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Summary

Lepidopteran crop pests such dsita absoluta, Chilo suppressalis, Spodoptera
frugiperda and Plutellaxylostella are becoming increasingly problematic, as
populations colorée new regions of the glob&he diamide insecticides are a
relatively new class #t is especially effective, and important, for controlling
lepidopteran pests. However, over the past 10 years, resistance to diamides has
emerged amongst various lepidoptar species, and is a major threat to crop
protection in some casefesistance ishbught to be caused by alterations to the
Ryanodine Receptor, which is the targite of Diamide insecticides, and previous
studies have identified a variety of alteratignis fieldpopulations of multiple

lepidopteran species, which may be implicatedliamide resistance.

This thesis aims to characterig&®/R alterations in terms of their impact on the
control-efficacy of diamide insecticide&.previously cloned RyR seee from the
moth, Plutella xylostellayas altered to reflect resistaneaterations present in the
field. Alteration of positions 4946 and 4790 was found to reduce activation by
diamides when expressed in cell lines. These same altered moth RyR sesjuence
were inserted intaDrosophila by wayof in-vivo confirmation. Flies expressing the
resistant RyR genotypes survived diamide challenge more readily than those
expressing the wildype genotype of moth RyR. However, the resistant genotypes
also climbed ad crawled more slowly, suggesting a potiel drawback of

resistance.

The alterations to residues 4946 amt¥90 suggested a locatiormf diamide
interaction within the voltagesensorlike domain of the RyRn order to further
define the interaction sitefurther alterations were madevithin the same region.
Preliminary investigations indicated that these alterations strongly reduce diamide
efficacy, when in combination, but exhibit somewhat minor reductions of efficacy
as individual changes. It was cordga that the damide interaction lies mximal

to the VoltageSenso#like-Domain of the RyR.
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Chapter lintroduction

1.1Modern Agiculture Feeding a growing population

Between the tropical lines of Cancer and Capricorn, a vapydrpopulation
expansion and dengraphic alteration is occurringModels predictthat 6 billion
people will occupy this narrow region of the globe by 20580 2009, 2017)n
order to feedthis population globalcereal production will need to increase by at
least 0.9% each yeaweven if other factors remain stabl@Alexandratos and
Bruinsma 2012)However, crop production is likely to become more difficuds
globaltemperaturesrise, with 20- 40%declines iryieldexpectedn tropical regions
(Battisti and Naylor 2009; Lobell et al. 2008¢gative pedictions madea decade
ago, regarding food availability, are now beginning to play out in re@litgo et al.
2017)

Yield reductionsand food shortagesead to global price increases which in turn
prevents market acceas for populations within Low Income Economies, leading to
food criges and faming(Fader et al. 2016; Steinbach et al. 20159od crisis is
strongly associated wit local malcontent andioting, which in turn ferrents
geopolitical instability, such that food iesurity eventually traps entire countries
and regions into unending cycles of conf{iBrinkman 2011; Tsakok 201Epod
security and agricultural redundancy are critical in rescuing economies from this
trap. As a growing population and danging environment threaten caloric
availability, efforts to increase agricultural efficiency have never been more

important.

1.11 A strain on thelanet

It is now clear that global heating is smedegree attributable to the agfiood
industry. Almosone third of anthropogenic greenhouggs emissions are a result
of agricultural productior(Bajzelj etal. 2013) with a large proportion stemming
from livestockproduction (Herrero et al. 2016)ontribution to global warming is
far from the only measure by which agriculture has impactes planet. Topsoil
depletion due to ovefarming is o major concern ands starting toimpact
productivityand yield Biodiversity loss due to langsage for agriculture iglso to

a certain extent responsible fgtobal reductions in key beneficial spegincluding

1



pollinators (Alexander, 2017)It is now widely recognised that agricultural
methods, developed during the green revolutipre unsustainable and have

resulted in ecologicalamageand contributed toclimatecharge.

A key conclusion of the 2015 Pddrited NationsClimateChangeConference was
that Bio-Energy/CarborCaptureStorage BECCS) should play an integral role in
reversing anthropogenic climate change. 48 million additional hectares of
treesshouldbe planted in order to maintain a global temperature withigs°C of
pre-industrial levelIEA,2016) By comparise, 600million hectares is the area of
additional farm land required in order to feed 1®illion humans in 2050
(Searchinger et al. 201,8)ased on current yield3hus, therequirement to prevent
human starvation currently directly contradicts the regument to prevent global

heating.

Therein lies a fundamental nflict, to which there is no obvious solution. Humanity

gAtt NBIjdzZA NB | WIPHhGel30R)inDNE ® yhatdhEegbrtedzi A 2 Y Q
demands. Simultaneously, restoration of natural resources will requice@sfon

WNBdza Sz NBOeOfAy3azr FtyR f2y3 G4SN)¥ RSaradyQ:
WO A NO@zh BeNdnipers. ComnfEMF2019) InthecurrentS NI 2 F Wadza il Ayl of
Ay Sy airTAa @dgriculiuge y6 Qrider présauie frdm all sides.

12LyaS0tG O2yiNRf AYYyG&Pa5NAOREA FY OGz3

Advances in pest controlaga key element of the0o" O S y (i drBdarevdlutionQ
helping to achieve a 300%crease incrop yieldwith only aconcomitant30%
increase in farmed landdowever, @spite our best efforts to date, pest insects,
pathogens and weedstill reducecrop yieldsoy around one thirdOerke 2006) If

all crop protection practisesvere to cease, it is estimated that we would lose
upwards of 70%f crops prior to harvestPopp et al. 2013)insectsin particulag
contribute to a large propdaion of this damage. An estimated 4#illion tonnes
(Mt) of wheat, 50Mt of maize and 75Mt of potential rice lgies consumed each
year ¢ amounting to up to 20% of global grain yiglibst in total(Deutsch et b
2018) Furthermore, msect metabolic ratecurrently restrict insectdn most areas
of the globebut on average, crop destructiohy insect pestsvill increase by 10
25% per degree rise in global temperature, as higher metabolic rates allow higher
reproductive rategDeutchet al,2018) Finally, 8ing temperaturescoupled with

everincreasing international tradecan be expected to increase invasiveness of
2



crop pests, especially in the Northern Hemisph@®ndi et al. 2018)Therefore,

the need for insect control is greateow than ever.

1.21 Nonsynthetic modes of insect control

Modern pest control falls intdour broad categoriescultural and mechanical

control; biological control; genetic contrognd synthetic chemical control.

Cultural and mechanical control refers by to the steps that can be taken to
create unfavourable conditions for pest insect infestations, such as manual removal
of pests(All, 1999) These generally require some knowledge of insect biology and
behaviour on the part of the farmer, compared tther approaches documented
below.Biological control entails the use of natural insect enemies, be they an insect
predator or a pathogeiriBale et al. 2008For example, therytoxinsproduced by
Bacillus thuringiensjsvhich is a pthogen of insectsshow potent insecticidal
activity and have become one of the more semsful biocontrol agents to date
(Schnepf et al. 1998; Phipp2002) Genetic controlat its most fundamental
includes thedeliberate encouragment of hostplant resistance through genetic
crossing. Morgecent developmerg includea host of emergingpols, the unifying
concept of which is magnodification of insect genetic material to bring about
population reduction or reglcement GeneDrive is one such tool, in which a
K2YAyYy3a SyR2ydzOf SIaS 6S®3d /I adpo O2LIASa Al

[aN
Q
w»

opposing homologous chromosome in order to drive the gene from heterozygosity
to homozygosity(HaghighatKhah et al. 2015) This is a major upgrade to the
decadesold Sterile Insect Technique, in which release of chemically sterilized
insects causes population disruptigBlack et al. 2011)Reent employment of
gene drivein Brazil has seen populations dika-carrying Aedes agypti being
replaced byZkarefractive mosquites (Buchman et al. 2019}thereby reducing
cases of theZika disease in humansh& second major devepment in genetic
control is RNAnterference (RNAI§ the dsDNAmediated knocldown of targeted
genes via higlacking of antiviral pathways in the inse¢Zhang et al. 2017ne

goal is to create crops capable of defending themselveshagaisect herbivore

by activation of such pathways to inhibit insect metabolig@ordon and

Waterhouse 2007)

A combination of cultural controlbiocontrol and genetic control have the potential

to revolutionise the ecological sustainability of crop defence, ribgucing



destructionof non-pest insect populations, reducing reliance upon petrochemical
cracking, and reduced environmental roff of synthetic chemistry. Ironically, a
major impediment to the adoption of genetic technologies is the lobdpyof Non
Govenmental Organisatios claiming tooppose global environmental problems
(FancePresse 2016)
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Figure 1.1Top five synthetic insecticides, ranked by Annual Gross (Sditks and Nauen
2015)
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to market is increasing, whilst the number of individual organisations involved decreageal{sis
based on data reported {{gparks antlorsbach 2016)
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Synthetic insecticides remain by far the most widely used control measure
insect pestslt was estimated that in 2007 the global insecticide market wahw
$8.2Billion Bn) USDand in 201hat value ha almost doubled td$14.518 USD

By 2022, at the current growth rate, it will rea§i9.27Bn USOOAGI2527 2017)
Thus, despitepromising developments in alternativecontrol mehods, the
insecticide market is growing faster than ever. Delayed uptake of insecticide
alternatives by policynakers and the general publjds partially responsible for
such ongoing growthbut their ablity to act predictably,quickly,and effectively
makes synthetic chemicapesticidesa valuable asset, especially in developing
countries(Sparks 2013)As GDP rises across the African and Asiltontinents,
agricultural intendication, with a heavy reliance osynthetic insecticideds set to

increaseto helpfill the emerging foodyap.

Mainstream nodern insecticides target one of five biochemical systems: chitin
synthesis; mitochondrialespiration; the voltagegated sodium channéNa); the
nicotinic acetylcholine receptofnAChR] | Y R-amiin&b8ric' acid (GABA)
receptor.Thusthe vast majority of insecticides are nerve and muscle agents (<80%
by market value calculations basedro(Sparks and Nauen 2015Df these, the
neornicotinoids, pyrethroids and organophosphatae the mostwidely used (Fg

1.1).

1.23 Strain on the Insecticide industry

It is estimated that around 600 insect and mite species are resistant to at least one
class of currently used commercial compoyisass and Field 201 1donstituting
something ofan epidemic of resistance across almost all insed¢icilassege.g.
(Bass2015) Therefore, insect control in the current era will focus, by nsitgson
chemicals withnew Modes of Action (MoAshich are not subject tacross
resistance.There iscompellingevidence hat the insecticide industry is already
struggling to keep up with the rise of resistar{&parks and Lorsbach 201Bgcade

on decade, the cost of bringing a compound to marketreases, standing now
above$250million USD on average (Ri@a). Profitmargins may fall, asish rises
threaten toout-strip the aforementioned increase in sales. Furthermore, the ability
of the industry toreactquicklyto insect control crises igtited, with development
time now averaging 10 year$ig1.2b). Onelimiting factor may be theglobal

consolidation of insecticide developers, such tbatrentlya small number oclgr
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chemicalindustries are taking othe vast majority of thedevelopmentwork (Fig
1200 {dzOK I &adFdS 2F I FFILANBR R2Sa y2i4 SyO2dzNI
if a greater diversity of cosdffective MoAs is to be develop€@/u et al. 2019)

Already fighting a losing battle against figlekistance, industrial agriculture today
suffers from asecond major issueinsecticides are in the midst of a pubtiations
crisis Concern about the ecological impaadf large scale insecticide uiserising
amorgst the generalpublic and policymakers (e.g(Pretty et al. 2@8), largelydue
to potential damage to beneficial insects variougjlobaleco-systems show signs
of instability, insecticidegand occasionallyother chemicalpesticides)are being
blamed, often with minimal evidence (SeBox 1.1). Pressure from non
governmental organisations (NG opposing insecticide usage has been brought
to bear on thepesticide industryand governmentsfor examplesuch lobbying has
already resulted in certain members of theneonicotinoid insecticideclass
(imidaclopridbeing the most prominent exampld)eingbanmedacross EuropéEU
Official 2019)

Thus,there is an urgent need for the developmeott new and safer insecticidal
chemistries with improved specificity and toxicological profilés order to meet
public expectations and reduce da#rget mortality. MoA diversity ideallygnsures
that resitance buildup never occur¢Sparks and Naue@015) In the meantime,
Integrated Pest ManagemeftPM)is accepted as the ideal mod# insect control
that should be promotedjoingforward. The spread of res@tce carpotentially

be (locally) contained bythe current trend for expansion in the deployment of
advancednonitoring techniques, thereby supplying timely information to growers.
To this end, resistance mechanisms must beanatbod, and insecticide modeof

action classified.

The insecticide industry has historically been a key driver, but also a key beneficiary
of the green revolution in agriculture. Today, both the industry, and agriculture
itself, stand at a crossroadstltiey are to survive in thisonfrontationalclimate, all
parties must embrace collaboration, novel approaches to crop defence, and most

importantly a commitment to sustainability in all matters.



Box1lY Ly aSOi ¥radNXsIFigtiSrraRdRWaDthis means fo
modern agrialture

A slew of recent papers reportinsetgd A yS 2y | WOWaiderdandNEalck
2019) These include reported declines in insect biomass of(Aa#tman and al 201,780%
(Loboda et al. 2017pr over 95%SancheBayo andNyckhuys 2019)and a claim that tota|
global insect eradication could occur witlarcentury (Lister and Garcia 2018)t must be
acknowledged that massive inselgiclne probably is occurring: taken together, stud
consistently report a reduction indactbiomass at least as significant as that seen ag
vertebrate taxa, if not orders of magnitude more sev&ugch eductions in insect population
are a threat to mdern agriculture, and humanity as a wholelowever, it must also b
acknowledged thathere are najor andcompromising flaws in some of the reports of ins
decline

For example, the latest metmalysif published dataguarantees a negative vidwy using
G§KS &SI NOK (SN A& ef WddteyaadSGaitip BO1FFobthis, andRBady cthg
reasons, estimations of population decline therein are simply unugafobther recent studies|
three (Janzen and Hallwachs 20 ®)allman anél 2017)(Loboda et al. 201 8uffer from one
or more sampling biases that hamper entomological studies in general

- Non repiOF 6t S W2 LILJI2 NI dzgométiinds GOsqeiblé 6 Lstich yieavy
sampling bias as to be almost unusdblg.(van Strien et al. 2019)

- Infrequent andnconsistent sampling prevents interpretatiomatural fluctuations in
populations, this makes drawing conclusions from losigrm studies of insectg
challengindFox ¢ al. 2018)

Seg(Thomas et al. 2019nd Shortall et al (fpress)or a more complete review. &t few data
sets have been collected in a conlied manner €.g. purposebuilt sampling traps ensurin
consistent methodology) with reasonable sampling ratekeéet yearly, over a Jgear period).
Those that have, tend to report reductions in commyiiomass, often partially balanced
increasedn commonspecies biomass. For example, Shortall et al. 2009 reported decli
FteAy3a AyaSoOi oAz2Ylaa i 62dzado 4Sh&tala
Harrington 2009)Fox et al. 2014 reported that, whilst 260 British moth species declined
increased significantly. However, mangedent studies continue to report heavy deek (e.g
(Loboda et al. 2017)

It is clear that insect biomass is declining alaghy in some regiondut t is notsoclearwhat
the underlyingcauses of such decliaetually areLogically, application of asitisect chemistry]
is likely to play a rol¢Ewald et al. 2015however all evidence points to reduction a
simplification of habitat due to amocultural agriculture as being a far geratisk factor for
decline(Lichtenberg et al. 2017)

Insect decline is fundamentally a symptom of a system designed to promote the existq
humans. The impossible task at hand is to prevent insect declirauvitbmpromising humar
food and new high value (energy / nutraceutical) crop production, which may re
expropriating additional natural habitat thus exacerbating insect decline




Against the backdrop of escélag resistance episodesis described above, a
welcome addition to the insecticidal arsenal duly arrived. Diamides are a relatively
new class of syntheticompounds,which act on the nervemuscle boundary,
causing contraction and paralysis of insect meisellls. Control is highly fmnt and
specific against lepidopteran and other insect pests. Members of the class vary in
their spectrum of control, buthe majority of these insecticidedisplay extremely

clean toxicological profiles.

The following two setions will cover the commeial development of the first three
diamide insecticides, currently on the market, as well as those due for future
release. Mode of Action will be discussed in the context of the protein target of this
insecticide, including itsiology and regulation. Thehapter will conclude with the
challenges facing the diamide class, includingfsiolved resistance and the drive

toward toxicological perfection.

1.31 A New Hope

Diamides have been a stunning commercial successngianentirely novel MoA,
they quickly became th@referredmeans of dealing with pests that had developed
resistance to othemodes of action(Cordova et al. 2006 he firg product to be
marketedwas flubendiamide(FLBYin 2007, whichwasco-developedby Nihon
NohyakuCo., Ltdand Bayer CropScien€¢Ebbinghaudintscher et al. 2007)This
was followed a year later bghlorantraniliprole (CLR)and late cyantraniliprole
(CYA)developed byDuPont (Lahm et al. 2007(See Box.2). Annually, diamide
salesare currently worth upwards of$1.4Bn USD, maikg them the fourthmost

valuable insecticide class (Rig).

1.32 Fubendiamide: An exceptionally selective insecticide

After its release in 200FLBachieved rapid commercial success, largely duésto
high potency against generally hataikill insects (Lahm et al. 2009) epidopteran
species, which are primarily targeted I5¥.B are known to develop resistance to
insecticides at an alarming rateliscussed further irfection 1.4, below. For
example, the diamondback rito (DBM, Plutella xylostellg a prominent pestof
Brassicaceadhas gained notoriety for itsesistance against almost all aledle
insecticidal treatmentIRAC 2019)However,initial bioassays orP. xylost#a
larvae resistant to pyrethroids, orgamhophates, carbamates and

benzoylphenylurea showed th#tiere was no cross resistancefaB giving a level
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of control equal to the susceptibleferencestrain(Toshnishi 2005) The effective
concentration for dsabling half of thisP. xylostella population (EC50) was

stunninglylow, at just 0.004ppm.

The potency of this compound againstngiagingcrop pests gives immense value
(Hamaguchi et al. 2012Dut it is the selectivitthat makes it exceptional. Bioassays
against cormon insects showed that atoncentrationsdeadly to Lepidoptera,
other insects were entirely unharmed, EC50 values for various beetles and
hemipterans were on average >50@f)d higher than those for lepiquerans(Hall
2007) This is matched by very low mammalian toxicitythaen acute LB in rats

of >2000 mg/kgToshinishi 2005)

The high specificity oFLBtowards insect was also confirmed by assays on
mammaliarcell linegEbbinghauintscher et al. 2006; Ebbinghakimtscher et al.
2007). Ecotoxicological studies found no acuticity towards rats and birds
(2,000 nmy/kg) and no acute toxicitytowards freshwater fish when tested at the

limit of agueoussolubility (29.8 ppbjHall 2007)

In an ideal world, insecticides should control their target pest without impacting

the existence of otherg 1 KS& &aK2dz R 0SS WRSI Rtogdhelil2 (GKS LIS&
NBAalQd ¢KAa O2YLI2dzy R A& | ulhikeRnedcélleny R NR Ay
model for development of novel chemistry. Only with an arsenal of insecticides as

potent and as specific & Bcan humans hope to protect their food supply without

harming their ecological environment.

1.33 Chlorantraniliprole an@yantraniliprole: A wider range of control
CLRthe seconddiamideto be commercially releaseds an anthranilamideThus

it differs from the phbalicFLBby reversal of the central aioe bond. It also differs

in the range of insecticidal activity offate giving good combl not only of
Lepidoptera but also Coleoptera (beetles), Diptera (flies) and Isoptera (termites)
species(Lahm et al. 2009)Despitethe broader range of insect control, the
excellent mammalian toxicolagal profile is maintained. In cell lines, human RyR2
is activated with 2008old decreased potencynicomparison to insect channels
with an L@ value of acute oral toxicity of >5000mg/kg of body weight for

vertebrates(Lahm et al. 2009)
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Box1.2: Early development of diamides

1993 ¢ Nihon Nohyaku Co.,Ltd begin investigatig the insecticidal properties o
protoporphyrinogerdX-oxidase inhibitors. Some members of this newly developed herh
classshowedinsecticidal activityfJeanguenat 2013)

1998 ¢ This investigtion culminated in the discovery of pthalamides as highly active
lepidopteran compoursl(Toshinishi 2005)

2006 ¢ FLB the most successful of the pthmides,was brought to market aftem joint
developmentbetween Nihon Nohyaku and Bayer CropSci€Rtdinghaukintscher et al
2007)

2007 ¢ Calcium release imaging on Sf9 cells expre&simgpphila melanogastealcium ion
channel, the Ryanodine Receptor, revealed tbisbe the diamide targe(Ebbinghaus
Kintscher et al. 2007)

2008 ¢ CLRis developed and brought to market by DuPont. Reveiffstide central amide
(NHO) bond put€LRnto a new diamide clasthe first of the anthrandmides. Simplificatior
of the heptafluoro (&) group onFLBinto a lone chloride (CI), as well as insertion ¢
chlorpyridine (€Cl) in place of the large nistl o-substituent group (§5Q), allows this
compound to achieve strong activitganst a range of insect peg&elby 2016)

2012 ¢ Cyantraniliprole (DuPont) first commercial applicatiinkett 2012) Replacing thq
chloride group with a nitrile (CNYayp at C4 of the anthraimhide ring gives improve
systemic properties, such as lower logP and higher water solubility which aid in plant
and translocation.

2017¢/ @ Of F yAfT ALINRES oL{Y 0A2a0ASy0OSuv A&
control or suppressionfowarious insect pestsonarange of S A S 6t S | y A
(ISKBC 2017)

2019¢ Tetraniliprole (Bger CropScienced approed in Korea for use as a broad spectr
foliar, drip, drench or seed treatment (Ralf Nauen pers. Comm).

Finally, CYAwas the third diamide to be releaseth comparison withCLR a
substitution of the chloride group for a ayi@e group confers a further broadening
of effectiveness. Solubility ialso improved, allowing the compound to move
through the plant xylem, such that it can be applied as a systemic insedtGatizy

et al. 2013) This allows it to target chewing and sucking

pests such as Coleoptera and Hemiptechieving ugo 10-fold improvement in
activity against the latter(Foster et al. 2012)However activity against most
lepidopteran secies is reduced in comparison@.Rwhilst coleopteran activity is

generally equa(Selby et al. 2017)
11



1.34 Newdiamideactivesunder development

With the expressed aim of improving upon ¢ixig molecules, the search for
environmentally benign diamides, with high activity and low toxicity, continues
(Zhao et al. 2012)terative substitution of almost every available active site on the
molecule has tken place, with attempted additions of sulfoxamir{@namm et al.
2012) various ethergZhao et al. 2012jpyrazolegWang et al. 2013ajhiadiazoles,
napthalenesand more. From this effort, some excellent molecules present
themselves, with studies claiming to improve upon activity of first and second
gererationanthranilimides by more than-fold (Zhao et al. 2012)0f these, at least
two have been taken forward for commercialisatjotetraniliprole (Bayer
CropScience) angyclaniliprole (ISK bioscierjcdt remdns to be seen whichf the
other candidates are sufficiently efftive to compete with those diamides already

in the market.

Much can be learnt from comparison of theommercialisationcandidates
presented here. Some studiémve attempted to find patterns or periodicities in
activity. For example, duringCLR modificaion, increasing electronegativity
(BrA CIA FI) was associated with increased biological activity on both the upper
chloride and the lowetbromide group(Liu et al. 2018)A similar pattern is seen in

the developmentof tetraniliprole Ralf Nauen 2019unpublished, in which
reductions in group size, as well as increases in electronegativity, tend to correlate
with higher potency.Such a pattern has been supported by several studies

regarding other insecticidggeschke 2010)

Cyclaniliprole(ISK Biosciencesjas the first ofa new era of diamides to reach

market, applied for the first time in South Korea in 2017. Based osttheture of
CLRthiscompoundpossesses a cyclopropane group attached to one of the amides,

as well as an additional bromide group (Ei8). These additions are tiodesigned

to increase the electronegativity of the structure, with besidain in the

cyclopropane increasing electron density in that region. According to the
RSOSE2LISNEST AU Aa T2N) WO2yUGNRf 2F O NX 2dz
and treey dzii  QISEBLCI2X.7Aqueous solubility is lower than that GLR

possibly due to its larger size, which limits this compound to falfplication.

Baseline effectiveoncentrationagainst lepidopteran species is very siamib that

of the other diamideg; an LC50 of 0.03ppm was found inecimdependent study
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Figure 1.3 Diamides derive their name from the double amide groups, locatec
positions 1 and 2 (yellow) of the central benzenoid ring. Flubeindka(FLB) is pthalic an
its name is derived from the terminal hegtaryl group (red). Chlorantraniliprole (CLR
anthranilic, differing from FLB by a reversal of the central amide bond (f
Cyantraniliprole (CYA) possesses an almost identicatuisguto CLR but differs in th
replacement of a chlorine group with a cyanide group (blue). Cyclanilipr@leR)
posseses an almost identical structure to CLR apart from the substitution of a n
group for a bromide group (green) and the additioraafyclopropane group (green
Tetraniliprole (TET), is the newest diamide release, and differs from CYA |
substituion of the bromide group with a large tifluromethgtrazole group.

(Cho ancet al 2018)Finally tetraniliprole(Bayer CropSciencis)thelatest addition

to the diamide arsenal, due for release in 2019. This is designed as & broad
spectrum, multiuse compound for foliar applications or in drench or drip
applications and @a seed treatment. Derived fro@YAthe molecule maintains its
cyanide group, and with ,itsome of the characteristic systemicity of that
compound. Uniguelytetraniliprole possesses a trifliimethyl azole ring not seen

in any other commercial pesticid®alf Nauen 2019, unpublishedoth of these
novel compounds have excellent safety rasnggainst vertebratedor example
>2000mg/kg toxicity on birds, as has become tha#rhark of diamides in general
(EPA 2019)On the other hand, studies on beneficial insect toxicity are yet to be

undertaken
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New entries to thediamide market must address adst one of tle two major
issues in IPM todayt. toxicity to beneficial insects and @volution of inseticide
resistance. Thysew releases should aim either for high specificity, following the
example ofFLB or they should aim to break resistance. Increased lggigi@an

activity is no longer a useful goal for novel diamides.

1.4The rise of resistande diamide insecticides

Despite the excellent characteristics of diamide insecticidesistance to their
action evolvedyst 18 months after their markedebut (Troczka et al. 2012Yhe

first control failures occurredn the Philippines in a population dBM (P.
xylostellg and was quickly followed by further episodes in nearby locatiéns.
decade on fronthosefirst reports ofdiamideresistance irPlutella(Troczka et al.
2012) resistance has evolved independently in at least nine lepidopteran species
(see bdow). Subsequent expansion of some of these species out of their native
range has been a major factor in the spread of ddeniesistance, with several
species making the transition from regional to global pest stadusoverview of

the current global ste of diamide control efficacy is the focus of this section.

1.4.1 Spodoptera frugiperda and other Noctuidae

The fall armywrm, Spodoptera frugiperdais a highly destructive pest of maize,
frequently responsible for causing #0% yield los§Wyckhuys and O'Neil 2006)
The caterpillars can additionally feed on-least 186 other plant species
(Montezano et al. 2018making thé a broaeranging and highly adaptable insect.
Native to Central and South America, yeaund populations extend southward to
Brazi and Argentina, whilst migratory populations make their way annually from
the Caribbean up the Eastern coast of the USAarasorth as Canad@Vestbrook

et al. 2016) However, the pest has recently spread ousiof this range in a
dramaic expansion that exemplifies the worrisome ease of movement of invasive

spedes in the modern world (Fig 9.4

In Brazil, where insecticides are applied frequently to control lepidopteran g&sts,
frugiperdais resistant to met synthetic chemistries.i@mide insecticides therefore
have become an important element of integrated pest management ((Belzan
et al. 2019) Recently however, resistance to CLR was rapidly selected for in a field
strain collected in Correntina, Bahia state, suggesting the presence of resistance
alleles in the field(Boaventura et al. 2019)At the same time, 4000km North,
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farmers in Puerto Rico were reporting reduced diamide control efficacy, with RRs
of 160-fold against CLR and 5@8ld against FLB being documented. Maize yields

in these regions @& comparably higher with respect to other South American
nations(FAC2019) which is most likely a reflection of the more intense insecticide
application regimes in Brazil. BotB. frugiperdapopulations had previously
developed Bt resistance, as reported in 2014, suggesting that the management
practises and ecology of these populations is potentially conducive to resistance
development(Boaventura et al. 2019As of 2016, actual control failure likedibd
remained low, with the LD80 still far below Recommended Dose (RD) for CLR,
suggesting that resistance spread could be delayed if the correct IRM strategies

were implemented.

As diamide resistance was emerging over its native rahgieigiperdgpopulations

were about to spread and have a major impact elsewhere. The moth was detected
in Ghana and Togo (West Africa) in early 2(N&goshi et al. 2017heralding the

start of an overseas invasion and expansion of unprecedented speed and scale,
which would endvith populations distributed across all the major maize producing
regions of the globe. Barcoding analysiswshdhat the invaders are derived from

the Florida genepool, a migratory population whose range covers the USA, and
extends south down to PuertBico(Nagoshi et al. 2017puspected to have been
carried in the luggge-hold aboard a commercial aircraft, the moths quickly spread,
sweeping across most of si8aharan Africa within just 16 mont{8okstad 2017)
SubSaharan Africa was an ideal environment for moth expansion, with an average
temperature well within its development range of -33°C and medium to low
rainfall for much 6 the year(Early et al. 2018 ¢ KS Y230 KQa ©F LI OAde {72
thousands of kilometres on higgititude winds allowed it to rapidly colonise the
large tracts of open plains, which provided excellent rearing gro@Wisstbrook

et al. 2016) After 2 years, it would inhabit 4dountries in Africa with permanent
yearround populationgCABPR019) The spread across Africa had been accurately
predicted by a computational model, based on biotic, abiotic and human factors
(Early et al. 2018)The same masl warned that India would be theemt target of
invasion, and prescribed monitoring procedures to prevent a repetition of the

airline-assisted route.

In May 2018S. frugiperdavas detected in Karnataka, Indi@haranabasappa and

et al 2018) From there, it spreads east into Myanmar and Thailand and, in January
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2019, finally reached China. By April 2019 it had reached the edge &f Qhan - / 2 NJ/
Belt, which runs NortiEas from Hunan((NATESC) 2019ith predictions of a very
rapid NorthEasterly expansiofLi and et al. 2019; Ma et al. 201%)s of July, the

pest had already spread to 20 provinces, with high iafiish levels in the sweet

corn prodicing southern regions (Ralf Nauen pers. comm). It was also recorded, for
the first time, in Kagoshima prefecture, Japan. Communications indicate that
diamide, pyrethroid and emamectin benzanoate sprays all currently irema
effective in China and are beingcommended in the emergency control guidelines
issued by the Ministry of Agriculture and Rural Affairs (MARA) (Ralf Nauen pers.
comm). The National Agrtechnical Extension and Service Centre (NATESC) has
additionally established geographically specifiontrol strategies including weekly

forecasts and monitoring, biocontrol and potential chemical seed treatment.

t AYLRAYGAY3 (GKS 3If 8. drugiperdFloidBgoguiation raisdd I A y
the possibility that he African invaders may have beessistant to diamides
(Nagoshi et al. 2017Yery few studies have reported on insecticide control efficacy
since the spread. One study in Ethiopia reported close to-basesusceptibility
toward diamides and seval other nsecticide class€Sisay et al. 2019If true, this

is extremely fortunate, and is probably accounted for by an extreme genetic
bottleneck in the founders of the Afrdsian population, in which insufficient
genetic diversity was present for gistance toemerge (Day et al. 2017)
Organophosphates and pyrethroids are the prignanethod of lepidopteran
control across the continent, which may help to slow the development of diamide
resistancgDay et al. 2017)Two factors may increase the probability of resistance
emergence now that the species has reached S&#bt Asia. First, diamide
application in this area is traditionally high, whilst IPM practices havkeerpast
been poor(Troczka et al. 2016 5econd, this region harbours beet armyworm,
Spodoptera exigua relative ofS. frugiperdaand the track record of resistance
development for this other noctuid pest provides a worgyindication of what may

be in store(Che et al. 2013)

The beet armyworm is a generalist pest, capable of targeting cereals, legumes
(beans, peas), $anacea (potatoes, tomatoes), cotton, tobacco and cannabis crops.
Originating in East Asia, arehching the Americas in the late1€entury,S. exigua

is now a worldwide peqCapinera 1999)As with other lepidopterans, this pest has

evolved resistance to most approved products currently onrtteeket (Che et al.
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2013) It took just a few years for borderline control failuresalving diamide
insecticides to emerge in East Asia, with farmers in Jiangsu, China reporting a 44
fold CLR resistance in 200G et al. 2011; Che et al. 201By 2018 resistance had
increased to 158old and spead to ShandongZuo and al. 2019)Now, S.
frugiperdais predicted to be heading toward the same area. Further east, in South
Korea, extremely potent, 250ld CLR resistance has arisetbéet armyworm. In
2014,S. exiguaesistance to diamidesiSouth Korea had been noted as minimal,
therefore this case represents a prime example of the rate at which Lepidoptera,
and noctuids in particular, are capable of adapting to diamide expo&he and

et al 2018) Finally, it is notable that, of the Noctuidaégpodoptera liturdas yet to
develop meaningful diamide resistance. Reports from Southern China of CLR
resistancein 2012 did not develop into a lasting crisis, with resistaimceome

regions returning to neabaseline by 201%Su et al. 2012Zpang et al. 2016)

1.4.2Tuta absoluta

The tomato pinwormTutaabsolutg targetstomato crops through leaf minghand

fruit infestation, although it can prosper on other solanaceous species such as
potato and nightshade. Yield losses on tomatoes have reached 100% whera cont
has been inadequatéDesneux et al. 2010)n tomato plants, colonisation occurs
early, meaning damage prevention requires a fasting means of contr@Silva et

al. 2011) However, as against other moth species, a heavy reliance onddiami
insecticides has accelerated resistance development, especially as other MOAs had
already lost efficacy and therefore were not available for rotatiGuedes et al.
2019) (Silva et al. 2011)In a survey carried out in 2011, diamides provided
excellent level®f control against Brazilian populations, with FLB LD50 at less than
0.1mg/L- 0.25mg/L(Campos et al. 2015By 2014, high levels of resistance was
present across the countryreaching >100,00@ld in Pesqueira and America
Dourada(Silva et al. 2016)

As with other South Americatlerived pests, the opthal developmental
temperature inT. absolutais high; around 3% (Mohamadi et al. 2017)Capable

of producing up to 10 generations per year in tropical climates and under
greenhouse conditions, this pest is adapted to invade. Furthermore, unlike
Spodoptera Tuta is capable of surviving short periods of ndegezing
temperatures, potentially opening its raado a more northerly expansigiBiondi

et al. 2018)
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Figure. 1.&ransnationalgread ofSpodoptera frugiperdavith diamide resistance episodesSofrugiperdandS. exigua
labelled. Diamide resistance confirmed in Brazil and Costa R&dftfagiperdain Shandongjangsu (China) and South
Korea forS. exigualLayout fron{Biondi et al. 2018Data from references in text and CABI invasive pest monitoring.

Figure 1.5Transnational spread dfuta absoluta with diamide resistance episodes labelled. Diamide resistance
confirmed in Brazil, Italy, Greece and Israel. Layout {{Biondi et al. 2018)Distribution datarbm references in text
and CABI invasive pest monitoring; Resistance data(Roditakis and . 2018hnd other references in text.

