJ 4L'IID 41.0

AATCCAAG CAATE ATTTTOR AC CTRAC CAL TGTTEGACATRG 06 AT CATFATE TTC ATTE £0C TTAR CATRA OG 6T CATHG OF CTTGACE ATTATARG CAAT 0L ARG TTHTACE A6 TC CATCC TAGAG C6 G £TC AAP AT CTTCTTC AT C6-£ T6 TP TTC AC A 0 GARTE £ Th £ TC 2 CTTEECC CT OG- CTRE ¢
_h WO F DI 1 F D M 2N I (T AN BT ¢ AFND NNy 0N : FENY © 5 TIWE FIMNI F rilia @ W2 E CHEEN T F A E Wl

AATCCAAG CAATE ATTTTOR AC CTRAC CA TGTTEGACATRG 06 AT CATGATE TTC ATTE £0C TTAR CATGA 06 6T CATRG OF CTTGAPE ATTATARG CART O C ARG TTGTAC AG TC CATCC TAGAG C6 G 0 TC AAC AT CTTCTTC AT C6 € T6 TE TTCAC & £CGARTE CC TR0 TC ARAAT CTTEGCC CTR O 6 CTRE ¢
_h HITOF DI 1 F 0 M AL M I'F T AN BT ¢ 2AF0D Ny 0N : BN Y £ 5 ' THAE EEAENI F il 2 0 FEM: E cAANAENTI r x08E 0N

20 430 440 450 460 470 430 440 500 510 520 530 540 550 560 a70 580 590 &00 610

ATGTTEEA CTT 06 TAGTC 6T CATE CTCTC TATTE TAGE TAC 66 TG CTC AAGG ACC Tk AT Cf 0GA 0 TA OTT 06 T6 TCG £C CACKC T CTTCE T6 T6 6T6 06 CF T6 6T A4 AG T6G6 6 C 06 T6TH 0 T6 066 PTHE TCAAG GF 06 C0CGEGG (AT CCRG ACC CTHC TRTTE 6 POTRE 0CATG TCG
BElY F R EfMUEEN T O F ¥ 9 U THE: THIEE" PN £{PFT »EY F 7 i (FPEIEASEE Y Y F 7 VEEYESE 7 FEF EEY G » FENT FRENEESAET » Pl M 3

] AGAAL CATEE AACATETTCGA CTT 06 TAGTC GT CATE CTCTC TATTE TAGE TAL GG TG [TC ARG ACD TG AT UG CGA CCTA OTT OG- T6 TCG 0T CACRC TG CTTCE T T6 GT6 £ OF T6 6T6 ARAG T66 6 0 06 TETE UT6 066 CTGE TCAAGGE (G CECGEGG CAT CCRG ACC CTRC TETTOGC COTRE CCATG TN G
BlY F R EAIWENN F 0 F ¥ 9 U THE: THIMENY PN DFED »EY F 7 §(FESEASEE Y Y F 7 VEEUVEEE 7 FEEEEY G PRSI FRENSESAET » M s

B2 630 640 850 GE0 670 880 620 Too 1o T20 T30 T40 750 TE0 770 T80 790 a00 a10 az0

VT CTECCTE CTECTETTC CTTEThE T TTCAT CTACK L

TTG CCGGCGETETTTA CTTCG G CATGTE CTTE TTC ATGCACGTC ARG CACCGETA GG CF TCRALGA TT A% CTTTE AG AL CTTCGGEC LA TCRATRATC CTG CTATTE CARATG TG CA CG TC C6 C GG CT6 GRACHGCETE CTGE COG [CAT CATRG &
ENE A BB AN rEEY 7 FI0Y ANIDFPEEY 5 T F HEENY BENENRE YEEEY 0 ETEINF BT CHEET D : ¢ THEHEETEY ¢ BN A0 DY EE:L: 2008 D
TTG CCGGLGETETTTAA CAT CTGE CTF CTCC TR TTC CTTG TG T TT CAT CTACE CAAT CTTCG L ATGETC CTTC TTCATG CACGTC ARG CACCGCTACHG (G TCGALGAFAACTTT AR CTTTE A6 AL CTT (G G0 CAG TCHATEATC CTG CTATTC CARATETG CA LG TC O COG G C TG GGA G FCGTG (TR COF CCAT CATRR 2
ENE A BT BT ( AN rEEY 7 FI Y AN FPEENM 5 T F HEENY EENENER YEEEY 0 ETEINF BT CHEET N : 0 THEHEETEY ¢ BN A0 0D ENYEE:L: 2008 D

&30 240 240 &a0 70 a0 240 00 210 a2 230 240 230 a0 a7 980 a0 1.000 no 1.020 1.oze

Chab CACE ACT CARCOGE COCAD COACE AR TOL GAGG G CAAC T CF G CARG CE GG CATCRCE G T COTAC CTCRTTT C6 TACCT CATAATC A CTTCCTCGCT CAT CAT: ATETATATCLC CE TCATC CTCCAGAAD TAC AL TC ARG COAL CRALGE AL

ENED r B RFEED E § ENENN - DENEN F NI 2 W & YV § YT T FEEY T THEMY ¥ I2 9 T'HEBIY s EN:ENE D
ACTGCAACCGGOCCAD CGA LG AATOG FAGE G TG CGGCAAG CFGGF CATCRCG GT LG COTAC CTCRTTT 06 TA CCT CATAATEC A CTTECTCLT CAT (A ATETATATCRC (G TCATC CTLR AL AETCARG CCAL CRAGE A u CAAFAGGEECTRALCE ACGALGALTALGCAL ATETACTAT
Dt E [POEm E : EIENNNr DEEN r NI 2 W 2 YWY 3 YEEID s FEEYIITIDEEY Y OID AV OITEE il :EEE D VENE EIEEED DD Y DM Y Y
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D. variabilis DI
1 10 20 30 40 a0 [&1] 0 SD QD

T

GTCAGGAGACTGGCCATCTGCATCCTAGTGCACCCA

Vi B R HEE A ['T7 C NINEAE V EEETEE

GACATATTTCGGTTCAGC TCGACGAATGCGC TGTTTC TG TAAGCCCCTTCAACCCGETCAGGAGAC TGGCCATCTGCATCCTAGTGCACCCA
DI F RBE F 5 - NN ~ B F B - OFW F EIETES v E R I A [TDT0 I B Vv EEE

190 1!0 1?0 1?0 1?0 1§0 1?0
s
CTTTTCAGCTTCTTITGTCATCGTAACCATTC TCGTCAACTGCGTCCTCATGACCATGCCCAGCAACGACAARATTGARA

WA F 5 F F V I V BN T ANV ENE C V BN M BB M P S BNE D BEm I

CTTTTCAGC TTC T T TG TCATC G TAACCATTC TCGTCAACTGUGTCC TCATGACCATGCCCAGOCAACGACARAATTGA
B F S F F VvV I V EIIN I ENAE V BNE C vV BN M BB M P S BN D MEE I

L os ]

1?0 290 210 2?0 230 240 250 280

TTC"CC"CEETCT WCACGTTTGARA &C"TTT"TC AAATGATGGC T GAGGATTTATTC TAGAACAATTTACATATC TTCGA

NN T Y BN F E S F I EEE M M A R NSE F T NN F BN F BN Y AN R
T A A AA T TAC A G T T TGAA T CAT T TATCAARAATGATGGL TCGAGGATTTATTC TAGAACAATTTACATATCTTCGA Y
F BEISSES I Y BEBM F E 5 F I WA M M A R BEm F I IAE £ IS F DN Y AN R D-H-

3?0 340 3?0 3?0 o

L Dis4 4

TGETTGGATTTTGTTGTTA TTTCTCT GG TATGTTACAATGTTTGTTAR G AAACC TGAGCGCC TTGCUGAACC TTTCGCGTTCTCOAGA
WEA D F V V I S HEA Y VEEIM F V  EINEAESCTENNEA © A BAE R BN F R V AN R
T TGEAT T T TG T TG TTATTTC TC TAGCGTATGTTACAATG

. M

W BN D F V VvV I S EW A Y V
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D. variabilis DI

5!3 (1] ?IEI SIEI QIEI IEIIIZI
TEECCATGEGAGTCCAAR ACTATTTCC GO GAAGGEC TEGGAATATCTTCGATTTCCTCA
M A M 5 P DNEENS Y F E E BES W e T F D F

10 "'D SD
GACATTCGCGATAGAAGC TGGAAT
F A T\l E A HEE M

o
GAAGCTTA

T
L

110 120 130 140 150 130 1?0 180 1490
 TCGCGCTCTCCTTAAT TGAACTCAGT TTGGAAAACGTCCAAGGATTGTCTGTGC TACGTTCTTTTCGTCTGCTACGTGTATTCAAGCE TAGCCAAA
IV A N S A I F BA - AN F BN V BDENEEEAN © vV B R S F R MM R V F NENEAE A BEE S
________________________________ois:

210 220 230 240 "50 “EU “?U “SU “QU SUEI
GTGGCCTACCCTTAACCTGCTCATCTCTATCATGEGGAAAACCATCGETGCCCTCGEGAACTTGACCTTCGTCCTGEGAATCATCATCTTCATCTTCGCC
W L L L s I M ICHEEEEE I BEE A F W ENENENET A

b Disd
30 320 330 360 370 340 400
CGTGATGGGAATGCAACTCTTITGECARL CAAGTTCAAAGATAACCTGGT TCCTCGGTGGAACTTTGT TGACT TCATGCATT

VH-MF_YEE_E‘-DV-R WHEEN F VvV D F M

410 420 40 0 430 440 470 420 440 500
CETTCATGATTGTGTTCCGGETGT TG TGO GGGGAATGGATCCAGTCCATGTGGGACTGCATGTGGGTC TCTGEC TEGGCCC TEGCATCCCCTTCTT T TCGE
= F M @@ v F R VW C lEN E WO IlmEm s M W D CIM W ¥V 5 BEWIEl]C[IOENF F A

DIl S8

5 l ] 5‘0 530 540 550 5EilJ 5?0 530 5QIIIJ aoo0

TACGGETAGTCATCEGEGAACCTTGTGETGC TCAACCTTTTCC TCGCCTTGUTGC TETCCTCGTTCEEEECGTCCAATC TEGTCTCAAGCGAATCC TGACAGE
N Vv V I SEEEIEEA VY Vv BT F B . DA C O F e A NI C BB A EEECPS D S

A08
GECGAC
BEw D
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D. variabilis DIl

1 10 20 an 40 1] an T0 a0 an

ATTTTTGCGATCATGGGL G TCCAGATGC TCGOGGGAAAGTTC TACCGU TGO G TCGATGCCAATGGCAC GO GG TGAACAGC TCCTACATCGCA
T F A A NENSEE F Y R C W D A NIENEEEE R = H VNN A
GECACGCGGECTGAACAGC TCCTACATCGCA
ENT R 8 § y¥IImmE A

100 10 120 130 140 150 160 170 180

ARG ARG A TG TGAAGC CAACAAC TACAC TTGLGACAACCCCATGATCAAC TTCGACAACGTCC TCAACGCATACTTGGCCCTCTTCCAA
N R BEN A~ C E A NN Y BN W D EEETEN M TITEEN F D BN OV BN 2 Y I - I ¢
AR CGCAAGGCATG TGAAGCCAACAAC TACAC TTGGGACAACCCCATGATCAACTTCGACAACGTCC TCAACGCATACTTGGCCCTCTTCCAA
N F BEN ~ C E A NS ¥ BN W D EEETES M CITTHEEE F D BN OV IS A Y I A B F

160 200 21IEI QQIEI 230 240 25|D QBIIJ 270

—
GGG CAAC G T TCAAAGEL TGGACGGATAT TATGGACAATCCGATCGAC TCCAGAGGCGGARAAAGAGGACCAACCGGAATACGAAGC TAACATC
v A Il F DEEEEE W Bl D 0T M D EBEETEN T D & R HENEENEE F 0 EEYTESN E Y E A EEE T
ETGE AR G T T A A ARG TGGA GG A TA T TA TG GACAA TGO GATCGAC TCCAGAGGCGGARAAAGAGGACCAACCGGAATACGAAGC TAACATC
WV A Il F DEENES W BB D I M D BN A I D § FR DENEENESE E D BEETPFY E Y E A BEEE T
=

280 200 300 310 320 330 340 350 380 3T

Dl 56

TACATGTACCTATATTTCGTATTCTTCATTATCTTCGGETCC TTCTTCACC TTGAATC TATTCATCGGT

Y M Y M Y F V. F F DIl F BEM = F F HESAENTEEA

TACATGGTACC TATATTTCTATTC TTCATTATCTTC GG TCC TTC T TCACC TTGAATC TATTCATCGGTGTAATTATCGACAATTTCAATGAA
Y M ¥ I Y F ¥V F F I I F lEE S F F NNNTENEEE F T EBEE VT T D BN F BN E
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MO A DINH 010 F 010 » NS 11 I Y oM x D B Y BN © BN ¥ £ 5 (T"EEC:C R NI Fr ©r I & W T NN
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AAGCACCGUTACGGCGTCRACGAG ACCTTCGGCCAGTCAATEATACTGECTATTCC ATETECACGTCAGCCGECTEERACGECG TG TEGCCGCCATCATEGAC GAGCATEACTE CEECCCACCGACGAATCGEAGGECAACT
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CAGGAGCGECCCARGTTCARR GTECATEECCAAT TGO TTEAAGTG TATAGACATGTTCTGCG TG TEEGACTEU TG TTEGTAC TGEATCAGGATCCAGGAGATAC TCGEACTCATCGTGTTTEACCCTTTCGTGEAGCTCTICATCACTCTATECA C
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ACGCTCTTTATGGCCATGEAT A L C TETCCTCARARAGGGGEARTTACTTCTTCACCECGACCTTCGEGA AAGCTGCTATEAAGTTGATGECCATEAGTCD ACTACTTTCGCGAAGGCTEGAACATCTTCGATTTICCTE
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GEEATTACTTCTTCACCECGACCTTCGCGAT GO TGCTATEAAGTTGATGGCCATEAGTCC CTACTTTCGCGRAAGGCTEGAACATCTTCGATTTCOCTE
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ATCGTOGCGCTCTCCCTGATE TAGETTTGEARRACGTOCAAGGATTGTC TETACTACGTTCATTCCETTTGCTACGTGETCTTE CHETEECCTACCCTEARCCTEOTCATCTCTATCATGGE O CATC GG TECCCTEGGGEARCC TEACTTTE
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GTCCTAGGAATCATCATCTTCATCTTTGCCGTA
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VEEEEEI I I FII'F & UV M EGEY NN GEENETN Y [ ENNEENNHISES r BEN E ENE M V PR WHEEMTF V D F MEEES F M I VvV r R VEECEEE W I
GTOCTAGGAATCATCATCTTCATC TTTGCOCGTAATGGEARTECAACTCTTICGEG CTACGRAGEA LG U ACARGTTCA ATEGTGEOCGCEETEEARCTTCGTCGAC TTCATGECACTCATTCATGATTGTGTTCCGGGETECTETECGEEGRA
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CAGTCCATETGEGACTGCATETGEGTC TCCGEATGGOCC TG ATC CCC TTCTTCCTC GO CACCGTCGTCATCGGCAACCTTETGE TGO TC A