Figure 1.6Gbbal distribution ofPlutella xylostellavith diamide resistance episodes labelled. Diamide resistance
confirmedin Philippenes, Thailand, India, China, Brazil, USA, Japan, Korea, Indonesia, Vietnam. LBioutiretal.
2018) Distribution data from references in text and CABI invasive pest monitorimgjaRes data fronfTroczkaet al.
2012)and other references in text.
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In 2006,T. absolutavas detected in Spain, having spread from a Chilean population
(Biondi et al. 2018)Subsequent expansiatown the coastal regions of Southern
Europe was rapid. Collectively, Italy, Spain, Portugal and Greece produce some
15MegaTonnes (mT) of tomatoes (2017 data), providing ample-damak for the
new invader(FAO2019) Migration furthernorthward was aided by greenhouse
occupation. The Netherlandsroduces 0.9mT of tomatoes almost entirely under
controlled environments, occupation of which seems to have alloWeabsoluta
populations to expand yeaound in otherwise inhospitable northarlatitudes
(Van Damme et al. 2015The rapid and immediate threat to European tomato
production, and lack of alternative management strategiesyngpted a heavy
reliance on diamide applicatiorifPesneux et al. 2010yhe Chilean populatiothat
invaded Europe was already known to be resistant toefhyoids and
organophosphates (Silva et al. 2011) Unsurpisingly, diamide resistance
development in Brazil was soon mirrored by resistance in Europe. As off2giig,
resistant tomato leaf miner populationsad been identified ingreenhouses in
souhern Italy (Roditakis et al. 2015A year later, CLR resistance was widespread
across ltaly, causing severe control failures in Sicilyten8outh (RR 146@ld and
706-fold, respectively).T. absolutain Greee remained susceptible until 2015,
when a Cretan population quickly developed >320id resistancdRoditakis and .
2018)

By this point, other poplations ofT. absolutehad spread across Europe and on to
Africa and Asia. In 2008, the coastal route had taken them to Morocco, and east to
Turkey by 2009. From there, it was predicted that they would spread te Sub
Saharan Africa and across the rest eiafDesneux et al. 2010Yhis forewarning

did not prevent their onward expansion, howevemd the pest reached Stu
Africa(Sylla et al. 201@nd India(Han et al. 2018 2016. The resistance status of

the African and East Asian populations is not clear, as they presumably disengaged
from geneflow with the European population before the latter developed
redstance. Very severe ctol failures registered in Israel in 2015, with 22,5681
resistance against CLR, may be an independent episode distinct from that of the

somewhat milder European resistan@@oditakis and . 2018)

In the space 010 yearsa little known tomatepest, which was present in jusfo
of global regions dedicated to tomato production, became a menac@0fh of

worldwide tomato praluction (Fig 1.5)Biondi et al. 2018)Forecasts now look
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anxiously toward future invasions. Mexico produces 2mT of tomatoes per year,
mostly under controlled environments, making it an id&aita target (Nations
2019) However, tomato is notdensively grown in soatcentral America, which
currently provides a 4000km barrier between Mexico and California and moth
populations in Columbia, Ecuador and Peru, meaning that any jump would have to
happen via commercial transport or trade. The riskhiat, if this does ocay
invasion of the extensive Californian tomato vines from Mexico will be almost
immediate, as 95% of Mexican tomatoa® @&xported directly to the USAastly,

T. absolutawill very likely invade China. Producing almost athird €S &2 NI RQ&
tomatoes in2017, and with sultropical climates in southern regions, China would
be an excellent habitat for this pest. India has already been invaded, and overland
vegetable trade between India and China is extensive, suggesting thamiyia o
matter of time bebre T. absolutaarrives in China. However, the Chinese
government have taken extensive measures to prevent such a circumstance,
monitoring for the pest at 41,000 stations countrywide, as well as the strategic
deployment of more targted surveillance stratgies by the Chinese Department of

Biological invasions (DBXian et al. 2017)

1.4.3Diamide Resistance in otHepidopteran Species

Regstance inSpodopteraand Tuta species poses a phenomenal risk to the
associated crops in global agricultural systems. However, far from being exclusive
to those species, damaging levels of diamide resistance have also been détected
Adoxophyes honmdtea tortrix), Chilo suppressalisice stem borer)Helicoverpa
armigera (Old world bollworm)and Plutella xylostellaas will be covered below
(Uchiyama and Ozawa 201RAQ014) Indications of low levelsf resistance have

also been reported fo€naphalocrocis medinalisce leafrollerZhang et al. 2014)
Choristoneura rosacear{ablique banded leaf rollerjSial and Brunner 2012nd
Chrysodeixigicludengsoybean looperjOwen et al. 2013)ut will not becovered

further here as they do not as yet compromise diamide field efficacy.

A. honmaij the tea tortrix, is a leaf boring pest of higlalue crops such as tea,

coffee, tobacco, citrus and cac@ABR019) Whilst control via the parasitic wasp

Macrocentrus homora is highly effective in Sri Lanka and India, insecticide

application is required outsidef this range. Diamide efficacy ¢k honmaiwas

tracked over a period of six years following this insecticides introduction in Japan,

with enlightening result§Uchiyama and Ozawa 20148pplying FLB at the RD of
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48ppm gave 96% mortality in 2007, with mortality eatdeclining only gradually
over the following year. Between 20®10 mortality dropped wddenly to just
52%.Application of insecticide at st80% mortality dosage (LD80) is associated
with a dramatically increased probability of resistance emergence, which probably
explains this pattern of gradual, followed by sudden, resistd&dea et al. 2011)

In this case, resistance severity continued meréase in the folloimg years,
reaching ratios of 10%old (CLR) and #old (FLB).

C suppressaliss a devastating pest of rice, boring into the plant stem to cause

WRSHFR KSINIQE 6KSNBoeé (KS adSy o02NBN I NDIS
andsurrounding leavesyield losses have been known to reach 10B#%YER 2019)

as the upper parts of the plant die off, leaves fall and the head becomes shredded.

Believed to have originated in East Aflasuppressalispread across the Pific

islands, down to Australia, and also west across the Silk Road and into southern

9dzNRB LIS® LG KlFa (Kdza O2f 2y INatbriR 2009with2 F (G KS 62 N
West Africa and South America the only major rice producing regions left

untouched. In an attempt to hathe damage, insectides have been frequently

applied, which has selected for resistance against organophosphates, fiproles and

cartap(Yao and et al; 20177 he first wave of diamides were regisd in China in

2008, with baseline susceptibilities of 0.1mg/l (FLB) and 1.5mg/L (@REt al.

2014; Gao et al. 2013Resistance i€. suppressalisas first detected in Hubei in

2013(Committee 2014)Gradual declines in field efficacy followed in eastern China
(spanning HY I Y5 “BKSA2AF Y3 YR {KIFIYREWHGd AY HAmMMZ
42.6 FLB were recorded. Resiance values remained largely constant through

2015(Lu et al. 2017)increasing to RR of 25CI(R by the end of 2016 idiangxi

(Sun et al. 2018Resistance i€hilohas remained moderate and constant oveeth

past halfdecade, with resistant moths remaining (at last check) at least partially

susceptibd (Sun et al. 2018)By comparison, most other episodes of resistance

detailed in this setgon quicklyescalatednto complete control failure.

H. armigerathe Old World bollworm, is a broad range pest that causes especially
severe damage to tomato, soybean, corn and cotton cr{@snningham and
Zalucki 2014)A potent combination of physiological characteristics, including high
fecundity (700 egdfemale), migrational range (1000km/generation), facultative
diapause capability and drought tolerance, give this pest high invasive capacity

across a wide latitude (thoroughly reviewed (ifrembrock eal. 2019). Ranging
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globally from Oceania, Asia, Europe andcafrthe OleWorld bollworm recently
expanded its range dramatically by colonising the New W@#ABPR019) Detected

in Bahia, Brazil, in 201Jay et al. 2013H. armigerais now present in Paraguay,
Uruaguay, Argentina, Bolivia and its presence suspected in Peru, Surinam and the
Dominican RepubliGilligan et al. 2015)The risk of spread into North America is
high, having already reached Puerto Rico, and ipieltoorder incursions already
detected in FloridgKriticos et al. 2015H. armigerais known to be resistant to a
wide range of synthetic insecticid@lcCaffery 1998)urthermore, hybridisation
with Helicoverpa zeaa North Americalosecousin ofH.armigera is expected to
boost genepool size and thereby increase the adaptive capacity of both species to
insecticide sprayAnderson et al. 2019)n response to this threat, multiple teams
have established baseline susceptibility measurements against the
anthranilamides, CLR.iu et al. 2017and CYABird 2016) however bioassays are
yet to report any idication of diamide resistance. The Ryanodine Receptor (RyR)
gene has already been cloned for this spe¢ang et al. 2013bdffering the
potential for proactive resistance detectioneasures based on RyR sequencing.
Frequent monitoring of diamide saeptibility, especially in Brazilian populations is
recommended, both due to the history of lepidopteran diamide resistance
development in this region, and due to the extensive tomato cnhich is a

primary food source foH.armigera(Pratissoli et al. 2015)

1.4.4Plutella xylostella

Ore pest so faomitted from this discussion iBlutellaxylostella and it is pest
without which nobona fidediscussion of insecticide resistance ¢ake placeP.
xylostellais a billiondollar worldwide pest bcruciferous vegetables. Attempts to
control the larvae, and to prevent their notoriously damagtognelling activity,
equates to a gross annual expenditure of u$23bnUS Despite these measures,
Plutellasucceeds in causing US $2.7bn of annual yield losses due to spoilage and
crop damagédZalucki et al. 2012With historical reistance to almost all synthetic
insecticides, this is arguably the most resistant insect species on the pldhaton

M et al. 2016 Sparks and Nauen 2013yssumed to have originated in the brassica
homelands of Europe or Southern Afrieaxylostellanow makes its presence felt
worldwide (Kfir 1998)

It was towards this species in particular that diamide insecticides were initially
targeted. Breaking the inscticide resistance epidemic was an urgent necessity in
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bonus was the extremely high activity Bf.BagainstP. xylostellaEbbinghaus
Kintscher et al. 2007()Troczka et al. 2016fLBwas first launched in the Philippines

in 2006 and subsequently in Thailand in May 2007. However, by December 2008
resistance would develop and control efficacy would be draralfiyiaeduced in

both cauntries. Whilst early cases of resistance merely bordered on control failure
(e.g. FLB 66:fld), resistance ratios quickly rose from 4fofd in Sai Noi, to 4817

fold in Tha Muang, up to 26,66@ld in Pathum Thar(iTroczka et la2016)

Episodes of resistance did not for long remain isolated to the Philippines and
Thailand. In 2011, reports of resistance came from India and Chinazka et al.

2016) followed by a rapidmead west across AsiBy 2013, resistance had reached
Japan, but it also emerged, possibly ipdadently, across the Atlantin Brazil and

the USA (IRAC 33). By 2014, it had spread to Vietnam, Indonesia, Philippines and
Korea(Fig 1.6)Steinbach et al. 2015; Kang et al. 2017; Cho and et al.2018)

1.4.5 The Root of Resistance: Alterations to the Diamide target

The extent of modern global pest monitoring means that new pest invasions can be
tracked with sufficieh accuracy to detect, in some cases, the first entry into a
country, as withT. absolutain Sicilian greenhousgfoditakis et al. 2015More
impressive still were the accurate and precise predictiorasie of future spread

for both T. absoluta(Desneux et al. 201@nd S frugiperda(Early et al2018) One

goal of IRAGto see such population tracking successes mirrored in the context of
insecticide resistanc€Sparks and Nauen 20JL5Efforts to track and predict
resistane spreal are augmented by identifying and characterising the cause of the
resistance episodePossible mechanismgclude cuticular changes affecting
insecticide penetration; behavioural adaptations for avoidance; metabolic
upregulation to speed ugetoxificationand removal and targetsite alterations to

reduce insecticide efficagjRAC019)

Metabolic resistance to diamide insecticides has been thoroughly reviewed in
(Nauen and Steinbach 2016h general, studies have shown that upregulation of

metabolic pathways does not equate to meaningful diamide resistance ratios, on
its own. However, some notable cases of metabolic resistance exist, including that

of a 43fold CLR resistant Chinese gtraif C. suppressalisin which diamide
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susceptibility was restored almost entirely by P450 monooxygenase suppression
(He et al. 2014

By far the most impactful cause of diamide control failisrenolecular alteration of

the insecticide target site by changes in the amina a®quence coding for the
protein, where those changes evolve to increase in frequency within the population
concerned. This phenomenon is known as Ta&jet Resistance (TSR) and it is the
central recurring topic of this thesi3he first incidences afiamide resistance were
discovered to result from an alteriah to the diamide target sit¢Troczka et al.
2012) and the same alteration has latterly been found to have evolved in other
populations around the globéSteinbach et al. 2015)n the decade since the first
evolution of resistance to diamides, a variety of further targig¢ alterations have
arisen. Chapters 4, 5 and 6 of this thesisfw@us oninvestigathgthese alterations,

and each will be prededby a thorough review of the particular alteratiamder
discus®n. Prior to such investigations, it is necessary to establish a detailed
understanding of theprotein target of these insecticidehe target of thaeliamides

is a2.2-megadaltonion channel, crucial to the function of animal muscle cells, and

its name is the Ryanodine Receptor

1.5Diamide Mde of Action

The Ryanodine ReceptoR{R), darge calcium release channel, mediatése
conversion of nerve impulses into muscular contractigbbnghausKintscher et

al. 2006) Bindingof diamides to this channel locksiiito an open coriguration,
causing uncontrolled calcium release, leading rapidly to feeding cessatigscle
paralysis and deattll diamides target the RyR at a region located within the trans
membrane domain, close to the channel porglthough he precise site of
interaction remains unclear, a series of residues between amino acids 4700 and
4955 have been associated with altered binding properties (Skéfor more
information). The importance of this site was confirmed by experiments on various
chimeras made betweeBombyxmori and rabbit RyR These experiments also
revealed an MNerminal region (amino acids 18&90) important for channel
sensitivity toFLB hinting that this region likely connects to thet€&minal region

via the catral core of the structurgKato et al. 2009)Binding at this site occurs
irreversibly (in contrast to most ligasdvhich unbind in a concentratieshependent
manner), fixing the structure into an open configuration. The diamide may form a

physical obstrudbn, possibly preventing rotation of the channel core, prior to
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closing. There is thought to be a slight differenc the mannein which the two
groups of diamides occupy the site, as shown by radioligand st(idizscs et al.
2012) (Ralf Nauen 2019, unpublishedrhis binding site differencean result in
meaningful disparities in fieléfficacy between the compound®.¢(Choet al
2018). The binding site is not connected to thatrghnodine, the pharmacological
probe that gives the receptor its ham@Villiams and Tanna 20Q4This plant
alkaloid, whose insecticidal properties are well known, does nobinbr prevent
diamide binding in any way. Investigations into diamide binding have primarily
been achieved by radioligand bindiagsaysin combination with mutagenesis of
suspected key site@Casida 2018)The lattertype of studyhas been &led by the
evolution and selectionf RyR mutations which have been shown to inhibit binding
to the insect RyRTrozka et al. 2016)Chapters 3, 4, 5 and 6 will return to the
theme of diamide actionuponthe RyRf6 2 6 Ay 3 | RSGFAf SR | 002 dzy i
physiology, below.

1.51 The Ryanodine Receptor

Long before itsignificances the target of a globally impamt class ofnsecticides

was realisedthe RyR has been theibjectof thorough medical investigatn for
several decadesThidargeion channel is a central player in calcium homeostasis
humans which is not only critical to muscle function but atgme regulation and

a variety ofdevelopmentalprocessegMikoshiba 201} Mutationsin the RyR in
humans can lead to an array of severe conditions including Malignant Hyperthermia
(MH) (Zvaritch et al. 2009)Central Core Disease (CGDyy et al. 2010)and
Catecholaminergic Polymorphic Ventricular Tachycardia (GB8¥d)gest al 2007)

each of whichs reviewed further in sectioh.6.5

This section wikummarizethe properties of tle RyRand key information on the
mammalian receptor thatacilitated the study of theinsect channelA recent leap
forward in the state of knowledge on insect Rylse to their role in diamide
efficacy andesistance, has paved the way their study in the samevay as the
mammalian protein. For example, high resolution enymaging structures of
mammalian RyRs can be used as scaffolds for homology models of insect RyRs.
Broad similarities between insechd mammalian tertiary structures, at all but the
most divergent regions or most detailed investigations, largely circumvent the
requirement for an isect 3D structureespecially in the light of recent homology
modelling efforts(see Ch6-Ch¥. Aoning efforts for various insect RyRs allows
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discussion of variability amongst the order, and discussion of genetic regulation, in
a mannerarguably more advased than that seen ithe mammalian literature

(Troczka et al. 2018)

Four decades of medical knowledge on mammalian RwRifestly lays the
foundations for any disussion of insect RyR, such that the two will be discussed
side by side during this introduction. The terRgR1, RyR2 amasect RyR will be
used throughout, where RyR1 refers to the mammalian skeletal isoform; RyR2
refers to he mammalian cardiac isofornandinsect RyR refers to that from any

insect species.

1.5.2 Calcium Homeostasis

Normal cellfunction is maintained by the homeostatic balance of'Ga low
cytosolic concentrations (~100nM), via a variety of pumps and active transporters
which counterthe leak that occurs both from the extracellular space and from
internal stores(Taylor et al. 2009; Berridge et al. 2003he end/sarcoplasmic
reticulum (ER®R in muscle cells is the site of calcium storagarfrwhich calcium
release is radiated by the RyR, along with the inositol triphosphate receptors
(IERs). Just half the size of their neighbougRKP follow a different regulatory
pathway to the RyR and are important in cell developni{&utruichi et al. 1989)n

the context of muscle contraction,dRs play a secondary role

Studies orDrosophila melanogastdrave shown that theC&* regulatory process
described in this section is broadly conserved, albeittackome proteins of lower
importance(Chorna and Hasan 201Bunctional differences between mammals

and insects wilbe discussed.

1.53RyR2

Mammals, on which much of this discussion focubasethree RyR isorms, with

RyR1 expressed primarily in skeletal muscle, RyR2 in cardiac muscle and cerebral
tissue, and RyR@ot discussed herejt low levels in a varietyfaells(McPherson

and Campbell 1993; Fill and Copel@®?2) All isoforms ar@lsoexpressed in non
muscle tissues such &ger and nerves, with variation in transcriptional splicing

allowing tissuespecific expression patterns and functiGfalk et al. 2007)
Nonrml YY I f ALy @SNISoNI GSa -welhwd ScRAERY Hoth of (i & 2
which are expressed in muscle cells, with functibroadly comparable to RyR1
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and RyR3, respectiveMurayama and Kurebayashi 2011; Ottini &t #996)
Insects have just one isoform, although variation in riscriptional splicing
potentially allows moderation of protein function across time and spanea
manner similar to that seen ithe mammaliarisoforms. It is known, for example,
that P. xylostellahas 21 different splice forms, with expression aifthese being

crucial during S1 developme(iroczka et al. 2018)

The nsect RyR shares highest honmavith thehuman RyR2 isoform, and as such

the following discussion will focus on this isoform.

1.5.4 Excitation Contraction Coupling

Mammalian muscle contraction occurs through a highly regimented and repeatable
process called ExcitatiefiontractionCouping (ECC)n which nervous stimulation

of a muscle fibril results in calcium release into the cytosol of that fibril, mediati

contraction of the cell via sliding myflaments(Bers 2002)

As a ervous impulse arrives and permeates the sarcolen{tha muscle fibril
sheath), this caugesNa' channel activation and acetylcholine release. Invaginations
of the sheath, called-Tubules,then transmit theacetylcholine to the muscle cells,
where it activates activating Gal channels (also calledtype Ca&*channels or
DiHydroPyridine Rep#ors) (Santulli et al. 2017)Cal.1 opening allows a small
amount of C# influx from the extrackular space, however this is insufficient to
elicit coordinated contraction. Up to 90% of the required*@aws from the SR,
primarily via te RyR, following a process known ag'@GalucedC&*-Release
(CICR]Fabiato 1977)In this faston, freeC&*in the cytosol is increased by an
order of magitude in a fraction of a secon(Bers 2002)In mammals, RyRs
muscle cellsorm regular arrays, in which the channels are allosterically coupled,
such that near simultaneous opergncan occurPorta 2012) it is not known
whether insect RyR forrsimilar arrays C&* binds to the troponin complexXa
complex of three regatory proteins that is integrato muscle contraction in
skeletal and cardiac muscle, but not smooth musatausing a conformational
changethat exposabinding sites for myosin on thauscleactin filaments. Myosin
binding lead to the formation of anactinmyosin bridge that allowsnuscle
contraction to beginSimultaneously, the evacuation of’Claom the cytosol takes

place. Depletion of SR calcium stores cal®@l closuréZima et al. 2008)whilg

28



the NCX(Na/Ca&* exchanger) and SERCA (Sarco/Endoplasmic Reticuleim Ca

ATPase) pump Edack to the extrecellular space, and the SR, respectively.

On a nacra-physiological level, ECC in insects appears to bditdé¢mo the above
(Takekura and FranziAirmstrong 2002)By contrast, microscopicluservations of
the king scallopPecten maximug¢Bivalvia) found no evidence oftlbules, wth

the SRnstead situated close enough to the cell periphery to make contact with the
2dz0 SNJ YSYONI yS3 glka structurélIOK 078 LI K S WWR® G 20 & S NI
bridging that gag{Abe et al. 1997)However, it appears that insects do possess T
tubules and the neuronahuscle boundary bears phypsogical similarity to that of
insects (Takekura and FranziAirmstrong 2002) Indeed, recent investigations
suggest that insects gsess all the main components of vertebrate striated muscle
(Collet and Belunces 2007(Collet 2009)Like mammals, insects have striated and
non-striated muscle, with the striated (or fibrillar) form required for flighbbmingo

et al 1998; Royuela et al. 2000The function of nosstriated musclehas so far

received minimal investigation.

1.5.5Modulation of RyRs

The entire process of muscle contraction is mediated by changes ih Ca
concentrations, where the RyR is the primary*@agulator. However, it does not

act alone in this roldyut issupported by a host of components that together make

up the RyRmacromolecular complex, as described below. Studies on single

channels have shown that €aoncentration ([C#]) also mediateghanges to the

RyR itself, with channgjating probability (or cannelopen probability, B)

dependent upon freeC&* (Mukherjee et al. 2012)n discussion d% and channel

NBIdzA F A2y S GKS S NMraldahsition béteen thaEBsedNBE (12 GKS
(non-conducting) and open (conducting) state of the channel pore itself, a

phenomenon that occurs stochastically, but is influenced bypiftopensity of the

channel to open, governed by localised factors (e.g. Ca2+MJH, redox, pH)

(see Figure T)® { LISOA FA O f f & the iltkefsd i £Of dichahnpel) NBFSNAR G
which occurs as a resulf the largescale conformational change brought about by

ligand binding.

1.5.6.1Free C& ions
The RyR has the capacitydetect [freeC&*] on both sides of the SR membrane
and R reflects that balance (Fid..7). When cytosolic [fre€€&"] is below 100nM,
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Po iszero. Opening of the-type calcium channel releases ions into the cytosol, as
described previously, increasinggé-C&*] dramatically. At 18M, the channel
reaches its maximum,PAs cytosolic concentrations reach up to #8Q and
luminal concentrationgeach a minimum€Rp, drops sharply, indicating the end of
CICR and the resumption of normal calcium homeostasithud forms a bell
shaped arve (Bezprozvanny et al. 1993yvhich indicates the presence of a
moderate/high affinity activating site and a relatively low affinity (280
inhibition site on thecytosolicside (Santulli etal. 2017) and possibly an additional
inhibition site on the lunmal side(Songet al. 2011) The relationship between P
and [freeC&"] is known to differ between RyRoforms ands certainly likely to
differ between mammals and insec{siwang et al. 2012)Electrophysiological
measurements orD. melanogasteRyRs show a muchriger conductance of &*

ions, for example, despite similar overall kine(iSattelle et al2008)

1.5.6.2 The Macromolecular Complex

RyRs have been referred to @osteric giant§Van Petagem 2014) reference

to their size, but also for the extensive regulatory web surrounding them, including
the macromolecular complex. The list aégulatory components includes
calmodulin(CAM) two FK506ébinding proteins, (FKBP{2alstabin 1and FKBP12.6
(Calstabin 2) and the solule resistanceelated C& binding protein $orcin),
Protein Kinase A PKA, protein phosphatases 1 (PP1) and 2A (PP2A),
phosphodiesterase 4D3 ancalmodulindependen protein kinasell (CaMKI).
Combined, these components help prevent stochastic chanradingy or
Wadzo 02y RdzO0G I yOSQs (G2 3IAYS GKS NBOSLI 2N
component will be described briefly beloand their combined action is illustrade

in Figl.7 A major caveat to this discussion is that the composition of the- RyR
macromoeécular complex in insect muscle cells is not known. Furthermore, insect
Sf9 cells (Ch34 and 6) areunlikely to have many of the accessory-proteins

discussed herand may have other eproteins that are not included here.

1.5.6.3Calstabins an@almodulin Stabilising Céaflow
Calstabins andalmodulin are modulatorfocatedon the cytosolic side of the RyR
complex working together to accelerate the transitiortween high and low £

CaM is a 16.kKDa C# binding protein, and the besttudiedligandof RyR2. With
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Open state probability (P,)

Apo-Calmodulin bound S Ca-Calmodulin bound|
. FKBP126bound (Constitutive)
= Cytosolic [Ca?] (====) +

- Lumenal [Ca?*] (=——) +
Calsequestrin disassociated
RyR Ca?* binding sites occupied

ATP binding sites occupied (Constitutive)

Figure 1.7 RyR2 channel opening is mediated by binding of regulatory ligands, which
LINBGSy G A2y Wt SIRiQa funétiondiifreed[@gfor Hoth shdlunignali A y 3 @
and cytostic sides of the channel. As lumenaP[[dises, calsequestrin (CRRCAE" sites,

and those on the RyR itself, become occupied, leading to CSQ dissociation and channel
opening. As cytosolic [€hincreases, calmodulin (CaM) transitions from -ApaCé&*-

bound form, encouraging chanrabsure. At maximal cytosolic fGasorcin binds to RyR

to prevent channel r@pening.

four C&* binding domaingBabu YS 1985CaM increases channel sensitivity to
[free C&1, increasing Pat low cytosolic concentrations and decreasingfhigh
concertrations (Xu and Meissner 2004js role in limiting Carelease and initiating
channel closure is crucial for mammalian cardiatction (Yamaguchi et al. 2007)
The binding domain sits in theytosolic region, spanning amino acids 368303
(hRyR2.

Calstabinsid in stabilisation of the receptor bgcreasing the probability adpen

or closed configurations. Inthe absence of -calstabin binding, random
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thermodynamic movements of the cytosolic cap translate teequent,
uncoordinated gating, ré dzf GAY &t Sly] FB/SIQ G6KAOK A&
arrhythmias and heart failure in human3he binding site of FKBP is kndiauo T

et al. 2008) and it has been suggested that its stabiliseffects are mediated by
clamping two RyR domains thereby increasing the energy required for

conformational changéefremov et al. 2015)

1.5.6.4Signal limit: Sorcin (closing after{Taverload)

Sorcin, likecalstabin, helps tderminate C&* release, by binding to RyR at high
cytosolic [freeC&"] to initiate channelclosure(Bers 2004; Rueda et al. 2008) its
Cabound configuration, this 21.6 kDa protein alsoeir@cts with other CA
homeostatic components, possibly increasihg activity of SERCA and NCX pumps
(Zamparelli et al. 2010)

1.5.6.5Lumenal regukéon: The Calsequestrin Complex

Prior to muscular contraction, €arelease must be delayed until SR storage
sufficient to allow a full CIGRediated ECC response. Lumenal regulation by the
CalsequestrifCSQ) complex achieves this. Wherd* @aless than 10eM, two
anchor proteins, Triadin and Junctin, bind G8Ghe RyR, minimizing Po in the
process(Zhang et al. 1997As luminal Ca is restored, CSQ binding sites (up to 50
on a singleprotein unit) become occupiedMacLennan and Wong 1971s C&

ions fow back into the SR lumen, thaye initially chelated by CS@ith up to 50
C&*sites on a single proteiftMacLennan and Wong 1970nce these binding sites
are filled, the calsequestrin complex is disruptedeasingtriadin,junctinand CSQ

from the RyRo facilitate channelopening

1.5.6.6 Phosphorylation of RyR2 and regulatory ligands

Phosphorylation sites appear crucial feegulating RyR2 activity. In general,
phosphorylation has been shown &ensitiseC&* release in cell fies, whilst in
single channel studies, & increased in the presence of PRAldivia ¢al. 1995)
Sudies onrabbit RyR2 have shown that phosphorylation aneptiesphorylation
both have the potential to upregulate channel activity, for example causing failures

and arrhythmiagCamors and Valdivia 2014)

The overall picture is complicated by the spected presence of manyws yet
unstudied phosphorylation sitesdust three closely linked sites have been

unambiguously defined, based on the impacts of knockout mutations at residues
32

QX

QX

O



S2031, S2808, and S28ivhichhave been shown to be phosphorylated toyo
kinases, PKA and KZKlI(Takasago et al. 19910f these, S2031 is an exclusive PKA
site, phosphorylation of which is suspected to play a rolenmitihg cardiac cell
proliferation. A nonphosphorylatable mutation at this position is associated with
cardiac hypertrophy(Benkusky et al. 2007)A recent study found thaan
experimental reduction in RyR2 expression results in an increase in phosphorylation
at this site, consistent with its function as a balancing mecharf@uillén 2017)

S28@ and814 are PKAand CaMKildependentsites respectively. These two

sites are in dose proximityand ¥ 2 N | WWK2aLK2NEE FGA2Y

structure and act to upregulate channel adyvin the phosphorylated state
(Wehrens et al. 2006)However, neither site is present in insects,iethhave a
48bp insertion that elongates the phosphorylation loop whilst potentially adding
one novelphosphorylationsite inplace of thetwo that are missing(Xu and Yuchi
2019).

1.6 RyRSequere, Structure an&unction

The RR, already critical to human medicingpecoming an increasingly important
model in agricultural entomology. Functional studies have traditionally relied on
forward-genetic analysis ofliseased states, complemented by eesegenetic
approaches. However, studies have long been hampered by a lack of information

on the structure of this receptor.

The RyhRsS too large and complex to be studied byax diffraction methods and as
such cryeEM isnow the method of choiceln 2012, something of a paradigshift
occurred, dramatically improving resolution of RyR imaging. Ol igtages,
struggling to resolve \&n the cytosolic cap, have beaupersededby sub-4A
structures that resolve even the details of the channel c@ex1.3 cowers the

historyof RyR imagingndthe sudden acceleration in imaging capacity.

Nearatomic resolution structures of the mammati RyRXYan et al. 2015nd
RyRZPenget al 2016havenow been captured. This was achieved initially with the
channel irthe closed stte, bound by FKBP oyanodine(Zalk et al. 2015)put since
then structures in a variety of conformations have been publisladidvith sub4A
resolution in the core regionsles Georges 2016)he capacity for functional study
in mammalshas consequently beemevolutionisal. Previous studies on RyR

diseasedavegaired anew emphasis
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In contrast,insectstructural studies remairdimited. Just one partial corEM has
been achievedLin 2017)but this structure is of limited use without a map of the
channel coreUntil sufficientprogress isnade onimaginginsect RyR mammalian
structures may be used to predict those of ingedProtein alignments show that
human andDrosophilachannels are-47% alike on averag&attelle et al. 2008)
with similarity increasig to >70%around the channel core(unpublished
alignmen). Recent attemptsto extrapolate mammalian thighly divergentjnsect

structuresare not without risk or controversfLin et al. 2019)

This section comprises amverview ofthe channe® structural components a
description of the newlglucidated opening mechanism, and investigations into the

function and location of smaiholecule binding.

Box1.3: Highlightsof imaging studies

1987: First purification and visualisation of human carBigR2 by stainingewed from

top down(Inui et al. 1987)

1992: First images of unstained channel in its entirety, jnme8@aling4-fold symmetry
anda characeristic mushroom shape, widgnsmall cylindrical TM doma({Radermache
et al. 1992)

19922005 hiatusCrientation bias largely prevents improvements in structural ima
(because the protein predominantly lies either-ségie-up or capsidedown). Hbwever,

interadion sites for mostfinot all, of the known RyR modulators were identified du
this time e.g. sites for phosphorylation; redox modification; Calmodulin binding

FKBP12 (immunophilin) bindifege references in text)

2005: the first internal struaral view of the protm achieved, using a perforated imagi
grid to allow the protein to ést equally in all orientation(§amso et al. 2005However,
whilst this view allowed many of the cap structures to be elucidatied structure of the
channel core remained shrdad in mystery. The téate over the number of TM helicg

would not be solved for a further decade.

2012: the first study to report successful implementation of tliedectron detection in
cryoEM (Bammes and al 2012This is an examplof a major techological leap|
immediately fuelling a flood studies angrogress in the field. Previously, each elect
released from the analyte would strike a charged plate in order &woheerted into a

photon ¢ however, electron impact usually results in reledsmaltiple photons, causin
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a loss of resolution as they pass through the CCD detector. Direct Detection Devig

allowed a drastic improvement in resolution.

2014 Imagirg at 6\ resolution allows deconstruction of the largeale cap and arr

movemens involved with channel openigfremov et al. 2015)

2015: RyR1 imaging at sd8 resolutionpublished by 3 separatabsin the same year
Images allow mapping of thehannel coredown to atomic scale, althougmore
disordered regions of the structure still remairpaty-alaninelevelresolution(Yan et al.

2015; Zalk et al. 2015)

2016: Fuldtomic structure of RyR2 publisheddong with description of gating mechami
onan amineacidlevel(Des Georges et al. 201Bighly detailed characterisation of Ry
interactions, based on single particle cBf@ analysiand amineacid sibstitution of key

residues.

2017: First partial crystal structure of an insect RyR, thBtutélla xylostelléLin et al.

2018)resolving just the Xerminal domain.

1.6.1 General Structural overview

Thissubstantia] mushroomshaped channeheasures 278 across the top of a cap
that represent 80% of itsnass and which rests updine SR lumen. The remainder

of the channef® mass is buried within th&Rmembrane as a series of helices
supporting the pordVan Petagem 2014} igands, such as cellular modulators and
other small molecules, generally bind to tleegesurface aregrovided bythe cap
region and enact conformational changes upon the cap structure. These changes
are transmitted to the pore of the channel through complex allosteric coupling
between the four protomers, which move relative to one another. Coltika
helices in the central domaconduct these movements down into the channel core

(Peng and al 2016)

The 2.2zmegadalton RyR structureasganised hierarchically, with over ten distinct
domains interlocking with one another. Functionally, the channallEsplit into

Core and Periphery. First, the central core, composeth@MN-Terminal, Central

and PoreForming Domains (NTD, CD and PEDjpproximately 104 tall and
projectsout of the SR membrane. The Handle Domain (HD), which connects the
Core reipns, also leads outwards toward the second functional region, the

Periphery. Two arms jut outward, at @@gree angles from one another, together
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forming extensive structures composed of Helical Domains (HD) on one arm and
SPRY domains on the otl{des Georges 2016At the base of the central Core, the
PFD is formed by six membrane spanning domains, which lead sequentially inward,
finally terminatingin the Pore itself, and linking back to the rest of the Core through

the GTerminal Domain (CTD).

The Pore, as an isolated unit, resembles channels of other families, stnehkashA
bacterial sodium channéBakhaw et al. 1999)nd thelP;R a related C4 channel

on the SR membrane. The Pore can be expressed autonomously, and maintains its
function as a Casensitivechannel (Xu et al. 2000)At theextreme end of the Pore
sequence, the last 15 amino acids are alone responsible for bonding the four

protomers together into domo-tetrameric unit(Gao et al. 1997)

Whilst the Porecanexistas anindependententity, the function of the Periphery,

and the nonPore remnants of the Pore, is regulataywithout it, pore functionis
heavily impaired, for example the channel does not cloate high C&
concentrations(Bhat et & 1997) Of the channel modulatordescribedin the
aSOGA2Y | 02@S 06 YahEnRwaithih theAc@ogoliddmain.&TeSsige)
of this domain, despite not being required for ion conduction, is testament to the
sheer number of interactions takj placeon this channel. Furthermore, the
Periphery is responsible for organisation of tlbhannel in space and time.
Synchronisation between RyRs is crudial order to raise cytosolic €a
concentration by orders of magnitude in milliseconds. This symghis achieved

by precise spatial organisatiog where channels are allosterically linked
neighbouring channels to form an extensive array. Under such conditions it has
been observed that two or more channels may open nearly simultaneously and

spontareously(Porta2012)

The SPRYSPla/RYanodine receptor) domaingve long been known fatheir
regulatory importance and arelinked to immune responseghen presenin other
proteins (D'Cruz et al. 2013)n RyR1, the SPRY domainesponsible fodirect
Cavl.1l interaction aftean action potential (Tae et al. 2009)however insect

channels do not undergo direct @al couplim, so their role here is not known.