CCTTTTCTTGGCC TTECTACTETCCTCGTTTGGOGCATCC

BN : 4 W D C M W OV 3 EEMW ORI C I NENT r B :EEYV VI ISV VNN . P - r e o
CAGTCCATGETEGGACTGCATGTEEGTC TOCGEATGGOCCTECATCCCCTIOTTCOTCGOCACCETCETCATOGGCAACCTTETGETGCTCAACCTTTTCTTGGCCTTRC TAC TG TCCTCGTTTGEGECATCCAACCTETCCCARGCGARCCCAGACAGTEGA L C
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ATCATGGGAGTCCAGATGC TTGL GG GAAAGTTC TACCGC TGCGTCGACGGCAACGGCACGCGGC TCAACAGCTCCTTCGTGCCCAACCGCCGCTCGT
T M eV I M

Ml A BEEES F Y R C 0V D NSRS . N ] F 'V NPNENN E R 2
TTCTACCGCTGCGTCGACGGCAACGGCACGOGGC TCAACAGCTCCTTCGTGCCCAACCGCCGCTCGT
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GoCAGTCCAACAAC T TCACC TGGGACAACCCCATGATCAACTTCGACAACGTAC TCAACGC TTACC TCGCCC TC TTCCAAGTGGUCAACGTTCAAAGS
S NN F DN W D ENETET M T BEN F OETTd

C L E DN vV BN ~ Y I -~ I F BV A BEEF

GCGAGTCCAACAACTTCACCTGGGACAACCCCATGATCAACTTCGACAACGTACTCAACGL TTACC TCGCCCTCTTCCAAGTGGCAACGTTCAAAGE
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F F I F Em s F F HINESTNTNET £ I BEm v I I D e
TTCTTCATCATCTTCGGC TCCTTC TTTACAC TAAATC TATTCATTGG TG TGATTATTGACAATTTCAACGARACAAAAAAAGARAGGCCGGAGGATCTC
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ThG CACTACTTTAAGGAR C(ATGG TG TTCGACTTTG TAGTTG TEATTCTETC AATT CTAGG CACGGTE CTCAAGE ACCTHATAG GTACTTCGTCTCACCCACE CTECTR 06 TG 66 TG C6 (G TCGTCAARG TEGRCCF COTh CTH GG CTGG TCARGEGEGLACERGE CATOCG ARG CTC CTATTTGE CETER OE
WEENyY rESE P @Ml T DF oYW llsll_l:-\-? T U 3 [FEEAEEE ¥V v B VU VUEEYES: VESEE PEY NS : PENT - DDEAEEr : B2
TG G CACTACTTTAAGGAR C (ATEG TG TTCGACTTTG TAGTTG TEATTE TE T AATT CTAGG CACGG TG CTCAAGE ACCTEA GTACTTCGTCTCACC CARE ETEE TR 06 TG T6G TG 06 (G TCGTCAARG TR CCF COTh CTH GG (TG G TCARGEGEGLARERGD CATECG ARG CTC CTATTTGE CETEG £E
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ATCTEG TG COCG CG CTETTCAACATCTE COTG TTE CTCTTE CT6G Th ATCTTEAT CTACG CCACCTT CRGEATCTECTTCTTCATG CARG TCARL CACEE CTACEE LG TCE AL A ACGTTOGG CCAATC CATGATCOTE (TG TTC CAGATE Th TACGTC O CAGG CTCGGACEE CG TETTAG (TG LT
H P AFETrEED « MASET FEY ¥ F I Y ANSFr SN ¢ F F M EHEYV BENNHN E Y-'I.lnl:-r-r EIEET N : 0 T r e B : e DY A oA
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AGTTTATCATCGGTATCTGGTC TTTCAGTGTTGCGATCTTTTCETTTGCTACGTGTATT CAAGO TAGTAMSA
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AGTTTATCATCGGTATCTGGTC TTTCAGTGTTGCGATC TTTTCGTTTGC TACGTGTATT CAAGC TAGCAAAATCATGECCAACATTAAATC TATTGATATCGATTATGGETAAAACT
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CGAATAAAGAAGCATG TATGGC TCGTAATCATACGA T T TGGTATAATCCACCGATCAATTTTGATAATGTACCAAACGCC TACCTTGCATTGTTTCA
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CCTCAC AACC AL AAGATGTTGACATGGC ARTCATGATCT TCATTGTGCTC AACATGAC AGTGATGGCALTGGL AC AT TACC GGC A ATCGGGGCTC T TCGAGTCGATC T TGGAGAGGC TA AATATATTCTTC ATCGCOGTGTT TACGGCCOG AGTGCGTGC TG AL
DV D NAM'N'TFIT VLN YEEY ¥ A'M ENESY REE:EEEF £E 5 /THEE RN T F FIT'A 'V FEEL E C IV IR

GTTGACATGGC AATCATG ATCTTCAT TG TGO TC AACATGAC AGTGATGGCAATGGARC AT TACCGGCAATCG GGG CTCT TCGAGTCGATC T TGGAGAGGC TARATATATTCTIC ATCGCCGTETT TACGGCCG AGTGCGTGC TG AL
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GATCTTCGCGCTACGCTGGCACTACTTCA AGGAACC CTGG AAC A TGTT TGA TTTC GTCG TCGTC ATCCTC TC AL TCCTGGGA ACCGTACTC AL AGAC CTGA TCGC CACC TATT TTGTATC GECGACTC TGCTGCG AGTC GTGC GCGTTGTG AAGGTTGGCCG AG
BIT'F ABME VENY FESNEEIVEEY F D F V V V IHES THIGENY FMESD AT LA EEY F V 5 (EESASEE VvV V R V VEEVEER
GATCTTCGCGCTACGCTGGCACTAC TTCAAGGAACC CTGG ALCATGTT TGATTTCGTCGTCGTC ATCCTC TC AL TCCTGGGA MCCG TACTCAL AGAC CTGATCGC CACC TATT TTG TATC GCCG ACTC TGC TGCG AGTC GTGC GOGT TETG ALGGTTGGCCGAG
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TCTCGTCAALGECGCCCGAGGAATACGGACACTGC TG TTCGCCC TCGCCATG TCCC TACCCGCGCTG TTCAATAT TTGCCTTC TAC TATTCCTGGTCATGTT TATC TAC GCCATATTCGGTATGTCGTTTITTCATG AATG TGAR ACACCGTTATGGC
VR-‘J_.P. ENGNT R NN rF .02 S BED L r BT CIAEr BV 0 F D7 ACDOF BEEMN S F F M ENEV ENENE T EN

500 510 520 530 540 550 580 570 580 590 &oo a1 620 iz ]i] a40 BSIEI

ATCGACGAGRACT TCAACTTCGARACGTTCGGCCAGTCCATGATC TIGCTGTTCC RAATGTGC ACGTCCGC TG U TG AGTG ATGTCCTC GCC GCGATC ATGGAC GAATCGGATTGOGAGGALC CCAC CATC GAC GAGG LAGGCGAA RCCG AGGGGALCTGC GG
[IT"D ENETFEEF EEET I I ' THIAEEF EBElY C Bl AV 5 0 VEEMA AN D E 5D C E EFFFMElT D E ENEE NN E IGHEN C iE
ATCGACGAGAACTTCAACTTCGARACGTTCGGCCAGTCCATGATCTIGCTGTTCC RAATGTGC ACGTCCGC TG U TG AGTGATGTCCTC GOC GCGATC ATGGAC GAATCGGATTGOGAGGALC CCACCATC GAC GAGG LAGGCGAA RCCG AGGGGALCTGC GG
fT"D EMEF EETF ENEF N ¥ ' THIAEEF BEY CEls Ay s 0 vVEMA AT D E S/D C E EFFEET D E ENNE NN E IEEEN C &

a0 670 620 a0 oo ?1.0 70 T30 740 750 760 i 780 790 00 810 g7

CAAGRLAGGC ATTGCCGTGGCCTACCTCG TTAGC TATC TARTCA IIICG'ITTCTCGTC L TCATCAAC ATGTATATCGC TGTC ATCC TCGAGAACTAC TICGCARGCALC CGAAGACGTCC A
NG T 4 vV A YHEV 5 YHEET T/ FEEVY I'THEEY VY ITlA V I'NEENEY F A SHEEER R RPN
CAAGRAAGGC ATTGCCGTGGC CTACCTCG TTAGC TATC TAATCATTTC GTTTCTC GTCATCATCALAC ATGTATATCGC TGTC ATCC TCGAGALCTAC T-CGCALGC AAC CGAAGAC GTCC AAGAAGGTCTCACCGACGACGAC TACGATATGTACTACGAG
IENENGE T LV A T MV S YS F-‘J_H TII'A V ITHEE HEY -5SHN:BEEE D VENE GISEEND D 0 Y D M Y ¥ E
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R. sanguineus DI

1 0 0 a0 40

50 a0 T0 80 a0

(= 7
TTCAGTTCGACGAATGCGCTGTTITTCTGCTAAGCCCCTTCAACCCGEETICAGGAGACTGGECCATCTGCATCCTAGTGCACCCACTTTTICAGCTTICTTITGTC
F 5 S I »~ B F B 5 0PN F BIENEN V' E R Il A 0Iw ¢ DIV vV BHENENEa F s F F W
CACCCGGTCAGGAGACTGGCCATCTGCATCCTAGTGCACCCACTTTTCAGCTICTTITGTC
EHESES V. E R I A TN ¢ DIV Vv BEmSEYsTs F 5 F O F W

_ ______os
ATCGTAACCATTCTCGTCAACTGCGTCCTCATGACCATGCCCAGCAACGACAAAATTGAACAAACGGAGACGATATTCACCACAATCTACACGTTTGAA
I VIl IT B vV e ¢V I M Bl M TP0 5 N D BB T E DN E BN T F s I Y B r E
ATCGTAACCATTCTCGTCAACTGCGTCCTCATGACCATGCCCAGCAACGACAAAATTGAACAAACGGAGACGATATTCACCACAATCTACACGTTTGAA
I vV I I A vV NS C vV AN M BN M P S NS D BES I F BDESDE F IS T F s T v BN F F

100 110 120 130 140 150 160

TCATGTATCAA ITGETGGC T GAGGATTTATTC TAGAACAATTTACATATCTTCGAG AT

8§ C NIy A R EEl F E NIl F N Y R D BT W F WV W - 3 - A

TCATGTATCAAARATGGTGGC TCGAGGATTTATTC TAGA A TTTACATA GAGATCCATGGS i_TTGGTTGG TTTTGTTGTTATATCTTTAGCG
E Il Fr I Y E D IPFE W F V. V I 5 Nl A

§ C I MEE M YV A R EEN F I HAE

300 El SQI SSID 340 35IEI

TATGTTACA

¥V

TATGTTACAATGTT TATTAATTITGGGEGAACC TGAGCGCC TTGCGAACTTTTCGTGTTC TTAGAGT
R Hl F R vV Il R A

Y V I M F I BN - . 2
153 (-
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R. sanguineus DII

1 10

=)
o
[x)
=}
o
=
=
=
=
=
@
=
=)
=}
=]
=}
=
=}
=
o
=

ATGGUGATGGATCATCACGACATGGAC CCAGACTTTGATAATGTCCTCAAGAAGGGGAATTACTICTTTACCGCGACATTCGCGATAGAAGCCGGAATGAAGCTTATGGCCATGAGTCCAARARACTACTICCG
M A M DEHEESED M DIEID F D NV MG ¥ F F Bl A EBEF AT E AV NN 4 M 5 (EIEDEIN Y F R
TTCTTTACCGCGACATTCGCGATAGAAGCCGEAATGAAGCTTATGGCCATGAGTCCAARARACTACTICCG
F F BN A BN F ACIDE A NGH M BEEEEN A M S JENEEEEIN i F R

DIl 52

140 15|D 1EIU 1?:0 18|U 190 200 21|U 22|D 23|U 20:0 25|U QBIU

DIl 54

CGuuGGCTGGALT“TCTTCG“TTTCCTC“TCGTCGCGCTCTCCTTayTCGLLCT AGTTTGHAAAACGTC CAAGGATTGTCTGTGCTACGTTCGTTITCGTCTGC TACGTGTGTTCAAGC TAGCCALATCGTGGL
ENEE W EBEHE I F D F BAEI V A NS B I E WS BAC NNV ESCERA S VEMER 5 F R BAEANE V [ DENEVE A BEM S W o

CGahGGCTGthT“TCTTCG“TTTCCTC“TCGTCGCGCTCTCCTT TCG&&CT&&GTTTGG&&&aCGTCCthG“TTGTCTGTGCT“CGTTCGTTTCGTCTGCT“CGTGTGTTCLLGCTLGCC‘“TCGTGGC
E NG W BHM I F D F NAM I V A NN BWI E E ¢

S VEEE 5 F EBESEER V F NN . BN S W0
DIl S4

H
m
i
=
I

7 280 280 3E:EI 310 30 330 340 35|EI 3EIiIJ 3?IIJ 3EI¥IJ SQIEI 400

5] F A W M M E
CTACCC T AR C TG T AT T TAT A TG GG AL A A CATCGE TG TG EEAAC T EACC TTTGTCC TG GAATCATCATC TTCATC TTCGCCGTEATGEGAATGE '-__'-":.T':.TTTGGC.‘-‘__'-‘_G_M__“_CT__TG'_'-‘_"_ AR
i T, I SII M EEENEI I N A G F vV e I I I F I F AWV M BEEMN ISP DENEENm Y E OE

410 420 430 440 450 440 470 4230 480 500 510 520 530

GTAAACACAAGTTCAAAGATAACATGGTTCCTCGGTGGAACTTTGTTGACTTCATGCATTCGTTCATGATTGTGTTTC G_E.GTGTTGTGC GECGAGTEGATCCAGTCCATGTGGGACTGCATGTGGGTCTCTGG
S IR F BB D MM VPR WHEMF ¥V D F MBS F M I vV F B VHEECENE W INE: M W D CM WV 3 E
AG
3

TAAACACAAGTTCAAAGATAACATGGTTCCTCGGTGGAACTTIGTTGAC T TCATGCATICGTTCATGATTGTGTTITCGAGTGTIGTGUGGECGAGTGGATCCAGTCCATEGTGGGACTGCATGTGGETCICTGE
NN F BB D MM VIFEIR WHEHMF V D F MBS F M I V F B VEECEBEEE W INE:s M W D C' M W V S

540 560 filali] &70 580 500 &00 610 620 [ix]i] 840 BE:D BEED BBIQ

CTeGCCCTGCATCCCCTTCTTTC TOGC TAC GG TAGTCATCEGGAACC TTGTGGTGC TCAACCTTTTCCTOGCCTTGC TG

HWEENCII'EEN F F N LA BNV V I'NNENEEEV VSRS P .
CTGGCCCTGCATCCCCTTCTTTC TE G TAC GG TAGTCATCGGGAACCTTGTGGETGC TCAACC TTTTCC TCGCC T TGO TGC TG TCCTCGTTCGGGECGTCCAATC TG TCCCAAGCGAATCCCGACAGCGGCEAT
BwW @S cCc ITEPNF FEBE:LG:BEEY V I NEESEY V“VEEEISE F B . BESAE - 5 F BB A2 5 D - BN 2 EEer o 5 BE D
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R. sanguineus DIII

GCGATTATGGGCGTCCAGATGC TTGEGGGAAAGTTCTACCGC TGCGTCGACGGAAACGGCACACGC TTGAACAGC TCATACGTCCCARACCGCAAGA

AN M e VN ¥ B ~ BEEE F Y EFE C WV D DEENENEDS F BTN 5 Y |V INENEEE R EE
TAC GO TGO G T GACGGAAACGGCACACGC TTGAACAGC TCATACGTCCCAAACCGLAAGA
Y R C ¥V D BEENNCENTE r BT - 5 Y V [NENEENE R EE
0o 1o 120 130 140 150 160 170 180

l!?D

CETGTGAAGCCAACAAC TTCACC TGGGACAACCCCATGATCAAC TTCGACAACGTCCTCAACGCATATTTGGCCCTTTTTCAAGTGGCAACATTCAA

I C E A HINDE r BN @ D EEETES M TI7EEE F D BN vV BN A2 Y I A I F BV A B r
CGTGTGAAGCCAACAAC TTCACC TGGGACAACCCCATGATCAACTTCGACAACGTCCTCAACGCATATTTGGCCCTTTTTCAAGTGGCAACATTCAA
I C E A IS r BN @ D EENEYEY M I EEE F D B vV B 2 Y I A B F B Y A B r S

2L:ID

ra
=
(=]
- kD
=

2?0 240 25.0 260 27:‘0 2E|=EI 2900

AGGUTGGACGGACATTATGGACAACGCGATCGAC TCCAGGGGLGGARAAAGAGGACCAACCGGAATACGAGGC TAACATC TACATGTACCTATATTTC
INEN w BN DI M D A fI™mD 5 R HENECENEE E D EEYEN E Y E A BEINTIT Y "M Y I Y F
AGGCTGGACGGACATTATGGACAACGCGATCGAC TCCAGGEGLGEAAAAGAGGACCAACCGGAATACGAGGC TAACATC TACATGTACCTATATTTC
EEEN W BN D TN M D Bl A TN D 5 R EEEEENEEE F D EEmeEN E Y E A BENTITT Y M Y B Y F

3L:|E| 31.0 BEID SI?EI 3?0 35|E| SBID 3?IIJ SSIEI
GTATTCTTCATTATCTTICGGCTCCTTCTTCACCTIGAATCTATTICATCGGTGTA
W F F IImnIT F EEm s F F I fI'mEm v
GTATTCTTCATTATCTTICGGCTCCTTCTTCACCTITGAATCTATTICATCGGTGTAATTATTGACAATT TCAATGAACAAAAGAAGAAGGC TGGAGGAT
CW F F OITT F EE S F F NSNS F T BEW Vv T T D BN r BN E
________________________________________oise_________________________________
3?0 400 410 414

CGCTAGAAATGTTCATGACCCAAGAR
S Il E F E E
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R. sanguineus DIV

1 10 a0 30 40 50 a0 70 a0 a0 100 1o 120 120 140 150 L]

o]}

ATGGTCTTCGACCTGACC ACAAAC AR ATETTCGACATGGC GATCATGATI ATTGTCCTCAACATGACGE TCATGGC ACTCGACCAC TAT ALGCAGTCCAGGC TGTTCGAGTCCATCCT AGAACGACTC AAC ATCTTCT TCATCGCTGTCTTCAC AGCCG

N v F DI M F D M AN T'F T VNN EEV N L 0D ENY s RIEF £ S/ THEE REEEET F FIT AV F HlL
ATGTTCGACATGGCGATCATGATATTC ATTGTCCTCAACATGACGG TCATGG ACTCGACCAC TAT AAGCAGTOC AGGC TGT TCG AGTCCATCC TAGAACGACTC AAC ATCTTCTTCATCGCTGTCTTCAC AGCCG

M F D M AT M T F T VNENEYNEEV I L. FEDEIY > FEEF F S THEEFE RFEENNT F F T AV FNHEL
DI 51 2

1T:‘U 18|U 19|U 200 21IU ZQIU 230 240 25IU 260 27:‘0 280 QQIU GDIU

ARTGCCTGCTC ALAATATTCGCCOC TGOGE TG GC ACTACTITCGAGAGCC AT GGA A ATGT TCGACTTCGT AGT CGTC ATC CTC TCTATTC TAGGTACGS TGO TC AAGGACCTGATC GCGGCC TACTTCG TGTCGC CCACGET TCTCCG TRTGGTGOGTGTC GT

E CHASMEEST F LEME VEENY F R EPNVENYN F D F ¥V V V I'NES THGHES VIEET PRI L L Y F V S(FESSEE V V B V V
AATGCCTGCTC AR TATTCGCCC TGCG TG GCACTACTI TCGAGAGCC AT GGAAC ATGT TCGACTTCGT AGTCGTC ATC CTC TCT ATTC TAGGTACGG TGC TCALGGACCTGATC GCGGCC TACT TCG TG TCOC CCACGCTTCTCCG TETGGTGCGTGTCGT
E C

BN T Fr LA BME VEENY F R EFIVENNY F D F V V V IHES TGSV FEESTD BT L 2 ¥ F V 5PN E V V B V V

Dl 52

3?:0 340 35:0 SEEIJ 3FIEI SE:IJ 3QIEI 400 410 42IEI 430 440 450 460 4?IEI 420

GLAMGTGGGCCGTGTGCTTCGGLUTGETC AAGGGC GOGOGGEGCATCC GGAC COTGCTGTTCGUC CTGGCC ATG TCGC TEC CGGCGC TG TTCALCATC TGCCTGC TCC TG TTC CTIG TGATGT TCATCTACGC AATCTTCGGC ATGTCC TICTTCATGC ACGTC
ENVISEE VEEFE NIV ENG » RIENT RIENWEr AN AN SEEF AFET CIAEAEFEIEY ¥ FIINY AI'F BN 5 F F HNEEV
GRAMGTGGGCCGTGTGCTTCGGETGETC LAGGGC GOGOGGEGCATCC GGAC CCTGETGTTCGoC CTGGCC ATG TG TRC CGGCGC TGTTC AL CATC TGCCTGC TCC TG TTC CTIG TGATGT TCATCTACGC AATCTTC GEC ATGTCC TICTTCATGC ACGTC
BV IESEE VEEENEYV NG . EGT REAEEr LFEL N PP LAF ESTD CIAEAEr BV NI FT'Y AT FEEEN 5 F F HNEEV

40 500 510 520 530 540 550 560 570 580 590 600 G10 620 a0 640 840

AAGCACCGCTACGGC GTCGACGAG AL TTCA ACT TCG AGAC GTTCGGCC AG TCGATGATC CTRC TAT TTC ALA TETGCAC GTE COCCGGC TG GAC GETGTGT TG UCGCTATCATGEACGAGC AC GAC TGC LAC CGGC CCACCGACG AATC COAGGGCALCT
ENEN PR YNV I ENEF IEF ENNF ICOEEN = 0 THESArF S C Bl ANy DNV ENEL AT N D ENEND C MNERPPED E S5 E NCHENN
AAGCACCGCTACGGCGTCGACGAGAMC TTCAACTTCG AGAC GTTCGGCCAG TCGATGATC CTGC TAT TTC Ak A TGTGCAC GTC CGCCGGC TGGGAC GETGTGT TEGCCGCTATCATGEACGAGC AC GAC TGC GAC CGGC CCACCGACG AATCCGAGGGCALCT
EEENE YTHEEV I ENEF NF ENNEF G 1 THSEr BNy C Bl AV DNV EN:: AT D ENEND C'D RPEMEMD E S E

EE:EI B?ID EiS:EI Ei!?tl ?EIIIJ Tio 720 ?3IIJ 740 ?ﬁllJ ?I?EI ??ID TS:EI ?QID SIJIEI 81IIJ SIIS

GCGGC AAGCGGGGCATCGCGE TOGCC TACCTOGTCTC TTAC CTC ATC ATCAGC T TCC TOG TCATCATARA TATGTAT ATC GCCGTC ATCC TCG AGA ACT ACAGCCAGGC CAC CGAGGAC

CHEEEEEBNT L'V L YNV 5 TElET TS5 FEEV I IT'T'EHEY ¥YIIULA VII'NEE BHNY SHELEEE D
GCGGC AAGCGGGGCEATCGCGE TOGCCTACCTOGTC T TTAC CTC ATC ATCAGC TTCC TOG TC AT CAT ARA TATGTAT ATCGCC GTC ATTC TCGAGA AC T ACAGTCAGGC CACCOAGGAC GTGCAGE AGGGCC TGACCGACGACGACTACGAC ATGTACTAC

CHENEEET L V A YNEV 5 YTEET T 3 FEEYV T THEEY ¥ I AV ITHEENEY 5. NENE D VENESESNEESD 0D 0 Y D M ¥ ¥
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10.3 Appendix 3

The chimeric R. microplus and D. melanogaster para VGSC constructs Chimera L2/L4 and Chimera LC in the expression vector pGH19 (Warmke et al.,
1997). The construct includes the 5" and 3’ untranslated X. laevis beta-globin sequences, indicated by purple bars, to stabilize heterologous cRNA
expressed in X. laevis oocytes (Liu et al., 1996). Membrane-spanning segments and the domains to which they belong are indicated by blue bars, and
were estimated using information from the V. destructor mite channel, as sequenced by Wang et al 2003. The 5’ and 3’ flanking D. melanogaster
para regions are indicated by pale green bars, and the R. microplus VGSC domain-spanning insert is indicated by a pink bar. The position of a Notl
restriction site in the native R. microplus channel is shown by a bright green bar, this site was removed by site directed mutagenesis to allow plasmid

linearization for cRNA transcript preparation. The position of the stop codon in Chimera LC is indicated by a black bar.
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Chimera L2/L4

1 10 20 1] 40 1] (1] 70 a0 an
ATCACAGAAGAT TCCCACTCGATATC TCAGCGAAGAACCCACTTTGT TCCGTCCC T T TACC CGCCGAATCAT TG TCCAAATCCAACAACCCATTCCCCC
D s @@ s E E E R S I F F W F BN R E I vV B T F B R I A

1I?I] 10 12.D 13.” 140 15|IJ 1EIIJ 1T:‘I] H?I] 19.”

TGAACATGAAAAGCAGAAGGAGC TGGAAAGAAAGAGAGCCGAGGGAGAGGTGCCGCGATATGGTCGCAAGAAAAAACAAAAAGAAATCCGATATGATG
E IEN E BN E BTN £ R EEE R A

EI?IZI 21IIZ| EZIIZI zaln 2-}1] ESIIZI EEIIZI ETID ER?D EQIIZI
ACGAGGACGAGGATGAAGGTCCACAACCGGATCCTACACTTIGAACAGGGTGTGCCAATACCTGTTCGATTGCAGGGCAGCTTCCCGCCGGAATTGGC T
D E D E D E EENTEEEETEN D NENINET F BEENEE VvV O WEWT WP VR IMENNENEE 5 O F WPOWEW E I A
S PaaSEd

GIIEID EIIID 32IIZI SCIiIZI GI!I!D 35.D SSIIZI STIIZI GIBID ‘JI?D
TCCACTCCTCTCGhGGhTATCGhTCCCTACTACAGCAATGTACTGAChTTCGTRGTTGTAAGCAAAGGAAAAGATATTTTTCGCTTTTCTGCATCA%&
S HINTENEAN E D I D WEW Y Y S NN V I F OV V.V S IECEEs D T F R OF 5 A 8
. PaaSEnd

4qI] 41|I] 42IIJ 4Z§I] 4‘|H] 4{?I] "H?IJ 4T:‘I] 'H?I] 4£II
AGCAATGTGGCTCTTAAGCCCCTTCAACCCGG TCAGGAGAC TGGCCATCTGCATCCTAGTGCACCCACTTTTCAGCTTICTTTGTCATCGTAACCATTC
A TM WA : OEW F BEmTEW VR R W A T C IV V EHETEYETE r S
. PaasEnd . Rmicroplusinsert (PCRProductSequence)

=

00 510 520 530 540 550 560 570 580
TG T CAAC TGO T CC T CAT CACCATGC CCACCAAC CACAAAA T TCAACAAACCGACACCATAT TCACCACAATC TACACGTTTCGAATCCTCTATCARA
S NN D AN T FEF s EF e T F s T Y e F E =
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59|I] BI?I] E1II] BQII] BI?I] ﬁ‘lﬂl BﬁII] BBID ﬁ'.:‘l] BSII]

ATGGTGGCTCGAGGATTTATT T TAGAACAAT TTACATATC TTICGAGATCCGTGGAACTGGTTGGATTTTGTTGTTATATCTCTAGCGTATGT TACAAT
A S A A Y WV M

. Rmicroplusinsert (PCRProductSequence}

Dl 53

5QIIZI TI?D ?1IIZI ?2IIZI T?D ?‘IIEI ?5IIZI TI?D ?TIIZI TR?EI
GTTTATTAATTTGGGGAACCTGAGCGCCTTGCGAACTTTTCGTGTAC T TAGAGCCTTGAAAACCGTAGCCATAGTTCCTGGTC TCAAGACGATCGTTG
D FITTEAESWNCNTEEAT © -~ B R BN r FE V I F A BN Vv A T V DDVSEEE N T v .
. Rmcropusinsert(PCRProductSequence)
DI 53 oS

T!?D SI:III:I 81II:I SQID SCIiI:I Sfllﬂ SﬁID SEIiI:I S?II:I S:?D
GAGCCGTGATAGAGTC TG TGAAGAACC TCAGAGATGTGATCATTTTGACAGTGTTC TCAC TG TCGGTTTTTGCC TTAC TGGGATTGCAAATATACATG
Bl AV T E 5 [V HNNEEESE R D 2V OTTOTTTETNN VO F ]

w
g

a0 aon a10 azn 830 240 a0 a0 arn ggn
BEEETACTAACGCAAAAA TGO GTAC TCATACC TCC TACAAACC TATCGREATG TEAATATGCAAGC TTCATC GAGAAC CAGAC TAACTEGEC TACCEA
C IV I T NPT - o0 A E ¥ A 5 F [T E NN W A

QQIII:I I.I:!I:ID 1 .I:!H:I 1 .I:!2I:I I.I:!3D 1 .I:!4D 1.I:!5I:I 1 .E!ED 1 .I:!TI:I
ITGAC GATGGGA TG TATCC G TG TG TG CAA T T GAG TG TGCAGGGCAA TG TCAAGAGGGC TACATG TG TCTGCAGG G TATAGGAGATAATCCAGACT

(72
wn
w
o
(172
p!