1.6.2 Opening MechanisnAn Overview
In order to fulfilthe variousregulatoryroles described previouslyhe RyRpore-
opening mechanism mugte able to respond to a wide variety of ligand binding

36



conditions.It is nowknownthat the Pore far from being a binary switcts capable
of taking up a variety ofintermediate configurations dependent upon which

combinations of ligands are bouiibes Georges et al. 2016)ior to discussion of

such intermedia S&4> | o061 aA0 RSaAONALIIA2Yy 2F GKS WOKI

(Efrenov et al. 2015)

Opening begins with the occupation of’dzinding sites. Conformational changes
follow, altering the positions of the transmembrane helices relative to thesplio
capandincreasing the average gate diameter. This occurs in th@afirlg manner.

Radial rotation of the Periphery occurs around an axis formed by the Handle

Domain(Peng and al 201B) Y I { Ay 3 | Wa g Adwkdifrgmdabw@ G A2y Q 6 KS)

This movement is transferred from the Central Domain (Bjugh the QGring
(Peng and al 2016a region in which CTD, ,%%d the S253 linker come together

to form an Qlike structure geeFig.1.8). Thusswirling of the cap lead® coupled
outward shifts of the entire poréorming region, as well the transmembrane region
more generally. The Periphery then tilts outward and downward, whilst the pore
contracts vertically and expands outward. The Gate, lwhis formed by
convergencef the four copies of a single residue, swings ofiees Georges et al.
2016)

Gating itselfhas beerfound to be both transitory and stbastic, effected heavily

by random thermodynamic movements which occur independently of protein
conformation. However, the above conformational changes ctarge-scale shifts

in apparatusgreatlyalteringP,.® ¢ KS LISNA2R 2F S| @ikhinW2 LISy Ay 3
a given cellulartate), whilst it is the increased probability of such events occurring

that leads tothe rise in C4 conductivity in response to action potenti@itsapesan

and Williams 1994, ranges from nearzero to neascertainty (PR,=1), dependng

upon the combination obound ligands and moderators which determine channel

conformation.

1.6.3 Opening Mechanism: Detailed investigations

On the scale of the ienonducting Pore region, some 18 height, the largescale
changes described abearefocussed down to minimafptations and shifts. Only
with the publication of neaatomic resolution structures has it become possible to
speculatethe opening mechanism, whilst extensive revegamnetic studies have

subsequentlysubstantiated the avalable evidence These studieshave been
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steadilytaking place since the medical importance of the receptor became clear
(seeo St 296 Wwew I YAY2 I OAR). Hoivév& Niudies & gt Ay
receptor under normal functionality have accelerdtén recent times and are
summarisedhere. Contributions to the fieldhaving occurred on a variety of
receptors including human RyR1, rabbit RyR1, mouse RyR2, and pig RyR2 and RyR3
however, for clarityresidue numbers argivenbased orhumanRyR2 (hRyR2)

this section and subsequentlill of the alteredresidues discusseid this section

are conserved in insed®yR, and indeed across invertebrate ordepmoviding

further support of their functional importance (unpublished data)

The translation of drgescale into smailscale movements, descendingp-
downwardthrough the channel, must logically occur at a fixed pqiatHingeg to
mediate the seesaw motion. One such hingetiughtto resideat residue G4935
(TGQ hRyR2)(Mei et al. 2015) Around this point, which lies sequentially
downstream of the pore, the S6 solenoid can be seen to pivot, in response to
bowing of the Periphery, in order to enact pore clos(bes Georges et al. 2016)

A second Hinge appears to lie upstream of the Pore, at position FABBARYR2
(Peng and al 201@ut it is unclear whether these two hinges operate in tandem,
or whether each operatemdividually depending upon the conformational change

underway.

Once structural changes have been transferred through the Kijgehey are
conducted to the inner Pore through the S6 solenoid. Movements within the Ca
conducting chanel occur on an atmic scale. Viewed from the inside, during open
configuration the walls of the Pore narrow gradually from top downward. This
trend continues down through the transmembrane region until, at the base of the
membranespanning region, the Perreaches its naowest point. This Filter
determines which ionganpass through the channel. In hRyR2, theAXifer is
formed byglycine residues converging from each protomer at position G4864 (Q
hRyR2). Macrostructural movements do not altee G4864 position, buthey do
cause dramatic changes further upwards, to residue 14867HRyR2). This is the
Gate, and the fourdenticalresidues at this position face outwards during channel
conductance, to make gap width of 4A (far wider than the A filter of its
neighbouring residue). However, during channel closure, the four residu@te
and converge inward, dramatically reducing the gap to around, Ouhich is

insufficient space for ion passage, thus closing the Gate.
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It has been argued tha second site of selectivity exists higlgr(more lumenal)

in the porethan the G4864filter. A GGGIG group is present, which is knawn
similar channel¢o act asa seéctivity filter for cations In this case, the region is
followed by an aspartate aha glutamate (D4829 and E4830, GAHBGRYR?2)
residue whose inward facing carboxyl groups limit the width of the channel
significantly(Gillespie 2014)Topographies of the inner surfaof the pore confirm

the presence of this region. Furthermore, in Rabbit RyR1, G4894 (G4824, hRyR2,
GGGIGDE) has been identified as the narrowest regiohdéropen channke(Des
Georges et al. 2016)f the position of this selectivity filteis variable between
species and isoforms, the role of the 14867 as the Gate appears to reoratant,

at least in mammalian channels.

1.6.4 Cdciumand Caffeine: In searchabinding site

The RyR gating mechanism is controlled by binding interactiomgh small
molecules C&" is the primary regulatorpossibly requirindATP but affeine, the
muchused experimental modulatorgan mimic the action of Caand is thus
expectedto partially share a binding site. Together, these molecules influence pore
width. Sitel4867¢ the Filter¢ can be seen to open wider and wider as bindingssit

for these molecules fill up. Ithe presence ofC&* only, pore width increases
minimally, sggesting a requirement for ATP binding in tandem. Caffeine binding is
alsoknownto have similaeffectson pore openingin the presence of caffeine but
absene of Ca' pore width is similar to that in the €aonly state. Maximum pore
width is achieved ¥ binding of CH, ATP andaffeine together, suggesting that alll
three have independent and additive roles to play in opening of the chaes
Georges et al. 2016For each of these molecules, arrays of interacting residues
have been identified through reverggenetic study. Only very recently have these
studies, in corhination with highresolution imaging, allowed confident
investigation of these sites. As wile Iseen, for all three molecules, residues of
interest are clustered tightly around an area known as ThamdbFingers (TAF).
They therefore sit at the interfacketween CD and CTD, right at the heart of the

integral Oring region.

1.6.4.1 Cdcium
Myofibril excitatiorrcontractioncoupling requires rapid and synchronised release
of C&" from internal stores, triggered by minute increases in cytosolic-Ge#, as

brought about by channels on the cell outer membrane. Thus, cytosdlis&leing
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is of fundanental importance to channel function. Each protomer of the RyR
contains an ERands (EF) group, situated close to the TAF, in the CDEFgieup

is a welknown C&" binding site on various proteins, including Calmodulin
(Kuboniwaet al. 1995)and was thus unambiguously stated to be thé'Gansor

in RyREremov et al. 2015)However, recent deletion of thentire EF motif (4026

4062, hRyR2) had zero impact on cytosGli activation (Guoet al. 2015) Two

earlier studieshadimplicated a glutamateesidue just upstream of the EF hands.
Alteration of E3987 @G hRyR2) reduced sensitivity to cytosolié*Gativation by

a factor of 1000 to 10,000Chen et al. 1998; Li 200Becent atomiescale imaging

has now allowed pinpointing of this site directly on R{Rds Georges et al. 2016)

As shown in Fi$).8(d) The caboxyl groups of E38(TEG)and E3967(TEY) of the

CD, press up against that of T5001, of the CTD (3848, 3922 and 4931, hRyR2).
Interestingly, the previously identified site is notvolved, despite the dramatic
phenotype. This indicates again the importance of theGJID connection in the-O

ring domain,in that alteration of residues here annihilates channel function. Since
then, the G2* site has been clarified still further, with éhinvestigation of W4645

(YWD hRyR2). This residue appears to act as a moveable lock, which mediates
changesinCao A Y RAYy 3 LINRPOIFOAfAGE dzy RSNJ OKI yySt W
(Murayama 2018)

QX
(s}

Whilst cytosolic C& sensng is important for RyR opening, closing of the channel
requires a lumenal sensor toteract with CSQ andetect store depletion. A second
function of this site is to detect store overload, whichcalsas the capacity to
stimulate channel opening. Logically, this site should be located on the lumenal side
of the channel and indeed recent studies focus on doreglistinct from those
above. E4872 (&, hRyR2) is nothought likelyto play a role in luranal C&
sensing. Firstly, ablation of this site abolisHesienal, but not cytosolic, Ca
activation of mouse RyR2. Further, swapping this residue faistadine, which
binds metal, converts RyR2 to a lemal Nf*-gated channe(Chen et al. 2014)
Furthermore, mutation of a nearby residue, E487&0Q hRyR?2), also reduces
lumenal C#' activation. Channel movement during opening appears to show E4878
moving toward E4872 (hRyR2Xuggesting that Camay initiate the structural

transition by pullinghis residue inwardPeng and al 2016)

1.6.4.2 Caffeine
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Caffeine is an important experimental probe of RyR functiappeaing to
stimulate the receptor in a Galike manner. This suggests it may occupy, at least
partially, the C&" binding site(Murayama 2018)In RyR2, D4868 and E4872 are
known to interact with caffeine, based on mutatiaf these residues which
dramatically diminisascaffeire efficacy(Chen et al. 2014Both of these residues
are also implicated in cytofio C&" sensing.Mutations C4888H, C4891H, and
H4908C also completely abolish the activation of RyR2 by caffeine, although it is
thought that this has more to do witbonnectivity between the zinfinger domain

in the TaF regiorfPeng and al 2016W4645 is a crucial site for €ainding,
however alteration of this residualso affects potentiation by caffes which is
thought to bind neaby. Binding of caffeineatises a change in orientation of
W4645, such that the Gasite becomes smaller, and morenergetically
favourableHigh resolution imageshow, unambiguously, that this residue is
included in the binding site, along with 14926\ IhRyR2) from the CTD.

1.6.5 RyR amino acid alterations in disease states: clues to
function

Alterations to channel regions can provide clues to the functionatfribgion. Such
isthe basis of reverse genetics (¢dgmem and Davies 2018yhere alterations are
generated deliberately. Sometimes, hewer, alterations arise naturally through
amino acidsubstitutions and these can be equally valuable. In the context of ion
channels, and RyRs specifically, digsgausing alterations on the mammalian
channel have long been the target of investigatia@sdons learnt from such studies
are discussed briefly in this section, along with their implications for structure and

function of the insect channel.

In humansRyRsre much studiednodels for muscular and cardiac disease states,
due tothe integral rok played by these channels. Three pathologies have received
considerable studyMalignant Hyperthermia (MHE;entral Core Disease (CCind
Catecholaminergic Patyorphic Ventricular Tachycardia (CPVT). All three are
associated with amino acidubstitutiors n the RyR. As will be seen, profound
phenotypic effects arise due, often, to just a single point mutation. These cases

represent an opportunity to dissect thariction of the surrounding protein regions.
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Figure 1.8a) Amino acid sequence and key domains of rabbit RyR1, as recently resolve
Yan et al. (2015)NTD(N-Terminal Domain); SPRY1/2/3 (SP1la/RYanodine Receptor);
(Handle); (HD1/2 (Helical Domain); CD (Central Domain);-E&n(sy;

b) Closeup of the poreforming region, with key positions labelled: LL (Lumenal Loop); P
(Pore Helix); S6 (Solendiyl CD (CTerminal Domain). Critical amino acids are labelled ir
pink (filter and gating); red (hinging); light greerf{€ensing); dark green (caffeine sensing).
See references in text.

c) Graphic representation of tertiary structure of two oppofRy@R sbunits, in dimeric
formation. Structural components are labelled following notation in (A) and (B). Four subur
are required for RyR selfsembly, with portions of the CTD, S6, LL and PH regions converc
along a central column to form the chathpere

d) Two RyR subunits, displaying functionally critical amino acids and regions. LHS: Bit
sites for C# (light green star) and caffeine (dark green stagméy visualised (Des Georges),
Oty 06S aSSy G2 02y @SNBES yowmemrifidal residutsBaBeledl,y
following notation in (B). Lower RH panel: The four regions of medically important mutatic
are labelled (CPVFLE . f I Ol 0® adzil GA2ya Ay GKS&asS N
MH is characterised by sustaineddauncorrolled C&" release from RyR1 within
muscle cells, in sponse to volatile anaesthetics such as halothane. Locked into a
semicontractile state, muscle metabolism rises sharply, leading to {oildf heat
and lactate (Larach et al. 2010)Homeostatic removal of lactic acid causes
reductions in blood pHyr acidosis, which can be fatal. Mutans aseciated with

MH are clustered in the NTD and have been shown to weaken the cohesion of the

LINEGSAYSES 6AGK GKS NBa&dzA (i presdinably diolingLILIA Yy 3 Q 2 F

unregulated channel gatin@Zvaritch et al. 209). Such findings deonstrate the

importance of NTECD connectivity in regulating channel gating. It has been

4dza3SaGSR GKFd GKS NBIA2Y F2N¥a | WDFOGAYy3I wah

NTDs of the four protomers coming together to lock the chaimtelits closed state
(Van Petagem 2014)

CCDis a rare disorder resulting in various degre®f muscle weakness during
infancy, which may persist through adolescendeéis recognised byn altered
Y2NLIK2f 238 2F YdzaOt S FTAONBA O2ifténbitk YAy 3
and localization Lesons andthe resulting weakness are associated with severe
reductions in Cdpermeability, such that the ECC process is slowed or prevented
altogether. In one case, a single point mutatioausing d4895Tsubstitution was

found to completely abolish Epermedion (Loy et al. 2010)Iit was later learnt

that this residue is a key component of the selectivity fift@Hespie 204), and this

position is very similar to filters in some bacterial potassium chan@eisr 160
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causative mutations have been identified for MH, and 100 for CCD
(http://triad.fsm.it/cardmoc/ (accessd 02/07/19)).

CPVT is characterised by a Ry&liated C& leak from the SR during resting phase
(Santulli et al. 2015)If the leak is severe, depolarisation of the muscle cell may
occur arrhyhmically and spread to neighbouringuscle tissue across the heart,
causing potentially fatal cardiac arre¢Blayney and Lai 20Q9)The exact
mechanisms behind this leak vary depending upon the mutation Adeances in
cryo-EM mappingallow the resolution of clusterof CPVAtausing mutationsnto

four specific structural domaingsee Fig 1.8d). In this case, and for all three
diseases, mutations are clustered at interfaces between protoniéusg et al.
2010; Van Petagem 2014yvhere they disrupt channel quaternary structure and
thereby prevent proper regulation. Secondarily, disesslated mutations are
clustered at the activatiomlomain, where they either disrupt Easensitivity, or
prevent necessarilgnodulation by accessory proteins. It has recently been shown,
in RyR2, that the CP\MIsease mutations can almost all be explained in terms of
disruptionof intramoleculaiinteractions Those in CPVT1 tend to lie on connections
between NTD and Handle, fekample whilst those in CPVT2 are between the CD
and HD(Peng and al 2016Pomains with high interegional connection appear to
contain the greatelsshare of diseaseausing mutations across all RydRated
conditions. Thiss exemplified by the @ing, whichhasmore than 10% of recorded

mutations, despite representing a tiny proportion of total chanmglss(Figl.8).

Analysis of Ryfiseasenutationscan playa key role in dissecting channel structure
andfunctionand has been the starting point for the majority of studies discussed
in this section For examplea previously characterised CPVT mutation, W4645R,
wasrecentlyused as the springboafdr an investigation that eventually uncovered
part of the C& binding sie, as well as the mechanism dfiannel activation by
caffeine (Murayama 2018)Whilst diseaseausing mutations have informed RyR
channel studies in humans, channel studiesnsects have been informed by a
different type of amino acidlange. Resistance to diamides is now known to be
primarily mediated by amino acid changes occurring @Gterminal locationclose

to those hotspotsdescribed in Figl.8. The remainder of thighesis will concern
such resistanceausing mutations, theirmpact upon channel function in the

presence and absence of diamide insecticides.
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Chapter2: Methods

2.1 General Methods

2.1.1Genomic DNA extraction

The protocol for DNA extraction frorD. melanogasterwas modified from a
Berkeley Drosophila Genome Project (BDGP) protocol. Centrifugation steps take
place in an Eppendorf 5424 centrifuge at 12,000 rcf at RT for 15 minutes, unless

otherwise stated.

Groups of 120 flies were frozen at20°C ina microcentrifuge tube, and ground

daAy3 | LXFAaGAO Y2NIFENI Ay wnn>f . dZFFSNI ! 6
samples were incubated at 65°C for 30 minutes to allow for cell lysis and release of

nuclear DNA into solution. DNA precipitation was achiehedd RRAGA 2y 2F nnn>t
Buffer B solution, mixing, and incubation on ice for 10 minutes. The samples were

centrifuged, and the supernatant transferred to a new microcentrifuge tube. In

2NRSN) (2 OftSIy (GKS 5b! &l YLX S&ax nun>t AazL
centifugation, and disposal of the supernatant. For final rinsing, 1ml cold 70%

ethanol was added, the samples incubated for 3 minutes at RT and centrifuged for

5 minutes, before disposal of the supernatant. This rinsing step was repeated. The

final remnants2 ¥ SGKFy2f 6SNBE NBY2OSR gAGK | wmn>f |
incubated uncapped for 10 minutes to allow the pellets to air dry, before
NBadzalLlSyaArzy Ay om>f RRI

2.1.2RNA extraction

The protocol for RNA extraction frob. melanogastewas modified froma CGB
protocol (Bogart and Andrew22006). Centrifugation steps take place in an
Eppendorf 5424 centrifuge, at 4°C and 12,000 rcf unless otherwise stated.

Incubationsteps are at RT, in a fume hood, for 5 minutes unless otherwise stated.

Groups of 510 flies were flastirozen in a microcentrifuge tube, and ground using

I LI FAaGAO Y2NIFNI AY Han>t GNRAT 2t F2NJ o YAYd
followed by centrifigation for 10 minutes to pellet out the insoluble matter. The

AdzLISNY Gl yd odmrtndzAZ 0 61 & GNIYAaFSNNBR G2 |y
chloroform and shaken vigorously by hand. Incubation was followed by

centrifugation for 15 minutes to separate oute solution into a lower fat phase
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and an upper aqueous phase. Using full aseptic technigue and RNAse free

equipment, the aqueous phase was transferred to a new microcentrifuge tube,

ensuring not to contact the fat phase. RNA precipitation was achievedidiyion

2F mMnann>t AAa2LINBLI y2f3 F2{t26SR 08 AYODSNRAZY?
YAYdziSdad ¢KS adzLSNyYylFdlryid 6Fa RA&AOFNRSRI pnn>
the sample centrifuged at 7500rcf for 5 minutes. The supernatant was again

discarded aR | wmn>f LIALISGGES dzaASR G2 NBY2@GS lye N
sample. The sample was incubated uncapped for 10 minutes to air dry and

NB & dza LISY RSR freeyqOp m>f wb'! a$

2.1.3cDNA synthesis

Total RNA was used for cDNA synthesis using the Thermo fsci8aoperScript 111

Firststrand cDNA synthesis kit. 5> 3 2 F GSYLJX I 4GS wb! o6 G&LIAOI ¢
GAGK m>f 2F 2t A3260R¢0HnNn: m>t 2F mMn Ya Rb¢t Y
dTTP at neutral pH) and nucleaBeNBE S 4 G SNJ 0 G2 YunieSnadzLd (42 wmo>f
1.5ml Eppendorf tube. The mixture was incubated at 65°C for 5 minutes and then

L I OSR 2y A0S T2 NXnuN¥VRIZOIF FENE Pt p 2 FCxNEmi
RNaseOUT Recombinant RNase Inhibjidrermo fisher Scientifid) Yy R M > f 27
SuperSapt 11l were added and mixed by gently pipetting up and down. The final

Hn>f YAEGAINB 6+a AyOdoml G§SR G pnc/ F2NI m K2
heating to 70°C for 15 minutes. cDNA was store@@tC.

2.2 Polymerase chain reaction (PCR)
All reactios took place in standard 0.5ml thimalled PCR tubes, in a Bkad C1000

Touch Thermal Cycler.

2.2.1Primer Design

Primers were designed to have the correct melting temperature, molecular weight,
% GC content and restriction sites. OligoCalc (in Genisas)used to ensure
optimal parameters (Kibbe, 2007). The primers were usual@®@ucleotides in
length with a GContent of 4060% and a melting temperature (Tm) of-60 °C.

All were synthesised by Sigma Aldrich.

2.2.2Standard PCR
Standard PCR rea2ty’ & dziAf AASR MH®dp>f C¢KSN¥Y2 {OASYGAT
LI2f @8YSNI a4S> wm>f 2T RbCt YMSEES 2vB f MR F> av AINSGS N
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primer, lH >f 2F 5b! YR A0GSNRARES 4FGSN) dzLlJ G2 wHp>t
depending on the primers and the laihgof the amplicon. Initial denaturation was

carried out at 95°C for -2 minutes. This was followed by -35 cycles D

denaturation (95°C for 30 seconds), annealing-@5%C for 30 seconds) and

extension (72°C for 1 minute/Kb). The final elongation wasezhout at 72°C for 5

minutes.

2.2.3Highfidelity PCR
Highfidelity PCR with BioLabs Phusion DNA Polymerase wat foselong

amplicons or when very accurate amplification of the DNA sequence was needed.

The reactions were done in 0.5ml thivalled PCRdzo S& 'y R O2y il AySR n>ft

t KdzaA2y . dzFFSNE non>f 2F Rb¢t YAEZT wm>f 2F ™
reverse p SNE dzLJ G2 wpn y3 3ISy2YAO GSYLXFGS 5b!

t KdzaA2y 5b! t2ft&YSNIasS yR aitSmmasad o GSNI dzLJ
98°C for 30 seconds followed by 30 cycles of denaturation (98°C for 10 seconds),

annealing (4572°C for 30econds) and extension (72°C for 30 seconds/Kb) with a

final elongation at 72°C for 10 minutes.

2.2.4Sitedirected Mutagenesis by PCR

Introduction of singular and multiptaucleotide alterations upon DNA sequences,

in-vitro, was achieved by PCR using thgilekt SiteDirected Mutagenesis

QuikChange kit. Primers, containing the desired alteration, were designed manually

according to the Agildrguidelines and were 285 bases in length. OligoCalc was

used to avoid selfomplementary sequences, to ensure Glitent was at least

nek: YR GKS ¢Y ga Fta Ot2asS G2 yne/ Fa LlRaa

parameters.

PCR reactions occurred inthinl £ f SR t /w (dzo6Sa ¢AGK p>ft 2F ™
doubled G NI YRSR 5b! GSYLXFGSST ™modwpmef (1051 OK 2F T2
>a0X m>f 2F Rb¢t YAEXZ YIRS dzJ G2 pn>ft 6AGK
ONARSTFte @2NISESR FyR OSYGNATdASR o0SF2NB (K
polymerasgAgilen). The initial denaturation step was 95°C for 1 minute, followed

by 18 cytes of denaturation (95°C for 50 seconds), annealing (60°C for 50 seconds)

and extension (68°C for 1 minute/Kb) with for a final extension of 68°C for 7

minutes. For each reaction, the average Tm of the two primers was typically

between 6575°C. Followinghe PCR reaction, the plasmids were digested with
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5L L dzaAy3a wm>tkNBFOGAZ2Y |G otc/ F2NJ m K2 dzN

mutated, supercoiled dsDNA.

2.2.5PCR product purification

PCR product purification was carried out using the Qiagen MiniEluby leitiding

five volumes of Buffer PB to the PCR solution, mixing, applying to the QIAquick spin

column and centrifuging for 1 minute at 10,000 x g. The DNA bound to the column

6l &4 GKSY 61 KSR 6A0GK Ttpn>f 2F . dZFESNIt9 I YyR
OSYiGNRTFAdAS SyadaNBR (KS O02YLX DwsdstedBY20 f 27

added to the column and the DNA eluted by centrifugation.

2.2.6 Agarose gel electrophoresis

The size and quality of the PCR products were assessed by agarose gel
electrophoresis The gelsvere made by diluting Thermo Scientific agarose in 1X

TAE (Tri¢\cetateEDTA) buffer Appendix,Recipes). Thenixture was heated to

>85°C and maintained at an elevated temperature for >1min/100ml to dissolve the

agarose, before being allowed tmol slightly prior to the addition of ethidium

ONBYARS G2 | FAYylLf O2yOSyidN}iGA2Yy 2F ndn >3IAKY
to introduce wells for the nucleic acid samples. Samples were mixed with
ONRBY2LIKSy2f o0fdzS RS wHBINRR#O4: | ¥Rl R/ IAREN/X
YR NXzy Ff2y3a8ARS | ¢KSNX¥2 {OASYGAFTFAO DSySwc
2F fFTRRSNI gAGK m>f 2F ¢ t2FIRAYy3 Re&S FyR n>f
a 5cm x 7cm 1% agarose gel were: 70mV; 100 mAgidste run time. To visualise

large bands >7kb, the agarose concentration was increased t2%,5wvhilst to

visualise small bands <500bp the agarose concentration was reduced@0/6%.

The resulting DNA bands were visualised on a Gene Genidsx@jing Sysm

using the Syngene UV transilluminator.

2.2.7Extraction of PCR products from agarose gels

Gel extraction and purification of PCR products was done using the Qiagen QlAquick
Gel Extraction Kit. The gel was placed on a UV light box and the DNA fragments
were excised from the gel using a clean, sharp scalpel. The gel fragment was then
weighed in a 1.5ml Eppendorf tube, 3 volumes of preheated Buffer QG were added
(where 1mg equates to 1ml) and the tube incubated at 50 °C for 10 minutes with

vortexing every 2minutes to help the gel slice to dissolve fully. 1 volume of
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isopropanol (corresponding to the weight of the original gel slice) was then added.

The sample was pipetted onto the QIAquick spin column and centrifuged at 16,000

x g for 1 minute. The flowhr2 dzZ3 K g+ a RA&OI NRSR | yR | FdzNIi KSN
0dzFFSNI vD ¢l & FRRSR (2 NBY20S lye NBYIAYyAy3
Buffer PE was applied to the column membrane and centrifuged for 1 minute. The

sample was then centrifuged for a further 1 mia to remove any remaining wash

buffer. 30p n >t  y-ile® iv&dr W added to the column and allowed to

permeate the matrix for 5 minutes before centrifugation for 1 minute to elute the

DNA.

2.3 Molecular Cloning and Transformation

2.3.1Plasmidassemly by endonuclease digestion and ligation

DNA fragments, amplified by PCR and gel purified, were ligated into the appropriate

plasmids, selected according to the subsequent use of the plasmid, the size of the

insert (Kb) and the availabilitgf complementay restriction sites. The plasmid

vectors were linearised by digestion with appropriate restriction enzyme(s) using

IKS ¢KSNY2{OASYGATAO ClalsAa3sald aeadsSyeo C2NJ
O2YO0AYSR gAGK m>f 28ICh3flidest@écabBiir@®s50 Syl evYSo
d2ftdziA2y YIRS dzLlJ G2 wn>f GgAGK AGSNRES 41 GSNJ
C2NJ SYGANB wéw LXIAYARAE 2NJHmMnlo LEIAYARAS
NBAGNROGAZ2Y RAISAG 27T tymewashsBdRrdgliled = n®H>3 5b
the FD enzymes were subsequently inactivated by heating for 5 minutes at 80°C.

The digested samples werenaysed by gel electrophoresad DNA bBnds of

correct size extracted

Digested vector ané’CR fragments were ligatedgether asfoR g a @ m>t ¢n 5b!
fAIFrasS FtyYyR m>ft ¢n fAIFAS . dzZFFSNI 6SNB O2Yo6AyS
GKS &az2fdziAzy YIRS dzLJ G2 wHn>f gAGK aGSNRES 41
was maintained below 20ng/ul and a 1:1 molar ratio ofteednsert wasensured.

Ligation occurred for 2h at RT and the new plasmid construct transformed

immediately or refrigerated at 4°C overnight. Ligation of Px&yfRaining

constructs fragments follows a modified protocol, as detailefeiction2.5.

2.32 Concentratiorby Ethanol Precipitation

In some cases, concentration of the ligation reaction was required prior to

NI yaF2NYFGA2Yy® w>t &2RAdZY FOSdGLdGS o6o0alb 41 a
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YR YAESR Ay 3ASyifeéaod cn>hesdsidnikhe Slution y2f 6 pdiz 0
gently mixed ad then incubated on ice for 15 minutes (or overnight, time

permitting) to precipitate the DNA. The solution was then centrifuged for 30

minutes at 2C and the resulting DNA pellet rinsed with the addition of 70%r&ih

The sample was centrifuged brieflg ensure pellet stability, the ethanol rinse
RAAOFNRSRX YR NBYFAYAy3a SiGKFIy2f NBY2OSR gAl
to contact the, potentially invisible, pellet). The sample was incubated uncapped

for 10 minutes to air dry, before resuspensiom HO (volume dependent upon

application).

2.3.3Bacterial transformation

Ligated plasmids containing inserts were transformed into bacterial hosts using
Agilent Technologies XL-Giold Ultracompetent Cells (>10kb) or XL1 Blue
Competent Cells (<10kb).

Transformation using XL1Gold Ultracompetent Cells was according to the

following steps: 1 roundbottomed 14ml falcon tube per transformation was pre

chilledonice. TheXLm2 f R OSfta 6SNBE GKIgSR 2y AOSZE |yR
Tt O02y ( dzM&captosthahol viaF added to each tube and the tubes

swirled gently. The cislwere then incubated for 10 minutes, mixing gently every 2

YAYydziSa® w>f 2F fAILGSR LIXFAaYAR g6 a | RRSR ¢
ice for a further 30 minutes. The tubes were then heat shocked in a 42°C water bath

for 30 seconds and placed dife¢ @ 2y AOS F2NJ warMedyRizi Sad pnn>
medium was added and the tubes incubated at 30°C for 90 minutes with shaking at

225250 rpm.

XL1 Blue competent transformation follows an identical protocol except that the

duration of heat shock was 45s.

2.3.4Transformation Validation and plasmid Propagation

Two LB plates, containing the appropriate antibiotic selection (ampicillin for

t O6b!l odmMT 1 S8S20Ay F2NJ LIL%klpOZ HSNBE &LINBIR

transformation solution, respectively, and incubated 30°C for 184h (RyR

containing constructs) or 37°C for -18h, or until colonies were sufficiently

established to visualise a range of colony sizes. Individual colonies were picked with

I H>f LIALISGGS GALID /2t 2y ASavnyt Ondil GALA 6 SN

YAESR @Al NILARt&@ LALSGGAYT dzZl) AR R26y dzaAy
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was aspirated for further propagation, and the tip (with solution) placed in a 14mi

FIL 02y (dzoS O2y Gl AyAy3a nYf [. oN&BIK YR H>f
was incubated at 30°C for 48h, in a shaking incubator at 2250 rpm, until
adzZFFAOASY(Gfte GdzNPAR GKFG GKS wonf GALI 6l a y2

The remaining ColorA:0 solution was used for P@Rlidation, following the steps
outlinedabove (2.2 PCR). Two to three reactions were prepared for each colony

to be validated, with each reaction assaying for a different part of the RyR
sequence, corresponding to thetlrminus, middle, and @rminus (primer pairs
1,7,13nappendiy. ForS I OK NX I O A 2H03vasadded irgpfce bfzhe 2 y &
DNA addition step.

2.3.5Plasmid purification

To isolate plasmids of higburity from propagates of colonies validated to contain

the correctly ligated sequence, the QIAGEN QIlAprep Spin Miniitepas used.

After incubation, the bacterial overnight culture was pelleted by centrifuging in the

falcon tube at 4000 x g for 20 minutes at 10°C. The supernatant was discarded, the

LISt £SO NBadzZaLISYRSR Ay Hpn>f wSaexddlJSyairzy . dz
thoroughly until the pellet was fully dissolved before being transferred to a 1.5ml
9LIISYR2NF (dzoSd /Stt feara sla O02YLIX SGSR dza A
the tube 46 times until the solution became clear and homogenous. The lysis

reaction was allowed to proceed for 5 minutes and was then terminated by the

I RRAGAZ2Y 2F opn>ft 27F bSdzi NI (-GtinesiThe y . dzF ¥ SNJ
solution was then centrifuged at 16,000 x g for 10 minutes and the supernatant

decanted onto a QIAprep spcolumn and centrifuged for 1 minute to bind the

5b!l & ¢KS O2fdzYy 614& (GKSY 61 AaKSR 6AGK pnn>f 2
YAYdziSET YR |y FTRRAGAZ2YIE 6l aK gAGK Tpn>ft 2
minute. The column was then centrifuged for ather 1 minute at 11,000 x g to

remove any residual wash solution and dry the membrane. To elute the plasmid

5b! s GKS O2fdzyy sl a LI OSR Ay | wmMopYf 9LIISY
applied to the membrane, the column incubated for 1 minute at room terafure

and then centrifuged for 1 minute to elute DNA into the tube. The quantity of the

plasmid DNA recovered was determined using a spectrophotometer and the

plasmid was stored aR0°C.
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2.4 Final Product Validation and Sequencing

2.4.1 Restriction Fgaent Length Validation

For rapid cloning validation, purified constructs were digested using restriction
enzymes known to create a highly specific and easily recognisable band pattern
(listed in table 2.3) on agarose gels. Digestion by endonucleasesddlfarotocols
described in 2.3.1.

2.4.2 Sequencing
All DNA sequencing was outsourced to Eurofins Genomics TubeSeq sequencing
service. Samples were submitted premixed with the appropriate primer in a 1.5ml

safelock Eppendorf tube. For PCR productsupitailn 6 LJZ mp>f 2F p y3Ik>f

LINBYAESR gAGK H>f 2F mMn >a LINAYSNX® C2NJt/ w LJ

5b! éF& LINBYAESR $6AGK w>f 2F mn >a LINAYSN®
using Geneious, the bioinformatics software platform supplied Bigmatters
Limited.

2.5GeneratingRyR mutant genotypes (with RFCLM as example)

specific cloning strategy for RyR mutagenesis and assembly

During this thesis, a total of 17 RyR coding sequence (CDS) constructs were created,
in addition to the WIPxXRyRrzd G4946FPxRyR constructs already available (Table
2.1). None of the modifications introduced into the WXRyR cDNA were shown

to affect the stability of the plZ vector into which they were cloned, and in all cases,
large quantities of pure plasmid DN/Asre obtained via these methods. This section
contains a summary of the steps taken to create the modified RyR constructs,
referring to RFCLMXRyR (Chapter 6) as an example. Throughout this section,
references are made to the standard protocols (2.1 Gendethods), however it

was frequently necessary to modify the standard protocols when working with the
full-length RyR, in order to improve the success rate, and such changes are detailed

below.

Various complications are inherent during molecular work tba Ryanodine
Receptor, due in part to the sheer size of the receptor. Whilst the genomic region
itself is over 200,000bp in length, the 15,386bp CDS, in combination with a >3000kb
vector, is still sufficiently long that it requires dividing of the CD8 gmaller

manageable cDNA fragments prior to any molecular work (most reverse
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Table 2.1List of RyR constcts generated during this PhD, and their usage herein

# | RyRgenotype Vector Usage
1 | PXRyRNT Piz/H5 StudiedPreviously (Troczka 2015)
2 | PXRyRNT pUAST StableD.melanogastelines created
3 | PxRyR54946E Piz/H5 Studied Previously (Troczka 2015)
4 | PxXBRG4946E pUAST StableD.melanogastelines created
5 | PxRyR4790M Piz/H5 Diamide efficacy assessmentdsicium imaging
6 | PxRyR4790M pUAST StableD.melanogastelines created
7 | PxRyR4790T Piz/H5 None
8 | PXRyRG4946V Piz/H5 Diamide efficacy assessnidoy calcium imaging
9 | PXRyRG4946V pUAST StableD.melanogastelines created
10 | PxRyHE1338D Piz/H5 None
11 | PxRyRQ4594L Piz/H5 None
12 | PXRyFDLM Piz/H5 None
(Multi-mutant)
13 | PXRyRK4700R Piz/H5 Diamide efficacy assessment by calcium imaging
14 | PxRyRY4701F Piz/H5 Diamide efficacy assessment by calcium imaging
15 | PxRyR4790C Piz/H5 Diamide efficacy assessment by calcium imaging
16 | PxRyR54919L Piz/H5 Diamide efficacy assessment by calcium imaging
17 | PXRyR/4945M Piz/H5 Diamide efficacy assesemt by calcium imaging
18 | PXRyRRFCLM Piz/H5 Diamide efficacy assessment by calcium imaging
(Multi-mutant)
19 | hRyR2 pUASt None

54




transcriptasesand polymerases have a reliable extension limit of <13kb). The

separate DNA fragments must then beassembled after mutagenesis (section
2.5.3).