1,I:!8I:I 1,I:!9D 1,1II:II:I 1,1|1I:I 1,1I2D 1,1|3I:I 1,1|4EI 1,1I5D 1,1|Ei|:| 1,1I?I:I
ATGGCTACACCAATTTCGATACTTTTGGTTGGGC TTTTCTTTC TG G T TCAGGC TAATGACACAAGATGC TTGGGAATTATTGTATCAAATGGTGCTA
A F I 5 A F R I VM BN D A
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1,180 1,100 1200 1.210 1,220 1.230 1.240 1,250 1,260 1,270
AGAGCAGCGGGGL CC TG CACA TG TG TTTTT T TG TG G ITGATAATATTCC TGG G TCC TTC TATC TAGTGAATC TGATCTTGGCTATCGTAGCCATGTC
R A A NEENEN W OMHN M C F F W WV ITHOTH F INENEE 5 F Y AV UNEGEETCTTEA A T v A M S

1 .ZIEI:I 1.2|QI:I l.?.!DD 1 .E!ID 1 .SIZD 1 .SISI:I l.?.!i'l-ﬂ I.E!SD 1 .E!ED 1 .SITI:I
ATACGACGAAT TACAAAAGAAGGCCGAAGAGGAGGL GGAGGAGGACC GO C TTC TCGAAGAAGCCATGC GGG CCAAGAAGAGGC TCGCGCCGAAGC GG
'Y D E NN ~ E E E A E E D E W £ E A M E A E E E A R A E A

1 ,SIEI:I 1,3|9I:I 1,-!DD 1 ,-!1D 1 ,-1|-2I:I 1 ,-1IGI:I 1,-?41] 1 ,-!5D 1 ,-!GD 1 ,-}?D
CGEGECCGGECCACAGCCGACCGCACGACACCGGCGACAACGGLGGECGGCCGGE TG ITCAGGAGCCCC TCGGAGTTC TCGTGCCGTTCGTACGAGC TCTTC
A HEENNEE S 5 EW 5 5 C R 8

-]

1.480 1.460 1.500 1510 1.420 1.430 1.540 1.550 1,560
GIGGETCAGGACCGGEEGECEU TGAGGATCCCAGGGACCTCCGGGAGCGGGEUGAGCC TACGGAGCGCGEACGCGGCGGCCGACCAGC TGGACGACCTCTG
A E D WPN R D EBWE E R A 5§ 5 A @Dl A A A c

1 ,SI?EI 1 ,EIEEI 1,5I9I:I 1,EIDD 1 ,EI1D 1 ,I'J:ZI:I 1,I'J:3I:I 1,I'J:4D 1 ,EISD 1 ,EIEI:I
CTACCCGGAGTCGCGCCCGCGC TCCGCCGCCAAC TC TAAGG TGO GGAAGGGEGCAGCCGC GG TAGTCAGC TGAGC G TGAGC TG GCGCAGCAACGGGCGET
A HEE Vv F HEENCEENENTEY R B S

wn
i
=
w
i
e
=

Matl in Criginal CL2/4
1870 1,880 1,680 1700 Al 1,720 1,730 1740 1.750 1,780

CGCCTGGEGCGATCGCAAGCCCCTCGTCC TGCAGACGTACCGGGACGC TCAGGAACACCTIGCCGTATGCCGACGACAGCAACGCCGTCACGCCAATGTC
D TV ENENEEN R EEEIN r

(4]
w0
]
il
w
]
0
b
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1 ,?:?I:I 1 ,?ISI:I 1 ,?IQI:I 1 ,BIDI:I 1 ,BI1I:I 1 ,SIED 1,SISD 1,SI4D 1,SI5D 1 ,SIED
CGAAGACAACGGCGCCATCC TGO TGCCCATG TACGCCAGTC TGGEGTCGC GGG TCCAGC TACACGTCGCATTCGTCGCGCC TG TCGTACACGTCGE

o
b
w2
b
b
o
b
b

1 ,E:?D 1,5:BD I,EB:QD I,QII:ID I,QIHJ 1 ,QIEI:I 1 ,QISI:I 1 ,QI"I[I 1 ,QISEI 1 ,QIEI:I
ACGGCGGEEGGCGTCTTCTGCCGAGGGGGCGCCGTEGGLGEGLGEGELGACCTGGCGCCGGEGG TG TCC TCACCAAGGAGAGCCAATTGCGC TCTCGATCG
C NENNHENNENEE E WPmTTT A e 5 0T

1,870 1,880 1,800 2,000 2,010 2,020 2,030 2,040 2,050

CCAAACCTGCAGCGATGC TAC TAC TACCAGCAGATGACTC TCCATGGCGACGAATC TTTGCC TG TCAACAAGCAACCCGACACCCCCTTTATTCAACC
BEN M BT F BEm - D BEN W DEeEs M F BEm ©C E OE A

2,060 2,070 2,080 2,000 2,100 2,110 2,120 2,130 2,140 2,150
ATCGCAGAGGCAAGGCC TCGTAGATATGAAAGACGTGATGGTGC TTAACGACATCATCGAGCAGGCCGUGGGGCGCCAGAGTAAAGCCAGTGAGAGAG
A 'R EEM R R ¥ E R R 'D'EEE BEl R BHESHE R EEN R EER PN EF EEE

b
b
b
b
wm

2.1IEIJ 2.1ITI'IJ 2.1IBIJ 2.1I9IJ E.ZII]I] 2.2|1I] E.EIZIJ 2.2|3I] 2.2|4EI 2.2|5I]

AAGGGEGCAGGAGCAGGAGAGGC CCAAG T TCAAAGACARAGTGCATGGECCAATTGC TTGAAG TG TATAGACATGTTC TGO GTGTGECAC TGO TG TTGGTAC
A EE E A

2,260 2.2m 2,280 2,200 2300 2310 2320 2330 2,340 2,350

TGGATCCGCATCCAGGAGATACTAGGACTCATCGTGTTTGATCCGTTCGTGGAGCTCTTCATCACTCTATGCATCGTGGTCAACACGCTATTCATGGC
IV R = [ L - I M HNE F BEEENNNEE A

2

N

6



2, SED ‘3?0 ‘380 ‘GQIII 2, 400 ‘410 ‘4‘0 ‘430 2, 440 ‘450
CATGGACCACCACGCOCATGGACCCAGACTTTGATAATGTCC TCAAGAAGGGGAATTACTTCTTTACCGCGACATTCGCGATAGAAGC TGGAATGAAGC
E NHENEETEY F BEEENEN C PNl F BES £F DS Y E D T E D R 5 W HEM E A

% R.microplus Insert (PCR Product Sequence) 5

.
DI's1
2,460 247 2480 2,400 2,500 510 2,520 2,530 2540
TTATGGCCATGAGTCCAAAGAATTACTTCCGCGAAGGC TGGAATATCTTCGATTTCCTCATCGTCGCGC TCTCC TTAATCGAAC TAAGT TTGGAAAAC
¥ = ENTESITDN £F R I £ Y Bl R F DOEEE F F A BTSN F S F

§ R.microplus Insert (FCR Product Sequence) &

2,580 2,860 2,870 2,580 2,500 2,600 2610 2,620 2,630 2,640
GTCCAAGGATTGTC TG TGC TACG TTCG T TTCGTC TGC TACG TG TG T TCAAGC TAGCCAAATCGTGGCC TACCCTTAACCTGC TCATCTCTATCATGGE
E PN R I ¥ ¢ A B F VvV 3 5 A B C "VEEN A S5 EEETTHCWVE A Y ENEEENEN A EHEE Y

1 R.microplus Insert (PCR Product Sequence) 5

Ll 54

2.850 2,660 2,670 2,680 2,600 2,700 2,710 2,720 2,730 2740
GAAAACCATCGGTGCCATCGGGAACTIGACC TTTGTCCTGGGAATCATCATC TTCATCTICGCCGTGATGEGAATGCAACTCTTTGGCAAGAACTATG
E CHEN R ENM D EME C FENECENENHINENESNENEA R R D DN -~ NN 7 BN F A

% R.microplus Insert (PCR Product Sequence) 5

2,740 2,760 2.1 2,780 2,780 2,800 2B 2,820 2,830 2,840
AAGCAAAGTAAACACAAGT TCAAAGATAACATGE T TCC TCEETEEAACTTITGTTGAC TTICATGCATTCETTCATGATTGTGTTTCGAGTETTETGE GGC
H F NN vV BB R EEENHNE = S W E I C EEEESTNEN A2 0 F WV EEM D C W o5 s ¥ W R

1 R.microplus Insert (PCR Product Seguence) A

2,850 2,860 2870 2,880 2,800 2,800 2810 2,820 2,030 2,840
GAGTGGATCCAGTCCATG TGGGACTGCATGTGGGTC TCTGGC TGGCCC TG CATCCCC TTCTTTC TCGC TAC TG TATTCATCGGGAACCTTGTGGTGCT
E WV D WEN V HHE V BENENEE vV BENEA 7 B A BANHETTTEESA S E Y 2 C T HEEHM R E [WEN C e A

4 R.microplus Insert (PCR Product Sequence) b
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2,840 2,860 Z8m 2,880 2,800 3,000 200 3.020 3,030
CAACCTTTTCCTCGCCTTGC TGO TG TCCTCGTTCGGGGOGTCCAATC TG TCCCAAGCGAATCCCGACAGCGGCGACACAAAGAAACTACAAGAAGCCA
A A S

Ly
Ly
Ly

3.[!41] 3.I:!5I:I S.I:!ED 3.I:!?I:I E.EIEI:I S.I:!QD S.IIDD 3.II1I:I 3.1I2I:I 3.1I3D
T GCAC GG T TTCACC GGG A TG TG AT CAAG TCCAAC TC TATGAAAC TTTTCAAGAGC TTCCGTCGCGAAACCACGCAACCAGATCGGGGACCAG

L]
L]
o]

3,140 3,150 3,160 3,170 3,180 3,100 3,200 3210 3,220 3,230

ACAACAGACATICGTCCTCGCCCGCCACGCCAACGAC T TCGACGE TGACCCGECCCTCCCACGEEGAACTCC T TCICCTCGACGE TCCGGTGCCAATCECC
S = S EN A B A

wl
W

3,240 3,250 3,280 3,270 3,280 3,260 3,300 3310 3320 3,330
AGACAGAAAGCCCCAACACAACARCGACCTTGAGGTTGTCGTTGGGGACGGCC TCGATATCGCCATTCAGGGTGATGGCGAGGCCGTTARAAATGAAGT
A Cc s

3.3|4D 3.3!5I] S.E!EIJ 3.3|?I] 3.3|EI] S.EEQIJ 3.‘!DIJ 3.-"!-1I] 3."!QI] S.IFEIIJ
T AARAARCAAC TCAAAGCC TG TGATGAATTC TG T T TG G TIGGGACC TATGATC GAGCC TAAGAACAAGCAGC TAGAGAARAGACAACAAGGAAARGGAG

b
n
n
b
-
-

3.‘!40 3.-"!-50 3."'!-6I:I S.IFD 3.4IED 3.-"!-EII:I E.E:I:II:I S.E:ID 3.5|2I:I
AAACGAAGCGCAGGGCAATAAGG TG TACCCGCARAAAGGACGAGGATACCC TCAGCGAAAAGTCAGCGTCCAGCCCCAAGGAGAAGGTCCTCCTTGGGAA
E R § A NNEEENEEENEE V DEFN A HNENEE R BEN Y DEYEEN R BEE VO S
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3,5|3EI 3,5|4EI 3'5.50 3,5IBD 3,5|?EI 3,5ISIJ 3,5IQIJ 3,5:00 3,BI1IJ 3,EEQD
CAAGCCGTCCARAAGATC TTAGCARACAGTTCCC TG TACC TGGGGAACAACC TTGAGGAGGAGAAGAAGGACGCCAGCAAAGAGGACCTCGGCACTAAAG
HN ~  VEF S IEENNNN F OFN V DENEEE EF EETETEEENEENEE E O F BEE R I R EEETEN R EHEEESE R

E.microplus Insert (PCR Product Sequence) b

3.!':530 3.8:40 S.GIGEI 3.EEﬁIJ 3.EE?U G.E:SEI S.EEQIJ 3.?:00 3.?:10 3.?:20

AAGCAGAGGAGGCCCCCACCGAAGAGCCCAT CAACCCGGACACGGAAGATG TG GACACAGACAAGC TGGAARACGGCCACCTCGGACATTATCATCCCC
IENEN P @HW R A NHUEEE P NENTHNESE R c R A Y EHETEC
1 R.microplus Insert (PCR Product Sequence) A

3.F|3EI 3.?I4IJ 3.?I50 3.?|Eitl S.FI?IJ 3.?IBIJ 3.?IQEI 3.8|EIIJ 3.EEIIJ 3.:’:‘:20
CAGATGCCGGCCGACTGC TGCCCCGAC TG G TG TTACACGCGATTCGC G TTTGCC TGC TTTT T TGA T GAGAACAAGATTTTTTGGCAGCGC TACAAGAT

E D A It F BT F Il VvV BN ~ (T R VvV C B r EEEENE £ Bl o F I ~ -~ NN D
;- R.microplus Insert (PCR Product Sequence) A
3,5:30 3,8|4|J 3,SI5lJ S,E:BD 3,5:?0 3,SISIJ 3,SIQD S,QIDEI 3,9|1E| 3,9I2l3
CETGCGAACCAAGGCGTACGCCC TCG TAGAGCACAAGTACTTCGAAACCATCGTCGTCGTTC TCATCC TCACCAGCAGC TTGGCGC TGGCGCTTGAAG
E A HNNEEESES vV FE PP R FE ANV BME R ENEESEHE R E EFE § EHE P BENEEESEEEE ~ BEw -~ EE R
4 E.microplus Insert (PCR Product Sequence) 5

.. os |
3,030 3,040 3,850 3,060 3.970 3,080 3,900 4,000 4,010

ACGTTAACCTGAAAGAC CEGCCEGACGE TCAAGECAGTGC TCACATATATGGACAAGACC T TTACAGTGATC T T TTTCTTCGAAATGATGCO TCAAGTEGE
E HEEl"F" E E WEW A D A IEENEN S A NEN I Y DS 0 B Y - [ Il r B R BEN D A BN V

1 R.microplus Insert (PCR Product Sequence) A

Dilll 52

4,020 4,030 4040 4,050 4,080 4,070 4,080 4,000 4,100 4110

CTTGCCTTTGGATTCAAGAAARTATTTCACAAATGCC ITGGTGC ITGGC TCGAC TTTGTCATCGTACTCG TG TCAGTGGTCAATC TAATCGCGTCAGCGCT
A CHEE W I BN E I F DESES C D Y B 2 R B C BN R BN ROV S DEEEEE - WM R OV S A
4 R.microplus Insert (PCR Product Sequence) A

Dl 53

ol 52
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4,1I20 4,1I3EI 4,1|4EI 4'1.50 4,1|EiEI 4'1.?0 4,1ISIJ 4'1.90 4,2:00 4,2|1EI
CEEEECEEECCETATCCAAGCC TTCAAGACGATGCGGACGC TCAGAGCCC TGCGACCACTCCGGGCTC TG TCCCGGTTCCAGGGCATGAGGGTTGTTG
pEmmEmwEs P Y P

S NN O [0 A D A NN - PN A HEETENEES S V IEN V NFNEEENEE F BEm ¢ C
9 F.microplus Insert (PCR Product Sequence)
B—onss3
4“ 4‘30 4‘40 4‘50 4‘50 4JIII 4‘80 4‘90 4300 4310
TCAACGCCCTGGTGCAAGCCATCCCA.GCCATCTTCAA.CGTGCTGCTGGTGTGTCTCA.TCTTTTGGCTCATA.TTCTCCATCATGGGCGTCC}&G.&TGCTT
Il R DENEEm A S HHENEN 5 BENESTNNNE FE A A EEE VYV S NHNETNSA 4. EEHE T AENENEHENEE R WP D A
9 R.microplus Insert (PCR Product Sequence)

4310 4330 4340 4340 4,360 4310 4380 4,300 4400 4410

GCGEGAAAGTTCTATCGLUTGCGTCGATGGAAACGECACACGC TTGAACAGCACACACGTCCCAAACAGAAAGGCGTGTGAAGCCAACAACTTCACTTG
C v 8 E R W HEE R E E [P IRENNENNEE v H

R.microplus Insert (FCR Procuct Sequence)

4,120 4,130 4,140 4,150 4,1&0 4,1?0 4,130 4,190 4,5IIJIJ
CGACAACCCCATGATCAAC TTCGACAACGTCC TCAACGCATATTTGGCCC TTTTCCAAGTGGCAACATTCAAAGGC TGGACGGACATTATGGACAATG
TN P mHW D E lll F NFVEEN R T F EEEWEN F PN 5 EEENE T ' R D NENNEHE ¥ e

9 F.microplus Insert (PCR Product Sequence)
4510 45‘0 4530 4540 4550 4550 45?0 4580 4590 4600
CGATCGACTCCPLGGGGCGGAAAPLGHGGACCAACCGGA.A.TA.CGA.GGCTAhCA.TCTACPLTGTACCTA.TACTTCGTGTTCTTCATTATCTTCGGCTCCTTC
D F NINNENES F HEE F BEN T 'EENEE T F DEEEEEETHIEEENHE VvV 0P T I FE V BAENEE Y I R IV
4 R.microplus Insert (PCR Product Sequence)

4610 4,820 4830 4540 4,850 4,560 4,870 4680 4,590 4700
TTCACC T TGAATC TAT TCATC GG TG T TAT TATCGACAAT TTCAAT GAACAAAAGARAGAAGGU TGGAGGATCATTAGAAATGTTCATGACAGAAGACCA
MENENET E S II'EN £ C ¥ Y F N r EEEENINEE E ENMEN W RE /I I R BOW v BMHW D E R
b R.microplus Insert (FCR Procuct Sequence)

Dlll 56
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4.?I1IJ 4.?|2EI 4.?I30 4.?I4IJ 4.?|5EI 4.?IBD 4.?IFIJ 4.?|8EI 4.?IQIJ 4.EEEIIII
AAA GGAARATAC TATAACGC CATGAAGAAAATGGGATCCAAARAGC CAGCCAAGGCAATTCCAAGACCCCGGTTCAAACTTCAAGCAATGCGTC TTCGACC
EN E FE lHHN E [ NNNEE T DN ~ - IDESCOE - e VvV D = s R P

R.microplus Insert (PCR Product Sequence)

4,8|1IJ 4,5:20 4'8.30 4,5:40 4,5:50 4,SIED 4,5:?0 4,5:80 4,SIQD 4,9|EIEI
TGAC TACAAACAARATGT T TGACATGGCGATCATGATATTTATTGTCC TCAACATGACAGTCATGGCGC TCGACCACTATAAGCAGTCCAGGCTGTTC
0D ¥ N vV EElNESEE D BEE DT Y C P EEESEN D S BEEeEs A R A DVIEENE A W

1 R.microplus Insert (PCR Product Sequence) b

4.!3'10 4'9.20 4.9|3EI 4.5140 4'9.50 4.9|6EI 4.5{?0 4.9ISIJ 4.5{90
GAGTCCATCC TAGAACGGC TCAACATCTTC TTCATCGC TG TCTTCACAGCCGAATGCC TGC TCAARATATTCGCCCTGCGC TGGCACTACTTTCGAGA
FE V HEHE"PF R Il -~ IDENDNETESTNEE R C INMENEE 5 R M EW A NN CTT R DEw A B A BT 5 R
1 R.microplus Insert (PCR Product Sequence) A

52 -J'-
DIV 53
5.IJIDEI 5.IZ:llJ 5.E:2EI 5.IJ|3EI 5.l2:40 5.q50 5.IJIBEI 5.E:?IJ S.DISIJ 5.IJIQEI

CCCATGGAACATGTTCGACTTCG TAGT TG TCATATTATC TATTCTAGGTACGG TGC TAAAGGACCTGATCGCGGCCTACTTCGTGTCGCCCACGCTTC
A M E HEll Vv R R S C lEWM I I Y ] R Y BEN A BEENES P D R R W A BHEE A~ ]
;- R.microplus Insert (PCR Product Sequence) 5

' =
DI 54

5,IIIJD 5'1.10 5,1|2E| 5'1.30 5'1.40 5,1|5E| 5,1IBIJ 5,1I?El 5,IISEI 5,1IQIJ

TCCGTGTGG TG G TG TCGTGAAAGTGGGLCGCGTGC T TCGGC TG TGAAGGGTGCGCGGEGEGCATCCGGACCCTIGC TG TTCGCCCTGGCCATGTCATTG
IEN C BEm A C R E S HEENEPN R A 5 A NEE F BBl ¢ A BEEEESEEYTESN D WEW A W R v T
4 R.microplus Insert (PCR Product Sequence) b

5,200 5,210 5,220 5,230 5,240 5,250 5,280 5,270 5,280 5,200
CCGEGCACTGTTCAACATC TGCC TGO TCC TG TTCC T TG TGA TG TTCATC TACGCAATC TTTGGCATGTC TTTCTTCATGCACGTCAAGCACCGC TACGG
A NENETE Vv ENENHEET EC A [P0 V NP0 C DV BEHNEAE R BN W BEE vV F HNESEE ~ F HEE ~ NPT R
1 R.microplus Insert (PCE Product Sequence) A
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5,300 5310 5,320 5,330 5,340 5,350 5,380 5,370 5,380 5,300
CGETCGACGAGAACTTCAAC TTCGAGACGTTCGGCCAGTCGATGATCC TGC TATTTCARATGTGCACGTCCGCCGGL TGEGGACGGTGTGTTGGCCGC TA
A DTN 5 NN VvV BEN Vv E R NENEN R C

5."!DD 5.-"!-10 5."'!-2I:I 5.13D 5.-"!40 5.-"!-50 5."!-6I:I 5.1?D 5.-’!30
TCATGGACGAGCACGAC TGCAACCGGCCCACCGACGAATCCGAGGGCAATTGCGGCAAGCGGGGECATCGCGGTCGCC TACCTCGTC TCGTACCTCATC
A F IHENENTEN A BHE FE R T F NS F BN -~ BEENHS F BEE F EERTEY F N Vv OETENEE

5,400 5,500 5410 5820 5,530 5.540 5,850 5,800 5570 4,580
ATCAGCTTCC TCGTCATCATAAACATGTATAT TGO CGTCATCC TCGAGAACTACAGCCAGGC CACCGAGGACGTGCAGGAGGGCCTCACCGACGACGA
ENNEENENTN DT F ENNEENENNEE VO Y ¢ FE EHETEY FE O E INMENNNTTUEEENNEN R BEm R oA

5,5:9D S,E:DI:I 5'5.“] 5,5I2D S,E:SEI 5,E:4EI 5,5I5D 5,E:ED S,E:?I:I E,EISEI
CTACGACATGTACTACGAGATC TGGCAGCAATTCGACCCGAAGGGCACCCAGTACGTGGCC TACTCCAACC TGACCAACTTCGTGAACGCCCTCGAGE

b
b

S.EEQI] 5.?:IJIJ 5.?:1I] 5.?:2I] 5.?:3IJ 5.?:40 5.?:5I] 5.?:EI] 5.?:?IJ 5.?:BI]
aGCCGCTGCAGATCCACAAACCGAACAAGTACAAGATCAThTCGATGGACATACCCATCTGTCGCGGTGACCTCATGTACTGCGTCGAChTCCTCGAC
A A A S

L microplus Insert (PCR Product Sequence)

5,780 5,800 5,810 5,820 5,830 5,840 5,850 5,880 5,870 5,880
GCCCTTACGAAAGAC T TCTTTGCGC GGAAGGGCAATCCGATAGAGGAGACGGG TGAGATTGG TGAGATAGCGGCCCGCCCGGATACGGAGGGC TACGA
C A E NENEEN ° [ FE BEE D DEEEES -0 W EEE D 0 ©
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5,760 5,800 5,810 5,820 5,830 5,840 5,850 5,860 5,870 5,880
GCCC T TACGAAAGAC TTC TTTGC GO GGAAGGGLCAATCCGATAGAGGAGACGGEGTGAGATTGGTGAGATAGCGGCCCGCCCGGATACGGAGGGC TACGA
C A E NN © D EFE BEE D DEEEES 0 7 EEEN D S

S,EIQEI 5,9II:ID 5'9."] S,QIEI:I S,QISEI S,QII'I[I 5,9I5D S,QIED S,QI?I:I
GCCCGTCTCATCAACGC TG TGGCGTCAGC G TGAGGAGTAC TGCGCCCGGL TAATCCAGCACGCC TGGUGARAAGCACAAGGCGCGCGEGECGAGGGAGGTG
A IWE A S8 R

b
b
b
b
b
b
b

S.QIEIJ S.QIQD E.I:!I]I] E.L’!1I] B.L’!EIJ E.I.’!SD E.I:!l'rl-l] E.I:!SI] B.L’!EIJ B.I.’!?IJ
GETCCTTTGAGCCGCATACGGATCATGGCGATGGC GG TGATCCGGATGCC GGG GACCCGGCGCCCGATGAAGCAACGGACGGCGATGCGCCCGCTGGET

o
wn
w
n
e
w
n
e

6,080 8,080 B.100 8,110 6,120 8,130 8,140 8,150 160 8,170
CEAGATGGTAGTG T TAACGGTAC TGCAGAAGGAGC TGCCGATGCCGATGAGAGTAATG TAAATAGTCCGGGTGAGGATGCAGCGGCGGEGGCAGCAGE
C [ S C WRW C C 5] = 5 5 5

E,IIEI:I E,IIQI:I E,ZII:II:I E,l:ll] E,EIED E,EISI:I E,ZII'IEI E,l:ﬁl] E,ZIED E,EI?I:I
AGCAGCAGCGGLGGEGGCGGEGELACGACGACGGEGGGAAGTCCCGGAGCGGGTAGCGCCGGGEGACAGACCGCCGTTICTCGTGGAGAGCGACGGATTCG
5 5 ECENCENEENEINHE D D EEEacheE

w

w
b
Ly

E.ZIEIJ B.EIQD E.SIDI] E.3|1I] E.E!EIJ B.E!SIJ E.SI-H] E.3|46

TGACGAAGAACGGCCACAAGGTGG TCATCCACTCGCGATCGCCGAGCATCACGTCGCGCACGGCEGGATGTCTGA
A HIN A TENEEEEEEmESTVE A C I
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Chimera LC

1 10 20 an 40 a0 G0 70 a0 an
ATGACAGAAGATTCCGAC TCGATATC TEAGGAAGAACGCAGTT TG T TCCGETCCC T T TACC OGO GAATCATTGETGCAAATCGAACAACGCATTGOCGED
/D S &' 3 E E E E S B F R I'FW F BN EFE E I v B I E e R I A

100 110 120 130 140 150 160 170 180 1490
TGAACATGAAAAGCAGAAGCAGC TEGAAACAAAGAGAGCCGAGGEAGAGE TGO CECGATAT GG TCGCAAGAAARAACAARAAGAAATCCGATATGATG
E INHN E DS £ B £ FE BEm R A

EEIII:I 2 1I 1} ZZII:I ZI?D Zﬂ:lﬂ zsln ZI?D Z?ID EE?D EH?D
ACGAGGACGAGGATGAAGGTCCACAACCGGATCC TACAC TTGAACAGGG TG TGCCAATACC TG TTCGATTGCAGGGCAGC TTCCCGCCGGAATTGGCC
5 F NPWEN E IAE A

el i} a0 az20 330 340 3a0 a0 avo 380 eleli]

TCCACTCC IO TCGAGGEATATCGATCCC TAC TACAGCAATGTAC TEACATTCGTAG T TG TAAGCAAAGGARAAGATATTTTTICGCTTT TCTGCATCAAR
S HENEE E D I D @FES Y ¥ S IV BEsr Vv vV VvV S5 JEeEeEs 0T F R OF 5 A 5 BE

4I?I] 41II] 42II] -'K?I] 4‘||-D -'k?l] 46|I] 4]:'I] "R?I] 4QII]
aGCAATGTGGCTCTThAGCCCCTTChACCCGGTCAGGAGACTGGCCATCTGChTCCThGTGCACCCACTTTTCAGCTTCTTTGTCATCGTAACChTTC
A S PN F ENMWDW V. R R W A TN C DIV Vv EBEETDOET F 5 F O F OV TV Tl

500 510 520 530 540 550 580 570 580

TCCTCAACTGCCTCC TCATGACCA TG CCCAGCAACCACAAAAT TCAACAAACCCACAC CATATTCACCACAATC TACACGTTTGAATCCTCTATCAAA
Ml Vv IE © VB M B M PN S BN D PR T F IS F B T F s T Y e Fr E 5 C [T
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500 600 B10 620 830 840 50 680 670 BED
ATGGTGGC T GAGGAT T TAT T T TAGAAC AATTTACATATC TTCGAGATCCGTGGAACTGGTTGGATTTTGTTGTTATATC TCTAGCGTATGTTACAAT
A R HEE rFr "T'IAE : BEN - BN Y B FE D PN W O BEN W B D O F oV vV T S A Y OV N

EiQIII:I TI?D ?1II:I ?2II:I T?D Tfll-D ?GII:I TEIiI:I T?ID ?R?I:I
GTTTATTAATTTGGGGAACC TGAGCGC C T TGCGAAC TTTTC G TG TAC TTAGAGCC TTGARAACCGTAGCCATAGTTCCTGGTC TCAAGACGATCGTTG
BN v A I VP NGNS 1 vV .