A secondssue is cytotoxicity, which becomes problematic during propagation and

sub-cloning of the RyR sequence Encoli AlthoughE.colitheoretically lacks the

transcription machinery to make use of ti@PIEZ2romoter in the Piz/H5 insect

RyR expressmplasmd, circumstantial evidence in this PhD suggests that some

expression does occur within the bacteria. Notably, bacterial transformations with

PxRyR containing plasmids yield colonies that vary dramatically in their growth

rate. Screening colonies @fryingsize for the presence of the PxRyR plasmid

revealed that those that grow quickest invariably do not contain ther@inal,

pore-forming region of the PxRyR sequence.-RgRaining colonies are invariably

slowgrowing, requiring longer incubatiotimes. Plasmid yield is also reduced in

Table 2.2 Mutagenesis oligos

Mutation

G4946V
14970M

Q4594L
E1338D
14970T

K4700R
Y4701F

14790C

S4919L

V4945M

RFCLM
(MULTI)

Oligonucleotide 1
GGACGTGGCTGTTGTGTGBBETTGAGGAC

GTATCGCTGGCTATGCTGATCGGGTACTACC
GATAATGGACAAGTGCTGATAAAGCCCCACGAGTCC
CTGATGAAGGAGGCAGCTGATGCCCAGATGCCG
GTATCGCTGGCTACACTGATCGGGTACTACC
GTTCTACACCTTGCgGTACGTGGCGCTGG
GTTCTACACCTTGAAGTICGTGGCGCTGG

GTATCGGIGCTtgtCTGATCGGGTACTAGGATTTGAAGG

CTCTTTCCTGTACTtaCTGTGGTACTTCTCGTTCTCTGTGATG

CGCTCATCTGTTGGACGTGGCTaTgGGGTTCAAGACGTTGA(

CCTCGCCAGGAAGTTCTACACCTTGAAGTACGTGGCGCTGG

GCACTCTATAGTATCGCTGGCTATACTGATCGGGTACTACCA
TCCCGC

CGATCACAGACAACTCTTTCCTGTACTCTCTGTGGTACTTCT

55

Oligonucleotide 2
CTCAACGTCTTGAACACAACAGCCACGTCCAACAG

TAGTACCCGATCAGCATAGCCAGCGATACTATAGAG
CGTGGGGCTTTATCAGCACTTGTCCATTATCTTCC
TGCGCABCATCTGGGCATCAGCTGCCTCCTTG
TAGTACCCGATCAGTGTAGCCAGCGATACTATAGAG
CCAGCGCCACGTACCgCAAGGTGTAGAAC
CCAGCGCCACGaACTTCAAGGTGTAGAAC

CCTTCAAATGGTAGTACCCGATCAGacaAGCCAGCGA

GCCCATCACAGAGAACGAGAAGTACCACAGtaAGTAC,
GAG

CCTCAACGTCTTGAACCCCAIAGTOMALAGATGAGCG

No reverse primer required in Lightning Multi Reaction



these colonies, by 505% compared to vectewnly colonies (data not shown),

possibly suggesting selection for lower plasmid enpsnber.

As will be discussed later in this thesis, RsiRted toxicity problems aramplified
within protein expression systems such as eukaryotic cells or entire organisms,
where introduction of the RyR protein is expected to profoundly alter th& Ca
homeostasis of the system, as well as introducing novel, bulky pores into internal

lipid membmanes.

2.5.1 Mutagenesis on individual PxRyR fragments

The PxRyR modifications introduced during this thesis are list€dble 2.2along

with the oligonucleotide sequences used to introduce the change.

Prior tomutagenesis, the 18,177bp WPXRRplZ/H5construct was digested into
five fragments (Fig 2.1) and eaflagment was separately incorporated into a
pcDNA3.1{ vector. All but one of the listed changes in Table 2.2 are to the C
fragment, with E1338D being the exception.

During the latterstagesof this PhDQ prior to the creation of RFCERKRyRAgilent
released their Lightning Multi kit, which allowdkbe introduction of up to five
mutations simultaneoushinto an <8kb plasmid, thus vastly speeding up the
mutagenesis process. The protocol for thigghtning Multi kit differs fromthe
standardonly in primer designivherebytwo or more (up to five) primers angsed
with each primer capable of introducing one oora changes. Uniquely, all five
primers bind to one&DNAstrand, with no complementargrimer binding required,;
instead, the Pfu enzyme extends the sequence from each primer, in Ron
overlapping fashion, before knitting gether the fragments to generate single

stranded DNA plasmid for transformation.

2.5.2 fragment assembly into the pladmnd plasmid propagation
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EcoRV /. Figure 2.1PxRyRonstruct, fragment
assemby and restriction sites used for

Notl
EcoRV
/'\ cutting out and religating.
The WTPxRyRequence was digested into

four fragments, as labelled in the diagram.

--%°" ) Notl b &WINY A Y dzi4D&Elbpa NE Sy 0
amMm O0WaARR{-8%Bmmmsz &St

aH O0WaARRTf 268400> 2 NI
[ OSUNIY A Y dz&682Bbp NB R 0
Vector (plZ/H5) 2900bp

“\\ EcoRl Pvul el
\-ﬁ\ Kpnl EcoRI 4

Having divided up théNT-PxRyR sequence prior to mutagenesis, the four
fragments to be rencorporated into the linearised plasmid vector required
digestion from their respective pcDNA3.1 vectors andissembly into a whole

intact fullHlength cDNA (Fig 2.1). However, this foeemponent ligation, with a final
product size of 18,177bp (in plZ) or 23,876bp (in pUAST), had a low success rate
under the standard ligation protocol. In

particular, he EcoR¥Wlunt endcut site (NM1  Table 2.3 igation ratios for RFCLNM

fragments) was associated witefficient and other PxRyR assemblies

Fragment | Size Ratic Ligation

ligation due to sefHfigation. This, combined _
(Moles) | Ratio

with the necessarily small quantities of eac

fragment in solution, frequently led to the Vector ! .
presence either of construct sequences L5 3
lacking one or more fragments (espdlyiaN or M1 1 2
C) or to constructs containing additional | M2 1 2
copies of the N fragment. A protocol wa |C 2 6

therefore established in order to maximise

success, in whiclihe total DNA concentrationin the ligation reactionwas
maintained at ~10ng/ulEqual fragment molaratios were abandoned in favoof
halving the vector concentration, thereby minimising the presence of vemttyr
colonies. Gragment concentration was increased by an additional 50%, in order to
account for the poreoxicity mentioned previouslyl@able2.3). The Igation solution
wasincubated at 56C prior to addition of ligasend the reactionvas runovernight

at 15°C and the solutiomaintained at this tenperature until transformationto
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Table 2.4AMUTAGENESIS OLIGOS FOR PC/PIZ HYBRID PLASMID SYNTH

Primer Sequence Tag Redriction site
addition

PclplZswitch F AAACGGGCCCTCTAGACT| TGA | AAGCTT (HindllI)

Pc/plZswitch R CTTGGTACCGAGCTAIES | TGA | ACGCGT (Mlul)

maximise stability othe construct. Each ligation productas analysed by gel
electrophoresis in 0.5% agargsenning at 60V for 90 minutes, against a 1kb ladder

and a linearised full length WHXRyR.

It was also observed that the number of successfully transformed bacterial

colonies could be increased by up 16-fold by purification and concentration of

the ligation reaction prior to transformation of the new plasmid construct into

Ecoib Ly GKA& OI-puBfiEd ligatioh mig Was $ekaSidefo? gbntrol

transformath 2y > A GK GKS NBYI AY prgcpitatioy (2.8.2),dzy RSNH2 Ay 3
reRA&daz2f gAy3a GKS 5t CER) (NI Y8G2WNYI hxdyd pn>
XL10gcellsw& | RRSR RANBOGfe& G2 GKS n>f LIJH2NAFASR f

2.5.3 pcDNA3.9)/ plZ/V5His modfied plasmid creation, for fragment

assembly

In order to express PxRyR in Sf9 insect stem cells, a hybrid plasmid vector was

created, composed of the multipleloning-site (MCS) from pcDNAS3:),(plus the

addition of two extra restriction enzyme cut sitespliced into a plZ/\/&lis plasmid

vector in place of the original MCS. To make this new hybrid vector, the pcDNA MCS

sequence was firaimplified by PCR, with thalditional restriction sites added to

the amplicon (primers in Table 2.4). The additwdiindlll and Mlul cut sites at the

PQ YR 0Q SyRAZ NBalLISOGA@Stes fft26SR GKS |
for ligation into plZ/VEHis.

2.5.4 Plasmid Assdaty Validation

Transformed, purified PXRyR assemblies were validated for completendiseeeia

steps: diagnostic digestion; complete amplification; and complete sequencing.

Diagnostic digests were carried out initially as a cheap and immediate method of

validation. The PxRyR plasmid sample was incubated with the diagnostic
58



endonuclease ofhoice (Figure 2.2)forEh 4G F N} GA2 2F nodp>3 5bhb!

Analysis waby gd electrophoresis in 0.5% agarggenning at 60V for 90 minutes,
using a 1kb ladder and a-digested sample of WIPXRyR.

Plasmid assemblies indicating a correct fragment pattern on resticligest were
then amplified in their entirety, as a furtherheck of integrity, in 13 -2kb
fragments (see index for primers) (Fig 2.3a). Finatlgstructs positive for all 13
bands weresequenced in their entirety to confirm the faithfulness of the
Qukchange Pfuenzyme, and rule out the possibility afadvertent insertions

during digestion an@ssembly (Fig 2.3b).

2.5.5 Transfer of Recombinant RyR constructs between vectors
Plasmid vectors used during this PhD include PcDNA3@dIZ/H5 (for Sf9
expression, Ch3,4,6) and pUAST DBoosophileexpression, Ch5yith recombinant
mutagenized RyRs requiring to be transferred frequently between the three. The
transfer strategy from PcDNA to plZ/H5 has been covered above (2.5.3), whilst
strategies for trasfer of PxRyR and hRyR2 into pUAST will be covered here.

A shortcut was employed for switching the PxRyR cassette between insect
expression vectors, based on the observation that two Kpnl sites flanked-the C
terminal fragment, ¥98p upstream andlbp downstream, respectively.
Simultaneous digestion of RFGEMRYFDIZ/H5 andWT-PXRyFPUAST with Kpnl,
and electrophoresis in 0.5% agarose (60V, 1h) gave (&itkls for the @erminal
fragment containing the mutation and either 10,020bp fine plZ/H5RyRor
15,729for the pUASTRYR. Purification and ligation @ie mutation-containing
fragment with the chosen backbondpllowed byE.colitransformation, yielded a
much higher success rate than seen for thgdgment ligations detailed above.
Given that albf the PXRyR constructs studied in this thesis contain altersionly

to the Gterminal fragment (excepting E1338D which was created but not studied),
this strategy was sufficient for all the required PxRyR transfers between the two

plasmids.

59

=N



(@) | PXRYROIZ/HS5 PXRyROUAST
Apal Sall Mfel Kpnl + EcoRl
g 400 650 13661 8451
8 1200 2550 5331 7275
% 3300 6600 3981 6287
% 4000 8300 833 1864
= 9100
Apal 1kb Sal
(b) Ladde

) i) i) i) i) i)
- e ) b hd
— )

[

Figure 2.2ZConfirmation of correct assembly of the RyR plasmid construct by

diagnostic digestion, using one of a selection of endonucleases.

(a) List of diagnostic enzymes and the expected fragment sizes for RyR
contained in either plZ/H5 or pUAST vasto

(b) Example electrophoresis gel, showing Apal and Sall digests confirming the
correct assembly of RFCHMRYR in plZ/H5, with i) Incomplete RFCLM
PXR/R construct (negative); ii) Complete assembly RFHEXRYR; iii) WT
PxXRyR (positive control)
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Figire 2.3 Valdation of assembled PxRyR plasmids by amplification and sequda}iBigctrophoresis bands
following amplification of RFCERARYR by primer pairs1Fxx13 (see appendiXb) Graphical representation ¢
each PxRyR sequence, with bpag numberindi) green arrows representing primer bind positions, correspon
to primer pairs Px2Px13(ii) sequencing traces arfii) coloured schematic of the four PxRyR fragments, as ref¢

to in mutagenesis and assembly protocols ofttesis (2.5.8
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Chapter 3: Validation of the
perfusion Calcium Imaging system
for quantifying diamide response
In Sf9 cells

3.1 Chapter Summary

The goal of this thesis is to establish differences in diamide insecticide susceptibility
between sequence variants of tfiexylostellaRyR (PxRyRccurade quantification

of calcium responses in Sf9 cells for the same purpose has previously been achieved
using FLIPR on cell lines stably expressing PxRyR constructs (Troczka 2015). This
Chapter describes the development and dation of a higkthroughput
Raiometric Imaging Perfusion system (RIPS) approach to enable a more rapid

assessment of PXRyR responses in Sf9 cells transiently expressing PXRyR.

First covered is a determination of the conditions required for optimal PxRyR
channel expression, maximisitige number of functionally responding cells. This is
followed by an assessment of the caffeine response, selection and processing of
adequate responses (as defined below), and a determination of the degree of
variation in reponse between experiments artitbtween sequence variants. The
method employed for diamide response quantification is discussed and diamide
responses of the wiltype PxRyR (WHPxRyYR) construct under this experimental
setup are compared to those establishéd previous studies. Finallg second
experimental setup, the Absolute Calcium Imaging system (AlS), is considered and
compared to the standard RIPS setup in terms of the diamide concentration

responses generated.

3.2The need for a novel method for rdpn-vitro investigation
of insecticide resistance mechanisms

A primary objective of this thesis is to establish the contribution of RyR mutations,
which have been found in various moth populations worldwide, to the diamide
resistant phenotype. In order tdo so, it is necessary to guify the effect of each

of the individual amino acid substitutions found in these diamide resistant moths

on diamidemediated activation of (moth Ry&bntaining) Sf9 cells. One method of
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achieving such a goal is to study awellular C& signalling medited by
recombinant RyR channels. Such a study should ideally be achievable over a time
scale of months, rather than years, to address the continuing emergence of novel

resistanceassociated amino acidtarations in moth RyR&ee Ch4+@&.

Previous pulithed attempts to express insect RyR (from the model species
Drosophila melanogasteand Bombyx moji were carried out using HEK293 cells,
using the pcDNA vector fami(i ato et al. 209; Xu et al. 2000)These examples
built on protocols established by study of the human hRyR2 channel in
heterologous mammalian cell linegGeorge and Lai 2002; George et al.
2004)However, aprevious student at Bthamsted (Troczka, 2013PhD thesis)
found that the HEK293 cell line gave a levePokylostelleRyR expression which
was inadequate to be used for functional characterisation. Furthermore, it was
found that higher transfection loads ceed HEK293 celkath by lysis, possibly due

to the absence of insect RyR accessory proteins in this mammalian cell line. By
switching to using Sf9 cells, which derive from the fall armywddpodoptera
frugiperda functional characterisation of the. xybstellaRyR chnnel was shown

to be feasible Troczka, 2013PhD thesik

Rabbit RyR1 rptein expression had beerachieved previously in Sf2lvia
baculoviral transfectionSf21 is an olde$.frugiperdacelllinewhich generally gives
slightly higher expression tharsi Sf9 counterpart (Antaramian et al. 2001)
However, for a more consistent and reliable intracellular functional
characterisation, a nofytic system was required. InsectSelect (Invitrogen) was
developed to contain promoters OplE2, OplE1l of the baculowmstes, but
circumvened use of the virus itself. Use sfich a nodytic system for insect RyR
expression in Sf9 cells was first documented briefly in a DuPont p@@asper et

al. 2010) and more recently in a peer rewed paper (Troczka et al. 2015The
latter reports the generation of WIPXRyR and G4946&RyR stable lines ofoSf
cells expressing PxRyR. The cells, which are monbalodhéhus, in principle, near
identical to one another, were able to be analysed en masse on the imaging
platform FLIPRFluorometricimagingPlate Reade) in order to precisely quantify

response to diamide insecticides.

Chapters 2 and 4 of this thesism once again, to establish quantitative differences
in the impact of diamide insecticides upon celletaale RyfRnediated response to

caffeine in modikd PxXRyRs expressed in Sf9 cells compared to Sf9 cells expressing
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the WTPxRyR. Preliminary studiesdicated that the magnitude of such
differences, in terms of cellular fluorescence responding to diamide application,
may vary from 100@old in some cassdown to 2fold in others It was therefore
necessary to design an experimental system capable ofvieg such phenotypic
variation. In this case, however, the methodology was also constrained by a second
factor, that of time- specifically the time reqted to generate a relatively large
number of PxRyR variants, all successfully expressed in areihitaclocation, in

order to characterise receptor functionality and diamide response. Whilst previous
studies (Troczka et al. 2015; Casper et al. 20bp)ed to generate Sf9 cells
constitutively expressing PxRRR proteircoding sequence in order to characterise

in high detail singular sequence variants, attempts to repeat the same methodology
here were not considered practical, since this thesis reports upon the generation of
13 recombinant PxRyR constractefecting either genetic variants identified in
fieldd G dZRAS&as 2NJ WENIAFAOALIEQ GFNAFyGaz GKS
will be reported in the following Chapters. As generation of a single monoclonal
stable line takes between-8@ months [Troczka, pers. comm.], assuming optimal
success rate, generation of stable lines for all 13 PxRyR variants would alone

consume the entire duration of this PhD.

The primary reason that previous studies employed monoclonal stable lines for RyR
intracdlular studies is for the consistency in expression level that this methodology
allows. As will be discussed in detail below, transient transfection of Sf9 cells is

associated with variation in:

i) levels of protein expression

ii) cell viability

iii) Fua-2-AM dye loading

iv) RyR distribution within the Sf9 cell

v) RyR functionality in response to caffeine, diamides and other applied agonists.

This variation occurs above and beyond variations that derive from the
fluorescence quantification system erogkd, examples of such systems being
FLIPR; the Ratiometric Imaging Perfussystem (RIPS) employed here; or the
Absolute imaging system (AIS) also employed here (Section 3.5).

66

LJF

N



The study of Biology is oftenc@ntinuous exercise in mimising all variablke but

one: in this case, theC&" signals of cells transiently expressing insect Ryfs
Chapter details a series of experiments undertaken to characterise sources of
variation inherent in attempts to quantify RyR functionality in transiently
transfectedSf9 cdl lines. Where possible, sources of variation are mitigated. In
order to further reduce withitreatment variation, a novel protocol for
classification and sorting of cells by responsade is established. All experiments

in this Chapter are undeaaken onthe P.xylostellawild-Type RyR (WPXRyR with
baseline responses to caffeine and diamide being characterised for subsequent

comparison to other PxRyR variants.

3.3Chapter Specifiglethods

3.3.1 Overview of the experimental system

PxRyRdsareexpresed transientlyn Sf9 cells, the celteededon glassoverslips
and imaged with an inverted fluorescence microscope. The @e#s first
impregnated with a fluorescent andicator and then exposed to RyRtivating
concentrations of caffeine, as wik as to the diante insecticides CLR and FLB.
Cellular fluorescence, upon the release of*deom its intracellular stores,is

recorded and plotted as a function of time. Cells expressing sequence variants of

Agonist solution To the pump
Glass U-tube

(flow on/off switch)
Wr solution

Application hole

coverslip

To the pump

L

- Microscope stage

Perfusion chamber

Microscope lens

Figure3.1 (Provided by Troczka) Pesfon chamber setup with a metattube applicator for

recording of multiple agonist applications. Black arrows indicate flow of a Ringer solution. .

solutions flow directly through the metattUbe under force of grawit with peristaltic pumping

ensuring negative pressure within thetlibe, relative to the bath solution. Electronic closure

the pump outflow causes tube pressure to rise, releasing agonist into the bath solution.
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the PxRyRrecompared in their relative regmses to caffeineand in their relative

responses to the diamides.

¢KS wlidA2YSGONRO L YI 3AuflBes anSrNdrtetamicdstopd @ A G SY 0 Ww
to image cells at 20x magnification (n=2800 per FOV). Cells are seeded upon a

14mm diameter glass sliplaced within aperfusion chamber¢ K S allows{ Q

confocal imaging of hundreds of cells simultaneously, with highly localised and

temporally precise application and evacuation of agonist via tkiebd Reverse

Flow techniqug Ebbinghauintscher et al. 2007)vhilst continuous perfusion of

WAY3ISND&a YSRAdzY LINBGSy(a *os(Figi3.)RELI SGA2Yy 27
intracellularly loaded Furd-AM fluorescent dygThernoFisher) is excited by an

alternating 340/380nMLED beamand is measured by a photodiode detector

mounted on the inverted microscope with a fura filter set. Calculatiorf

ratiometric fluorescencdntensity across the two excitation wavelengths allows

guantification of furabound vs unbound Ga

The Absolutelmaging{ @ a4 SY oOoW! L{ Q0 dziAfArasSa Iy Ay@SN]
Hamamatsu ORA detector enabling imaging at 10x magnification (n=3%110

per FOV). Cells are seeded upon a 5mm diameter glass slgaplathin a Compton

perfusion chamber (Fig 3.2). Agonist application is via bolus drop and rapid removal

FTNRY ad2fdziAzy 61 & y20 LlaairotS: fliK2dAK 02y
place. htracellular Fluo4 (Thermo Fisher) is excited by a contisué88nm LED

beam and absolute cellular fluorescence calculated.

3.3.2 Insect cell husbandry

Frozen stocks of Sf9 cells (Life Technologies) were stored under liquid nitrogen, in
1.5ml aliquots of approximately 1.5xA€ells resuspended in S800 I SFMnedia
containing 10% FBS and 10% DMSO. To initeMecultures, a frozen stock aliquot

Ringer i 17

Agonist Bolu

- T
e

LY

Microscope Ler

Figure 3.Z'lhe Compton Perfusion Chamber used with the Absolggihg System.
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was gently thawed at 3T and transferred to-25 culture flasks. Flasks were placed

in a 27C incubator and left for 1 hour for cells to attach to the bottom surfate

SFM medium containing DMSO was then removetl r@placed with 5ml of fresh
pre-warmed SFM media containing 10% FBS and 50ul of a perstridptomycin
cocktail (50U/100ug/ml). The cells were kept in the flask until they reached
confluence. The cellgiere then passaged as described below, halving RB&
concentration until it reached 0.6% and the cells were ready to use for downstream
applications. Sf9 cells were maintained in a sterile dedicated incubator at a

constant 27C.

The media in near conitnt (9095% cell coverage)25 flasks was remowdeand

AmloffreshnSthbnn LLu YSRALF FRRSR® /Stta 6gSNB RSGl Of
flask by sloughing and tapping the side of the flask. 1ml of the detached cells was

transferred to a new -B5 flask cotaining 5ml of fresh media containing 0.6% FBS.

Near confluent cell cultures were passaged evefyy@ays, with the typical number

of passages not exceeding 30. To scale up the cell cultures 3ml of detached cells

from the T25 flask were seeded into a7bflask containing 12ml of fresh-800 II

SFM medi and the desired concentration of FBS.

New stocks of low passage cultures were made by collecting cells from near
confluent F75 flasks into fresh media and transferring the detached cells from each
flaskinto a 50ml tube (Greiner Bi@ne, Kremsminster,ustria). The number of
cells present was determined by transferring 10ul of the cell suspension to a
hemocytometer for counting. The 50ml tube was then centrifuged at 5009 for 5
minutes, the supernatant reoved, and the cell pellet gently 1®uspended infS

900 Il media containing 10% FBS and 10% DMSO, at a density GfellxA0l.
These cells were split into 1.5ml aliquots and placed B(8C freezer for 24h
before being transferred to liquid nitrogen i storage container for long term

storage.

3.4 Claracterising PxRy#kpressing Sf9 cells response to
caffeineand diamides usindpe Ratiometric Imaging Perfusion
Rig

oPnd®M LRSYIGAFAOINBAYVRFEASOKESY Al DE6A g6 |
selection
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Throughoutthis thesis, caffeine was used to activate recomalit insect PxRyR

channels, via increased sensitivity to cytosdl@*], as is common practise

(Thomas et al. 2004Although caffeine activation does not reflgaftysiological

activation of RyR in native insect musclendnetheless triggers [E§-mediated

C&* release that is both transient and (somewhat) repeatable, without apparent
Oeliz2EAO STFTSOGa 20SN) Iy SELSNEWSY:GiQa RdzNI
check and standardise the RyR functionality of eachinadirder to qualify that cell

for further experimentation. It was thus first necessary to examine variation in the

response of recombinant PxRgRpressing Sf9 cells to caffeine, and to detemni

gKAOK NBaLRyaS Y2RS aMRafIRy HSQ GNBF ISR | a |

Exogenous Ryexpressing cells generally exhibit intercellular variation in RyR
activation C# flow dynamic{George et al. 2003bYhis may be because inherently
RyRnull cells typically used in these types of studies dbpossess the requisite
C&*handling machinery, that are éogenously expressed in native nerand
muscle cells, needed tegulate RyR CGarelease. Such receptor dysregulation is
expected to increase betweetell variation, whilst also potentially meding
cytotoxicity (George et al 2003b) One method of reducing cytotoxicity and
variationis to form monoclonal stably expressing cell lines (as mentioned in Section
3.2) which, by definition, are capable of consistent, long term protein expression
without cytotoxic effects(George and Lai 20Q02However, for the reasons
described above, all experiments in this thesis were instead conduote
transientlytransfected cells, and therefore awarenesglamitigation of between

cell variation became a critical component of the thesis.

One critical observation that was made at an early stage in this PhD Studentship
was that application of caffee (10mM) to a field of view (FOV) containing
hundreds of Sf@ells produces an array of transient respasaig€ig3.3). In order to

make sense of such variation, responses were categorised based on the shape of
their curve. It was observed that cells brdadlivide into one of three response

categories:
Logistic se, logistic fall (Cat A)
Logistic rise, plateau (Cat B)

other (Cat C)
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meaning that cells exhibiting this respent caffeine will be selected for further
downstream analysi The majority of past studies also focus on this response mode
when studying RyRinctionality, with the logistic rise portion of the response an
robust index of Crelease from the ER intdé¢ cytoso(Thomas et al. 2004The

duration of the the CH release is also determined by RyR intracellular regulation
(section 1.5.5as well aNNCX/SERCALpump activity. Cardiac RyR2 transients, in
ventricdar myocytes, are tightly regulated, and have an approx. 1s duration,
suggesting that, in am-vitro context, shorter transients may be associated with
KSI f 0KABNBE ¥V Sl et P01 73Cat A CAresponses to caffeine

typically reach a maximum within8 seconds.

Category BFig3.3, red response curves) probably also reftean appropriate CICR
response, and thus viable expression oRRylowever, the lack of €domeostasis
is problematic in an experimental analysis that relies on sequential application of

caffeine before diamide (see Fig 3.7).

3.4.1.1 A leakpipeline

In fig 3.3, 371 cells are present in the FOV (brightfield, notvehoof which ~70%
have been successfully loaded with FurAM and are emitting sufficient 340nM
fluorescence to be visible in this image. At all points during this thesis, theRéN

refers to the total population of cells visible under the objectiwging calcium

imaging analysis.

- 8.85% (£6.7%, n=4) of these cells, when exposed to 10mM caffeine, exhibit a
response that would be categorised as a caffeine response basecdoofiteriature
(e.g. fornativecells expressing RyiR stabk celllines,(Ebbinghausintscher et al.

2006) 0% of the untransfectedells responded to caffeine.

- Of these responding cells, 5.9% (+3.2%) exhibited the Cat A response (red),
allowing further downstream experiments on thosells. 2.8% exhibited a Cat B
response (blue), indicated by failure to return to close to basakdscence level

within the 30s allotted time.
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Figure 3.3 Visualisation and processing of caffeine responses in transientlyedpRassing Sf9 cellthe scale bar in this

image indicates 100um. PxRyRatructs are expressed ii® $ells under standd conditions established in this Chapter.
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greater than 50% reduction in fluorescence withén30s periodc) NulHransfected cells did not respond to caffeine stimulus
(blue) but did respond to DMSO (yellow).



- On average, 86.5% (+x14%, n=4) of the cells exhibited an increase in fluorescence
when exposed to a higtoncentration of CLR (2M). Null (mock}ransfected Sf9s
registered no visible respoago CLR (Fig 3.3c)

Thus, whilst a high proportion of cells exhibited diamide responsiveness, it is
notable that just 19% of cells in this FOV exhibit the caffeirgponse
characteristics thepoint to PxRyRxpression, and the majority of cells display no
visible response to 10mM caffeine. Selection of cells with 10mM caffeine (Box 3.1)
is thus acknowledged to reduce downstream sample size by a factor tif 380

fold, relative to the totahumber of CLResponding cells. However, it was observed
that caffeine response ewaries with diamide response within a given cell, such
that variation in the former will amplify variation in tHetter (Fig 4.5, Chp4). It

was therefore considered wdrntvhile to only aalyse a consistent sutopulation

(Cat A) in order to minimise downstream variation.

3.4.1.2 Physiological underpinnings of the observed variations remain

unknown

In allthe experiments detailed here, Sf9 cells vary dramatidallyeir response to
caffene (Fig 3.8 Whilst that variation has been successfully quantified and

categorised, its meaning in terms of cell physiology and RyR regulation is not clear

An improvement to this study would be to determine which of the above response

types definitivdy correspond td®’xRyRxpression, and whether expression location

and magnitude varies between cellSFPtagging thePxRyRprotein would allow

visualisation of the proteins location in cells, and crude quantification of the

amount of prdein being expresed (e.g. see Troczka, 204 ghesis). Alternatively,

immunochemical localization of the PXRyR prof&liu and Ashley 2000; Baumann

2000) using lobster RyR antibody may be possibite.the absenceof such

expression characterisations, data on variation in response to 10mM cafeme

WFdzy QGA2ylf &dzNNRIAFGSQd 2 KSYySOSNI WSELINB&a&AZY
Ad NBFSNNAYy3I (G2 WFdzy Ol A2yl fponsBachidiy a SQX 6 A UK
indicates expression (because nwansfected cells have been shown not to

respond).

3.4.2Protocol optimisation to maximize the cat A respam$&RyR

transfectedcells
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A series of experiments were undertak@m an attemptto achieve acaffeine

respasewhich wasreproducible on every level, including:
- within the same cell across multiple caffeine applications

- across multiple cells within the same caffeine application, and across multiple

caffeine applications

- acrosamultiple cells within diffeent experiments, and different transfection

events

The variation in response to caffeine within a single FOV (Fig 3.3) can be partially
mitigated by response categorisation and selection, as in the protocol described

above. Howver, such variation can brther mitigated by first identifying the

cause, and then controlling it. The experimental procedures were therefore
SEFYAYSR 6AGK GKS 3J21t 2F YFEAYA&AY3A (KS
NBaLRyaSQo Ly oplimisafios ekpedmentstte sottc@sioSvariation

in caffeine response were gradually identified.

3.4.2.10ptimising cell growth and seeding

During the investigations in this thesis, the following parameters were observed to
co-vary with variations in response to 10mM caffeine:lIC#ensity (cells/mr);
Transfection load>(/cell CF); Viability (%); Proliferation rate (cells/cell/day); and

Basal Cellular Fluorescence (pixel intensity).

Preliminary studies of Sf9 cell growth and transfactivith PXRyR revealed that
wells of cellsseeded at an initially uniform density of 400cells/mrafter growth
(24h), followed by transfection with 0.02ul/ml of Cellfectin (4h) and further
incubation (44h), varied in density at the 48hr time point fromo 8800 cells/mr
(counting only viable chs). During the initial 24h, migration and cellular
proliferation result in noruniform cell distribution at the point of transfection.
During the transfection incubation, cells in patches of localdensity wee prone

to lysis. During the final 44h, ¢elin different parts of the plate proliferate at

different rates, presumably due to local density and transfection conditions.
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Cell Density Viability (48h) Transmission Transmission Fura2-AM
(Cells/mm?) Microscopy (20x) Microscopy (40x) fluorescence
400 79.3A1.5%%
600 82.11+2.3%
800 84.14+2.1%
1000 89.83+2.9%
1200 94.83+0.3%

and 40x images are taken of different FOVs upon the same covEngliprblue stained cells are displayedTaansmission
Microscopy images obtained with a 20x objective lens (LH pdfatd)erbright-field magnification of the FOV allows
detailed assessment of cellular phenotype (centre panitg) Fure2-AM stained cells are visualised down a 40x objective

under a 380nM LED beam (RH panels).
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In an attempt to optimize the seeding densitlyig 34 displaysthe growth of
monolayer cell culture preparations seedatidensitiesof between 400 and 1200
cells/mn?. Cell density was measured the point of seedingdetermined bythe

number of cellgransferredinto the culture well.

Cell vability was measured after 48 hourf growth. Trypan bluepermeates
ruptured ell surface membranes as a consequences of necrotic cell death. Non
permeable cells ar¢herefore assumed to be viable (i.e. haa® intact surface
membrane). Trypan blue assays indicate that cell viability &#se® dramatically
with density. Reduced ceélviability (Trypan test) corresponds with reduced cell
density after 48h (Fig 3.4).

Higher magnification analysis of unstained, undamaged cells under {fiegpht
illumination (Fig 3.4 centre panels) showsttbell diameter decreases with density,
with cells at the highest density being 27% smaller on average than those at the
lowest density At the optimal seeding concentration 800 cells/mm, only 515%

of cellsare visbly damaged; i.e. display membrandlebbing a rounded shape;

poor adhesionpositive fortrypan blue staining.

Cells were also loaded wiffura2-AM in order to determine effects of density on
the fluorescence signélFig 3.4 RH panelg)verage cellular fluorescence decreased
slightly from 1238 at 400cells/minto 989 at 1200cellsnm?, but variation
(standard deviation) in fluorescence between cells decreased dramatically from
702 down to just 288, suggesting that higher densities could reduce variation in
background signal. Haver, density was limited on the upper end by the
requirement to avoid cell overlap in order to define clearly the fluorescence
response of a given cell during experimentation. Average cell confluency must

therefore remain below 90%.

The results presenteih Fig3.4 suggest that increasing the seeding densst
beneficial for cell healthand gives more dense cultures at the 48h timepoiutt

the overallrate of growth and proliferation of cells prescribes a maximum seeding
density of 800 cells/min order not to exceed the approximate 90% confluency
boundary. This is the equivalent of 150,000 cells in the 1%wmll. This was

adopted as the ideal density for #fle remaining experiments in this thesis.
3.4.2.20ptimising Transfection
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Cellfectin (CF}¥ia cationic lipianediated transfector which functianby wrapping
individual DNA molecules in unilamellar miceltesfaciliate their uptake into
cultured cells The reagent has a phosphatidyl head group which binds to the
negatively charged DNA, whiligs fatty acid side chain facilitates uptake of the
molecule into the cell, possibly via endocytosis. Because it functions by surrounding
the DNA, the concentration of the reagent must be optimised in relation to the
amount and size of the DNA molec$ee Fig 3.5)according to recommendations

in the manufaturer protocol.

PLUS is a surfactant which aids formation of CF:DNA complexes under some
circumstances, although its precise mode of action has not been specified by the
manufacturer (ThermoFisher Scientific). Atlansfections in this thesis use the
manufacturer recommended concentration of PLUS reageifit0.0045ul per ul

Sf900Il medium.

Fluorescence ofHura2-AM loaded) cells in response to caffeine agonist was used
as a proxy indicator for PXRyR protein expression (as detailgection 3.4.1.p

The total number of responding cells increases with d@Rcentration but the
number of Cat Acells plateaus at .02>I CFul medium, whilst cell viability
decreases concurrentlFig 3.5) Taken together, these results indicate that future
transfections shold occur at 0.03] CF per>l medium, in order to maximise
expression levels at minimal cost to cell health.ISamtimisations are repeated for
each PxRyRequence varianstudied in this thesis, witthe ideal CFEoncentration
varying between 0.01% 0.025. An identicalconcentrationof CF when applied in
the absence bcomplexed DNA did not cause measuraielgudion in cell viability.
Furthermore,no Cat A responses were detected after transfection with PLUS and

DNA in the absence of CF.

In conclusiongell seedingdensityand the concentration of transfection reagent

cumulatively affect celliabilityand hencehe caffeine response.
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Cellfectin volume Amount of DNA Amount of PLUS N % . Transmission microscopy
H - . Viability (48h) | Responding .
(per ulmedium) (per ul medium) (per ul medium) s image (20x)
Oul 3.25ng 0.0045ul 99.61% 0/50
0.01ul 3.25ng 0.0045ul 92.47% 0/50
0.015ul 3.25ng 0.0045ul 84.14% 12%
0.02ul 3.25ng 0.0045ul 83.42% 18%
0.025ul 3.25ng 0.0045ul 81.20% 22%

Figure 3.5Transfection optimisation ideal transfection reagent composition for transient transfectibhe

effects of different concentrations of transfection reagent on cell viability and PrdrgR pxpression is showr
¢CNI yaFTFSOGAz2y 200dz2NE AY wunn>ft YSRAdzZYX 6AGK / St

recommendations. Amountd DNA and PLUS reagent used were constant, such that the key variable is ti
between CENA. Viability was measured with the Tryphre cell viability test (see tgxat 48 hours after
searching for responding cells. Cells reared at 800cells/mm&tyldas per Fig 3.4). Images taken 48h a
transfection. Experiments were undertaken to efetine how to minimise death whilst maximising Ca
response frequency. N=1 coverslip, 50 cells, calcium imaging carried out following protocols in detgi&8.i
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3.4.2.30ptimisingransfection incubation times

Other transfection parameters were modified as per manufaetisuggestion, to
maximise the frequency of Cat A respondedial incubation of CF solution and
DNA solution individually was maintained at 5 minutes, sufficient time for solution
homogenisation. Transfectioneagent incubation with the DNA (30 minutes)
before application to cells, is designed to allow the formation of CF micelles
containing PxRyR DNAcubation of Sf9 cells with transfection reagent4@h was
insufficient to yield any Cat A caffeine response in the subsequent cell culture.
Experimens in this thesigherefore follow a 4hour incubationwith CF chosen as

as the optimalperiod that yields sufficienhumbers of Cat A responding cells
needed for experimentatiorwhilst minimising the amount of time spent in
potentially toxic conditionsHowever, it was noted that wherhe cell transfection
incubation time was increased up aoamaximum o024 hourghere wasno observed
change in cell viakiy, on the other hand neither was there an increasd®kRyR
expression After the 4htransfection,cef f & ' NB NBGdzN)Yy SR G2 WO2yRA
with addition of 0.6% BCS in order to promatdl health and proliferation.

In terms of postransfection incubation, theasponseof cultured celldo caffeine
was quantified at 24h, 48h, 72h, 96h in WXRyRThe btal number of respondig
cells increased over time and was highest at 9&weverCat Aresponsesvere

most frequentat 48h.

3.4.2.4Fura 3AM intensity is problematically high in damaged cells
Fura3-AM was used as a ratiometric Tandicator dueto its high dynamic range
and long window of effect due to slow compartmentalisation, and slow decline in
fluorescence. A Cabinding affinityfor this dyeof Ki=335nM comparsfavourably

to the free cytosolic [C4 of healthy cells, whicls typicallyaround 50100nM.
However, baal cellular fluorescence varied from ~200 to ~2000, with the value
shown to negatively correlate with celénsity(cells/mn¥) andviability (trypan blue
test) (Fig 3.4). Inhe case of damaged cells, the increddleiorescencenay be due

to a failure of C& homeostatic mechanisms in the cell, allowing uptake &f fo@am

the media, which has a comparatively higi¥'€ancentration of 2mMin all cases,

a 10fold variation in basal fluorescence threatened to belgematic if { would
Lldza K GKS ONRIAKGSEAG Ffdz2NBaOAy3d Oed fa Of2a$s

Past authors have indicated the maximum saturable range of this dye is 1000nM
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(Thomas and all 200@yhich would put he brightestresting cells during these
experimentsfar above the uppefimit of fluorescence. In order to sidestep the
problem of variable fluorescence, brightly fluoresci@Vs of cell&epresenting
low viability or unhealthy cells) weravoided duringall experiments, and

individually brightly expressing cellere excluded from downstream analysis.

3.4.2.5 Theinal optimsed Transfection Protocol

Sf9 cells were grown at 27 in Sf900 Il SFM supplemented with FBS. Transfection

of cellswiththe Piz/tp t Ewéw SELINB&aA2y LI FAYAR FyR [/ S¢tf
F3Sydo oFa LISNF2NY¥SR | O02NRAYy3 (2 G4KS YI ydzFl
instructions. Glass coverslips (Icmiameter glass) coated with Pelylysine

(Sigma, MA, USA) weptaced in a 4vell plate. Each well was then filled with 500l

of Sf900 Il medium and each coverslip was seeded b6ih,000cells for a density

of 800 cells/mm, giving90% average confluencgells were allowed to attach to

the coverslips for 16land then were trasfected in 4 well platesTransfection

solution was composed of: 3.25ng PxRYR/H5 plasmid DNA dissolved in water;

0.0045| PLUS detergent; 0.6RCF; per 1ml of fresh Sf900ll serfr@e medium.

CF and DNA:PLUS solutions were indivigumixed and incudted for 5 minutes,

before combination and incubation for 30 minutes. Cells were removed from their

media and washed twice, prior to addition of transfection solution. Transfection

incubations proceeded for 4 hours, before the cells weeshed and returne to

30% conditioned SF900 media, with 0.6% FBS.-tRosfection, cells were

incubated at27C for 40-52h. Cells were then loaded with Ft2aAM prior to

imaging, as outlined in the following section.

3.4.3 Calcium Imaging

In PxRyRransfected Sf9 cells, caffeinand diamidemediated activation of the
RyR is thought to result in a flow of T&om the endoplasmic reticulum (ER),
leading to rapid increase of free cytosolic calcium concentratior{[{C&hich is
bound by the C&*- sensitive reporter dye and visualised as an increased

fluorescence signal intensity (based orvivo studies (Ebhghaus 2007)).

The experimentalcalcium imagingmethodology for this study is based upon
previous work (Troczka 2015) but requiredagthtion for use on transiently
transfected, rather than stably transfected, cell lin€ne novelty is the approach

of relativizing cellular response to diamide application against prior response to
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caffeine application, which is detailed in Box 3.1. 8é&adised caffeine
concentration was reduced from 30mM to 10mM in order to allow consistent
response to repeated applidanhs upon the same cell (Fig 3.7d). Other changes
have been discussed throughout section 3.4 Re resolved experimental method

is as bllows

3.4.3.1 The Final calcium imaging and data collection protocol

Fura3-AM dye was used for monitoring calciuglease in Sf9 caltransfected with
recombinant PxRyR8h post transfection callwere loaded with 1mM of Fura 3
AM. Cells on coveiipk in 4 well plates were first put into 500l of freshBO
medium and then 2ul of the dye stock solution (5mMsvealded. Cells were left to
incubate at 27C for 4560 minutes, followed by 3 washes with 500ul of fresh un
supplemented $900 II medim. Prior toimaging, coverslips with FW&AM
f2FRSR OStfta gSNB LI OSR Ay #i{Ca®drR NR
experiments were arried out in an akconditioned room maintained at

approximately 25C.

Unless otherwise stated, data taition for alithe calcium imaging studies reported

in this thesis took place on the RIPS system. This system usedoaleit.Al
microscope with a LD Platedluar x10/0.4 lens (Zeiss, Oberkochen, Germany),
measuring the ratio of excitation at 340/380nfealcium free/calcium bound
indicator) every 180ms and capturing emission at 510nm. Cells on the coverslip
were placedinto a perfusion chamber of approximately 0.5 ml volu(fég 3.1)
mounted on the microscope stage. A peristaltic pump drives continuous
unidirectional flow of Ringer through the bat@affeine and diamidagonistswvere
applied using 3 seconds bursts vimatal U-tube. Fluid dynamics were measured
using a solution of red amaranth dye, diluted 1:20 in Ringer. Perfusion flow rate
was 4Ql/s. Agonist solution travel time from -tibe to bath was 21s. Agonist
release formed a constant and repeatable teardropmhén the bah, of radius
1.3mm. From point of trigger to expansion into final radius took ~0.15s. No
admixture of dyeeagonist solution with batfsolution was apparent, with the dye
solution forming a clearly visible boundary at the edge of its radiugnwiewed

at 4x magnification. After trigger release, evacuation of agonist was mostly via the
U-tube, and the majority of dysolution was evacuated within ~0.25s, however a
small proportion of the solution avoidediube evacuation and instead mixed with

the bath solition.
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Experiments upon fieldsf-view (FOVs) of cells consisted of multiple agonist
applications, with the order and timing of applications dependent on the
experimental aims. Recording begins at T=0s, with application of 10mM caffeine at
7-10s, followedby a 140s delay, during which period, the caffeine application
recording is viewed in order to highlight respondent cells. During range finding
experiments(Fig 3.8a), iterativelyncreasing diamide concentrations are applied,
with a delay of 30s between applications. During concentratieresponse
experiments (Fig 3)9a single caffeine application is followed by a single diamide
application at 150s. Experimentgere recorded using VisiView® (Visitron Systems,
Puchheim, Germany) softwar®awvideo captue on the software was used to
identify responding cells and crudely assess response mode. Outputted numerical
pixel intensity data wer@analysed using Microsoft Excel and SigmaPlot v.12 (Systat

Software).

3.4.4 Characterisation of the recomdémnt WTFPxRyRaffeine

response in Sf9 cells

It was necessary to fully characterise the caffeine response of recombinant PxRyRs
because caffeine response is used as a baseline against which to assess the diamide
response. Relative shifts in caffeine resperbetween chs are used to calibrate
measurements of diamide response between those same cells. Characterisation of
WT-PXRyR in terms of caffeine and diamide response will also be used as a baseline

againsts which to compare other recombinant PxRyR sserpigariants.

The data in Fig 3.6 comprises caffeine applicat{@@mM) across 5 FOVs across 3
experiments (Fig 3.6). Caffeine response was shown to be broadly comparable
between cover slips and between experiments, utilising the RIPS system and the
standardized metlodologies described above. Each FOV of cells yielded between 5
HH /PG ! NBaLRyRIyld OStfad WYwkwnQ NBFSNE G2
response to agonist application (maximum amplitude of each cell), expressed as a
ratio of cellbaseline flusescence. The highest recorded response of any single cell
in this experiment was 1.45, indicating a maximum fluorescence increase of 45%
against the baseline fluorescence of that cell. For the majority of FOVs measured,
an average R/RO betwe 1.11.3 was recorded.Thus in general, caffeine signals
observed here are small in comparison to those of other cell types studied in the
literature (Thomas 2004), but in many cases the sitmaloise ratio is extremely

good.
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Within a given FOV, intevartile varidion in caffeine response can be as low as
0.05, or as high as 0.18. Interestingly, between different cell FOVs, interquartile
variation is no higher than that between cells on a single FOV. Similarly,
interquartile variation between experimes is not higper than that between FOVs

in a single experiment (Fig 3.6), all together suggesting that the majority of
fluorescence variation occurring in these experiments is physiological (derived from
within the cell) rather than due to abiotic variatie occurringacross the coverslip

or across different experiments.

The rest of this section will therefore discuss steps taken to ensure that variation in
caffeine response between cells on the same FOV, and between those on different
FOVs and different x@eriments, @es not translate to variation in diamide

response measurements.

3.4.4.1 Cellular characterisation of Caffaelease

The amplitude, wavelength and minimum periodaafifeineevoked C# release
transients were characterised in single \WJRyR expressing Sf9 cells (Fig 3.7).
Within a single FOV of cells, amplitude of fluorescence signal causedgl€ase

transient is shown to increase with increasing concentration caffeine agonist

i) i)
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1.2 % !
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- T |
o
g 0.8
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@
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0.2
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Figure. 3.8Boxplot of transient amplitude nresponse to 10mM caffeine, showing
variation in caffeine resmse across i) multiple FOVs on the same coverslip ii) FOVs

on coverslips over different experiments
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(Fig 3.7c). The signal amplitude directly measunesease in Gain the cellg
hypothetically caused by €aeleased during gating of the population of PxRyR
channels in the cell (i.e. one CICR cycle). Nornialyiyo C&* release is tightly
controlled by a series of RyRodulating proteins (see Intduction Chapter). CICR
only occurs once a series of conditions are met, including correct-ftiimg, ATP
availability, and cytoplasmic €avacuation, which ensures that the Cefflux is
approximately constant across multiple release events. In ttésis, the RyR
modulating machinery is lacking from the cellular (Sf9 cell) environment, and RyR
regulation is thus achieved primarily by varying caffeine concentration, whereby
cdfeine increases the sensitivity of the channel to lumena'.Cehe incrase in
signal amplitude with increased caffeine application (Fig 3.7c) appears to have an
approximately linear relationship between caffeine concentrations in the range
1mM to 30mM ,indicating that an appropriate level of control over RyR opening is
achiewed through this methodology. 10mM caffeine appears to lie well within the
linear portion of the concentratiomesponse graph, eliciting an approximately half
maximum (EC50) responsm average, in these cells. The results therefore support
the adoption of application of 10mM caffeine as the standard subximal
activating concentration for recombinant PxRgkpressing Sf9 cells during the
experiments discussed in this thesis. Regaydhe concentratiofresponse curve
itself (Fig 7c¢) it should be noted ththis data represents only that from a single
FOV of 17 responding cells, under a protocol of sequential addition of increasing
concentrations of caffeine to the same cells. Whitsts not valid for drawing
detailed conclusions on the nature of caffeia€etivation outside of this lone FOV,
the graph nevertheless permits comparison with previous studies. Casper et al
(2010) previously reported a sigmoidal relationship for otheréhgyRexpressing

Sf9 cells in response to caffeine, broadly similar &t thescribed here but with an
approximate 16fold reduction in the EC50 (i.e. increased sensitivity to caffeine). If
the RIPS methodology employed herein reports lovikan-expectedsensitivity,

this should be attributed to the rigorous selection proceelFig 3.3) which by
selecting for a given response mode may inadvertently select for a given response
magnitude. In any case, the experimental format is designed for comparison of
diamideresponse between PxRyR sequence variants studied within this thesis
rather than with other publications which occur on unrelated experimental setups

(see conclusion of this Chapter for further discuskion
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Figure 3.7.Characterisation of variation in caffeine response at increasing cal

concentrations, and across time at constant dose

(a) Example of raw fluoresce data from Sf9s expressing®XRXYR exhibiting caim
signal tansients in response to increasing concentrations of caffeine. 10 cells
selected for raw data acquisition, one of which lacks a caffeine response (tof
andisdza SR FNBNA LU/ V2R/'SNJ 0 I, asPérhof $1. NEY 2 O ¢

(b) Application ofsuccessivelincreasing doses of caffeine on Sf9 cells expressing
PxRyR

(c) Data from (b) represented as concentrati@sponse for clarity.

(d) Repeated application of 20mM doses of caffeine, with rest period of 30BXRR
expressing cells show consistematffeine respnse over time and return to nes
resting C& concentrations within 30s. By contrast, cells exposed to 30mM caf
required at least 150s to return to a resting state and failed to exhibit consi
response (data not shown).

Experiments were also condted to determine the minimum resting period that
would ensure complete calcium storenewal after caffeine exposure. Lumenal
C&" store volume is the primary driver of Ca2+ release amplitude, where higher
store volumes create a higher concentration gead, allowing more Cé4release
within a fixed CICR period. Tight control of calcigtore volume in experimental
cells should therefore be a priority. Fig 3.7d shows that, at 10mM, 100s of resting
period was required before a second transient, identinahmplitude to the first,
could be elicited. A shorter resting period was associatitd iterative reductions

in transient amplitude, for example 30s resting period gives response of 1.08+0.03.
At 30mM, a resting period of 500s was often not sufficienaiiow elicitation of a
second identical transient, suggesting that this concentratd caffeine perhaps
alters the physiology of the cell. Such observations are critical to this thesis, where
almost allin-vitro experiments on diamide activation require sequential application

of caffeine before diamidésee Box 3.1).

Transient calciunsignal duration did not increase meaningfully with increased
caffeine concentration within the same cell, or between cells of $hme FOV.
Differences in transient signal duration are largely mediated by other cellular
factors outside of the RyR, suchths relative activity of the various pumps (NCX,
SERCA, etc) as well as titres of lumenal and cytoplasrtiibuffar and chelato
proteins (George et al. 2003aand would therefore not be expected to respond

to caffeine cmcentration
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3.4.5 Characterisation of the recombinant-RKRyR diamide

response in Sf9 cells

The primary aim of this thesis is to determine the impacts of lepidopteran RyR
amino acid variants upon diamide insecticide efficacy. In the remapuonipn of

this Chapter, the response of recombinant \WXRyR transfected Sf9 cells to the

diamides FLB and CLR will be characterised.

The recombinant PXRyR response to caffeineclhasacterised previously, in terms

of its variation within a FOV (Fig33. variation across experiments (Fig 3.6) and

physiological properties over a range of caffeine concentrations (Fig 3.7). These
characterisations served two purposes within the witlesis, firstly acting as an

experimental template upon which to conduthe diamide experiments and
aSO2yRfée o0é& Of2alSfteée RSTAYAyI-défindRichA 2t 23 A OF f
cells are suitable for inclusion in diamide experiments. Going fatywthe standard

protocol for diamide experimentation will involve peppication with 10mM

caffeine, a step which itself serves multiple purposes:

1. Identifying appropriately responding cells (c.f. Fig 3.3)
2. Quantifying the relative responsiveness of eadfividual cell

The assumption of point 2. is that individual cellular €& response coaries

with individual cellular diamide response (within a given PxRyR variant of
recombinantly expressed PxRyR). This was shown to be hold true in subsequent
work (4, Fig 4.6). The diamide response can thereby be relativized, basiston f
relativizing the caffeine respons8de box 3.1 fdnow this Proportional Normalised

Response (or PNR) is calculated).

To calculate the Proportional Normalised Response (PNiR)data wasfirst
normalized using the equation: k/fvhere Fis a fluoescence ratio value recorded
for an individual cell upon each individual time point and iE an average
fluorescence ratio calculated over the first 5 seconds prior to addition ef th
agonist.The maximum response amplitude is taken as the maximum floeree

signal outputted by the cell across all frames.

Finalamplitude data was presented as a mean value andstaadard deviation of

the mean. In all concentratieresponse plots irthis thesis, response data was

expressed as a percentage of the highestponse registered within the graph. In

the case of diamide studies, normalized diamide response data was relativized
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against prior caffeine response data of that same cell (in #RSRystem, 10mM
caffeine application always occurs 150s before diamiolglieation). @ta points
are presented as the mean values for each individual experiment and standard

errors compared to the mean.

3.4.5.1 Agonist Diluents and Background Fluorescen

Due to their low solubility in water, stock PxXRyR agonists usedsdrstindy were
RA&aaz2t SR AyAUGAlLfte Ay 5a{h FyR GKSy RAf dzii SR
factor of 1:100 For example, stock solutions of 1, 10, 100uM FLB sulfoxide were
made up in 100% DMSO, and immediately prior to application, diluted 1:100 in
medium. 1% DMSO was found to elicit low amplitude linear responses in some Sf9
cells (both transfected and netnansfected). In the context of prior 10mM caffeine
activation, these DMSmediated responses were comparatively small, but
however still large epugh to impact response readings in the {lireear (<EC50)
portion of the concentratiorresponse relationship. As such, the fluorescence

I Y LI A ( dzRNEB 2182 yWbyA2@dS Q ibidirg hd change in filb@ssenc® K
response to caffeine) was measuredrithg each diamide measurement, and then
subtracted from the fluorescence of each responding cell (see Box 3.1) in order to

remove DMS@nediated fluorescence from further analysis.

Changes in background fluorescence due to application of agonist frequectlr

in nonratiometric calcium imaging, either due to changes in solution viscosity or

due to poor dissolution of agonist in the media. In this present case, use of a

ratiometric dye mostly removes the issue of background disturbance, and the

effects acur equally at both ratiometric wavelengths, and therefore cancel each

20KSN) 2dzid !''y& NBYFIAYAYINFBERAGREIBD I ¥&bd & RND G &

mentioned above.

Despite intoduction of the above steps to remove agonist application background

noise, asFLBhas anotoriously very low water solubility (around 0.03 mg/l)

LI NI AOEtSa IINB aidAftft Graro0tS 6KSYy RAfdziSR 7T
concentrations above M. In all cases in this thesis therefore, the more soluble

sulfoxide form of~LBwas used for experiments. This compound differs only by the

removal of one doubldonded oxygen from the terminal sulfur moiety, and was

shown previously to illicit a verymsilar response itdeliothisneurons (EC50 0.6M

(FLB sulfoxide vs 0.8 for FLBEbbinghausintscher et al. 2007, Additionally,
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pluronic F68 was added to the final sbtuns of all agonists (including caffeine) at
0.003% concentration, in order to aid the solubility of diamide compounds
(following EbbinghausKintscher et al. 2007)

3.4.5.2 Absolute [¢§ was not measured

In this thesis, no attempt is made to quantifyet absolute concentration of €a

present within a cell. Instead, relative changes id*-@wediated fluorescence are

jdzt yGAFTASR & | NIYGA2 2F GKS YIFEAYdzZY YSI & dzNJ
0KS YIFEAYdzYQou | yR SELINEBA&a SBogieayapproacNBt | G A 3S a
means that results are only comparable between experiments conducted on an

identical experimental system.

It should be noted that even if the absolute concentration of*@eesent had been

quantified, this approach is also not idedheTequationca] = Ku((F - Fmn)/(Fmex-F)) hAS
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Box 3.1. Caulating Proportional Normalised Response to diamide

insecticides
Data analysis pipeline:
7ldentify caffeineresponsive cells
TFor each cell, measure the caffeine respoasdollows
A [ t£O0dA GS W @SNF3IAS Ftd2N
A+t OdA I S a¥K2NBvldz2 NBEAaOSyO0S aoz2
responding celld=/RyesrPense

A/ 1t£0dA I GS ' yR &dzo (i WM& FIROS- /R |

response

Al LtOdd I GS WYl EAYdzy WHRd@atehe] O
Max(F/Roe) - 1

1Simibrly, measureesponse to diamides follows
A Calculateq
A CalculateF/R
A Calculatek F/F [Diamidg
{IFor each cell,ididek F/R[Diamide/Caffeine]to get the'Proportion of Normal
Response{PNR)triggered by diamide
0 Repeat the above for all cells in th@¥, for the given dose
0 Take the mean average PiErossall cells ithe FOV
TRepeat the above for all doses in the dagesponse

qPlottheWt bwQ owSt I GAGAT SR wSaLkryasSo |

beenused by previous authors to measure absolute?{[0arynkiewicz et al. 1985)
Application of ionomycin is used toduced saturating levels of €&y collapsing
the integrity of the surface membran@ato et al. 2009)whilst calculation oFmin
requires EDTA calcium chelation to effectively determine the inten$itye dyein
zerofree [C&']. However, both Fn and Fax Observations appear likely to cause
damage or nofphysiological alteration to the cell. Furthermore, the result is a
standardised [C4] figure that appears to encourage comparison between studies
employing the same calculation, despite the fact that such comparisons are
rendered foolhardy by the methodological chasms that generally exist between
studies (e.g. different cell systems, different dyes, different agonist application
systems, differenimaging sgtems).
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3.4.5.3 A Method for Maximising the Speed and Accuracy of Diamide
ConcentratiorResponse Quantification

This thesis aims to assess the diamide responsiveness of a large number of
recombinant PXxRyR wilgipe and PXRyR sequence variantg] @raimsto create a
protocol by which the effects of future novel diamide resistance linked mutations

can be characterised as quickly and accurately as possible.
A two-step process was resolved in order to achieve this goal:

1. RangeFinding (Fig 3.8a) upa singld=OV of cells
2. Detailed characterisation upon multiple cover slips over multiple
experiments

3.4.5.3.1 RangEinding
Previous characterisation of lepidopteran diamide resistance associated mutations
in Sf9 cell line§Troczka et al. 2015howed response amplitude variation across a
nM to mM diamide concentration range. Here, in the present study, rdimging
was used prior to detailed characterisation, in order to quickstablish an
approximate minimum and maximum effective concentration of agonisti{EC
EGuay, Within which raage to conduct full concentratieresponse characterisation.
Rangefinding was conducted upon a single FOV of cells, following the normal
protocols established above, beginning at [FLB]=1nM or [CLR]=0.1nM as the
respective lowest effective concentration®tad in the literature for the two
diamides(Troczka et al2015) Diamide concentration was raised iteratively by a
factor of 10 (e.g. Fig 3.8a), until a response wasitatic(EGi,). Diamide
concentration was then raised by the same factor once more, in order to potentially
elicit a higher response (E{) (Fig3.8b). The diamide concentration used to elicit
the two responses generated by this method inform the paramegei®® W5 S0 A f SR
| KE NI OGSNA&FGA2Y QS 0Sf260

Data acquired under the rang@ding protocol were not used for concentration
response calculation. iBmide binding is known to be irreversible, such that
repeated applications on the same cell may alter apparesponse. Furthermore,

the effects of diamide binding upon Sf9 cell physiology outside the 1200s
experimental window are unknown. Irreversiblé&achide binding may mean that
each sequential application affects the cell additively, as the agonist fills fuRrtfe
binding pockets within the cell, or alternatively it may mean that @dease occurs

slowly and constantly from the point of first atidn, such that
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Figure 3.8Characterisation of response variation with increasimgentrations of diamide insecticide

(a) Raw traces show application of caffeine followed by application of iteratively incre
concentration of diamide (in this cadeLBsulfoxide). Gradual increase in HEuBoxide
application on the same cell allows dudgrialitative establishment of E&and approximate
EGuaxresponse (where in this instance »&43 taken as the point at which diamide responsi
equal to the prior applied caffeine response

(b) Individual cellular responses after application of increggincentrations of FL-Bulfoxide upon
WFNBAKQ Chzad {dzOK NBalLlRyaSa |INB O2ffl
diamide doseaesponse relationship.
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increased dosage i®quired for further activation due to depleted €astores.
Complete characterisation of such physiological responses to diamide in Sf9s was
not within the scope of this thesis, although Rgpressing CHO cef{EBbbinghaus
Kintscher et al. 2008)ere able to respond repeatedly to diamide application if
given sufficient time to recover between applications. As noted previously, diamide
application did not kcit response imon-PxRyR expressing cells (apart from DMSO
creepresponse), suggesting that the insecticides have minimaiRyR mediated
effects. Furthermore, maximum amplitude of diamide response was found to be
similar to maximum amplitude of caffeé response (~25%ncrease in basal
fluorescence, in all cases), which potentially indicates that the diamide induéed Ca
release is remaining within the same physiological limits as the cafietheed

C&*release.

3.4.5.3.2 Detailed Characterisation

In order to charaterise a concentratiomesponse relationship for diamide
activation of PxRyR, experiments were conducted following the protocols
established in this Chapter. Cells were treated sequentially with 10mM caffeine (4
seconds) followed by diaiae (4 seconds). dllular diamide response amplitude
was normalised to the prior caffeine response to create a response ratio, which was
then normalised against the maximal caffeine responses of the given receptor type

(in this case, WWPXRYR) to generatePNR score.

Such a method was employed here to generateoncentrationresponse
relationships for WIPXRyR under exposure to CLR and FLB ag(figs9)When

PNR was plotted against agonist concentration, for both agonists a classic sigmoidal
relationship is apparentn which low concentrations illicit minimal response up
until an inflection point, after which increases in concentration result in a rise in
PNR. In the case of CLR, concentrations below-Magere not tested as previous
studies showed #ack of response below this concentration. Response to FLB (Fig
3.9, orange data points) appears to increase linearly betweei¥M, as is typical

in a sigmoidal relationship, whilst FLB concentrations abthat fail to illicit
considerable increases iresponse magnitude. CLR response was also plotted
against a sigmoidal pattern (Fig 3.9 blue data points), although the fit is less
convincing, with a lack of data coverage on the linear portion of the oslstiip,

and considerable variation, especiallyconcentrations of 0.01 and 0.9&1.
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Figure 3.¥oncentration response curves showing the normalised response of
WT-PxRyRxpressing cells to stimulation by CLR (blue) and FLB (orange), acquired

via the RIPS system described in this Chapter. All calculations as in the Box 3.1

pipeline.

In order to reduce variance generally, all concentratiesponse data for a given

agonist (against a given RgRpressing cell population) were collected on the same

day. As a result, it was not possible to collect further data to fill gaps witl@n th

linear portion of the graph. An additional shortcoming of the experiment is the lack

of technical replicates at each concentration. The undertaking of RBEimgkng
aGdzZRAS& OFy 0SS RSaONR o6 &picate; Aowdver, thise NI Y I Yy Q&
studies giveno indication as to what variation in measurements would be
encountered upon a repeat of the experiment. A lack of duplication and paucity of
concentration datgpoints can be attributed to the slowness or inefficiency of the
experimental setup. This aspewill be discussed further below, in the context of
GSAIKAY A dzLJ GKS O2ada IyR oSySF¥Aada 2F GKS

Despitethe shortcomings of this specific dataset, individual dptants acquired
by this system appear reliable, with generally low variareeerage response
measurement error: 2.6%). An EC50 of 0.0148 for CLR andfdy.Z#LB are
comparable to those generated by pieus authors (Troczka WT EC5Qs016uM
for CLR; 248M for FLB.

3.5 Absolute Calmaging: An alternative method of diamide
regponsequantification

The RIP system described throughout this Chapter was found to be an effective
method of diamide response quantification. However, its drawbacks include low

sampling rate and poor control of abiotic factors. Parallel experiments were
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undertaken via a separate methodology, referred to here as Absolutel@aging
(named for the use of an absolute calcium indicator, Fluo4, in place of a ratiometric
indicator, Fura2-AM). In this method, cells were cultured and transfected following
protocols dentical to those described for RIPS but scaled down to take place in the
individual wells of a 94vell plate. Coverslips of cells were removed from the 96
well plate and placed in a Compton Perfusion Chamber, a puiipoi#e3D-printed
design (Fig 2) (Paul Comptog w2 0 K YaG SR wS&SIFNOKOD® wAy TSN
continually over the cellgjriven by a Scientifica Bath Perfusion Tdolaging of
individual wells was captured by a Hamamatsu QE180 ORCA detector, mounted
upon an axiovert 135M inverted oroscopy and viewed down a 10x magnification
eyepiece, utilizing an absolute Tmdicator, Fluo4. Agonist was applied to the well

as awhole, in bolus release from a pipette, and any change in fluorescence intensity
recorded. Images containing 308000cells (Fig 3.10a) were analysed in terms of
the baseline (before addition of agonist) and maximum fluorescence (after agonist

addition) of each cell.

An automated pipeline (see Box 3.2) was developed for this study in order to first
identify individual cls and secondly record fluorescence data across each frame

of the video.

The system design was heavily influenced by a previous study concerning the role
of hRyR2 mutants in cardiac death (Thomas et al. 2004), in which HEK cells
transiently transfected wh recombinant hRyR2 mutants were found to vary in
their C&" release physiology. Fluorescence of every cell (n~5000) in the FOV is
measured before and after agonist application, resulting in millions of-gatiats

per individual micrewell. Manual analsis of each well is then required to remove
background noise, segregate cells by response type (responders vs non
responders), and accrue final amplitude data from each individual cell. Regrettably,
the system lacked one important functionality of the RIP8thod: agonist
evacuation was not possible, and therefore jagplication of caffeine agonist
before diamide was not possible, with the result that individual cells could not be

characterised in terms of their general physiological response to caffeine.

Theoretically, the system might have allowed precise quantification of diamide
response with high sampling rate and excellent control of abiotic conditions. The
96-well format offers the possibility of high throughput data acquisition (if only a

high thraughput data analysis could be realised), whilst the confocal imaging
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system possesses a bespoke climate control chamber, such that light, temperature

YR KdzYARAGE FNBE Of2aSte O2yiNRBffSRd |1 26S3SN
Absolute Imaging systeratilised for Sf9 cells, against diamides, produced an

unsatisfactory output in comparison to the RIPS system and previously published

work. Application of iteratively increasing concentrations of CLR againftARYR

expressing Sf9 cells produces sigmailal relationship (Fig 3.10b). However,

(@)

Before addition I After addition

CLR 0.001uM

(b)

100

80
<
S
60 [
zZ
o
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Figure 3.10. Comparison of concentration response to CLR achieved via the alter
experimental setup, Static €&maging, described briefly below. Data points corresp
to peak amplitude (mean = SEM) of3M cells measured over 1200s, relativized to
individual response obtained for caffeine and normalised to the maximum respons
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variation in response is as high as 40% of maximum value within a single application
(e.g. at 0.0:M). Although this variation compares favourably to raw data from RIPs
(e.g. >50% variation, Fig 3.8a), reletation of cellular diamide responses with
caffeine responses, on the RIP system, is responsible for reducing such variation
markedly (average 12% variation, Fig 3.9). A sigmoidal curve has been plotted to
the data in Fig 3.10b for comparison to othencentrationresponse curves in this

thesis. The reasons for the variation seen in this graph are discussed below.

3.5.1 Drawbacks of the Absaumaging system

3.5.1.1 Absolute vs. Ratiometric fluorescence measurement
The benefits of ratiometric dye (e.g. Ft2aAM, used throughout this Chapter)
compared to absolute dye, are well documented. Most inherent sources of

fluorescence (e.g. NADH, amtiare removed from further consideration by

Box 3.2 Pipeline faell identiication and flurometrianalysisfollowing

Absolute Cdimaging

Initial Cell Identification and fluorescence quantification by CellProfile

T

1

Data selection and processing

1

Video loaded and background identified based on corresponding trasmission
microscopy image.

Cells are screenedif@ehange (or nofthange) in fluorescence, relative to
background, between initial and final frame. Nohanging cells are removed fror
further analysis.

Pixel intensity values are measured during each frame of the video for backgr
and foreground (eachell a separate foreground object)

Results are converteinto .CSV format via an R script

Background values removed from cellular fluorescence (pixel intensity) value
each cell

Cellular fluorescence was compared justtfog initial 100 and final 100 frames of
each video

Chang in fluorescence averaged across cells in FOV

Maximum change in fluorescence (amplitude) plotted vs concentration of appl
agonist.
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ratiometry. By comparison, absolute dye, such as Fhe@4used here, captures
every source of fluorescence within the 3880nM range, including much abiotic

noise, and much biological interference.

3.5.1.2 Agnist application issues

Diamides are poorly soluble in agueous solution. This is partly what lends them an
excellent ecetoxicological profile as insecticides, preventing them from readily
contaminating water sources. During the RIPS experiments inhihjst€, diamide

is predissolved in a Ringer solution containing 1% DMSO and 0.003% Pluronic acid

(final concentrations v/v), before addition to the Sf9 cells via a pressurised

FLILX AOFGA2Y aéalisSY gKAOK SyadaNBa UGKS O2YLX S¢

a2t dziA2y QL ARYR AHLINR2X IR ARYQ Ay (GKS f20Ff |
comparison, bolus agonist application into a microwell (on a 96 well plate) requires

that the agonist solution disperses from the surface of the bath solution inveie

down to the base othe well where the cells reside. Irreproducible bolus delivery

by pipette results in variation in the location of bolus addition to well. Assuming a

10m/s Brownian dispersal of agonist, time to reach base of well ought to be alinim

(height of solution isbmm). Solubility is a compounding issue under these

conditions, because the requirement of agorssiution to mix with batksolution

creates a situation where diamide often falls partially or completely out of solution.

3.5.1.3Atypical transient shapdue to failed Careuptake

The RIPS system has been shown to illicit typical and reproducible Cat A type Ca

release transients in response to caffeine application (Fig 3.7). By comparison, in
PxRyRexpressing Sf9 cells, no CateAponses were recordeahder the Absolute

Imaging system. Instead, responding cells exhibited irreversible increases in
fluorescence in response to 10mM caffeine, and failed to return to basal
fluorescence within 1h of agonist application. This despitevipus authors

demonstrding the validity of a very similar system in HEK cells expressing hRyR2

(Thomas et al. 2004). Without the ability for application of 10mM caffeine prior to

diamide stimulus, the protocol of PNR relativization touted here was pglieable.

Cellsinstead SANB I SR Ayd2 2dzad Gg2 OFGSI2NARSa:
a2NBa SY(-WNBBEIRYREMA WyeyFKAOK SERux)oAlG T SNEP
Consequently, nottypical responders bring a large amount of biological vanmati

into the data. At thesame time, measurable variation (in terms of the fluorescence
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change triggered by agonist addition) is also reduced, because cells are unable to

register submaximal responses to intermediate agonist dosage.