790 200 210 820 830 240 240 860 &0 a0
GAGCC G TGATAGAGTC TG TGAAGAACC TCAGAGATG TGATCATTTTGACAGTGTTCTCAC TG TCGGETTTTTGCC TTAC TGGGATTGCAAATATACATG
EWm AV IOIT E 5 [V BN R D V O T ISV O F S sV OF A NEETNCEETNE T Y M

sgn QI?I:I 91|I:I QZID Q?D 9=|1-EI QSIEI QI?D Q?II:I QSII:I
GG TAC TAAC G AAAAA TGO G TAC TCATACC T C TACAAACC TATCGGATGC TGAATATGCAAGC TTCATCGAGAACCAGACTAACTGGGCTACCGA
C OV I T TPOTPTNTEET 5 D [TEY F I E NN W

QQII] 1 .I:!I]IJ 1.I:!1IJ 1 .I:!QI] 1 .I:!GII] 1.I:!4D 1.I.’!5D 1 .I:!BI] 1 .I.’!?I]
ITCACGATGGGATG TATCC GO TG TG TG CAATTCGAG TG TG CAGGGCAATGTCAAGAGGGC TACATG TG TC TG CAGGGTATAGGAGATAATCCAGACT
C ENTE S HEE A C HEN E BEN Y MO C

1,E!SD 1,[!9D 1,1|I:II:I 1'1.1[' 1,1I2D 1,1|3I:I 1,1|4[I 1,1I5D 1'1.BD 1,1|?I:I
ATGGCTACACCAATTTCGATAC TTTTGGTTGGGC TTTTC T TTC TGC G T TCAGGC TAATGACACAAGATGC TTGGGAATTATTGTATCAAATGGTGC TA
A 5 A F R I M BN D
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1 ,1IEI:I 1 ,1I9D 1,2:DD 1 ,2|1I:I 1 ,EIZI:I 1 ,ZISD 1,2:40 1 ,2|5I:I 1 ,EIEI:I 1 ,2:?I:I
AGAGCAGCGGGGCCC TGGCACA TG TG TTTTTTTG TG TGATAATATTCC TGGGC TCC TTCTATC TAGTGAATC TGATC TTGGC TATCGTAGCCATGTC
A A EEEVENW W MHSE M- C F F W WV IITNOTH F IAEEEE S O F Y I V BN TOEs A T vV A M S

1.280 1.200 1.300 1310 1320 1330 1340 1.350 1380 1370
ATACGACGAATTACAAAAGAAGGCCGAAGAGGAGGCGGAGGAGGACCGCCTICTCGAAGAAGCCATGCGEGCCGAAGAAGAGGCTCGCGCCGAAGCGE
¥ D E NN . E E E A E E D RN E E A[MT R A

-
-
-

1,380 1,300 1,400 1,410 1,420 1,430 1,440 1,460 1,460 1,470
CEGECCGGCCACAGCCGACCGCACGACACCGGCGACAACGGCGGELGGCCAGGTGGTCAGGAGCCCCTCGGAGTTICTCGTGCCGTTCGTACGAGC TCTTC
A A NEESTE - F DPNEHE D DENEE [0 DDESEEESCIaEaaaee v v R 5 @PW s E F 5 C R 85 Y ENWEF

1 .‘!EI:I 1 ."!EID I.E:DD 1 .SIII:I 1 .SIZEI 1 .E:SI:I 1.5:40 1 .E:SD 1 .SISEI
GITGGETCAGGACCGGGGL GO TGAGGATCCCAGGGACC TCCGGGAGCGEGOGAGCC TACGGAGCGCGGACGCGGCGGUCGACCAGC TGGACGACCTCTG
A EDWEW E I W E E E A S EHEE 5 AID A A A'D'INIINET - B C

1.5:?IJ 1 .SIED 1 .SIQI] 1 .EEI]I] 1.EE1IJ 1.EEED 1 .EISI] 1 .EI-'ID 1 .EESIJ 1.EEEIJ

CTACCCGGAGTC G GO CCGCGC TGO OGO GAC TC TAAGGCCAGCC TGAGL C TACCC GG TCGCCC TTTAACC TCCGTEGEEGCAGCCGC GG TAGTC
¥ WEWm E B S A A [D 5 HEE A S - BEPEEE £ PN F ST R BEEEE - R BEm - =

Metl in Criginal CLC — (NN

1 ,SITIZI 1 ,EIEIJ 1,EI9D 1 ,?IDIZI 1 ,?I1IZ| 1 ,TIZIJ I,TIED 1 ,?I-'HZI 1 ,?IGIZI 1 ,TIEIZI
AGCTGAGCGTGAGCTGACGCAGCAACGGGCGTCGCCTGGGUCGATCGCAAGCCCCTCGTCCTGCAGACGTACCGGGACGC TCAGGAACACCTGCCGTAT
S IV S EEEEFE S HINNEE F R EBEEEE D F BEEETETEE Vv DN Y R D A BN F DENENAETET Y
Stopin Chimera—-
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1,770 1,780 1,790 1.800 1.810 1,820 1,830 1.840 1,850 1,860

GCCGACGACAGCAACGCCGTICACGCCAATG TCCBAAGACAACGGEC GCCATCCTEC TECCCATETACGCCAGTC TEECETCECGECGC TCCAGC TACAD
A D D =8 AV EINPFT M 5 E D DESEE A ISP MY A S M A B O Y

1,EI?D 1 ,EIEI:I 1 ,EIQI:I 1 ,QII:ID 1,9I1D 1 ,QIEI:I 1 ,QISI:I 1,QI4D 1 ,9|5D 1 ,QIEI:I
GTCGCATTCGTCGCGCC TG TCGTACACGTCGCACGGLGGGGGCGTCTTCTGCCGAGGEGEGGCGCCGTGGLGGGEGCGGEACCTGGCGCCGGCGETEGTCC
N 5 HEE = 5 'EH 5 'Y BN - BHEEEENEENEN VT F C R HEEEEE A TV A EEE A EEENPEEEE A EEEEE V.

1.870 1,850 1.980 2,000 2,010 2,020 2,030 2,040 2,050

TCACCAAGCACAGC CAAT TGCGC IO TC oA TCGCCAAACC TGCAGECATGC TAC TAC TACGACGACATCAC TCTECATCCGCAGCAATGTTTCGC TGTC
M £ - I v - 5 R INEEaeES ¢ Y Y Y E O E M IS D BEm E E 2 C A I

2,080 2,070 2,080 2,000 2,100 2,110 2,120 2,130 2,140 2,150
AAGAAGCAGCCGGACAGCCC T TTTATTGAACCATCGCAGAGGCAGGGCC TCGTAGATATGAAAGACGTGATGGTGC TTAACGACATCATCGAGCAGGC
IENNNEENE TP D 5 WEW O F T E WEW S BN R mENcEaTE v D M BEm D VM OV NS D T T E Il A

2,160 2,170 2,180 2,190 2,200 2,210 2,220 2,230 2,240 2,250

CCCGCCCCECCACAC TAAAGCCAG TCAGACAC TG TCCAT T TAT TAT TTCCCCACAGACGCGCAGCACCACCACAGOCCCAACTTCAAAGACAAGTCCA
A EN F BN - BEm ~ = E R VW &8 I ¥ Y F NNl FEF BN FE E BN F R INMEPES F BB D BDEE C [

2,200 z.2m 2.280 2,200 2300 3 2320 2330 340 2,350

TG CAAT TG T TGAAG TG TATAGACATGTTC TGO G TG TG GAC TGO TG T TG TACTGGATCCGCATCCAGGAGATACTAGGACTCATCGTGTTTGAT
M A N C NN C BIWDOENE F C IWmWeTDe o C
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"SEiIJ "3?0 "SSD "390 "400 "410 "4"0 "430 "440 "450
CCGTTCGTGGAGCTCTTCATCACTCTATGCATCGTGGTCPLACACGCTATTCATGGCCATGGRCCRCCRCGCCRTGGACCCAGACTTTGATAATGTCCT
F VvV ENMTF I BEEEE C T VvV V IS F M 2 M D BESSEE ~ M D WMPR D F D HEE V Bf

ol s2 — (I

;- R.microplus Insert (PCR Procuct Sequence) A

2,480 2,470 2,480 2,400 2,500 2810 2,520 2,830 2,540
CAAGAAGGGGAATTACTTCTTTACCGCGACATTCGCGATAGAAGCTGGAATGAAGCTTATGGCCATGAGTCCAAAGAATTACTTCCGCGAAGGCTGGA
Y F F BN A BN F A DTH E A BEE M BN M A CMD S NENEEENNE Y F R OE BHEE W N
“ [ Dis3 ___ J

R.microplus Insert (PCR Procuct Sequence)

2,550 2,560 2,670 2,580 2,500 2,600 2,810 2,620 2,630 2,640
ATATCTTCGATT TCC TCATCGTC GO GU TC TCC T TAATCGAAC TAAGT T TGGARAAACGTCCAAGGATTGTCTGTGC TACGTTCGTTTCSTCTGC TACGT
F D F A I V A N ° Bf T F B - B F DS Vv T - VvV I FE 5 F F I R
Illllllllllﬂlﬂllllllllll:
;- R.microplus Insert (PCR Procuct Sequence)
2,650 2,680 2670 2,680 2,680 2,700 2710 2,720 2,730 2,740
GTGTTCP-.AGCTPLGCCAARTCGTGGCCTACCCTTAP-.CCTGCTCPLTCTCTATCATGGGGAARRCCATCGGTGCCATCGGGAACTTGP-.CCTTTGTCCTGGG
V. F BN . BEE S W IOP NN T - I M I T e A T EmeaTamm F vV s
[ Diss
;- R.microplus Insert (PCR Procuct Sequence) A

2,740 2,760 2,770 2,780 2,780 2,800 2810 2,820 2,830 2,840
AAT CATCATC T T CATC TTC G G TGA TG G GAA TG AAC TC T T TG G LA A GAAC TATGAAGAAAGTAAACACAAGTTCAAAGATAACATGGTTCCTCGGT
BT T T FITIT F A V M BEE M F HENNENNTE ¥ E E - BN F BEE D BN ¥ 2V WEW R

R.microplus Insert (PCR Procuct Sequence) A

e

2,850 2,860 2,870 2,880 2,800 2,800 2810 2,020 2,830 2,040
CGAAC T T TG T TGAC T TCATGCATTCG T TCATGAT TG TG T T TCGAG TG T TG TGO GG CGAGTGGATCCAGTCCATGTEGGGACTGCATGTGGGTCTCTGGC
W HEEN F YV D F M HEE = F I'M @@ v F R ¥ CHEN E W OINEEE s 'MW D C MW OOVD 8 Ea

;- R.microplus Insert (PCR Procuct Sequence) A
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2,9I5D E,QIEEI Z,QI?I:I E,QIBD E,QIQEI S,EIDI:I 3,[!“] S,EIZEI 3,[!3D
IzGCCCTGCATCCCC T TCTTTC TCGC TAC TG TATTCATCGGGAACC TTGTGGTIGC TCAACC TTTTCC TCGCC TTGC TGC TG TCCTCGTTCGGGGCGTC
W WP Cc ITWEm F F I A B Vv F ITTEEENEESAE vV NI ¢ A -~ 5

3,L’!4I] 3,L’!5I] G,EIEI] 3,L’!?I] 3,L’!8I] G,EIQI] 3,1II]I] 3,1|1I] 3,1|2I] 3,1I3I]

CAATCTGTCCCAAGCGAATCCCGACAGC GGCGACACARAGAAAC TACAAGAAGCCATCGACCGGTTTCACCGGGCCAGTCGGTGGATCAAGTCCAACT
BN - BB -~ ENETEN D S EEN D DTN £ A T D B F EHM E A S5 5 .

3140 3,150 3,180 3170 3,180 3,100 3.200 3210 3.220 3230
CTATGAAACTTTTCAAGAGC TTCCGTCGGAAACCACGCAACCAGATCGGGGACCAGACAACAGACATTCGIGETGGCGEEGCAGGCGAAGAGTTGGAG
5 M HENET r BEM ° F EFE R EEETEY R HNNEEN T BEN D DDENTEENNE D I R DN

3.2|4E| 3.2I5D 3.2IED G.ZI?EI 3.2IBD 3.2IQD 3.3IDIZI 3.1'1:"] 3.3:2IZ| 3.3|3I:|

GCTGACCCGGGC G TCGCAGGEGAAGTGG TTC TCC TCGACGGTC GGG TG CAATGCGAGACAGARAAGCCCCAACACAACAACGACCTTGAGGTTGTCGT
A D IPpUEEw Vv A EEE E VOV NN D BEE R V MPE M E D FE EEENTEOENNNENNIENNTS D W OV VOV

3,3|4EI S,GIED G,QIEEI 3,3I?I:I S,GISD G,QIQEI 3,4IDD 3,'!“] 3,-}20 3,"!3D
I GAC GG T A TATC G AT TCAGG G TCGA TG G GAG G G T TAAA A TCAAG T TGAAAAACARAC TCAAAGCC TG TGATGAATTC TG TTTGGGTGE:
'HEN D BENETE 0 T AT HEENEE D BEN E AV EEE M BRSNS

3440 3,450 3,480 3470 3,480 3400 3,500 3510 3.520
GACCTATGATCGAGCC TAAGAACAAGCAGC TAGAGAARAGACAACAAGGARARAGGAGAAAGAAGCGCAGGGCAATAAGGTGTACCCGCAAAAGGACGAG
EEWEN M UIT E NENEENTENENEEA - BN D DR K RN K BEm E A
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3430 3,540 3,550 3,580 3470 3,80 3,500 3,600 3610 3620
CATACCC TCAGC GAAAAGTCAGCGTC CAGCCCCAAGGAGAAGGTCC TCC TTGGEAACAAGLCGTCCAAAGATC TTAGCAACAGTTCCC TGTACC TGG:
DN @ E BEE = A &5 & NDNEEE E BN vV BTESAacEery - I D B c e s

3,630 3.640 3,650 3,660 3,670 3,680 3,600 3,700 3,710 3,720
GCARCAACCTTGAGGAGGAGAAGAAGGACGCCAGCAAAGAGGACC TCGGCAC TAAAGAAGGAGAGGAGGCCCCCACCGAAGAGCCCATCAACCCGGACA
DTN £ £ E BEEEEE D A S5 EHEE E D DENCENNEN £ BEN E O E A PN E O E WEETITTENETES D .

B,FIGEI 3,?:40 3,'.':5D 3,?IBI:I B,FI?I:I 3,?:SD 3,'.':9D G,S:DI:I 3,5:10 G,SIZEI
CEGAAGATGTGGACACAGACAAGC TGGAAACGGCCACC TCGGACATTATCATCCCCGAGATGCCGGCCGACTGC TGCCCCGACTGGTGTTACACGCGA
Il E D V. D E D BN £ BN &~ BN - D OINOIOOTTEEN E CMOEEW A D C C EW D W C

3,830 3,840 3,850 3,860 3,870 3,880 3,800 3,800 3,810 3,820

TTCGCGTT TGO CTECTT T T T TOA TCAGAACAAGAT T TT T TECCACCGC TACAAGATC G TGO CAACCAAGCCOTACGCCCTCGTAGAGCACAAGTACTT
F A F A C A

‘:-

Clll 51

3.9:3D 3.!2:40 3.9|5I:I 3.Q|Ei[| 3.Q:TD 3.!2:8D 3.QIQI:I 4.I:!I:II:I 4.I:!1I:I
CEAAACCATCGTITCGTCGTTC TCATCC TCACCAGCAGC TTGGC GO IGGL G T TGAAGACGTTAACC TGARAAGACCGGCCGACGC TCAAGGCAGTGC TCA
5 A AN E D V HNNSAENG D R DPEVEESARNEE AV

Cilll 51

4.I:!2I:I 4.I:!3I:I 4.I:!4D 4.I:!5D 4.I:!BI:I 4.I:!?I:I 4.I:!3I:I 4.I:!QD 4.IIDD 4.II1I:I
CATATAT GGACAAGAC CTTTACAGTGATC TTTTTC T TCGAAA TGATGC TCAAGTGGC TTGCC T T TG GATTCAAGARAATATTTCACAAATGCCTGGTGE
A WHE C

‘

Dl 53
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4.120 4,130 4.140 4,150 4.160 4,170 4,180 4,190 4,200 4210
TGGCTCGACTTTGTCATCG TACTCG TG TCC T TC TT TAACATGGOCGTAGCCATGATGEGC TACGGACGAATCCCCGCOC TT TAAAACCATGCGAACCCT
CW B D F V oIo v I v s F F BN M AV ADH M EEE Y EEE R UITTWEE A

DIll 54

4,2|2I:I 4,:’;3D 4,2|4EI 4,2|5I:I 4,‘);BD 4,2|?I:I 4,?iED 4,2|9I:I 4,3II:ID 4,3III:I
CCGCAGC GO TCAGACC TTTGAGGGCGATG TCCC GO TG GAGGGAATGC GG T TG TTGTCAACGCCC TGG TGCAAGCCATCCCAGC CATC TTCAACGTGC
H FE A NBEGER "B EFE A M & EFENETEBBEEM R V V V HIN A A A

4,3|2I:I 4,3IGD 4,3I4D 4,3|5I:I 4,3IBD 4,3|?I:I 4,3ISD 4,3IQI:I 4,€}EII:I 4,‘!”]
TG TG TG TG T TCATC T T T TG G TCATAT TC T CATCATGGGE G TCCAGATGC TTGCGGGAAAGT TC TACC GO TGO G TCGATGGAAACGGECACACGC
M v C A T F W T F S [T M BEEE VYV BN M B . BEEESF Y EOC VD ISR R

4,120 4,13[I 4,140 4,150 4,16D 4,1?0 4,13D 4,‘!9D 4,5|I:II:I
TTGAACAGCACACACGTCCCARAACAGAAAGGCGTGTGAAGCCAACAACTTCACTTGGGACAACCCCATGATCAACTTCGACAACGTCCTCAACGCATA
S HINHN V PN R BEN A C O E A NNNTN F BN W D EEETET M T EEN F D NI VvV N A Y

4510 4,520 4530 4,540 4,550 4,560 4,570 4,580 4,500 4,600
TTTGGCC C T T TTCCAAG TG L AAC AT TCARAGGC TGGACGGACATTATGGACAATGCGATCGAC TCCAGGGGCGGARAAAGAGGACCAACCGGAATACG
'l A I F B YV A N F EENEE W B D T M D e A T D s

4,610 4,620 4,630 4,640 4,850 4,860 4,670 4,680 4,690 4,700

AGGCTAACATCTACATGTACC TATACTICGTGTTC TTCATTATC TTCGGEC TCC T TC T TCACC TTGAATC TATTCATCGGTET TATTATCGACAATTTC
E A NI Y M Y B Y F YV F F I'I I F BEE 5

Dl 56
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4710 4720 4730 4740 4750 4,780 4770 4,780 4700 4,800
AATGAACARARAAGAAGAAGGC TGGAGGATCATTAGAAATGTTCATGACAGAAGACCAARAAGAAATACTATAACGCCATGAAGAAARTGGGATCCAARARA
N F NN A 8 E'M F MM EEE E D DD v Y BEEN 2 M DEEEE M e c EEE

1 R.microplus Insert (PCR Procuct Sequence) b

4810 4.820 4,830 4840 4,860 4,260 4,870 4.880 4.800 4,800
CCCAGC CAAGGCAATTCCAAGACCCCGG TTCAAACTTCAAGCAATGGTC TTCGACC TGAC TACAAACAAAATGTTTGACATGGCGATCATGATATTTA
A E IWPpW R F HHNENNNE ~ M V F D HNSNTNSES M F D M A T M I F [

1 R.microplus Insert (FCR Product Sequence) A

4.810 4.820 4,830 4.840 4,850 4.860 4,870 4.880 4,800

TTGTCC TCAACATGACAGTCATGGCGC TCGACCAC TATAAGCAGTCCAGGC TG TTCGAGTCCATCCTAGAACGGC TCAACATC TTCTTCATCGCTGTC
I v M B VvV M A D HE Y HRaamm - R F E B E R E F IIm A W

R.microplus Insert (FCR Product Sequence) b

-

5,E!EID 5,E!1EI 5,IJ|2EI 5,E!30 5,IJI4EI 5,E!5IJ 5,IJIBEI 5,E!?IJ 5,E!8EI 5,DIQD
TTCACAGCCGAATGC C TG C TCAARATATTCGCCC TGO GO TG G CAC TAC TTTCGAGAGCCATGGAACATGTTCGACTTCGTAGTTGTCATATTATCTAT

FE B A E C F A R W EHEHE Y F R E P W IEE M E D F Vv Vv Vv g m
4 R.microplus Insert (FCR Product Sequence) b
5,1IIJIJ 5,IIIE| 5,1|2l3 5'1.30 5,1|4|J 5'1.50 5,IIEiE| 5,1I?IJ 5,IISE| 5'1.90

TCTAGGTACGG TGO TAAAGGACC TGATCGCGGCC TAC TTCG TG TCGCCCAC G ITTC TCC G TG TIGG TGO G TG TCG TGARAGTGGGCCGCGTGCTTCGGC
L A A Y F ¥V s NPT FE YV V R vV V HEEE V BEE R V I R B

4 R.microplus Insert (FCR Product Sequence) b
ﬁ,l:lJD 5,2|1E| 5,1:2 5,1:30 5,2:40 5,1:50 5,2|Eil2l 5,1:?0 S,QISEI 5,1:90

TGETGAAGGGTGCGUCGEGECATCCGGACCC TGO TG TTCGCCC TGGCCATG TCATTGCCGGCAC TG TTCAACATC TGCCTGC TCC TG TTCCTTGTGATG

v HEEES ~ EFE BEE I R FE A A M B A F il T C F V.o M

R.microplus Insert (FCR Product Sequence) b

e
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5,300 5310 5,320 5,330 5,340 5,350 5,380 5,370 5,380 5,300
TTCATC TACGCAATC TTTGGLCATGTC TTTCTTCATGCACGTCAAGCACCGC TACGGC G TCGACGAGAACTTCAACTTCGAGACGTTCGGCCAGTCGAT
5 M

5.‘!DI:I 5.-"!-“] 5.12D 5.-"!00 5.140 5.-"!-50 5."!-6D 5.-}?0 5.'}3D
CATCCTGC TATTTCAAATGTGCACGTCCGCCGGC TGGGACGGTGTGTTGGCCGE TATCATGGACGAGCACGACTGCAACCGGCCCACCGACGPLATCC%
IV r N M C N s A BEN W D EEm Ve A A c 2

5400 5,500 5510 5.520 5.530 5.540 5,850 5,560 5870 5.580
AGGGCAATTGCGGCAAGCGGGGCATCGC GG TCGCC TACC TCGTCTCGTACC TCATCATCAGC TTCC TCGTCATCATAAACATGTATATTGCCGTCATC
E HEEEN C BEENEN R EEmTTT A A Y I vV S5 Y AT T 5 F IV T TN M Y T A

5,500 5,600 5,810 5,620 5,830 5,640 5,650 5,680 5,670 5,680
CTCGAGAAC TACAGC CAGGC CACCGAGGACG TGCAGGAGGGCC TGACCGACGACGAC TACGACATG TACTACGAGATC TGGCAGCAATTCGACCCGAA
A £ BN Y :© B A

L B

5.690 5.700 5710 5.720 5.730 5.740 5.750 5.760 5770 5.780
GGGCACCCAGTACGTGGCC TACTCCAACCTGACCAACTICGTGAACGCCC TCGAGGAGCCGCTGCAGATCCACAAACCGAACAAGTACAAGATCATAT
ALY 5 INETNENNTE F OV HEN A A E E PPN T EE PN v E T T

g.7e0 5,800 SEI0 5.820 5830 5,840 5,850 5,800 5,870 5880

CGATGGACATACCCATC TG TCGC GG ITIGACC TCATGTAC TGCGTCGACATCC TCGACGCCC TTACGAAAGACTTCTTTGCGCGGAAGGGCAATCCGATA
S 'M D II'WEN I C R BNENE D BEM Y CIV DIINETD A NBNENNNESETL- F F A
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5.800 5.900 5.410 5.920 5.830 5040 5.850 5.860 5.470
GAGGAGACGGGTGAGATTGGTGAGATAGCGGCCCGCCCGGATACGGAGEGEC TACGAGCCCGTCTCATCAACGC TG TGGCGTCAGCEGTGAGGAGTACTG
A A R IBEN D BN E BN Y F @SV 5 - NN W R BEERE E E Y C

5,DIED S,BIDI:I E,I:!DD ﬂ,l:!ﬂ:l ﬂ,l:!EI:I E,I:!QD ﬂ,l:!llﬂ E,I:!ﬁl] ﬂ,l:!ﬂ[l E,I:!?D
CGCCCGGCTAATCCAGCACGCC TGGLGARAGCACAAGGCGCGCGGCGAGGGAGGTGGGETCCTTTGAGCCGGATACGGATCATGGCGATGGCGGTGATC

b
‘
b
‘
b
|
wn

G080 6,000 6.100 g.110 6.120 8,130 6,140 G150 g.1e0 6170
CEGATGCCGGEGEACCCGGEGCCCGATGAAGCAACGGACGGCGATGCGCCCGC ITGGETGEAGATGGTAGTGTTAACGG TACTGCAGAAGGAGC TGCCGAT
A NEE D WEN A MEN'D E A B D BESE D A EW A BEENEE 0 BEE 5 OV NEEENN A A A ImDm

E.IIEIZI E.1IEID E.EIIZIIZI E.ZIID E.ZIZIZI E.EISIZI E.ZI!'ID E.EISIZI E.ZIED E.E:?IZI

G CGATGAGAG TAATG TAAATAGTCC GGG TGAGGATGCAGC GG GGC GG CAGCAGCAGCAGCAGCGGCGGCGGCGEGCACGCACGACGGCGECAAGTCT
A A A A A A A A A A A 2

b
wm
[
w
o
b
-

E,Z:ED E,ZIQIZI E,EIDIZI E,SIHJ E,EIEIZI E,SIED E,SII'IEI 5,3I5D E,SIEIZI E,EI?IZI
CGGAGCGGGTAGCGCUCGGECGACAGACCGCCGT TCTCGTGGAGAGCGACGGAT TCGTGACGAAGAACGGCCACAAGGTGGTCATCCACTCGCGATCGE
IEEN A BEN 5 A BEN R BN AV BV E S5 (D EEEF OV ISR VvV OTOEs s R 5 |
... Paa¥End

8,380 6,380 6,402
CEAGCATCACGTCGCGCACGGCGGATGTCTGA
ElN 5 IVEEEN 5 R e A
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10.4 Appendix 4

Raw data from range-finding pyrethroid contact bioassays with tick species and V. destructor mites. Each tick species was tested with all four
pyrethroids on the same day. Five adult acari were used per test vial, giving a total n =5 per concentration. V. destructor mites were tested with one
pyrethroid per day due to mite availability (as stated in Section 8.2.2). *A = Affected in these tables, the sum total of knockdown and dead individuals

for the given pyrethroid dose or control.

245



Species and Species Details: Amblyomma americanum. Hatched 03/04/16. Delivered 06/05/16.

Time
Compound | Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A* | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead
Deltamethrin Blank Control Blank Control 0 0 0 o| O 0 ol O 0
Deltamethrin | Acetone Only Control | Acetone Only Control | O 0 0 o| O 0 ol O 0
Deltamethrin 1000 1650 5 5 0 5] 5 5 5] 3 2
Deltamethrin 100 165 5 5 0 5] 3 2 5] 2 3
Deltamethrin 10 16.5 5 5 0 5] 5 0 5] 4 1
Deltamethrin 1 1.65 3 3 0 0] O 0 0] O 0
Deltamethrin 0.1 0.165 0 0 0 0] O 0 0] O 0
Deltamethrin 0.01 0.0165 0 0 0 0] O 0 0] O 0
Deltamethrin 0.001 0.00165 0 0 0 0] O 0 0] 0 0
Deltamethrin 0.0001 0.000165 0 0 0 0] 0 0 0] 0 0
Flumethrin Blank Control Blank Control 0 0 0 0o| O 0 0| O 0
Flumethrin Acetone Only Control | Acetone Only Control | 0 0 0 o O 0 o O 0
Flumethrin 1000 1650 5 1 4 51 1 4 5] 0 0
Flumethrin 100 165 4 4 0 5] 3 2 5] 0 0
Flumethrin 10 16.5 3 3 0 5 4 1 5 0 0
Flumethrin 1 1.65 0 0 0 5 3 2 5 2 3
Flumethrin 0.1 0.165 0 0 0 0] 0 0 3] 3 0
Flumethrin 0.01 0.0165 0 0 0 0] 0 0 0] 0 0
Flumethrin 0.001 0.00165 0 0 0 0] 0 0 0] 0 0
Flumethrin 0.0001 0.000165 0 0 0 0] 0 0 0] O 0
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Time

Compound Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead
Permethrin Blank Control Blank Control o| O 0 0| O 0 o| O 0
Permethrin Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 o| O 0
Permethrin 1000 1650 5] 5 0 5] 5 0 5] 1 4
Permethrin 100 165 5 5 0 5 4 1 4 0 4
Permethrin 10 16.5 5 5 0 1 1 0 0 0 0
Permethrin 1 1.65 0 0 0 0 0 0 0 0 0
Permethrin 0.1 0.165 0 0 0 0 0 0 0 0 0
Permethrin 0.01 0.0165 ol O 0 0| O 0 0| O 0
Permethrin 0.001 0.00165 ol O 0 0| O 0 0| O 0
Permethrin 0.0001 0.000165 o| O 0 0| O 0 0| O 0
Tau-Fluvalinate Blank Control Blank Control o| O 0 0| O 0 o| O 0
Tau-Fluvalinate | Acetone Only Control | Acetone Only Control | O [ O 0 0| O 0 o| O 0
Tau-Fluvalinate 1000 1650 o| O 0 5] 5 0 5] 5 0
Tau-Fluvalinate 100 165 o| O 0 1 1 0 3 3 0
Tau-Fluvalinate 10 16.5 0 0 0 0 0 0 0 0 0
Tau-Fluvalinate 1 1.65 0 0 0 0 0 0 0 0 0
Tau-Fluvalinate 0.1 0.165 o| O 0 0| O 0 o O 0
Tau-Fluvalinate 0.01 0.0165 o| O 0 0| O 0 o| O 0
Tau-Fluvalinate 0.001 0.00165 0 0 0 0 0 0 0 0 0
Tau-Fluvalinate 0.0001 0.000165 o] O 0 0| O 0 0| O 0
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Species and Species Details: Dermacentor variabilis. Hatched 01/12/15. Delivered 13/01/16.

Time
Compound | Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead
Deltamethrin Blank Control Blank Control 0| O 0 0| O 0 o| O 0
Deltamethrin | Acetone Only Control | Acetone Only Control [ O [ O 0 0| O 0 o| O 0
Deltamethrin 1000 1650 5] 5 0 5] 3 2 5| 4 1
Deltamethrin 100 165 5] 5 0 5] 3 2 51 1 4
Deltamethrin 10 16.5 3] 2 1 3] 2 1 3 2 1
Deltamethrin 1 1.65 0| O 0 0| O 0 o| O 0
Deltamethrin 0.1 0.165 0] 0 0 0] O 0 0] 0 0
Deltamethrin 0.01 0.0165 0] 0 0 0] O 0 0] 0 0
Deltamethrin 0.001 0.00165 0] O 0 0] O 0 0] 0 0
Deltamethrin 0.0001 0.000165 0] 0 0 0] O 0 0] 0 0
Flumethrin Blank Control Blank Control 0 0 0 0 0 0 0 0 0
Flumethrin Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 o O 0
Flumethrin 1000 1650 5 5 0 5 0 5 5 0 5
Flumethrin 100 165 3 3 0 5 1 4 5 0 5
Flumethrin 10 16.5 1 1 0 5 4 1 5 0 5
Flumethrin 1 1.65 0 0 0 5 4 1 5 4 1
Flumethrin 0.1 0.165 0] 0 0 3] 3 0 41 4 0
Flumethrin 0.01 0.0165 0] 0 0 0| O 0 0] 0 0
Flumethrin 0.001 0.00165 0] 0 0 0] O 0 0] 0 0
Flumethrin 0.0001 0.000165 0] 0 0 0] O 0 0] 0 0

248



Time

Compound Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead
Permethrin Blank Control Blank Control o| O 0 0| O 0 o| O 0
Permethrin Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 o| O 0
Permethrin 1000 1650 5] 5 0 5| 2 3 510 5
Permethrin 100 165 2 2 0 5 5 0 2 1 1
Permethrin 10 16.5 0 0 0 0 0 0 0 0 0
Permethrin 1 1.65 0 0 0 0 0 0 0 0 0
Permethrin 0.1 0.165 0 0 0 0 0 0 0 0 0
Permethrin 0.01 0.0165 ol O 0 0| O 0 o| O 0
Permethrin 0.001 0.00165 ol O 0 0| O 0 o| O 0
Permethrin 0.0001 0.000165 o| O 0 0| O 0 0| O 0
Tau-Fluvalinate Blank Control Blank Control o| O 0 0| O 0 o| O 0
Tau-Fluvalinate | Acetone Only Control | Acetone Only Control | O [ O 0 0| O 0 o| O 0
Tau-Fluvalinate 1000 1650 5 5 0 5] 5 0 5 3 2
Tau-Fluvalinate 100 165 5 5 0 5] 5 0 51 4 1
Tau-Fluvalinate 10 16.5 0 0 0 0 0 0 0 0 0
Tau-Fluvalinate 1 1.65 0 0 0 0 0 0 0 0 0
Tau-Fluvalinate 0.1 0.165 o| O 0 0| O 0 o O 0
Tau-Fluvalinate 0.01 0.0165 o| O 0 0| O 0 o| O 0
Tau-Fluvalinate 0.001 0.00165 0 0 0 0 0 0 0 0 0
Tau-Fluvalinate 0.0001 0.000165 o] O 0 0| O 0 0| O 0
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Species and Species Details: Ixodes ricinus. From Stables 06/04/2016.