3.6 Conclusion

This Gapter has outlined the development and evaluation of a methodology aimed
at rapidly quantifying the effects of PxRyR arp@ioid substitutions on diamide
efficacy. Such evaluations should ideally be done in the context of previous studies;
however, such athe differences in methodology, and the variation in response to
those differences, that contextualisation is difficttiereit is showrthat transiently
expressing Sf9 cell lines produce differing responses under two separate
experimental systems, wherthe principal difference is in agonist delivery and
evacuation (EC50r CLR bRRIPS0.015>M vs Al:0.033>M). Certainly, comparison

of the data presented herewith different experimental seups, often using
different cell lines,would be unwise. Caffeine releaslynamicsof insect RyR
expressed ir5f9 cells (Sattelle2009 varyconsiderablyfrom those on CHO cells
(Ebbinghausinscher et al. 2007andHEK cells (Kato et al 2Q0@s expected due

to differences in cell size, physiology and?QGwandling. More fruitful is an
evaluation of this methodology in terms of its rembrld utility, i.e.in its ability to
rapidly characterise newly discovered diamide resistance related taitget
mutations. Firdy, it is clear that the method is laborious for detailed phenotypic
characterisation. FLIPR on stably expressing cell lines (Troczka, 264pabie of
producing a diamide concentratienesponse curve similar to that reported here
(Fig 3.9) in a singlday of measurements (Peter Luemmen Pers. Comm). By
comparison, to obtain a concentratiecnesponse curve using RIPS requires at least
five daysof measurements, with the whole experimental protocol requiring a
period of a month to accommodate the prereqitéslaboratory steps (culture,
transfection, incubation). However, it is hoped that this disadvantage in speed of
analysis is compensated for bgne-saving due to the absence of the requirement
for stable ceHline generation. Recent advances in plasmigtagenesis, allowing

up to five nucleotide/amino acid alterations to be introduced simultaneously
(Agilent lightning), combined with highly effint goldengate cloning, ensures that
even large, multsubstitution recombinant PxXRyR constructs can be gerdrin a
matter of weeks. Chapters 2 and 4 of this thesis will each analyse large numbers of
recombinant constructs, in order to determine Hi$ methalology is of practical

value.
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Chapter4: TargetSite Resistance
to Diamide Insecticides

4.1 ChapteBimmary

Resistance to diamide insecticides in Lepidoptera is known to be caused primarily
by amino acid changes on the Ryanodine Rece(®yR) otherwise known as
Target Site Resistance (TSR). Recently, two new target site mutations, 14790M and
G4946/, hawe emerged, and both have beeshown empirically todecrease
diamide efficacy. A detailed understandingthe effects of these mutations on

diamide efficacyin-vitro is as yet lacking.

In the previous Chapter, an experimental system was established ttitatavely
assess the impact of TSR mutations on diamide effitaeigro using transiently
transfected Sf9 cell lines. In this Chapter, 89 system is employed to quantify

the impact of these two novel mutations on diamide activation.

TheresultsBf LJ (12 FdzZNIKSNJ RSFAYS G4KS WRAIFYARS NBai
RyR transmembrane domain, and the location of a possible site of diamide
interaction, as visualised on a 3D PxRyR model, and are additionally discussed in

terms of future diamide resiance monitoring.

4.2 Introduction

4.2.1 Target Site Resistance

Just 18 months after their markedebut, resistance to diamide insecticides
emerged in the Philippines in a population @BM P.xylostellg and was quickly
followed by further episodes in &by locations(Troczka et al. 2012)Partial
sequencing of the resistaft. xylostellagpopulations soon revealed a commonality;
a polymorphism, G4%E (DVAVG/E), located close to th&efninus of the RyR.
An earlier study had shown the importance of this regibthe receptorin diamide
efficacy, with @erminalablated channels failingtbind the insecticidéKato et &
2009) The following five years would see numerous studiesnt@ppthe presence
of the mutation in resistantDBM populations from divergent locations (see
references in Tablé.1). As the G4946GHRutation spreadsworldwide its importance
became clearfrom functional evidence in insect cell lines, to binding studies

native membraneg(Troczka et al. 2015; Steinbach et al. 2019)he G4946E
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mutation continues to emerge in new localities, with ndéaation of the mutation

recently reported in South Kor¢&ang et al. 2017)

The differing coding triplets for the glutamic acid residue found in different
populations (GAG for the Thai ain and GAA for the Sudlon (Philippines) strain)
imply that this mode of resistance has evolved at leasté inPlutella(Troczka et

al. 2012) whilst its incidence in at least 10 countries, spread across 3 continents,
strongly suggests at least one more ex@nary event(Steinbach et al. 2015An
alternative substitution, G4946V, at this position hasently been characterised

in P. xylostellgpopulations from Guangzhou and Zhencheng in China, where the
population makeup is split 70:30, 846 to G946V (Qin et al. 2018)Additionally,
mutation at this G4946 residud®( xylostellanumbering) has been implicated in
resistance in other insect pespeacies. A glutamic acid rather than glycine is
reported as being present in resistadt suppressialpopulations in ChinfYao and

et al. 2017)whilst both GI946E and @946V substitutions have beeimplicated in
diamide resistance in European populationsTofabsoluta(Roditakis et al. 2017)
Taken together, resistanemnferring changes at th position have emerged on a
total of 8 separate occasions in the past decade, in each casefrmngn allele

frequency of near zero and progressing to réaation.

Whilstthe S4S5 linker as a whole has been shown to be critical to channel gating
(Ramachandran et al. 2013)onconserved changes at th#946 position, which
have been selected for as a response to diamide exposure, appear to confirm that
standing variation at this interface position between helix and linker can be
maintained in the insect pest population. In support of this theory, fimessts
associated with the 846 mutation have been shown to be moderate, with some
populations retaining the mutation without diamide selectiffroczka et al2016)

(although seeCh5for an investigation of this point However, sequencing of

. GAgaeE Figure 4.1. Transmembrane proteir
o

‘ b topology of the @erminal domain of

1 j . theP. xjostellaRyR based on the cryst

""" .| structure ofrabbit RyR1 (Yan et al. 201!

| The region containing the G494«

M1|}T™M M3| |TM 4| M5

St B gae | | : substitution (position G4900 in publishe
ot : sequence (Troczka et al. 2012), acces:
number JX467684) links transmembra

..,\ domains TM4 and TMS5. Iga ©
. f""l-. : Rothamsted Research Ltd and Tkaecet
il ARG Sadn al., 2015.




weakly resistant lepidopteran populations frequently fails to detect G4946E,
suggesting that residual mutant allele frequencies are below t3862detection
thresholds(Roditakis et al. 2017; Gu al. 2014b; Troczka et al. 201Znhus, for

the resistant allele to rise to fixation from such depths requires that it provide a
sufficiently largeselective advantage. An overview of the past decade of scientific
literature does indeed suggest thatn ithe presence of diamide selection,
survivorship (i.e. RR) of G4946E/V mutants over wildtype is frequently increased
>3000fold (References in Tablel).

4.2214790M; A novel cause of resistance in diverse lepidopteran pests
Diamide resistance is norigerexclusiveo P. xylostelldut is now also present in
diverse populations off. absoluta S. frugiperdaS. exiguaand C. suppressalis
Unsurprisingly, this diversification is coupled to the emergence of new genotypic
mechanisms. One RyR amino acididae in particular, 1479 (VSLAI/M), is
implicated in resistance within all of the species listed. Detected in resistant
lepidopteran pets from Brazil, Florida, Europe, Israel, China and Korea, this residue

is developing a global importance to rival thud the G4946 locus.

The 14790M change was first detected in a Chinese populatién xflostellaone

of a combination of four mutatiomidentified in the RyR channel of this particular
diamideresistant strain, conferring potent (>2086ld) CLR rediance (Guo et al
2014).Despite a lack of experimental validation, correlative evidence of 14790M
conferring resistance is plentiful, asethmutation hitchhikes its way across the
globe. Its impact was first clearly shown in a Sicilian populatioh afsoluta in

2015, which exhibited 18tbld CLR resistance at a mutaaitelic frequency of close

to 100%(Roditakis et al. 2017}t is nowknown to be fixed in various populations

I ONRP&aa LGFf& FyR DNBSOSI 6KSNB oisgl LIISF NBR G2
the two changes almost never appearing in the same organism, with almost all local
populations fixing for one or the oth€Roditakiset al. 2017)14790M has also been
detected in South American populations af fRigiperda the Puerto Rican and
Brazilian populations are described as distinct, although gene flow between the two
is not unlikely(Nagoshi et al. 2017). The Brazilgopulation developed 14790M
mediated resistance in early 201@hilst the Puerto Rican population exhibd
160fold (CLR)and 500fold (FLB) resistancbut has not been genotyped for
presence of the mutation Interestingly, laboratory selection of the Brazilia

population with CLR led to slight increases in CLR resistancéo{@Rbut dramatic
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increases in FLB resistan¢e42,006fold) (Bolzan et al. 2019)Another noctid
pest,S. exigualso carries the equivalent of 14790M, which is present in almost all
surveyed Chinese populations and is associated ¥50fold CLR resistance. The
mutation is also fixed in certain Chinese population€ofuppressalisssociated
with 250fold CLR resistang&un et al. 2018)As all of theseacorded episodes
closely associate with CLR resistanc&/90M does certainly appear to be
conferring resistance, dlbugh not to as high a degree as G4946E. However, as
seen inTable4.1, K790M resistance is certainly sufficient to cause control failure

once it spreads to fixation.

Table 4.3Summary of major global diamide resistance occurrences, detailing geograph

severity and mechanism of resistance

a:CLR = chlorantraniliprole; FLB = flubendiamide;

b: Lethal Dose, in mg/L

OY [ 5 SELdtBegomBiéhded®a Qs GKSNBE w5 A& nyvY3axk[ 1
d: converted from ug/cmgCho and et al 2018)

Studies on laboratorgelected resistant strains were left out bisttable, as thir relevance to contrel
failure in the field is limited. Studies reporting low to medium resistance ratios (RR<50) were lef
this table as this range falls within the spectrum of population variation (FollfNéngn and Steinbacl
2016).

Further information on calculations made in this table is provided in Methods.
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Common Species Location Compound? LD50P Slope LD80b % of RD¢ RR Mechanism Source
CLR 214 1.94 437 530% 153 Unknown
Rice = _ CLR - Resistance Status: Some Evidence-------------- G494 6E Yazooit7al'
, China
Stemborer  suppresalis
. [4970M +/ Sun et al.
0,
CLR 108 1.97 218 264% 250 Y4667C/D 2018
CLR 99 2.48 173 210% 77 Uchiyama +
Tea Tortrix A. honmai Japan Unknown Ozawa
FLB 161 3.11 251 523% 105 2014
Bolzan,
Brazil CLR 2.6 2.66 4.38 5% 237 [4790M Boaventura
etal 2019
FLB 1.5 1 6 13% 500 sueer
Fall S. frugiperda Puerto Rico Unknown s
Armyworm CLR 0.16 1.1 0.56 1% 160
Europe,
Africa, . Stokstad
India. e Resistance Status: Unknown-------------- N/A 2017
China
South CLR >25 Unknown >2,500 Unknown
Korea Cho etal.
Beet . 2018
Armyworm S. exigua FLB >100 Unknown >100,000 Unknown
China CLR 4,934 Unknown 154 [14790M Zuo 2017




Brazil CLR 650 1.2 2063 2501% 3095 Unknown
Roditakis
. G4946 E/V etal. 2017
Italy CLR 838 1.38 3399 - 2704 14790 M/T
Greece CLR =1000 N/A N/A =>1666% =3200 G4946 E/V
Tomato i , , , Roditakis
leafminer T. absoluta Spain CLR 0.12 1.25 0.6 1% 1 N/A I —
Israel CLR 6998 2 17,438 21,137% 22,573 Unknown
Sub-Saharan
Africa, Resi S . Unk N/A Biondi et
West Asia, "o esistance Status: Unknown----=-==saaeu- / 2l 2018)
East Asia
Thailand FLB 175 Unknown 775 G4946E T:f;ﬂ‘f;‘
Philippines CLR =>1000 >10,000 G4946E Steinbach
(Sudlon B Unknown _ D
strain) FLB =1000 =10,000 G4946E
China FLB 265 Unknown 2000 G4946E T:f‘:;gj‘ :‘
_ E1338D, 1
Diamond- China CLR 23 283 375 78% 2128 Q4594L, o et
back P. xylostella [4790M
moth
India, bach
]?Ilgjl, -------------- Resistance Status: Some Evidence-------------- G4946E estt?]n;a&
Brazil CLR 204 306 321 669% 27,739 Unknown et
CLR
-------------- Resistance Status: Some Evidence-------------- G4946E Ka;gf; al
South Korea FLB
CLR 36 1.43 95 115% 1196 Unknown Cho et al.

2018




4.3 Methods

4.3.1 Concentrationesponse assays

Throughout this thesis, diaméd are dissolved in a final solution comprising 1:100
DMSO:ED. Diamide solubility in DMSO is not listed on the compound data sheets,
howeversolubility in dimethylformamide, which is a very similar solvent*, is known
to be ~1000x higher than the value fdistilled water, so it is probable that the
DMSO:KD solution increases solubility. Preliminary solubility tests (eydbst) in

this thess indicate that precipitate starts to be visible at concentrations of CLR
above 15@QM, and concentrations of FLB@e 7%M (indicating that the presence

of DMSO may raise FLB solubility above theMb&aximum).

*(https://lwww.gaylordchemical.com/innovatin-center-2/usingsuperior
solvents/replacedmf-with-dmso/)

4.3.2 Insilico analysis methods

4.3.2.1Computationaimodelling

Taking into account the publication anet al.(Yan et al. 201Bvho described the
(closedstate) conformational model of the European rabbit RyR1 in complex with
FKBP12 at 3.8 A resolution determiney single particle cryelectron microscopy
(cryoEM), a multiple amino acid alignment of the RyR widt sequence oP.
xylostella(UniProt GBEME3; Guo et al., 2012) and the rabbit structure (PDB 3J8H)
was used to map the known mutation sites linkedltamide resistancéTroczka et

al. 2012 Guo et al. 2014bGuo et al. 2014a As PDB 3J8H does not cover the
complete sequence of the rabbit RyR1 (due to structural disorder), another but
complete sequence ddrydolaguscuniculusRyR1 (UniProt P11716) was added to
the pairwise alignment to map the gaps in the structure determined by-EfyioA
homology model for theP. xylostellaRyR was constructed using the Advanced
Homology Modeling tool whin the software sue Maegro (Maestro 2019. To
correct for vdW clashes and distortions in the local structure, the raw model was
subjected to an energy rislement procedure with the macromodel minimization
(LBFGS method, 5000 iteration$he illustrations from the resulting 3D models

shown in thighesiswere generated from the Maestro modeling suite

4.3.2.2Assessment of diamide resistance
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Within this chater, two scores are used to assess diamide resistance episodes:
Resistance Ratio (RR) angb%ach provides unique information on the nature of

the resistance episode.

RR is a common assessment of resistance, an indication of the efficacy of the
insectcide a@inst a resistant strain in comparison to a baseline efficacy in an
insecticide susceptible reference strain that futates resistance (Lethal Ratio Test
(Robertson 200)). RR indicates the scale of insecticide resistance that is taking
place within the organism, information that is particularly valuable in combination
with a biochemical understanding tesistance mechanisms. However, reliance on
baseline toxicity measumeents makes RR a poor quantifier of absolute insecticide
resistance. Baseline measurements are variable within populations of a species,
and even more so between different species, asdch variation becomes
problematic when it is amplified 16@r 1006 fold during calculation of RR. This
can result in dramatic misdiagnosis of resistance severity, as shawahlé?.2, in

which the BraziliarP. xylostellgpopulation registers a lowerl® LD50 than the
ChineseC. suppressalisvhilst comparison by RR alom@uld suggest that thé.

xylostellais experiencing a considerably more severe resistance.

When the goal of resistance monitoring is to predict control failure, this chapter
utilises %=p.As outlined in previous studigSilva et al. 20L11Guedes 201 this

score is based upon comparing the LD80 (lethal dose for 80%) of the population
with the Reconmended field Dose (RD) of the insecticide:x % therefore an
SELINB&&aA2Y 2F GKS 4G[5yn a | LISNDSyidl3as 27 ¢
of the probability of control failurelf the estimated LD80 is higher than the label
rate of the commercialdrmulation, control failure will probably takplace. Such

a score has basis in European and Brazilian law, where new synthetic insecticides
are required tokill >80% of their target populatioat their prescribed RD. On this
scale, If a population regists a %p<100% against a given insecticitlés is an
indication that control is currently effective; it matches or exceeds the minimum
expectations of European and Brazilian insecticide registration requirenigina

et al. 201). A score of >100% indicates a significant risk that control failure will
occur, based on the assumption that naontrolled (resistant) phenotypes will

proliferate and increase within the population.
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Table4.2 Comparison of CLR resistance across field strains from three lepidopteral
species (from Table 1, above).

Species Location Compound LD50 Slope LD80 CVRo[(;f RR
T.absoluta Israel CLR 6998 2 17,438 21,137% 22,573
P. xylostella Brazil CLR 204 3.06 321 669% 27,739

C. suppressalis  China CLR 214 1.94 437 530% 153
4.3.2.3 Calculation of RR &b
Calculation of %pis via the following equath: %p= (LD80 / RD) x 10

Where LD80 is the Lethal Dose for 80% mortality of the insect population, and RD
is the recommended field dose. Where LD80 is not listed in the literature, it is

calculated via the following equatidGraphPad 2019

F ¥H
Ce= -EC
F (mu—F] <

Calculations of LD80 were validated against studies of known LD8(Redyakis

et al,2018) Calculated values are generally much lower, at jusB®% of actual
values, such that likelihood of control failure is eggal to be far higher than
reported here. Disparities between calculated and actual values are likely to be
caused by early plateau of the logarithmic phase of tmncentrationresponse

curve.

Resistance Ratios, described above, were extracted from itbeture, and
required no further calculatioRD’, recommended dilutions were extracted from

the insectici@ labels forFLB (BELT®) andCLR(Coragen®©) table 4.3). For
simplicity's sake, the RD is taken to be that of the 'Lepidopteran Dilution'. and is
used as such throughout this chapter. BELT values calculated based on the given
recommended spray values of-250ml/Ha of 480g/L BELT formulation. CORAGEN
values calculated based on the given recommended spray values of 0.046
0.098lIb/acre. The lepidoptan pest dilution foICLRhas been calculated based on

the median spray, 82.5g/Ha. For comparability with litexature and withFLB this
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value was converted to 82.5mg/L following the arbitrary conversion listed in the
BELT480 product label, i.e. 48g/M8mg/L. It should be recognised that spraying
practices and guidelines vary between localities, crops ant$ pekhough they are
unlikely to exceed the spray limits listed here, the (mal)practise of uddsing is
common in some regiondroczka et al. 20)6such that control failures may be

significantly more likely than reportdukre.

Table 4.3CLRandFLBspray dosage information.

Compound FLB CLR
(BELT) (Coragen)
Minimum spray (g/Ha) 31 55
Maximum sprayg/Ha) 72 110
RD (mg/L) 48 82.5

4.4 Results

4.4.1 Generation of novel PxRyR constructs

The three novel mutationg1338D, Q4594L and 14790M were originally discovered
in Yunnan province, Chindn P. xylostellaindividuals displaying a 21A8Id
resistance taCLRGuo et al. 2014apPocumentation of this resistance episode was
a key prompt for the conception and initiation of this PhD. Theefd?xRyR
constructs incorporating E13380Q4594L and 14790Nhdividually, and in various
combinations mathing those found in the original field study, were created (Fig.
4.2). However, it soon became apparent that 14790M was of much greater
relevance thanthe other two mutations, emerging autonomously in various
lepidopteran species and isolated populationivestigations into 14790M
mediated resistance were therefore prioritised, whilst investigations into

combinatorial constructs involving the other twesidues were put on hold.

The first year of this PhD also saw reports dF. absolutaoutbreak in Eurpe,
accompanied by the sequencing of the novel diamide resistasseciated variant,
G4946V(Roditakis 2016)Investigation of this novel amino acid variant at the

G4946 position watherefore also prioritised.
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In this Chapter, comparison of the novel PxRyR constructs is made against two
previously created constructs, WPXRYR and G4946&RyR (made available
courtesy of Bartek Troczka). Characterisation ofR¥RyR was compékzt in Ch3
following a novel methodology developed for this thesis. Characterisation of

G4946E is undertaken as part of this Chapter, in order to evaluate the methodology

further.
T T
T .
3,097 300 O 48 4,!?12 4,!?14
; A
Reference v Q | I
|_Q4594L (CTG) |
_— ¥l WaX
e . v Y s
Raw
=
Consensus
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.—'—“f-‘\\_ 2 /r\‘\ o . J/-_\,
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Figure 4.2Sequence comparison wiutated nucleic and amino acid positions for each
PXRyR constructeated.Mutations were generated by sitfirected mutagenesis upon
fragments of the PxRgR W/ 2y aSyadzaQ RA&aLIX F@éda (GKS adz00Saaf¥adz
gKAfT Al WwSTSNByWiEne 95 NEy A KSLIGNABWIYs aSld

provided. Mutagenized fragments were reassembled intdemgth PxRyR following the

cloning strategiesatailed in the Methods Chapter.

4.4.2 Functional Expression of modified PXRyR constructs

4.4.2.1 Preliminarfpiamde Dosing

Modified PXRyR constructs were expressed in Sf9 cells following the protocols
established in Chl. Preliminary experiments with 10mM caffeine exposure indicate
that the constructs form functional PXRyR channels (Fig 4.3). Subsequentafosing
the same cells with M CLR reveals that 14790RKRyR expressing cells are
susceptible to thizoncentration as is the W-PXRyR, but that G494&R4RyR cell

line registers no Carelease. Repeated dosing with caffeine failed to provoké Ca
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Figure 4.3Recombinant PxRyRutants expressed in Sf9 cellgsdd sequentially with 10mM
caffeine (grey) and 5uM CLR (black).
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release inthose cells which had previously been activated by the diamide, but

successfully provoked Eaelease in cells expssing G4946PxRyR.

4.4.2.2 Differences in €dandling between WT and modified constructs
Temporal and amplitude properties of caffeireoked C# transients were
characterised in Sf9 cells expressing WT and G4B4B§¥R. The amplitude of‘Ca
releaseevoked by caffeine is critically dependent on the filktatus of the ER €a
store. Importantly, average cellular resting fluorescenc@xdRyRransfected cells

of each genotypéo not differ significantlyG4946E1.80+0.3214790M 1.51+0.74
G4946V 1.15+0.21) when compared to the ER?*Claad determined in cells
expressing W'PxXRyR (1.00+0.38pdicaing that genotypes havepproximatly

the same resting Castore capacity. Comparison of the peak response at each
concentration (Fig. 4.4) suggestso significant functional heterogeneity exists

between the two genotypes, under these conditions.

Time constraints prevented a caffeicenentration-response relationship to be
generated for each of the recombinant PxRyR consstudnstead, the
recombinants are compared in their response to a single (10mM) dosage of caffeine
(Fig. 4.5a), as this falls well within the linear portion of the-BXRyR response
curve. Measurements were taken for all three constructs in a single dagdén to
minimise methodological variation, with betweenr26 cells responding for each
construct. This preliminary investigation indicated that neither G49B8ER nor
G4946W¥PxRyR produce a caffemstimulated peak significantly different in
amplitude to that of the WTPXRyR construct (Fig 4.5b, P>0.05). However, the
14790M-PxRyR produced a significantly higher peak (Average: 1.31; P<0.05). Even
accounting for vaation in measurements between experiments (see Ch3, Fig 3.6)
the difference recorded is lust. 14790Mexpressing Sf9 cells were also observed

to respond more readily to caffeine compared to WT (i.e. more Cat A and B

responses see Ch3, Fig 3.5).
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Figure 4.4Response of a) WT, bYA84€E to increasingoncentrations ofcaffeine

Data for WT PxRyR was previously displayed in Ch1 and is redisplayed here for comparison onl
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Fig 4.5Caffeine response comparison between modified PxRyR constructs
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A hypothetical 3D structural model (Fig. 4.6) of the PXRyR protein suggests/An ~ 30
distance between 14790M and the caffeine binding site (as defin€dlurayama
2018) implying that interaction between the two regions is unlikely. Again, lack of
any substatial investigation into calcium handling differences betwette

constructs hinders further physiological discussion of this observation.

In the conext of this thesis, the more important point is that the 14790M construct
may register reduced ProportiohResponse (PNR) to diamides due to a relatively
increased caffeine response (median response 24% higher than WT response, fig
4.4, b). Due to the calilations performed during concentratienesponse analysis

(Box 3.1), this would result in an apparent 2#duction in the recorded diamide
response vs the theoretical expected response. Therefore, during the analysis for
Fig 4.7, 14790Maffeine response were each reduced by a factor of 1.24 to

compensate for this discrepancy.

4.4.2.3 Variation in caffeineesponse correlates with variation in diamide
response, across all three PxRyR variants

It was previously shown that cells vary in their general hggical ability to
conduct calcium in response to caffeine application (Fig Brbassumption of this
thesis is that caffeine response and diamide response coVdmat is, cells that
exhibit a higher than average response to caffeine are expecteghibi¢ a higher

than average response tiamide application. If the assumption is true, it justifies
the technique employed throughout CB+446, in which cellular response to
diamide is first normalised against a baseline, and then relativized against the

caffeine response of that same cell (see Ch3, Box 3.1).

Scatter plots of caffeine responsgainst diamide response (Fig 4.7) corroborate a
potential association, but that the relationship begins to break down at high
concentrations of diamide (i.e?R reduced). Thetsepness othe plotted line in

Fig 4.Gndicatesthe relative response afhe construct to caffeine vs diamide, with
an incline of ~1 indicating equal responsiveness to both compouRdadicates

the extent to which variation in caffee response (x) predicts variation in diamide
response (yfthe value is literally determinebly the distance of outlier values from

the trendline of the graph)Strong correlations are observed for WP=®&89),
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G4946V (R0.56) and 14790M ¢R0.60) whentested atconcentratiors close to
their EC50 (see Figs 4810). 14790MRyR expressing cekxposed to a much
higher concentrationof diamide (25uM) exhibit a markedly increased variaiion
response amplitude, weakening the relationship>5®23). By amparison,
variation in caffeine response remains very similar between experiments, and
acrossdifferent genotypes (thecaffeine concentration @mains at 10mM in all
cases). Whilsttaliamide concentrations above the linear portion, it was found that

caffehe and diamide response correlate poorly or not at all.

Figure 4.6PxRyR homology model, indicating posit

of caffeine binding site (large circle) relative to

position of 14790M mutation (small circle).
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4.4.3 Quantifying the impact of fietterived mutations on PxRyR

stimulation by diamides

By successive application of caffeine and diamide, following the protocol outlined
in Ch3, Box3.1, the cembinant PXRyR constructs G4945RyR and 14790M
PXRyR were @lnacterised in terms of their responsiveness to increasing diamide
concentrations. Concentratioaresponse relationships are displayed, with
comparison to WIPXRyR, for CLR and FLB in each. ¢aseeach concentration
point, n = 58 patches of cells, whet@ patch of cells contains betweer32 Cat A

responding cells.

4.4.3.1 G4946IE the root of resistance

Diamde resistance associated with G4946E in the field varies from ~0D@or

FLB irChina, to ~10,00@old to CLR in the Philippines (reference§ahle 4.1)Over

the past decade, the role db4946E in diamide resistanbasbeen extensively
characterisedin-vitro. Sf9 cells expressing a nogsistant WIPXRyR channel
exhibited nontransient gating and calcium store emptying in response to 100nM
FLB application, whilst those expressing the G4946E channel were refractory to
such effects up to (and most likely beyond) the limit of solubility of the compound
(Troczka et ak015) For CLR, a more complatencentrationrresponse profile was
achieved for both the WWPXRyR and G494&&RyR constructs, with the EC50
increasing from ~0.03MM to around ~37uM, implying a RR of 21®ld. Similarly,
native membrane preparationsontaining PXRyR from a resistant moth strain
exhibited 456fold (FLB) and 15f@Id (CLR) reduced binding when compared to

membrane preparabns from a susceptible stra{Steinbach et al. 2015)

The results presented in Fig. 4.8 broadly agree with past studies, cited above,
reiterating the reduction in diamide efficacy due to the G4946E change. The RR
recorded here of 10@old for CLR contrasts to the 2i@ld resistance reported in
(Troczka et al. 2015)n this case (and in Figs. 4.8 and 4.9), quantification of a
redstance ratio for FLB was not possible, due to the inability to reach a plateau in

the FLBresponse prior to the limit of solubility.

4.4.3.2G4946\k a newlocusof resistance in Tuta abstdu
Populations ofT. absolutavith diamide resistance ratios 6270Gfold or >3200

fold were recorded in Italy and Greece (respectively), as of 2017. The associated
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G4946V mutation characterised in the resistdnabsolutgpopulations has not yet
been ickentified in other species (at the time of writing). It was necessary therefore
to experimentally validate the role of this mutation in the observed resistance
episodes. The mutation is also interesting in the context ofeadhi a better
understanding ofthe nature of G4946iediated resistance. The valine (V)
substitution in theT. absolutgoopulations has no charge, compared to the strong
negative charge on the glutamic acid (E) substitution. If both cause an equal level
of resistance, this might indicathat the associated decrease in diamide efficacy is

due to binding site obstruction rather than changes in chemical interaction.

The results presented in Fig. 4.9 indicate that the G4946V substitution does

mediate substartl resistance to both FLB antlRC A calculated RR of 3#dd to

CLR indicates more potent resistance effects than those seen for G4946E in this
study. However, caution should be exercised in comparing the resistance profiles

of the two constructs givethat, as discussed previousletdiled analysis of cell

physiology was not made in this study.

Since the collection of this data, other authors have made parallel attempts at
characterisationT. absolutanembranes harbouring G4946%R have >306fld
reduced FLB bindingRoditakis etal 2017) G4946Einserted by CRISPR/Cas9
transgenesis into an otherwise susceptible genetic background, exhébits

resistance of 223old to CLRn beet armyworm(Zuo et al2017)
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Figure 48. Doseresponse relationship of G4948ExRyRdark fill) to CLR (blue) and FLB (orange) with WT

PxRyR (light fill) respse included for comparison
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Figure 4.9Doseresponse r&ationship of G4946MPxRyR (dark fill) to CLR (blue) and FLB (orange) with WT

PxRyR (light fill) response for comparison
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4.4.3.31479M ¢ A novel cause of resistance in diverse lepidopteran

pests

The potential significance of ¢hl4790Mresidue is immediately clear when one
looks at an alignment of insect RyRs @#it0), as almost all insect orders are
wildtype methionine (M) whilst Legoptera are distinguished from other orders by
having an isoleucine (l). It seems highly plausible that the methionine at this
position is therefore a selectivity switch, responsible for the relative ineffectiveness
of diamides, particularly FLB, on nt@pidopteran pestySteinbach et al. 2015)
Such a theory is supported by reverse genetic studiBsasophila, which naturally
have methionine at this position and exhibit low diamide susceptibility.
Substitution with isoleucine conferred a Adld increase in CLR efficacy and a 15
fold increase in FLB effica(Douris 2017)Anthranilic acid diamides such as CLR
are thought to bind at a separate, albeit coupléacation from the phthalic acid
diamide FLB, potentially explaining this discrepancy in susceptibility in the
engineered Drosophila straifisaacs et al. 2012; Qi and Casida 2023)ecent
backcrossing experimeérin S. exiguafound that introgression of the 14790M
mutation caused approximately Z0ld resistance to both dimides(Zuo and al.
2019)

Functional biochemical studies on 14790M areS&NGf & fF O1Ay3 yR ¢S ai
fully understand why this mutation causes diamide resistance. Homology protein

modelling of theP. xylostellaRyR has shown that this residue lies just 13A from

G4946 in the 3D structure, with suggestions that the two nessdmay form part of

the diamide binding pockefSteinbach et al 2015However, attempts to use a

fluorescent CR tracer to measure thoracic membrane binding failed to draw any

meaningful conclusionfGuo et al. 2014b)A similar attempt using dholabelled

CLR suggests4790M-mediated reductions in binding, althoughe presence of

4946E in the membranergparations preventsa clear interpretation of the results

(Roditakis et al. 2017)

Fig. 4.11 indicates that 14790M does indeed confer a degree %ftamce to
diamide insecticides. For CLR, the calculated RR is moderate, at jfai 10
(comparing to RR of 1€@ld for G4946E in this stullyA slightly higher resistance

is apparently conferred to FLB, with estimates betweenfd@ and 35fold,
deperding on the line steepness calculated. As previously, limitations of solubility

prevent accurate quantification of FLB resistance.
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4.5 Discussion

It has been noted previous{frhomas et al. 2004hat heterologous expression of
RyRin cells that contain neither the native RyR nor its native regulatory
environment may yield channels that behawvatiesly dissimilarly to thosén-vivo,
bringing into question the relevance of the results in the context of insecticide
resistance in theiéld. Channels produced in nwudkll systems may not exist in a
macromolecular organisation, since many of the asoeg proteins are absent
(Macrill 1999) Three pdints offer evidence to the contrary, however. The first is
that this study addresses just one characteristic of the RyRneathe release of

C&* due to agonist binding. Such a mechanism has been shown not to require
additional accessgrproteins, and indeed not even to require the majority of the
protein to be intact(Xu et al. 2000)Secondly, the mutations studied here might be
expected not to illicit strong functional diffenees, because these exist and even
spread throughout populations, as opposed to those pathological mutations cited
in medical studiese(g(George and al 200))Indeed the mutations & not
expected to illicit functional difference at all because they lie in a region quite
distinct from the C#, caffeine, AT®inding regon (Fig 4.6). The third point is that
numerous studies have now made use of such heterologous expression systems to
study lepidopteran RyR-vitro. This study draws on these previous studies, and its
strength is in comparison to those previous studieather than requiring
comparison toin-vivo results. Furthermore, the comparison is made between
genetically very siitar recombinants, varying by just a single amino acid alteration,
as opposed to the work of other@ato et al. 2009; Tao et al. 201@hich compare
drastically different constructs. The benefitiofvitro studies such as these are to
Ffft2¢ || WNBRAzOGA2YAA(GQ SY@ANRBYYSyd G2

context of the compensatory mechanisms that might exustivo.

4.6 Conclusiorand future work

The results in this Chapter (summarised in Fi@dhhve shown that alterations of
residues G4946 and 14790 on the PxRyR cause a severe reduction to the diamide
effect in PxRyRxpressing cell lines. Comparison of the results presented here with
those of other studies reveals that resistance ratios \igmatically betweerin-

vitro and in-vivo studies, even when mediated by the same cause. For example,
whilst the G4946E change produces a 1080 reduction in CLR efficacy in the

field, the same change produces a mere f6ld change in this study. Sikar
124

f221



findings in other cell line and ligd binding studies support the poifTroczka et

al. 2015) Thesimplest explanation is that in field populations, multiple sources
combine to aggravate the phenotypd?osible metanismsinclude cuticular
changesaffectinginsecticide penetration; behavioural adaptations for avoidance;
metabolic upregulation to speed ugetoxification and removaland targetsite
alterations to redue insecticide efficacRAC2019) Alternatively, the disparity
may be attibutable to other aspects of the genetic backgrourld complex
organisms, any phenotype is determined by the overlapping effects, or epistatic
effects, of multiple independently acting genes. Previous studies rdent
examples of a genetic alteration measing fithess in the presence of an insecticide,

in a genetidbackgrounadependent fashion (Smith 2011).

The 14790M change was found here to mediate ddl@ reduction in CLR efficacy,
whilst in the field its pesence is associated with ~1&fld chang (Gutierrez
Moreno et al. 2019) This result also supports the role of 14790M as amilie
WwasSt SOGADAGR & dpleiar® Kt othed inge& Slgssed périally R 2
explaining the major reduction in Fr&ponse outside of the Lepidoptera.
14790Mmediated FLBesistance was comparable to the other two resistant
constructs. Referringo Figs 4.81.10, 1QuM FLB elicits a respse magnitude of
63% (14790M); 20% (G4946E); 78% (G4946V), respectively, whilst resistance to CLR
conferred by 14790M is much less potent than that of the G4946 alterations.
Certainly, the FL-Besistance conferre@dy 14790M in this study is much less seve
than the resistance ratios calculated between Lepidoptera and other insect orders,
which can reach a magnitude of 10,0a® 100,0006fold difference(Hall 2007)
even accounting for the observation that fiedtudy resistance ratios tel to be
much higher than lalstudy ratics. If the 14790M is a selectivity switch, it is surely
one of many which combine to make such a wide selectivity difference between

the classes.

Whilst the proliferation of targetsite resistance is cause for alaim terms of
reduced defenceagainst lepilopteran insect pestsit may also hold clues to
reversing resistance. Analysis of the resistaassociated mutations described
above, combined with empirical studies on the RyR channel, bring ever closer the
goalof pinpointing the diamide binding sité. list of additional candidate mutations
was compiled (Fig 4.)3ased on the correlation of known diamide susceptibility

with the occurrence of residue changes across an alignment of 44 insect and non
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insect RyR spiences.Residues that segregate betwetpidopterans and other
insects represent candidate resistaragsociated mutationsThe presence of a
residue in other insectds evidence of functional compatibility, hence the
assumption is that residues preseintother insectsare more likely to reoatr in

Lepidoptera irthe field.

Mapping of theP. xylostellalM region on to the available 3D structure of closed
state rabbit RyRIYan et al. 2015hows a very close pxamity of G4946E and
14970M. At approximately ¥8distance, they face each other from either side of a
Voltage Sensor Domaiike cavity (pVSD), a highly polar region whose homologues
in other channels are known sites of ligand interaction. The role ofp¥i8D in
diamide binding is supported further bysaries ofreverse genetistudies, as will

be discussetlurther in Ch6, where it will inform an effort to define the position and

extent of the diamide binding site.
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Residue Alteration Significance of chemistry
25090 N-G Substantial reduction in size, becomes hydrophobic.
45058 Ll Minimal change.
95027 Lol Minimal change.
P5026  ESD Reduction in size.
95012 N-H Increase in size, charge, and becomes aromatic.
45001 N-K Increase in size and positive charge.
%4999 N-D Reversal of charge, from positive to negative.
Bagss QK Addition of positive charge.
P4946 GE-V Increase in size. Glutamate represents addition of strong negative charge.
Bagas  AST Increase in size, becomes polar.
Ba922  YSF Minor change, hydrophilic to slightly hydrophobic.
Bagos  M-LR No longer sulphurous. Arginine represents addition of strong positive charge.
Y4793 G-A Increase in size.
Y4792 IV Reduction in size.
54790 1>M Becomes sulphurous.
Y4779  A->M Substantial increase in size, becomes sulphurous.
Y4773  E-SA Substantial reduction in size and removal of positive charge, becomes hydorophobic.
Y4770 F>Y Minor change, slightly hydrophobic to hydrophilic
Y4713 V-I/M Valine to Isoleucine or Methionine. Increase in size. Methionine is sulphurous.
Y4688 A-V/I Substantial increase in size.
Y4683 Q->VAR Variable.
Y4681 L>F Becomes Aromatic. Increase in size.
Y4679  V->I-M Increase in size.

Y4678 Q->S/T Reduction in size.

Y4676 L->VAR Variable.

54594 Q>L Hydrophilic to hydrophobic
51338 E-D Reduction in size.

Figure 413 Additional candidate mutations that may alter RyR channel sergitioi

diamide insecticideg\lterations are listed by positioand the significance of the alteratiol
in terms of local chemical interactions is described. Changes in size are expected t
the size of cavities, which can impact ligand binding. Cheimgeharge may alter the loc:
hydrophobicity, changing whaype of ligands can bind. Sulphurous amino acids have
capacity to form dsulphide bonds with other sulphurous amino acids, which can drasti
alter the shape of the protein. Hypothetio@sidue changes basedon:z 2 | y3 §
I 5FYyASTLIIRENR2@2 YYT ' X NBaARdzSa ARSyli

insect RyR sequences.
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Chapter5: In-vivoinvestigations
of Diamide Resistance

5.1 ChapteSummary

5.11 Anin-vivomodel of diamide resistance

The previous Chapter investigated two novel RyR mutations and concluded their
probable role in reductions of diamide control efficacy in lepidopteran field
populations. Hwever, resistance is a fieltbndition and should be stlied in
settings as close as possible to those of insects in the (fididnchConstant ad

Bass 2017)The goal of isolating the RyR sequence variants within Sf9 cells (Ch4)
was to show beyond reasonable doubt that the individual mutations linked to
diamide resistance are responsibla falterations in diamide interaction with the
receptor. Having done so, it is now important to corroborate these findings by
showing that reductions in diamide efficagy-vitro are mirrored by the same
reductionsin-vivo. To that end, this Chapter detathe integration of the previously
studied PxRyR and @amo acid variants of PxRyR inBwosophilamelanogaster
followed by a toxicological impact assessment of the diamides CLR and FLB upon

those fly lines.

5.2 Chapter Introduction

5.2.1Resistance, bt what cost

It has been shown, over the past decadeattthe spread of diamide insecticide
resistance (see Chl) represents (in most cases) the spread of allelic variants of the
RyR gene, encoding proteins of altered structure that exhibit reduced deamid
interactions. Armed with this knowledge, the spreadefistance is countered by

a strategy of insect resistance management (IRM) mode of action (MoA) rotation,
as advised by the Insecticide Resistance Action Committee (IRAC). The basal theory
behind ths MoA rotation is one of fithess cost:phenotype isshaped by the
selection pressures of its environment, bringing it ever closer to optimality in that
environment, such that alterations to the environmenfor example, by
introduction of synthetic inscticides, predators, or competitgranecessarily
reducesthe fitness of this phenotyp@Coustau et al. 2000J he upshot is that each

resistancecausing allele can be described taffer from acostin the absence of
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insecticidal press@. Knowledge of such costs can potentially be employed to
predict the probability of existing targesite mutations spreading through
populations in order to enact IRM protocols in advanskinvasio. Population
genetics defines the probability of a given resistance allele spreading through a

population as a function of three variablgsg.Wilson and Rannala 20P3

- Benefitprovided by the allele, in terms of increased survival and reproduction in

the presence of insecticide pressure

- Costinflicted by the allele, in terms of reduced survival and reproduction in the

absence of insecticide pressure

- Heritability of the allele or the effective dominance of its phenotype, in a

heterozygous context

(Where all three variables are calculated relative to the nesistant wildtype
(WT) allele).

The cost outcome depends entirely on whether the resistance is metabolic (a
quantitative trait) or TSR (a discrete trait). In the case of metabolic resistance, the
cost may bea straightforward trade-off between resource allocatiorinto
xenobiotic/toxin detoxification or allocation into nutrient metabolism
Transcriptome profiling of CL&posed C. suppressalishows that, whilst
detoxification related genes are tnegulated, the flipside is a downregulation of
general metabolism genddMeng X et al. 2019Wwith the accompanying metabolic
reductions expected to negatively impact demahent rate. IndeedCulex pipiens
mosquitces which oveexpressesterasswere shown to contain on average 30%
less lipids, glycogen and glucose than their wildtype counterpg&igero et al.
2011).

In the case of targesite resistance, the cost is less predictabteleed, no studies

have succeeded in measuring the fithess costs due to specific target site (amino

I OARO OKFIy3aSa 2y (KS wéw 002 (KSmaydzi K2 NDa
derive from potential alterations to the function of the protein itdeland the

biochemistry surrounding thatf functional effects of theacquiredmutation are

significant, then the cost of resistance will be higtutellaexhibiting 22,70&old

CIR resistancexhibited profound costs in absence of CLR expogriteeiro et al.

2014) Relative to a fieldlerived reference strain, they producddwer, smaller
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larvae, which took longer to develop and were less likely to successfully pupate
However, any accompanying metabolic differendetween the resistant and
susceptible strains were not established, stsihot known whether the costs are
attributable to the targetsite alteration, or to other causes. Indeed, another study
indicates that the cost of diamide targsite resistance ilow or nonexistent.The
Sudlon strain oPlutellg collected from the Phippines during an early resistance
outbreak, carrying the G4946E mutation, shows only mild resistaasts, in terms

of a #14% delay in development across various larval and mtpgesSteinbach

et al. 2017) Indeed, the strain continues to display high levaf resistance without
further diamide selectioiiSteinbach et al. 20153uggesting that such dssare not
sufficient to reduce the prevalence of the resistant alleletiie population.
However, this second study also suffers from an identical fdack of genetic
investigation beyond the RyR locus hinders understanding of the fitness cost of the
(4946E mutation on its owrMuch of the variation seen between these stuslie
should be attributed to the lack of precise genetic investigatibhis Chapter
therefore reports uporin-vivo experiments to corroborate thé-vitro resistance
effects reportedm Cht 3+4 and briefly assesses the impacts of that resistance upon

indicatbors of fitness.

5.3Methods

5.31D. melanogasterearing

D. melanogastestrains were maintained in standa@bx95mm polystyreneials
(Genesee) with 5ml of fly foodN(tri-Fly®Bloomington formulation). Fly stocks
were kept at 19°C and transferred to fresh vials every 4 weeks. Virgin fénale

melanogasterfor crosses were collected within 8 hours of emergence.

5.3.2 The germline transformation strategy, and generation of the
injedion line

The. / oM A ysysterd Dsk&ementmediated gerrdine transformation to
integrate exogenous DNA sequences into tbhemelanogastergenome . / o0 M
integraseis an enzyme thanediates recombination between attP docking sii@s
the genomeand an attBcontaining plasmidpUAST, leading to the integration of
the whole plasmidnto that site in the genome. In this case, the systwill be used

to integrate the PXRyRDS.
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Figure 5.1terative crossing with a doubfearker line is used to cdsine two Boomington
stock lines, in order to create an injection line that expres§&l by thevasagermline
promoter (Chromosome 1), the R§Rnockout (Chromosome 2) as well as the attP
sequence for UABediated genomic integration (Chromosome 3). Etedes mdicate the
genotype that has been selected for further crosses. Red strikes indicateviéablen

genotype.
An attP integration strain carrying a truncated RyR allele (hence forefeded
to as RyR16.attP strain) was generated by repladingncosome 2 from straig[1]
M{vasint.Dm}ZH2A w[*]; M{3xP3RFP.attP}Z86Fbby chromosome 2 from strain
y[1] w[*]; RyR[16]/CyO, y[+Both strains were acquired from the Bloomington
DrosophilaStock Centre (reference numbers #24749 and #6812, respsgtivel

crossing scheme detailing how this strain was generated is showig 5.1. The
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RyR16.attP strain expresses th€31 integrase under the control of theasa
promoter, allowing for efficientransformation just within the germline cells. Upon
the second chromosome, it carries a Aulhctional RyR mutated allele over a
balancer. And upon the third chromosome, an attP integration site, posi&#g

where theinsertedPxRyRequence will lad.

5.3.3 Generation of UABXRYR genome modified Drosophila lines

~150 female and ~150 male flies of the RyR16.AttP strain were transferred to a cage
with an eggaying plate made using FlyStuff grape agar mix (FlyStuffdtdrg
equipment) streaked witla yeast paste (RedStar). The adult flies were added to the
cage 2 days prior to embryo injection and left at 25°C to allow the flies to acclimate,
and the food was changed2times a day. On the day of injection, the gragar

plate was changed at 2 hayrl hour and 30 minutes before egg collection to empty
females of old embryos. The embryos were rinsed off the grape plate into a mesh
basket and washed with water, with an egg collection every 30 minutes to ensure
injection was carried out using embryaswhich blastoderm cells had not formed.
Embryos were transferred to a 2 x 2 cm square glass cover slip and aligimega

fine sable paintbrush, with the dorsal side face up and the posterior end of the
embryo ~2 mm fromthe edge of the coverslip inlene. Exact drying time mediated
high injection survival: lines of embryos were dried until the aqueous meniscus
between eggs was on the verge of disappearing -8881). To halt the drying
process, halocarbon oil 27 (Sigikdrich) was applied sparinglg the embryos.
Prior to injection, embryos were incubated for a further 5 minutes to allow the
halocarbon oil to penetrate between the chorion and vitelline membrane. During
which time, embryo developmental stage became appé and overaged
embryos weresacrificed by deep insertion of the needle. The needle was then
opened via anteroposterial abrasion along the embryo chorion, whilst applying

>2000kPa solution pressure.

For UASPxRyRntegration, the PhiC31 recombination system was used, whereby
integrae catalyses recombination between an attB site (present in theR}¥RYR
vector) and an attP site (present in the genome of the RyR16.attP strain) in-a non
reversible manner, integraig the entire vector into the fly genome (following
(Bischof et al. @07)). The UASXRYR vector was created via traditional enzymatic
cloning Ch2, section 2.5). PXRERS had previously been cloned from thbdause
Ww2 (i KQ Paxiyldslel(TfocZaF2013and inserted into the backbone of the
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pPUASTALtB plasmid, which contains a whigye colour markerny) for screening.

The required PxRyRutations were introduced into the UARXRYR plasmid via site

directed muagenesis, as described in Cht 2.

UASPXRYR altered constructs were microinjected into-decorionated syncytial

blastoderm embryos using an inverted microscope (Eclipse TieU, Nikon, Japan)

equipped with a 10x/0.25 (magnification / aperture) lens, 10x8zpie@ and

bdz2 NBAOSYyOS AffdzYAylI A2y d ¢ KSUASPKREB O A2Y
plasmid and 100ppm fluorescent dye (fluorescin isothiocyanate dextran, Sigma
Aldrich) in injectiorbuffer (Table 5.1). Solutiongere delivered into the embryo by

a FemtoJeexpress microinjector (Eppendorf, Hamburg, Germany) controlled by a

Table 5.1 Optimal Injection conditiolEcellent transfionation efficiency was
achieved for the G4946RXRyR construct, following these conditions

Condition Notes

Humidity 60%— anq eggs remained in contact withOHat all points
during alignment

Temperature 21°C

Egg age 50 mins (30 mitaying time, 20 mialignment)

Egg oil Halocarbon 27

Injection solution

150ng/ul DNA; 0.5ul fluo buffer; 0.5l injection buffer;
spun at 22,800 RCF for 10 minutes, and supernatant take

DNA Preparation

Excellent DNA purity, confirmed via Qubit, Naopdr
sequencing andidgnostic digestion

Wt NZ 3 Ndeat'80@; &il 4; Vel 60; Del 145; Pul 175

The Needle (See image belowshorter needle tip length allows
consistency of solution flow)
Injection
1500kpa//800kpa Allowed constant floirom needle
Pressure

Injection Mehod

- Probe to find easiest point of insertion

- Needle on thdower half of the egg (find centre and then
lower needle)

- In cases of injection in between two dggers, simply
waited for inner layer to expand out, and then abjagain

Figure 5.2.Specific needle and injectiparameters contributing to the higiguality injections

achieved for Injection of4846V-PxRyHPuASThito line vasa; RyR16/Sp; attb

Needle Program OHeat 700; Fil 4; Vel 60; Del 145; Pul 175

Needle Program 5Heat 800; Fil 4; Vel 60; Del 145; Pul 175

133

azft



motorised TransferMan NK2 micromanipulator (Eppendorf, Hamburg, Germany).

Injection needles were prepared from quartz capillaries (WPI, D=1mm, L=100mm)

using an 2000 micropipette pulle (Sutter Instrument Co, Novato, USA). Needle

pulling conditions ardisted in Fig 5.2. The injectioreedle was backlled with

nop>t 2F AyaSOGAzy az2fdziaz2y FyR FftA3IySR G2

Table 51 and Fig 5.2 detail the conditions used to achieve the highest quality
injections (based on adult survival and successful transformatibigction
solution was delivered into thembryonic posterior, with approximate injection
volume identified by brigtmess of fluorescenceas viewed underunfiltered
mercury fluorescence Nikon IntensiLight Illuminatdr Injection volume was
maintained at an arbitraryevel (determined by eye), found to maximise post
injection survival under these conditions. Specificainjection volume was
minimised to the point that embryonic cytoplasmic leakage from the injection site

did not occur, whilst maintaining sufficiemblumeto visualise fluorescence.

Once the embryos were injected, the coverslip was prepared for inmrbay
draining the halocarbon oil, rinsing with 70% ethanol, rinsing with water and gently
drying with tissue. The coverslip was then slotted into@dfegial with 5ml of Nutri
Flyfood (Genesee), in which the food had been scored by forceps to creaugla r
surface and supplemented withB) grains of dry yeast (RedStar). One coverslip
was placed per vial, ensuring the embryos remained close to buitmmoersed in

the food, and the approximate number of intact embryos recorded on the vial.
Embryo vials ere incubated at 25°C at 9AD0% humidity and transferred to 50
70% humidity at 48h. Pupae were transferred to new vials and FO virgin females

and maleavere collected and isolated as they emerged.

5.34 Screening of UAXRYR flies

Four strains were generated; one integrated with the wildtype PxRyR sequence; a
second containing the G4946E mutation; a third containing the 14790M mutation
detected inP. xybstellaand T. absoluta and the fourth containing the G4946V
mutation found inT. absoluta Surviving embryos (FO) were reared af@5to
adulthood and backcrossed with némected flies of RyR16.AttP. F1s were scored
for the expression of thenini-white (w) marker in their eyes. Successful integration

of pUAST constructs at thetémded genomic locations produces F1 flies with-red

ish eyes. Homozygotes were generated by huerssing positive F1s and selecting
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F2s (males and virgin females) with darked eyes. These were interossed to

establish the homozygowstock (Fig 5.3)
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Figure 5.3The RyR16.attp line is injed with UASPXRyR plasmid DNA to achieve
integration of the construct. Integrated FO lines are baodissed to the RyR16.attp line to

form heterozygous PxRyR (F1). Chromosomal swapping via the-chaukég strain g

used to generate homozygous PxRyé&slifhe inserted PxRyR sequence is not expressed

in this line due to the absence of a Gal4 driver sequence. Instead, the endogenous DmRyR
sequence (carried by the Cy (straight wing) allele marker) is expressed.

5.3.5Driving Expression of URSRYR

The UAS5al4 system was used to drive the expression of PxRyRosophila
(followingBrand andPerrimon1993) The inserted pUASPXRyYR plasmid contains

an Upstream Activation Sequence (UAS) prior to the start of the RyR CDS. The UAS
sequence is under control of the GAL4 transcription factor, a protein not present in
the wildtype Drosophilagenome. Thus, the UASRR containing line must be
recombined with a Galontaining line, such that the GAL4 transcriptional
activator is expressed and activates the UAS enhancer. This was achieved following

a series of crossesaetailed irFig5.4.

The driving line employedithat crossing pattern is Bloomington Stock 67480,
genotypey[1l] w[*]; Mi{TrojanGAL4.0}RyR[MI10814B54.0]/SM6a, generated by
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Lee et al(Leeet al 2018) This trojanGal4 was designed in a way that once it is
AYGSaNFr SR Ay GKS 3ISy2YS Al daKAa2lIOla¢ GKS
regulatory region, whilst a polgdenylation sequence after the Gal4 halts
transcrption of the downstream region. Thus, knockoutasétis are generated that
express GAL4 under the control of the regulatory elements of the kneoked
genes. In this case, the Gal4 has been inserted at base number 18,477 of the
endogenous DmRyYR genomic seqce, meaning that the Gal4 (and thus its UAS
enhanced PxRyR sequence partner) is regulated by the same transcription factor
machinery that regulates the endogenous DmRyR, whilst at the same time knocking
out transcription of that endogenous DmRyR geneédifionally, the RyR allele
(recombined into thenjection strain,Fig 5.1) is a deletion of the first intron of the
DmRyR gene, thought to prevent functional shal formation (Sullivan et al.
2000) Thus, two different nWlRyR variants in combinationeaempbyed in order

to knock out the endogenous protein.

The rationale behind the rescue strategy is that a Tr@#lL4RyR/RyR16
hemizygous strain is null, not viable and can only survive if a functionaRyYRS
transgene is provided. Both Trojf@AL4RyR/Cy and RyR16/Cy are also
homozygous lethal strains and only survive as heterozygotes because the balancer
chromosome marked with Cy (straight wing phenotype) carries an intact DmRyR
allele. Crossings between the RyR16.attP strain generated previoligiyfyas

int. Dm}ZH2A w[*]; RyR[16]/CyQWi{3xP3RFP.attP}Z86Fh and the TrojarGAL4
mentioned above, as expected, only generated flies withvitigs (Fig 5.5). These
results indicated that noiCy TrojarGAL4RYR/RyR16 hemizygotes flies were
indeed RyFRull and not viable.

Notably, a series of other Gal4 driver lines were tried, prior to the availability of this
fAYS Ay f1 4GS wnmyzZ o0dzi SFOK gl a AyOFLIofS 27

lack of a functional DmRyR. The lines tested were:

i Brain, nuscle,CardiaGal4 (#8182, genotype{GawB}DJ75Zto direct
expression of PXxRyR to muscles, cardia and nervous tissue, corresponding to
the endogenous DmRYR expression pattern)

1 TubulinGal4 (#518, gerotype P{tubRGAL4}LLj/to direct expression of

PxRyR to muscles)
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Figure 5.4A series of crosses the double marker line was used to recombimeséned UAS
PxRyR into a line that also expresses the Gal4 promoter. Further crossing leads to the removal
of the Cy marker, and witlh removal of the endogenous DmRyYR expressibe asterisk (*)

Ay LI ySt
temperatures below 1°C.

6co

AYRAOI G54

(i Weftled Wiyl 4t @dvopnterit y S Q

1 HSPGal4 (#1799, genotypge{GAL4Hsp70.PB}82-1) (body-wide expressin,

with the ability to regulate expression level based on temperature)

By comparison, expression of URSRYR via the RyBal4 driver was shown to

successfully rescue the lethality caused by the lack of a functional DmRyR. This,
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Figure 5.5Attempted recombination of RYRand RyFGal4 null alleles into the same
line. Flies fail to develop past larstdge L1.

however, was only achievedhen crosses werkept at 17C and moved to 2& in

the 9" day of development. Crosses kept at’@5did not generate any rescued
individuals Maintaining the fly crosses at a lower temperature until tHeday of
development helped to overcome this letlity and allowed for the selection
agdnst the Cy (curlgwinged) phenotype, which is not detectible at low
temperatures. NorCy, DmRyR null flies rescued from lethality by the expression of
PxRyR genef&i@ 5.6a i) were selected for bioassay (see Sebtidd for details of

adult bioassays)ral also used to generate stable fly strains @@ ii).

5.3.6 ConfirmingKnockin and Driving of PXRyR

Confirmation of successful kneakof PXRyR variants was via cDNA sequeltEigg

5.6 b).Adult DrosophilaRNA was extracted (Ch2,1.2 and750ng used for cDNA

synthesis using Superscript Il (Life Technologies) and random hexamers (Life

¢ SOKy2f23A8as /15 '{10z OO2NRAY3 G2 GKS
Theregion ofcDNAcontaining the mutatiowasamplified using primerBxRyR 11

13 (isted in tableS2, appendix The sequenced region is divergent from that of
DrosophileRyR and sequencing traces indicated that no amplificati@ragophila

RyR cDNA took place.

5.3.7 Experimental Methods on Rk ontaining Fly Models

5.3.7.1 Larval bioassays and fecundity assessment

Larvae for bioassay and fecundity assessments were reared under the following
conditions, carefully controlling for larval density. 30 adult virgins and 30 adult
males of each strai were anaesthetised and placed into 8oz Drosophila Stock
Bottles (Genesee) (one bottle per strain), 17 days prior to bioassay. Bottles were
incubated at 25°C and adults allowed to lay for 48h, before being removed. After a

further 9 days at 25°C, emergiagult males and virgins were selected from each
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Figure 5.6a) Drosophila lines generated for this Chapter. Stable lines (panel i) were
used during all experiments detailed here, except for adult bioassays in whichthe RyR
lines (panel ii) were used. Experiments on G4946E 94b@4ly ies are planned but

had not been completed at the time of writing.

b) sequencing trace confirmation of successful integrations in the F2 generation.

strain.100 virgin females and 75 males of each genotype were placed into separate
embryo collection cages (GeneseeBHl) with molasses agar plates (see Recipes,
Appendix) supplemented with yeast paste tmoeurage eggaying. Flies were
allowed to adapt in cages for a period of 48h befdeginning experimentation.
After this point, eggs were extracted every 12h by removal of the usegledg

from the cage and replacing with a new plate. Cages were magdaih25°C, and

egg extraction continued for 3d. The used eglgte was labelld and incubated at
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28°C for 22h to allow time for the fertilised eggs to hatch. Fecundity (#eggs) and
fertility (#hatched/#unhatched) were quantified for each plate of egggserAf
quantification, egeplates were supplemented with additional yeast paste and
returned to the incubator to develop into larvae. The incubation temperature was
altered, in order to achieve developmental synchrony prior to bioassay, where
necessary (devepment at 19°C is slowed by approximately half relative to
development at 25°C)L2 larvae were used for larval bioassays, followtimg
instructions below. Excess larvae, not required for bioassay, were reared at 25°C

until larval stage 3 (L3) (72h) indar to conduct crawling speed assay.

Stock solutions of CLR and FLB were mads @000mg/L in 100% acetone. Stocks
were diluted 1:50 to make up the first concentration (40mg/L) and diluted serially
thereafter, at a ratio of 1:3, with all dilutions madeddH0 containing 2% acetone.
For the noninsecticidecontrol, ddHO containing 2% acetone wassed. Narrow
vials (FiStuff laboratory equipment) were prprepared with 0.8g dry fly diet
(Flystuff- Nutri-Fly Food, Instant Formulatipmer vial, with 8l of the relevant
insecticide/control solution applied and incubated esmight for absorption of
solution into the food and evaporation of acetone. The next day, thepbag (now
containing L2 larvae of 480h age) was removed from the incubator and khevae
rinsed with tap water into a fine mesh sieve. Yeast paste onpthte was also
removed and rinsed in the sieve in order to extract all burrowed larvae. The
recovered larvae were transferred to an empty petri dish and 20 larvae were sorted
using afine sable paint brush and transferred to each bioassay vial. Aftesfeegn
500ul ddHO0 was applied by pipette to rinse the larvae into contact with the
insecticide impregnated food. In some cases, where development rate was variable
between larvae, it \@s necessary to select larvae by size during this transfer stage.

Each ial was scored for pupation (T+9d) and eclosion (T+13d).

5.3.7.2 Adult insecticide bioassays

3-5-day old adult norvirgin females were used in insecticide bioassays to assess
the suseptibility of different fly strains to technical compounds. Tities were
subjected to the insecticide in a contact/feeding bioassay. Standard Drosophila vials
were filled with agar solution (4mlfvial) containing 2% w/v agar (Dutscher
Scientific), 1.2% w/food grade sucrose and 0.4% v/v glacial acetic acid. Inskectici
solution was formulated in 100% acetone and diluted by 50% into,@dtid

diluted serially thereafter at a 1:5 ratio. Individual concentrations were pipetted in
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100ul volume onto premade aar vials, which were manually tipped and rotated
in order to alow the solution to cover the surface homogenously. For each
concentration, vials were prepared in duplicate for each fly strain with flies
anaesthetised with C{and 20 female flies added ®ach vial. The vials were kept

upside down until all flies becasactive to avoid flies getting trapped in agar.
Wa2NIOFEAGEQ ' YRK2NI WSTFAOIOeQ o a I a
WSTFAOIFIOQ AYRAOFI(GSa (KS yabiNMots mahT
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analysed usin@senstat(2019) software package, with LC50 values calculated by

doseprobit analysis.

5.37.3 Crawling Speed Assay

Larvae, collected as described above, were placed in the centre of a molasses agar
dish and subjeted to 11W halogen light, at a distance of 15cm from dish edge.
Negative phototaxis was recorded for 1 minute, on a Sony HandyCam, 30fps,
mounted 50cm above the dish. A virtual grid of Immx1mm squares was placed over
the recorded video using DaVinci (DadfiResolve 15, 2019) video editor. The path

of the larvae was mnually tracked, and the number of squares passed through by
eachof the larvae was counted. Data was analysed by ANOVA and Least Significant

Difference in Excel (Microsoft Excel, 2019).

5.3.7.4 Climbing Assay

Groups of 10 adult male flies (reared as étt®n 5.2.4.1) were transferred into
standard vials of fly food (as in Section 5.2.4.1) and incubated at 25°C for >24h. Flies
were then transferred to empty fly vials, via tapping (withoue thse of Cg) in

preparation for climbing assays.

The climbing(negative geotaxis) assay was performed with the use of an
automated fly climbing system adapted from a previously descritidry climber

set up (Willenbrink et al. 2016). The system emplaytwastorey acrylic tube rack
(measuring 550 x 400 x 50mm)pedle of holding 20 standard Drosophiials (Fig
5.7). Therack rests upon a horizontal camshaft, bearing asymmetrical cams that
cause the rack to rise and fall within a 4mm travel as theftstotates. The shaft
itself is driven by a Marelli Motori MAB3MB6 electric motor, at a rate of approx.

200rpm, resulting in a violent and consistent shaking of the vials. The rack is marked
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with a horizontal line, at a height of 6cm from the base ofteaial, in order to

assess fly climbing ability.

Figure 5 The fly climber apparatus (an adaptation of the Hillary clijn&e proportion
of flies successfully climbing to a height of at least 6cm within each vial within 8 seconds
is recorded on camera and manually counted.

Vials of flies were loaded into the climbing assay tube rle&.climbing assay itself
involved: 5 seconds of vial shaking; 8 seconds for climbing; image capture; 45
seconds resting, repeated 13 timesrohg a single experiment. No data was
collected dunng repeats 13 to allow for habituation before data collection. Images
were captured with a Canon EFS digital camera with aB5h8m lens, positioned

on a tripod at a height level with the centre of théntbing system. Captured
images were manually scoredihe number of flies above the 6cm line in each vial
was determined, and the score for each vial averaged over the 10pdats. Data

was analysed by ANOVA and Least Significant Difference in Exaelk(iti Excel,
2019).
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5.4Results

5.4.1 Insecticide Bioassays

A list of fly lines generated in this thesipisvided in Fig 5.6. Susceptibility of the

fly lines to diamide toxicity was assessed by contact bioassay on adult flies. Newly
emergent femalegrom the Ry® lines (Fig Bai) were selected based on the ron

Cy (straight wing) phenotype and segregated into agar susfacecoated with the
insecticides CLR or FLB.

No significant difference in mortality to CLR was found between WT and 14790M
aduts (LD50 29+9mg/L vs 1948t By comparison, mortality to FLB did differ
between the strains, with 14790M being significantly less sensitive than WT.
However, with an RR of just 3féld (LD50 11.15+3mg/L vs 40+5mg/L), the
magnitude of the difference if&ar smaller than that recated by previous authors.
The total lack of [4790NMhediated resistance to CLR, and minimal resistance to FLB,
came as a surprise. Of further concern was the high dosage required to kill even the
WT PxRyfexpressing fly line. A Rlconcentrationof 29mg/L, he LD50 value for

the WT line in this study, is >186ld higher than the CL&bncentrationrequired

to kill populations of moths extracted from the field. A further drawback of the
adult bioassays was the failure to generatee$ carrying the G4946E nation.
Under the conditions of rearing employed in this methodology, the RyR16/RyR
Gal4; GEPxRyR/+ represented just 0.1% of emerging flies (compared to an
expected 33%). By comparison, WT afOM flies emerged at a proportio of

24% and 29% respectiyelThe indication is that the 4846 substitution causes

some impact on survivability during development.

Following further crossingxperiments, stable lines (Fig 5.6aii) became available,

opening up the possibility of larvhaloassays, which had previsly been shown to

be more applicable and more sensitive in terms of quantifying diamide efficacy

(Douris 2017)Almost all bioassays against moths in the literature are performed

2y [o fINDISS GKS &l YS A (DroadhiladiadideSy K 3SNB
usage in the field is designed target moth larvaghrough coating of leaves with

the insecticide, leading to ingestion of the compound during feeding. By
comparison, the previously attempted adult bioassays relied primarily on contact

and uptake through the integument.
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In larval biassays, the WT and 14790M lines displayed a ldigeepancy in
mortality when challenged with either FLB or CldRncentrationresponse
calculations (Fig 5.8) indicatecancentrationlethal to 50% of the WT population
(LD50'T) at 0.047ug/L (0.01760.115 CLR. By comparison, CLR I"DiS09.3ug/L
(3.5-24), equivalent to a resistance rafi@R) of 198old for CLRWT larvae respond
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Figure 5.8Larvae of the drosoplai lines WIPxRyR (blue) and 14798MRyR (orae),
exposed to dietary diamide, and assessed for larval mortality, where mortality is taken as
failure to enter the pupation phase. Larval mortality increases in a concentrasiponsive
manner when exposetb (a) CLR and (b) FLB. Error bars indicatedatd deviation of
mortality averaged over three repetitions.
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similarly to FLB as to CLR, with L¥95& 0.037ug/L (0.0130.091) FLB. Whilst
LD50 is 36 (12-11)ug/L,equivalent toa RR of 97fold for FLB

These results are notable for a number of reasons:

First, thatthey differ substantially from bioassays conducted on adults, with lethal
dosage reduced by up to five orders of magnitude. An MP&00.087ug/L FLB for
Drosophilalarvae expressing WPxRyRs >100fold lower than that recorded for

3¥instarP.xylostellalarvae against this compound /L (Hirooka et al. 2007)

Secondyy, variation in response is large, especially in #hé90M line, wherethe
number ofdeadlarvae in a vial varies at a givirsecticide concentratioby up to
50% of the maximum. And this variation égisven at the lowestoncentrations

of insecticide applied

Third, and as a result of the previous point, the response curve is poorly resolved.
An ideal curve will se@pproximately zerolarval mortality at lowinsecticide
concentrations followed by arapid increase irconcentrationrelated mortality.

The poor resolution of the curveiggests a heterogeneity in the response of larvae
within each assay vialugéh heterogeneity can be mitigated by a largefmore

larvae per tube).

Survival of control (@ insecticide) larvae was &2% (no significant difference
between lines), compared to >90% survival for undisturbed larvae raised from eggs
under the same conditions. This suggests method of transferring larvae to the

vial by brustshouldbe substitied for a less invasive methpith future. Stochastic
pre-adult mortality is very likely to have contributed to the variation observed in

this bioassay (Fig 5.8).

The results of the larval bioassay on G498R6RyR larvae are displayed in Fig 5.9.
This Ine has displayea particularlystrange phenotype, in which average mortality
was very high, even dbw insecticide concentrations which anen-lethal to the

WT, but mortalitydid not increasen aconcentrationrresponsive manner. Given the
inability to plot aconcentrationresponse arve on this graph, calculation of LD50
for this strain is not meaningful (indeed, there is no recorded insecticide
concentration at which fewer than 50% of insects die). The rest of this section will
instead discuss why rmncentrationresponse relationsip is seen here, and how

to remedy it in future work.
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Figure 5.9Larvae of the drosophila lines WXRyR (blue) and ®&RyRorange),
exposed to dietary diamide, and assessed for larval mortality, where mortality is taken as
failure to enter the pupation phase. G494BKRyR larval mortality does not increase in

a concentratiorresponsive manner when exposed to either (a) GldR(la) FLB. The
plotted line is fitted to the WAPXRYR data. Error bars indicate standard deviation of

mortality averaged over three dosage repetitions.

The @G946E RyR alteration has been shown previously to be lethal when applied to
the Dosophila endogenous Ry®ouris et al 2017)This study employs the.
xylostellaRyR protein in an attempt to sidestep that lethalithdeed, @946

PxRyRarvaein untreated vials do not experience higher mortality than those of
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14790M or WTlarvae However, the @94¢E alteration does affect fly physiology.
As discussed above, paglult mortality in the @946 RyR line was so high as to
prevent adult bioassays oMdG46E PxRyR fliemntirely.

5.4.2 Fitness costs of PXRyR alteration

Having determined thémpact of the 14790M and G4946E mutations on diamide
efficacy in drosophila laae and adults, an unanswered question was to
understand whether the altered response to diamide was coupled to any other
physiological alterations. In the context of field tah, decreased mortality during
insecticide exposure, as conferred by the 14790M54946E mutations, converts
into a selective advantage for the individual, compared to WT individuals. However,
as discussed in Section 5.2, fithess benefits in the presehicsecticide treatment

are expected to be balanced against fithess costsiallansecticide environment.

To investigate the possibility of fitness costs resulting from the PxRyR alterations

generated here, we studied two aspects of fitness:

1. Reproductive success, measured by adult fecundity and fertility and larval
developmentakuccess
2. Vigour, measured by adult climbing speed and larval crawling speed

Fecundity and fertility and developmental successkag components of lifetime

reproductive success. These two parameters were studied for each genotype under
non-competitive comlitions (i.e. genotype alone in cage). However, because the
fecundity/fertility was anorO2 YLISGAGA GBS Faalex A0 R2SayQi
impact of the mutation upn competition for limited resources including a) adult

nutrition b) competitive matinguccess c) competitive laying d) larval nutrition. In

order to attempt to account for the impact of the mutations upon competition, we

chose two indicators of vigouratval movement speed and adult climbing ability.