Time
Compound | Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead

N/A Blank Control Blank Control ol O 0 0o| O 0 o| O 0
N/A Blank Control Blank Control 0ol O 0 o| O 0 o| O 0
N/A Blank Control Blank Control ol O 0 0O| O 0 o| O 0
N/A Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 o| O 0
N/A Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 o| O 0
N/A Acetone Only Control | Acetone Only Control | 0 | O 0 0| O 0 o| O 0
Deltamethrin 1000 1650 5] 0 5 5] 0 5 5] 0 5
Deltamethrin 100 165 5] 1 4 5] 0 5 5] 0 5
Deltamethrin 10 16.5 5] 0 5 5] 0 5 5] 0 5
Deltamethrin 1 1.65 5 0 5 5 0 5 5 0 5
Deltamethrin 0.1 0.165 5 0 5 5 0 5 5 0 5
Deltamethrin 0.01 0.0165 41 0 4 41 0 4 41 0 4
Deltamethrin 0.001 0.00165 0] O 0 11 0 1 1| 0 1
Deltamethrin 0.0001 0.000165 0] O 0 0] O 0 0] 0 0
Flumethrin 1000 1650 5 2 3 5 0 5 5 0 5
Flumethrin 100 165 5 1 4 5 0 5 5 0 5
Flumethrin 10 16.5 5 0 5 5 0 5 5 0 5
Flumethrin 1 1.65 5 2 3 5 0 5 5 0 5
Flumethrin 0.1 0.165 3 3 0 4 1 3 5 0 5
Flumethrin 0.01 0.0165 311 2 41 1 3 51 0 5
Flumethrin 0.001 0.00165 311 2 41 0 4 5] 0 5
Flumethrin 0.0001 0.000165 0] 0 0 0] O 0 0] 0 0
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Time

Compound Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead
Permethrin 1000 1650 51 1 4 5] 0 5 510 5
Permethrin 100 165 5 1 4 5 0 5 5 0 5
Permethrin 10 16.5 5 1 4 5 0 5 5 0 5
Permethrin 1 1.65 3 1 2 5 1 4 5 0 5
Permethrin 0.1 0.165 0 0 0 1 0 1 1 0 1
Permethrin 0.01 0.0165 o] O 0 o] O 0 o| O 0
Permethrin 0.001 0.00165 ol O 0 ol O 0 o| O 0
Permethrin 0.0001 0.000165 ol O 0 ol O 0 o| O 0
Tau-Fluvalinate 1000 1650 51 1 4 5] 0 5 510 5
Tau-Fluvalinate 100 165 5] 1 4 5] 0 5 510 5
Tau-Fluvalinate 10 16.5 5 2 3 5 0 5 5 0 5
Tau-Fluvalinate 1 1.65 3 0 3 3 0 3 3 0 3
Tau-Fluvalinate 0.1 0.165 o| O 0 ol O 0 o| O 0
Tau-Fluvalinate 0.01 0.0165 o| O 0 ol O 0 o O 0
Tau-Fluvalinate 0.001 0.00165 o| O 0 ol O 0 o O 0
Tau-Fluvalinate 0.0001 0.000165 o| O 0 ol O 0 o| O 0
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Species and Species Details: Rhipicephalus sanguineus. Hatched 04/03/16. Delivered 06/04/16.

Time
Compound | Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead
Deltamethrin Blank Control Blank Control ol O 0 0| O 0 o| O 0
Deltamethrin | Acetone Only Control | Acetone Only Control [ O | O 0 0| O 0 o| O 0
Deltamethrin 50 1650 5] 4 1 5] 2 3 51 1 4
Deltamethrin 5 165 5 5 0 5 5 0 5 5 0
Deltamethrin 0.5 16.5 5] 5 0 3 1 2 41 2 2
Deltamethrin 0.05 1.65 31 3 0 2 1 1 1] 0 1
Deltamethrin 0.005 0.165 0] O 0 11 1 0 1| 1 0
Deltamethrin 0.0005 0.0165 o O 0 0] O 0 0] O 0
Deltamethrin 0.00005 0.00165 o O 0 0] O 0 0] O 0
Deltamethrin 0.000005 0.000165 o O 0 0| O 0 0] O 0
Flumethrin Blank Control Blank Control ol O 0 0| O 0 o| O 0
Flumethrin Acetone Only Control | Acetone Only Control | 0 | O 0 0| O 0 o| O 0
Flumethrin 50 1650 5] 0 5 5( 2 3 5] 0 5
Flumethrin 5 165 5] 0 5 5( 2 3 5] 0 5
Flumethrin 0.5 16.5 5] 2 3 5] 3 2 51 0 5
Flumethrin 0.05 1.65 2| 2 0 5] 5 0 5| 5 0
Flumethrin 0.005 0.165 0] O 0 3] 2 1 41 2 2
Flumethrin 0.0005 0.0165 0] O 0 0] O 0 1| 1 0
Flumethrin 0.00005 0.00165 0] 0 0 0] O 0 0] O 0
Flumethrin 0.000005 0.000165 0] O 0 0] O 0 0] O 0
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Time

Compound Concentration (mg/Ha) | Concentration (ppm) 4 Hours 24 Hours 48 Hours
A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead
Permethrin Blank Control Blank Control o| O 0 0| O 0 o| O 0
Permethrin Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 o| O 0
Permethrin 50 1650 5] 5 0 5] 1 4 5] 0 5
Permethrin 5 165 5 5 0 5 1 4 5 0 5
Permethrin 0.5 16.5 3 3 0 5 3 2 5 1 4
Permethrin 0.05 1.65 1 1 0 2 p 0 5 2 3
Permethrin 0.005 0.165 0] O 0 0| O 0 o| O 0
Permethrin 0.0005 0.0165 0] O 0 0| O 0 0| O 0
Permethrin 0.00005 0.00165 0] O 0 0| O 0 0| O 0
Permethrin 0.000005 0.000165 o| O 0 0| O 0 0| O 0
Tau-Fluvalinate Blank Control Blank Control o| O 0 0| O 0 o| O 0
Tau-Fluvalinate | Acetone Only Control | Acetone Only Control | O [ O 0 0| O 0 o| O 0
Tau-Fluvalinate 50 1650 5 5 0 5| 4 1 5 3 2
Tau-Fluvalinate 5 165 5 5 0 5] 5 0 5 5 0
Tau-Fluvalinate 0.5 16.5 o| O 0 5] 5 0 1 1 0
Tau-Fluvalinate 0.05 1.65 o| O 0 0| O 0 1 1 0
Tau-Fluvalinate 0.005 0.165 o| O 0 o O 0 o O 0
Tau-Fluvalinate 0.0005 0.0165 o| O 0 0| O 0 o| O 0
Tau-Fluvalinate 0.00005 0.00165 0 0 0 0 0 0 0 0 0
Tau-Fluvalinate 0.000005 0.000165 o] O 0 0| O 0 0| O 0
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Species and Species Details: Varroa destructor. From The Honey Farm, Imkerei Ullmann, Erlensee, Germany. Summer 2016.

Time
Compound | Concentration (mg/Ha) | Concentration (ppm) 2 Hours 4 Hours 6 Hours 8 Hours 10 Hours
Kdr | Dead Kdr | Dead Kdr | Dead Kdr | Dead Kdr | Dead

N/A Blank Control Blank Control 0 0 0 0 0
N/A Acetone Only Control | Acetone Only Control

Deltamethrin 100 165

Deltamethrin 10 16.5

Deltamethrin 1 1.65

Deltamethrin 0.1 0.165

Deltamethrin 0.01 0.0165

Deltamethrin 0.001 0.00165

A A A A A
0 0 0 0 1 1 1 1 1 1
0| O 0 0| O 0 o| O 0 ol O 0 2| 2 0
5] 5 0 5] 3 2 5 2 3 5] 0 5 5] 0 5
5] 5 0 5] 5 0 5] 4 1 5 2 3 5] 0 5
5] 5 0 5] 5 0 5 5 0 5] 5 0 3 3 0
1 1 0 2 2 0 3 3 0 5] 5 0 3 3 0
0| O 0 0| O 0 1 1 0 21 0 2 4| 2 2
0| O 0 0| O 0 o| O 0 0| O 0 o o 0
N/A Blank Control Blank Control 0 0 0 2 2 0 0 4 0 4 3 1 4 0 4
N/A Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 o O 0 o O 0 3 3 0
Flumethrin 100 165 5] 4 1 5 1 4 5] 0 5 5] 0 5 5] 0 5
Flumethrin 10 16.5 31 3 0 5 1 4 5] 0 5 5] 0 5 5] 0 5
Flumethrin 1 1.65 31 3 0 5| 4 1 5 3 2 5] 0 5 5] 0 5
Flumethrin 0.1 0.165 0ol O 0 3 2 1 5 3 2 5 2 3 5 1 4
Flumethrin 0.01 0.0165 ol O 0 0| O 0 1] 0 1 3 2 1 4| 2 1
Flumethrin 0.001 0.00165 ol O 0 0| O 0 2] 2 2 5 2 3 5 1 4
N/A Blank Control Blank Control 0 0 0 0 0 0 0 0 0 1 1 0 3 3 0
N/A Acetone Only Control | Acetone Only Control | 0| O 0 0| O 0 1 1 0 o O 0 3 2 1
Permethrin 100 165 5 5 0 5 4 1 5 1 4 5 0 5 5 0 5
Permethrin 10 16.5 5 5 0 5 5 0 5 5 0 5 3 2 5 3 2
Permethrin 1 1.65 5 5 0 5 5 0 5 4 1 5 4 1 5 4 1
Permethrin 0.1 0.165 0 0 0 0 0 0 4 4 0 4 4 0 4 4 0
Permethrin 0.01 0.0165 o| O 0 o| O 0 0| O 0 ol O 0 1] 0 1
Permethrin 0.001 0.00165 o| O 0 o| O 0 1] 0 1 1] 0 1 4| 3 1
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Time

Compound Concentration (mg/Ha) | Concentration (ppm) 2 Hours 4 Hours 6 Hours 8 Hours 10 Hours
A | Kdr | Dead | A | Kdr [ Dead | A | Kdr | Dead | A | Kdr | Dead | A | Kdr | Dead

N/A Blank Control Blank Control o] O 0 0O| O 0 2| 2 0 41 4 0 4| 1 3

N/A Acetone Only Control | Acetone Only Control | 0| O 0 31 3 0 21 0 2 21 0 2 4| 1 3
Tau-Fluvalinate 100 165 5 5 0 5[ 5 0 5| 5 0 41 1 3 5({ 0 5
Tau-Fluvalinate 10 16.5 5 5 0 5[ 5 0 5| 5 0 5[ 2 3 41 0 4
Tau-Fluvalinate 1 1.65 0] O 0 0] O 0 1| 1 0 1| 1 0 2| 0 2
Tau-Fluvalinate 0.1 0.165 o o 0 of o 0 11 1 0 3 3 0 310 3
Tau-Fluvalinate 0.01 0.0165 o o 0 of o 0 2| 2 0 3 3 0 3( 3 0
Tau-Fluvalinate 0.001 0.00165 o o 0 of o 0 0] O 0 2 2 0 of o 0
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10.5 Appendix 5

Dose-response curves for tick species and M. domestica from comparative pyrethroid
contact bioassays. Five adult arthropods were used per test vial with three repeats,
giving a total of n = 15 for each pyrethroid concentration. Probit analysis/logistic
regression assumed a common slope parameter across species for each insecticide at
each assessment time, allowing a comparison of the ECsy values via assessment of
differences in the logit proportion intercept parameter for each tick species relative to
that for M. domestica. Differences in intercept parameter values were assessing using
a z-test, with a significant difference (p <0.05) in intercept values indicating a

significant difference (p <0.05) in the associated ECsq estimates.
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Deltamethrin Effect at 4 Hours
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Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis -14.14 3.34 -4.23 <.001
R. sanguineus -8.33 2.15 -3.88 <.001
I. ricinus -5.64 1.86 -3.03 0.002
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Deltamethrin Effect at 24 Hours
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Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis -10.64 2.06 -5.17 <.001
R. sanguineus -6.23 1.37 -4.53 <.001
I. ricinus 0.849 0.811 1.05 0.295
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Flumethrin Effect at 4 Hours
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Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis -1.729 0.570 -3.03 0.002
R. sanguineus 2.308 0.595 3.88 <.001
I. ricinus 1.614 0.612 2.64 0.008
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Flumethrin Effect at 24 Hours
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Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis 6.81 1.28 5.34 <.001
R. sanguineus 5.62 1.18 4.75 <.001
1. ricinus 5.26 1.09 4.81 <.001
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Permethrin Effect at 4 Hours
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Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis -12.41 1.77 -7.01 <.001
R. sanguineus -6.67 1.13 -5.89 <.001
I. ricinus -3.809 0.992 -3.84 <.001
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Permethrin Effect at 24 Hours
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Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis -7.99 1.06 -7.54 <.001
R. sanguineus -1.683 0.586 -2.87 0.004
I. ricinus 0.703 0.621 1.13 0.258
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Tau-Fluvalinate Effect at 4 Hours
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Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis -8.00 1.28 -6.23 <.001
R. sanguineus -0.264 0.728 -0.36 0.717
I. ricinus 0.277 0.879 0.31 0.753
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Tau-Fluvalinate Effect 24 Hours

1.0 - =
0.8 4
ge]
2
3
=
<C
%) 4
o 0.6
Q
o
o
£
T
?_: 0.4 4
o
c
e
€
@]
Q
e 024
o
0.0 Al domo‘suca
mR_sanguineus
I I I I
-4 -2 0 2
log10[Tau-Fluvalinate] (ppm)
Difference in intercept parameter Standard
Species z-statistic | p-value
relative to M. domestica (proportion) | Error (s.e.)
D. variabilis -3.626 0.747 -4.85 <.001
R. sanguineus -0.185 0.607 -0.30 0.761
I. ricinus 1.06 0.691 1.54 0.125
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