The hypothesis is that success (in maspects of competition, listed above) is

mediated by the ability to move, be that moving toward a food source, toward a

potential mate, or tovard an optimal laying lation.

5.4.2.1 Indicators of reproductive success: Fecundity and Fertility

No differences were found in indicators of reproductive success between the fly
lines (Fig 5.10 WT flies lay a median 60(x10) eggs per hour, compared to 14790M
(59+3 eggs/h) and G4946E (6912 eggs/h) (ANOMAI=B.1, F=0.51). Fertility

varied between 75985% succssfully hatching eggs across all three lines. Hatched
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eggs were followed throughedelopment, reared under conditions identical to
those of the larval bioassagéction 5.3.1). There wa® significant difference in
the proportion of larvae successfully pating (WT, 72+13%;4790M, 65+14%;
A94eE, 65+14%) ANOVA, Frit=5.4, F=2.6)nor in the proportion of pume
successfully eclosing (WT #9%; 4790V, 77+11%; @946, 72+14%)ANOVA, ¥
crit=5.4, F=1.9). All parameters were studied &i@5ollowing themethodologies
listed in this Chapter.
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Figure 5.10Diamide resistant drosophilanes do not differ in fecundity or fertility
compared to their WT counterpart. Bar graphs of a) total fecundity and b) proportion of
eggs hatching withir24h. n=3 plates, from cages of 175 flies. Error bars indicate
standard deviation, or the range withivhich 95% of samples taken of the population
at random are exnected tn <it
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5.4.2.2 Indicators of vigour: Crawling speed and Climbing ability

Indicators of vigour were found to differ very significantly between the fly lines,
with the G4946E and 14790M lines showing signs of reduced movieralative to

the WT flies.

L3 larvae have well developed crawling musculature and naturally exhibit migratory
behaviour as they search for a suitable location for pupation. Accordingly, larvae
were daced in an environment of high light intensity, no faaehilability, and no
shelter, encouraging migratory behaviour, which was measured for three minutes.
The maximum speed achieved by each larvae during the time window (averaged
over a 15second periodl is plotted (Fig 5.11a). WT larvae crawl at a velooity
0.21+0.05mm/s, more than double the maximum velocity of 14790M (0.10£0.06) or
G4946E (0.09+0.06) larvae. The average speed is the total distance travelled during
the 3 minute period (Fig 5.11b). flhis measure, too, the difference between lines

is marled, with WT larvae averaging 0.14+0.06mm/s, more than double the
distance of 14790M (0.06+0.05) or G4946E (0.06+0.03) larvae.

Adult cohorts from each genotype were raised in identical conditions $dmee
conditions used for the fertility/fecundity assaySection 5.3). Adults were tapped

into vials, shaken and knocked to the base of the vial, using the Hillary climber
apparatus, before being allowed to climb the vial walls. The proportion succgssfull
climbing above a 6cm threshold after 8s was recordei) (5.12).WT adults
successfully climbed above the threshold 4% of the time (Median 53%). Whilst
14790M and G4946E adults managed the same feat less than half as frequently
(median 12% and 21%gspectively).

In summary, the results indicate that vdtithe PXRyR alterations appear to bear
no fithess costs in terms of reproductive capacity in a -nompetitive
environment, they bear potentially major impacts on the individuals ability to
move. Tl indication is that, if placed into a competitive ecsigyn, diamide

resistant individuals are likely to suffer a considerable fitness cost.
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Figure 5.1Diamide resistant Drosophila larvae crawl significamtke slowly than their

WT counterpartBoxplots indicating a) maximum and b) average crawling speed. ***
indicates a statistically significant difference (P<0.001); * indicates difference (P<0.05);
N.S. indicates a nesignificant difference as determinegt ANOVA and LSD. n=20 larvae
per genoype; the experiment was replicated, and similar results were obtained. Within
a box plot, the error bars indicate the minimum and maximum values in the dataset,
whilst the three lines of the box itself indicate tbevér, median and upper quartiles of

the data.

5.5Discussion

550mM 2 KIFG Aa GKS @FfdzS 2F WLISaAadATASRQ
At the start of this PhD, diamide resistance associated tRygjRt-site mutations

were yet to be islated and characterisei-vivo. To do so was an important goal,

in order to confirm the participation of these amino acid alterations (on the RyR) in

conferring the diamide resistance phenotype. Since the inauguralf this project,
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Figure 5.1Boxplot of climbing success between three Pxé@xyiRessing Drosophila lines.
Diamide resistant Drosophila genotypes climb significantly more slowly than their WT
counterpart. *** indicates a statistically significant fdifence (P<0.001) as determined by
ANOVA and LSD; N.S. indicates asigmificant difference. n=40 flies per genotype; the
experiment was replicated and similar results were obtained.
other authors havesucceeded in demonstrating resistance phenotypes conferred
by these alterationsn-vivo. Notably, Douris et al, usingwerse genetic studies in
Drosophilasubstituted the naturally occurringpethionine at positiod790 of the
drosophla RyR with isolatine (M4790I), whicbonferreda 7.5fold increase in CLR
efficacy and a 1Hold increase in FLB effica@@ouris et al. 2017)0ther studies
have focussed on altering the pest of interest direc#ly.recent backcrossing
experiment inS. exigudound that introgression of the 14790M mutation caused
approximately a20-fold resistance tdboth CLR and FL&uo and al.2019. A
CRISPR/Casludy in beet armyworm, inserting th&4946E mutation into an

otherwise suseptible genetic background, created an arngw strain that

exhibits a potent resistance a223-fold to CLRZuo et al. 2017)

Here, a novel approach has been taken, in which the entire lepidopteran coding

sequence, of resistant and naasistantisoforms fromP.xylostella is inserted into
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Drosophila This is the first report of an entire RyR sequence being cloned and

inserted into a different speciefrosophilaand Plutellahave a coding nucleotide

sequence identity of71% and have been on separate evolutiongoaths for

>250millions yearéGrimaldi and Engel 2005fheWLISA G A FASRQ Ffeé fAySa
corroborate the impact of the 14790M mutation upon diamide efficacy. Notably,

however, resistance ratios reported for 14790M in this study are generally much

higher than those reported in past studies.

5.5.2 Are theseries good models of fithess costs asdediwith TSR?
Uniquely, the fly lines generated here were also used to investigate the fithess costs
associated with the RyR mutations, and in doing so, revealed a tantalising picture
that deserves further investigan. The RyR is an essential proteispensible for
converting nervous stimulation into muscular contraction. Changes to the protein
were found to significantly hinder larval crawling ability, and significantly slow adult
climbing speed. However, it shaube noted that these effects are rea®d in a
Drosophilamodel expressing thBlutellaRyRg it is not clear whetheP. xylostella
expressing the G4946E alteration will also suffer from reduced movement ability.
Future work could potentially involve assing the fitness of genormedited P.
xylostellastrains that had their RyR modified (eZuoet al) in order to quantify the

effects of this mutation on the fitness of the moth.

It would also be interesting to compare the phenotype of the fly lines paed
here against those generated ouris et al. It seems feasible that the lines

generated here will exhibit a diamigghenotype more similar to lepidoptera, and

O

GKdza Aa Y2NB WNBFIfAAGA0Q:I RdzS (2 LlraaSaarzy

individual mutations on diamide interactiorbwiously depend heavily on the actual

structure of the RyR and the way that structural folding is changed by the sequence

FftGSNI GA2y® 1 29SOSNE AdG Aa Ffaz2 LRaairotsS GKI

to the complexity of the alteration primarily, the requirement of driving the
expression with Ryal4 introduces an unknown. R@l4 is activated by the
endogenous RyR transcription machinery in this case, so the inserted PxRyR should
be expressed in an idénal pattern and magnitude to the endegous DmRyR.
However, Gal4 is likely not 100% efficient as a driver, resulting in probable
reduction in RyR expression in the altered fly line relative to unaltered flies. It is also

suspected to alter the expressiaf off-target sequences in the fly gemz (Liu
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2008). Future work should quantify RyR expression in altered vs unaltered flies in

order to rule out this possibility.

5.5.3 A future model of resistance spread?

No study has yet succeeded in modellthg ability of diamide resistahgenotypes

to spreadthrough a population However, as discussed herein, all necessary pre
conditions to such modelling have been met, with individual estimates of resistance
cost, benefit and heritability having already beeneatetined. One recent study in
diamideredstant Tuta studiesheritability in the context of insecticidal exposure
costandbenefitto showli K i (0 KS2¥a¥FFOSERNDIEF5 6KS RAFYARS
phenotype increases with decreasing insecticidal concenimgfdva and al: 2018)
Such findings show empirically the importance of maintaining spray concentrations
at recomnended levels but the findings also indate the benefit thatcould be
derived froma future empirically supported modelling effort. Such a study might
involve two laboratory populations, each initially composed of 50% wildtype and
50% TSR individuals, with one population receiving periodic ideardosage.
Frequent genotyping would allodetailed understanding of theostandbenefitof

TSR over many generations, which would then inform a population genetic model
of resistance dynamics which could be applied to potentially predict resistance

spread in the field.

5.5.4 A Limitations andtiure work required

A further step in this study would be to employ gPCR to quantify expression of the
introduced genes across the thr&rosophildines created here. This would allow

the author to be sure that ifferences in phenotype are not attributable to
variations in channel expression between these lines. As it stands, the author has
made attempts to ensure equality of channel expression biging a neasidentical
genetic background between the linesgF.3 and 5.4). However, genetic drift
within laboratory populations may cause even identical lines to diverge over time

in terms of channel expression, hence the requirement for a qPCRsipneest.

5.5 Conclusion

Integration of a 24,982kb sequena®o Drosophilais not elementary. Expressing
the gene is harder still, given its essential role in development and normal bodily
function. Survival and reproduction of transformed fliesugpsising, in this case.

Whilst recent reverse genetim-vivo transgenic studies of other authors have
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provided insight into the impact of RyR mutations on diamide resistanee/o,
this study corroborates previous findings and is the first that stushegetail the

impact of those mutations on aspects of the inidzl £ Qa FA Gy Saao

Chapter 6: Chimeric investigations
Into the diamide binding site on
the lepidopteran RyR

6.1 Chapter Summary

Identification of the diamide binding site is a crucial stegth toward generation

of novel diamide chemistries (where theagie of the binding pocket informs which
chemical leads should be developed) and toward monitoring and tracking of
diamide resistance (where the impact of novel arising substitutions on deamid
control can be predicted). However, a lack of published infgd® @erminal
structure greatly hinders identification of the binding site. In such circumstances,
phenotypic studies of genetic mutants are the principal mechanism by which the

binding sitecan be identified.

Previous studies have demonstrated that artign of the RyR close to the TM1
region mediates loss of diamide interaction (discussed further below). At the same
time, naturally occurring RyRt€minal substitutions have been shown tause
potent reductions in diamide interaction (see Ch4). Thigspnt Chapter first
summarises all available knowledge on binding of diamides to RyR, in order to
ARSY(GATE NBAWMRAIYARSNSIAZ2YQd | &ASNASa 27
investigationare subsequently identified (based on amino acid alignments betwe
resistant and susceptible species, and amino acid chemistry), whose alteration may
help to pinpoint a diamide binding site upon the RyR. Editing of five amino acid
positions to match thoséound in the skeletal RyR1 of humans (hRyR1) results in a
humanPlutella chimeric construct, which forms the basis of novel investigations

into the diamide binding site.
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6.2 Introduction

6.2.1 Diamides are highly selective against mammalian RyR

Lepidoptera (H. virescens) Hemiptera (M. persicae/P. maidis)
Nematode (M. incognita) ~ MammRyR1 (mouse)  MammRyR2 (rat)
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Figure6.1 Summary of data obtairtkby various authors showing a lack of CLR (diamide) efficacy en non
lepidopteran RyR channels. Kindly provided by Daniel Cordova.

During tkeir development, diamide insecticides were shown to activate
lepidopteran RyR channels at very low concentrations, as well as Drosophila RyR
channels expressed in CHO céHlbbinghaukintscher et al. 2006)However,
rabbit RyR (rRyR3), when expressed in the same system, waktiobe refractory
to FLB activation, even beyond the theoretical limit of solubility of the compound
(30uM). Indeed,FLB was tested upon various mammalian primary cell cultures,
including rat ganglia, skeletal muscle, heart muscle and neliken cells
registering a negligible response in all cagd2006; Ebbinghatisintscher et al.
2006) Similarly, characterisation of the concentraticmsponse relationship on
various mammalian cell lines expressing Ryfts recombinant cells expressing
insect RyRs (Fig. 6.1) indicated CLR to be 8@@®#&Ild less potent against mouse
skeletal muscle RyR (RyR1) and >1000 less potent in rat heart cells (RyR2)
compared to lepidopteran and dipteran RgRpressing celldahmet al. 2007)
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Meanwhile, tests in an ecological context indicated that FLB is effectiveljonan

in terms of its potential passage through the fea@b. With FLB residue on insects
peaking at 5.59mg/kg, arge (200g) adult rat would be required to eat >70kg of
maximally dosed insects within a-ti&y period in order to reach their acute EC50.
Similar quantities of diamide residue were stipulated for the various bird and fish
species teste@Hall 2007) Metabolic studies in rats inckted that CLR breakdown
occurs primarily by a muldtep oxidation of the methyl groups, followed by
glucuronidation(WHO 2007)After ingestion, 286% of he compound is taken up
from the rat gut into the bloodstream, with the rest being excreted directly. After

48-144h, 90% of the absorbed diamide was found to have been excreted.

A recent set of publications have reported singhannel studies investigatj the
binding dynamics of CLR on mammalian (rabbit) RyR1, following the claim that
GKSNS SEA&GSR aaSOSNB 02y OSNWagyaretal2 dzii G KS &l
2019) Whilst such a claim is entirely unsupported by the evidence published within

these studies, the findings are nonetheless enlightening in the investigaitRyR

diamideinteraction. Chen et al report that, in rabbit RyB4pressing sarcoplasmic

reticulum (SR) vesicles, concentrations of1830uM CLR resulted in a small

transient C&' release response similar in amplitude to the CICR response elicited

by C&*, and the amplitude increases slightly inancentrationdependent manner

(Cheret al2018) Similarly, Truong et al studieehginute single channel recordings

to show that Rincreases in the gsence of 1AM CLR, resulting in a brief 6&ld

increase in G402 Yy RdzOG I yOS O2YLI NBR {(@rudigkatd ol St Ay S
Pessah 2019)The reported 65old increase almost exactly reiterates a previous

finding by Cordova, who employedYAinstead of CLR (conf. proceedings). To

summarize, these results indicate that CLR is capable of elicitinglatsanaient

(i.e.non-disabling) response when applied at a very high concentration gikI50

which is >1008old higher than the EC50 for lepidopteran RyR channels measured

in cell lines, as reported here and elsewhere. In order to confirm that thisctagtu

in CLRactivaion is due to a reduction in binding, measurements qfwére

undertaken. A minimum CLR & ~1.51uM (rising to 4.6M in the closed state)

was recorded on the rabbit RyR chanf@len 2018) appraximately 50 to 156fold

higher than that previously recorded in cockroaéeriplanata americanaleg

musclegCordova et al. 20065uch differenceis Kd indicate thebinding is a major
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factor in determining diamide neafficacy against mammalian RyR. The rest of this

Chapter will discuss the causes of that discrepancy in diamide binding.

6.2.2 What is the cause of the discrepancy in bindingetngation
Differerces in diamide efficacy between mammals and insects are suspected to be
attributable to differences in the structure of the diamide binding site on the RyR.
Over the past decade, binding site studies on the RyR have taken one of two
approaches: either a caparison of the relationship between ryanodine (Ry),
phthalic diamide and anthranilic diamide binding, or attempts to directly pinpoint

the approximate location of the binding region.

Isaacqlsaacs et al. 2012)ynthesized tritiated (radioactivefH]CLR, enabling the
quantification of bound CLR to the houffg (Musca domesticaRyR under various
conditions, to determine its relationship to Ry and FLB binding! @ich
promotes the openstate of the channel (Mugherjee et al 2012)) was found to
increase {H]CLR binding, as is expected if CLR preferentially binds to the open
channel. Other anthranilimides, such@¥2or CLR itself, inhibitedH]CLR binding

by canpeting for the sara site. By contrast, FLB did not inhiBifJCLR binding,
leading to a hypothesis that no competition exists between FLB and CLR due to
there being two distinct, but allosterically coupled, binding sites for the two classes
of diamides. The same result waported by(Qi and Casida 2013mploying very
similar methodology. However, it was also shown that FLB (applied at <1fmol
[*H]FLB/mg protein) does not bind to tiAgis MelliferaandM. domesticachannels
investigated, suggesting that an FLB binding site is not present, hence providing a
more parsimonious explanation for the lack of competition. In contrast, CLR and
FLB were found to compete, and incancentratiordependat manner, in the
lepidopteran speciesAgrotis ipsilonand Heliothis virescensstudied, suggesting

that the binding sites of the two diamides are likely not distinct in moth species.
The study also uncovered major differences between lepidopteran and non
lepidopteran channels. Whilst in the Hynaptera and DipteraX. melliferaand M.
domestica CLR is shown to bind preferentially to the ogstate channel, the
opposite may be true for lepidopteran species, since FLB binding was found to be
unstimulated, or reduced, by C4ATP, and majorly reduceby Ry, strongly
suggesting preferential binding to the closed channel state. Similar results, but to a
lesser degree, were also reported for CLR. Thus, the FLB and CLR sites are thought
to be closely coupled, unot identical. However, attempts to distjuish FLB and
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CLR binding effects are confounded by the distinct differences between
lepidopteran and no#depidopteran RyR channels, as the #epidopteran
channels studied to date are not a viable system fd8 Ekperimentation. Such
differences may paially be attributable to segregation at amino acid residue 4790
(Isoleucine (1) in Lepidoptera, methionine (M) in all other insects) as studied in Chpt
4. However, the contrast between the channels in the Castiddies suggest major
structural difference at the protein level which would be unlikely to be caused by

a single residue change.

6.2.3 The diamidmteraction site

The actual position of the binding region (as opposed to the exact binding site(s))
was elucidated progressively following on from the above studies, primarily as a
biproduct of investigations into incidences of fielbistance to diamides
uncovering a dection of closely located, causatively linked, peimitations on the

RyR. Most of thesinvestigations were reviewed in detail in a previous Chapter
(Ch4) and discussions on this are not recapitulated here. However, one study in
particular (Tao et al. 2013pears further detaild discussion, as it has been
instrumental in pinpointing the diamide binding region. @gating a chimeric RyR
channel, composed ob. melanogasterand root knot nematode Nleloidogyne
incognitd RyR sequence, a region within thée@ninus was found to beritically
involved in formation of the diamide binding, in line with the findings pfevious
study(Kato et al. 2009)A defining shorter chimeric segment within thise@minal
region, consisting of a 45aa region of the nematode sequence, located just prior to
the start of TM1P. xylostellaa4659¢ 4703), produced a channel that was entirely
refractive to CLR (up to ). Of the 45 amino acids replaced, most are unlikely
candidates to be involved in diamide interaction. The first 30 aa lie in a zone of high
divergence, even within insectseihce conservation of a diamide binding site here
would seem improbable given the variation. The last 10 amino acids, by contrast,
are highly conserved, likely due to being at the start of the TM1 membrane
spanning domain. Six of these amino acids are idahtbetween humans and
insects, leaving just K4695K4700R, Y4701F and V47@®Lxflostellaumbering)

as possible loci of this major difference in diamide binding effidatryguingly, the
latest episodes of resistance @ suppressalesdd furthersupport to theTao et al
study. Unpublished reports from 2013 suggested a host of mutations associated

with diamide resistance itnis pest inChina (Cordova pers. coninTheseancluded
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G4946E, as well as a novel find, Y4701D (PxRyR numbering). A rduleattipn
confirms thisas a resistance locuswith alleles 4701C and 4701D found (alone) in a

resistant populatiorof C. suppressalia Jiangxi, Chinggun et al. 2018)

For the purposes of the current study,rpbable diamide interacting residues
identified in previous studies wererosscompared in an alignment of 44
arthropod, nematode and vertebrate RyR amino acid sequences. Highly conserved
residues, whose alteration correlaewith diamide resistanceyere considered
candidates forfurther study (Fig. 6.2. Almost all the resistaneassociated
mutationsdiscovered to date areoncentrated witlin a 250aa region close to the
Gterminus of the protein(Fig. 6.2c), which in the 3ructure is located within th

TM domain, peripheral to the channel pof€ig. 6.2a,b). This 250aa region, which

is similar in structure tohe voltage sensor domain ebltagegated channels such

as the bacterialkKcsApotassium channel, is referred toSINBE & (GKS WRALF YAR
resistance 83A 2y Qd /I YRARFIGS FTYAy2 | OAR adzadAaiddz

when plotted onto the 3D structure, can be seen to form a-ikg pattern across
the crown of the pVSD (Fig. 6.2dJthough it is tempting to pinpointhe diamide
binding site to thédiamideresistance regiofidentified here, such conclusions may
not be entirely valid 3D RyR modeis insects are currently based on homology
models of the lepidopteran Ry§eneratedby overlaying its sequencento the
published mammaliafRyR1 (closedtate) structure. Whilst recent imaging of the
PxRyR Nerminus(Lin et al. 20183nd SPRY doma&iXu and Yuchi 20183presents

an enormous leap forward, sequence dissimilarities at ther@inus still prevent
confident predictions Shortly prior to completing the investigations described in
this Chapter, Lin et al publishedcontroversial iempt to computationally predict
FLB docking upon the Rydmology model(Lin et al. 2019) It is widely
acknowledged that the predictive power of a docking study is highly dependent
upon the resolution of the available protein model, in this case shely was
conduced in the absence of any such higésolution model. Hence, the
investigations reported in this Chapter may be an important experimental

validation of predictions made by Lin et(discussed furthein Ch7.

In summary combining all te knowledge accumated to date, some logical
stipulations can be made regarding the nature and location of the
phthalic/anthranilic diamide binding site(s). Firstly, that they are located
a2YSHKSNB 6AGKAY Of2aS LINEEA Ydenlifiedii 2 G KS
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Fig 6.2. Secondly, investigations on the G4946 residue indicate the binding sites are
sufficiently close to each other that mutations at this position confer equal
resistance to both CLR and FLB across a variety of tested pest specihg, hait

14790 (hvestigated in Ch4) is located in close proximity to G4946 in the 3D structure

and is most likely involved in diamide binding.
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FYTLKYVALVLAFCINFVLLFYKVSTLDAEPG----EGSGIGDII-SGSGSGSGSGSGDG
4696
FYTLRFLALFLAFAINFILLFYKVS--DSPPGEDDMEGSAAGDVSGAGSGGSSGWGLGAG

GSGEEDEDPIELVH-IDEDYFYMEHVIKIAALLHSIVSLAILIGYYHLKVPLAIFKREKE
4751
EEAEGDEDENMVYYFLEESTGYMEPALRCLSLLHTLVAFLCIIGYNCLKVPLVIFKREKE

IARKLEFDGLYIAEQPEDDDLKSHWDKLVISAKSFPVNYWDKEVKKKVRVKYSETYDFDS
4810
LARKLEFDGLYITEQPEDDDVKGQWDRLVLNTPSFPSNYWDKFVKRKVLDKHGDIYGRER

ISNMLGME-KTAFATQEDEGR----~ GFFHYILSIDWRYQVWKAGVTITDNSFLYiLWYF
S3

IAELLGMDLATLEITAHNERKPNPPPGLLTWLMSIDVKYQIWKFGVIFTDNSFLYLGWYM

\i \i
SFSVMGNFNHFFFAAHLLDVAVGFKTLRTILQSVTH
4924 sS4 4959
VMSLLGHYNNFFFAAHLLDIAMGVKTLRTILSSVTH

Figure62¢ KS WRALF YARS NBaAadlyOS NBIA2YyQ Ay f
(@) Crystal structure ofabbit rRyR1 in the closed state (Yan et al 2015, PDB 3J8H), wit
transmembrane region boxed and highlightdr) PxRyRRyR1 homology model* showing tw
isomers in dimeric formation, with the pore region shown in blue (PF, Pore Forming; -C
terminal Doman; pVSD, Voltage Sensor Domain) and TM region4,sBbwn in yellow (boxec
and highlighted) d) Alignment of PxRyR (P.x) and hurhBRyR1 (H.s) amiraxid sequences, (Th
regions S# (shown in yellow); divergent region (grey); aa residues inastign this Chapter
(blue); aa residues earmarked for future investigation (pirk)PkRyRRyR1 homology model ¢
the pVSD (labeled as ig), displaying a ring of amino acids implicated in diamide binding.

Fl1Ef 62N)] A& GKS | dmidgenedelavastgengrdted tnic@laborafion dwi
Oliver Gutbrood (Bayer CropScience), using Pymol and Schrodinger software.
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6.3 Results

6.3.1 RFCLM: A chimeric RyR channel combining moth with mammal

The pirpose of thisChapter (Chg is to further define theW R A I MdisRusce
regioms gAGK GKS S ddefindtizidiamide hindingositeSiycd wel 2
are lacking a crystal structure of the PxRyR protein, this goal can only be achieved
by a combination of homology modellingnd reverse genetic experimentation to
identify the amino acids critical for diamide interactidrhe methodology for this
Chapter closely follows that of Tao et al (cited and described above), in which Sf9
cells are transiently transfected with human/moth RRghimeras in order to
iteratively refine the residues and locus most responsible for diamide insensitivity
in the mammalian channel. Followingthe protocol established in Ch3, and
optimised further in Chdfive PXRyR recombinant constructgere expresse in Sf9

cells and evaluated in terms of diamide effect relative to. WT

In the first instance, rapid mutagenesis (Agilent Lightning) and vector construction

(Gibson) was used to create a chimeric construct composed of theXRVR with

all five amino acidilterations, edited to match those residupsesent in human or

rabbit (Orychtolagus cuniculisRyR1. The chimeric construct is referred to as

RFCLMPXRYR, reflecting the five alterations: KAROY470F; 14790C S491¢;

V4945 (Fig. 6.3). Whilst the ovalt amino acid sequence identityetween

rabbitthuman RyR1 an®@BMRYR is just 42%, the changes implemented here lie

GAGKAY (GKS WRAIFIYARS NBaAadlyoOoS NBIA2YyQ o0CA3
identity of 73%, most likely due to the need to maint#ie integrity of the RyR

transmanmbrane domains and the channel pore. The amino acids chosen for

Residue

Numbel [ 4790 4 4919 2 [ 4945 2
Origina K&l A A/Yi\[id ol A T Iy C | 'Iﬁc T (el -iG-TKGIt
Residut

Introducec IT!KE?:] Bl T G T G VI-E-- -Em
Residu. R

s /\/\ & \\ /\/ /
equencm \/ ) \_/) \
Trace [l C GTHGI BN T G T [ "-T Alelid -IA-GBIG

Figure6.3 The five aa residue changes studied in this Chapter: RAYATOFE, 14790C, S491%;
V4945



modification all lie within conserved aa hotspots, according to an alignment of 43
RyR protein coding sequences. The exchanged residues, and the justiffoation

their selection, are summaesl in Table 6.1.

6.3.1.1 Brief characterisation of RFCLM cafietaponse

Following the protocols established in Ch3, the RFEkRlyRconstruct was
expressed in Sf9 cells and assessed in terms of its response to ingréasage of
caffeine. The response is found to increase with increasing caffeine concentration
(Fig. 6.4). Comparison to the WT construct is important here, in ligthteafnajor
difference in diamideesponse recorded between the genotypes (Fig &:6.4b
indicates no substantial difference in signal amplitude between the two expressed
constructs, in response to caffeine at any concentration. However, any firm
conclsions are hindered by a substantial variation in response between cells.

Furthermore,as explained in Ch3, sequential caffeine application on the same cell

Table 6.1PxRyRmino acid positions altered to resemble rRyR1. Residue at each position noted for susceptible

arthropod) and nossusceptible (vertebrate, nematode) species.

Position of

modification*

4945

4919

4790

4701

4700

Residue irsusceptiblespecies

Residue imesistantspecies

Valine (V) in susceptible insects Methionine (M) in vertebrates;

arthropods;

Serine (S) or Asparagine (N) in

susceptible insects, arthropods;

Isoleucine (l) in susceptible

insects, arthropods;

Tyrosine (Y) in susceptible

insects, arthropods;

Lysine (K) in susceptibfesects,

arthropods

*Amino acid numbering from PXRyR

Leucine (L) in nematodes;

Leucine (L) in vertebrates;

Arginine (R) in nematodes;

Leucine (L) in vertebrates;

Cysteine (C) inematodes;

Phenylalanine (F) or Methionin

(M) in vertebrates;

Lysine (K) in nematodes;

Arginine (R) in vertebrates;

Glutamate (E) in nematodes;
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Methionine (M) at this
position shown ta@onfer

diamide resistance (See Ch4

Terminal residue of the Tao

chimera (Tao et al 2013)

Penultimate residue of the
Taochimera (Tao et al 2013)
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Figure 6.4 Response of RFCHNMRYR0 increasing dosage of caffeiapa recording of a single FOV of cells over
time b) normalised, relativized responses of those same RfeZpidssing cells (orange) compared alongside WT
expressing cells (grey)

patch is a method susceptible to misintegpation due to uncharacterised effects

of caffeine on cell physiology.

6.3.1.2 Characterisation of RFCLM diamesdponse

Following the protools described in Ch3oncentratiorresponse experiments
were conducted for RFCLRKRyR against CLR and FLB. RIPERYR

demonstrated a decreased sensitivity to CLR compared to th®XRyR construct,
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and near elimination of Fh®sponsiveness (Fig 6.5&or reasons of solubility

discussed previously, the maximum applied concentration for both diamides was

50uM. In the case of CLR, this maximum concentration was apparently insufficient

to enter the plateau phase of theoncentrationresponse relationshipln the

oaSyO0S 2F &adzOK | LXFGSldzz WNBtFGAGAALF GA2YQ
problematic. Therefore, ithis instance, the response magnitude elicited bylg0

CLR was treated as the maximum response amplitude for this sequence variant, to

allow representation of the data for this variant in the sangencentration

responseformat usedfor the other variantsdiscussed in this thesi& maximum

response amplitude of 1.139 at BBl is comparable to the maxima of other

constructs in this thesis (IM,.182 GV,1.127), lending support to this decision.

Furthermore, additional concentrations of CLR, applied beybadolubility limit,

gave similar responses, each falling within one standard deviation of th® 50

response (1.39+0.23). Nonetheless, caltoh of an exact resistance ratio is
LINEOESYFGAOD | MNYAKXRQAZOI NEHSE G layOBNIL I AySR 08
WT-PxRYR EC50 (0.QE60 6AGK GKS WYAYPYREQWMpPpnQ 2F wC/ |
giving a RR=1360Id to CLR [where the assumption is that the attEC100 dose

for RFCLMPXRYR is greater than, equal to, the hypothetical EC100 (84) used

here].

In the caseof FLB (sulfoxide form), responses were small and transient up to and
beyond the limit of solubility of the compound (Fig 6.5a). RFEP&RlyRxpressing

cells did at no point display a typical, irreversible activation response to FLB (e.g.
Ch4, Fig 4.2).hE closest approximation to an RR calculation can be made by

comparing the FLB concentrations required to illicit 10% responses of WT and
RFLCM constructs in Fig 6.5. The EC10 for WT reads4, ¥thilst that for RFCLM

is atb0uM, giving an approximateRARof 1006fold.

The impact of these five amino acid changes upon diamide efficacy is shown to be
extreme, where diamide interaction is alltabolished, creating a channel similar

in diamideinteraction properties to the humahRyR channel itse(RFCLM EC50:
20.4uM to CLR, which is comparable to studies in mice, Fig BhE)result appears

to confirm the location of the diamide interactiaite as beingwithin the Voltage
Sensotlike Domain (pVSDFig 6.5b indicates the positions of the five modified
residues in the pVSD region, with an eleedtatic potential surface overlay

indicating positive and negative amino acid moieties. The cagfttlis structure
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Figure 6.RFCLMPXRR is only activated by CLR at very high concentrations but is not
activated by FLB at its limit of solubility.

(@) Doseresponse relationship of RFGEMRYR (red fill) to CLR and FLB (with WT PxRyt
fill) response for comparison)

(b) Homology modeldf the RFCLNPXRYR pVSD, displayei) langitudinal andi) transverse
orientation. Positions of the five amino acid substitutions are marked; dotted lines in
that the residue is hidden within trstructure.

F1Ef 62N] A& ( KrBologydnddel2vasgeneraasl if dollabdtaBon ith Ol
Gutbrood (Bayer CropScience), using Pymol and Schrodinger software.

contains a cavity of high electronegativity (red), which is flanked by thalfiesesd

residues.

6.3.2 Unpicking the RFCLM modification

In pursuit of identifying which of the five amino acid residues in-R¥RyR
contributes mos significantly to the lepidopteran RyR susceptibility to diamides,
the five amino acid substitutions REM were added individually, and in pairs, into

novel PXRyR constructs.

6.3.2.1 Brief characterisation of-RFRyR chimera caffeiresponse

Of the fivealtered aaresidues, the K700RY4701F (RFPxRyREombination was
considered a strongandidate to be mediating the observed effects, basedhen
previous work by Taet al. This combination was expressed, as befagainst an
otherwise WTPxRYR backgtmd, in Sf9 cells. Comparison was then made between
the RFPXRyR and the RFLEMRYR exessing cells in terms of caffeine and
diamide responses, in order to validate that the constructs gave functional RyRs.
Both constructs display an ability to respommddaffeine, and the amplitude of this
caffeine response correlates with their response CLR in both cases. A
concentration of 2QM CLR was used, known to activate both RFekRyR and
RFPxRyR to raund 2050% maximum amplitudeFor RFCLMPXRYR, the
correlation coefficient between caffeine and CLR is strong (Fig 6.6a), indicating that
the established method of relativizing diamide response with caffeine response is
likely to resolve around 80% of the variation in*Qasponsiveness for this
genotype. Theorrelation for RFPXRYR is less strong (Fig 6.6b) but remains within
the range ofthat seen for the other sequence variants studied in this thesis. The
implication, therefore, is that the RF construct will display a considerable amount

of variation to damide dosage.
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6.3.2.2Characterisation of RFXRyR response to diamide

With insufficient time remaining for comprehensigencentrationresponse
characterisation of each individual cstruct, a series of method changes were

introduced:

f Inaparm@a S aS0dz2Jr NBFSNNBR (2 a I WRSAONARYAYL
sequence variants were exposed to identical concentrations of agonist, to
compare the magnitude of response to that concentration.
1 Characterisation of CLR susceptibility was prioritised ovestddptibility.
Nonresponsiveness of RFLEMRYR to FLB, at any concentration, prevents
meaningful comparison between this variant and others.
1 The sequence variants were assessetthé@ir order of hypothesised
resistance, studying first those variants mibikely to confer resistance.

RFPxRyR when expressed in Sf9 cells shows an extreme reduction in CLR response
relative to WTPxXRYR (Fig 6.7, Table 6.2). The magnitude of the ditferis similar

to that between RFCLIAXRyR and WWxRyR. LSD consists &f pairwise
comparison of mean average response amplitude between the constructs,
compared to the standard deviation of all groups combined. An insignificant
difference between RFCLRKRYR vs RPEXRYR in relation to CLR efficacy suggests
that the two aminoacid alterations, K4700R and Y4701F, are responsible for
mediating the majority of the RFCERKRYR phenotypdhe phenotype of thisiR
chimera was found to basequally prdound as hat of the original RCLM chimera,
indicating that one or both of thesesiduepositionsis critically important for RyR

interaction/ non-interaction with diamide insecticides

6.3.2.3 Characterising the effects of individual resuthagges on diamide

response

In order to further brealdown our understanding of the bindingocket, the

K470(R, ¥701F and 4790Csubstitutions were added individually to th&T-
PxRymackgrouncconstruct.A preliminary assessment was then made of the
caffeineresponses for each of the novel variants. Due to severe time constraints,

an assumptia was made that given the previously recorded lack of difference
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Figure6.7 RFPXRyYR and RFCIEMRYR share a similar phenotypic response B é&dposure. Sf9 cells (n£8)
expressing either Wildype (Grey), RF (Biraurple), or RFCLM (Yellow/Orange) PXRyR were expospiitarii
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