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[Tepiinym:

H avBextikdotro ota evtopoktdéva omoterel £vo TOAD onUavTikd eumdolo yio Tov
OTOTEAECUOTIKO EAEYYO €VTOM®V Tov givon emPBAafn o yewpyla N eivar @opeig
acBeveldv. AvOektikétnto o OAeg TIC MEYAAEG KOTNYOpPiES EVIOUOKTOVDV
(opyavopmo@opikd, kKapPapidotkd Kot Tupedpoetdn) Exel ELPAVICTEL, GYETIKH CUVTOUN

LETA TNV EGOY®YT TNG XPNONG TOVG, G€ TANOVGUOVE TOAADY EOMV EVIOUM®V.

Ta veovikotivoeldny amotelobv pio amd TG TAEOV VTOCYOUEVEG KOTNYOPLES
EVTOUOKTOVOYV, LE TNV [HdakAompidn og to mo emtuynuévo LEAOG TG OUAO0G, LE TIC
LEYOADTEPES TOANGELS TAYKOGUI®MG. Tol VEOVIKOTIVOELDN OPOVV G OYOVICTES TMOV
LETOGVVOTTIKAOV VIKOTIVIK®V VTOS0YXEMY  OKETVAOYOAIVIIG OTO KEVIPIKO VELPIKO
ocvotnuo Tov evtopov. Ilapd to OTL TA VEOVIKOTIVOEWY| TOPAUEVOLY €EQUPETIKA
amoteAecpOTIKd, peAéTeg  mediov  dglyvouv  onuavTiK  avEnom  EREAVIONG

avlexTiKoOTNTOg 68 dLapopa £idn emPAafdv eviopmy.

H xatovomon tov unyovicpov aviektikdtntog e eviopoktova ivorl omopaitntm y
™V TEPUTEP® aVATTLEYN epyoleimv Kol TOPEUPAGE®V TOV UTOPOLY Vo PEATIOGOLY
tov €éheyyo Tov emPAafov eviopwv. Méypt tdpa £xovv yapaktnplotel VO KLPLOL
punyovicpoi ot omoiot, OVOL 1| 6€ GLVOLAGHO, Eivat LITEVBVVOL Yo TNV AvOEKTIKOTHTO
OTO EVIOUOKTOVO: M ovOekTikdtTTa 0TOYOoL Kot 1 petafoikn oavBektikdmra. H
avOeEKTIKOTNTA OTOYOL &€ivol OMOTEAEGUO  UETOAAAYDV OTO UOPLO-GTOYO TOL
eviopoktovov.  Metafolkn  avBektikdOnTa  mpokaAeiton  cvvibwg amd TNV
gvepyomoinon 1 v vrepEkepact eVEOU®V TOV EUTAEKOVTIOL GTNV ATOTOEIVOGT) TOV
EVTOHOKTOVOL. Bloymuikég peAéteg éxovv ociéel 01t M petoforkn avOekTikOTTA
OUVOEETOL YEVIKA HE TPELG OwKoyEveleg evOOUMV: 0EEWACEC UEIKTNG Agttovpyiog
(kvtoypopata P450) kapPolui-eotepdosg kol S-Tpavo@epAces YAOLTOOELOVIG
(GST). H poprokn Bdon g avOekTiKOTTAG GTOYOV £ival apKeTE KAl peAeTnuévn
Kot Kotavontn, ovtifetro ot Paciwkol poprakoi pnyoviopol g HETOPOMKNG

avOeKTIKOTNTAG TAPAUEVOLY GE PEYOAO Pabud dyvootot.

"Eva onpovtikd pépog e yvaons HoG GYETIKA LE TOVG UNYAVICHOVS avOEKTIKOTNTOG
TPOEPYETAL OO TN UEAETN PLOIKAOV TANOVOU®V TOV £YOLV AVATTUEEL OVOEKTIKOTNTOL.
H emaymyn avlektikdomrog oe epyactnplakog TANBuouovg pécm petarrlallyéveong

amoTeAel U0 EVOAAOKTIKY TEPOAUOATIKY TPOCEYYION, 1 Onoio £XEL dMGEL TPOCPUTA






ONUOVTIKEC TANPOPOPiEC. XNV Tapovoa HEAETN, YPNOLOTOMONKE HeTaAAAEIYEVEDT)
Héo® tov petabetov otoryeiov MINoS ya tn dnuovpyio. avOEKTIKOV GTEAEXDV GE

évav gpyactnplokd TAnBveud tov evtopov-poviélov Drosophila melanogaster.

To petoberd otoyeio (MX) Minos, péhog g vrepokoyévelag Tcl/mariner, éyet
ypnoomom0el yio petadrasyéveon n/Kot dtayéveon o€ dLapopa €01 EVKAPLOTIKMOV
0pYOVICLAV, Kal Kupimg otn Apocdgira. To yeyovog 6tt tpavemolovia pe Bdon to
Minos, petd amd kwvnronoinorn péow ¢ Minos tpavomoldong, mapdyovy otabepég
evBEGELS OTO YPOUATOCMOUATO e VYNATY amOd00T Kol PE TEAEIMG TuYaio TPOTO £xEl
avadeilel mpoéoeato TtV petaAloSlyéveon HEG® TOL GTOWEIOL AVTOV ®G Eva

eEOPETIKA YPOLLO EPYAAELD YEVETIKNG KoL YOVIOUMUATIKNG OVAAVOT|G.

H Apocoéopira, av kor dev elvar emProféc eidoc, €xel ypnoomombel ektevmdg mg
TEWPAPATIKO  HOVIEAO OTNV  €pEvva. Yoo TNV KOTOVONGON TOV  UNYOVICUOV
avOEKTIKOTNTAG O©E EVIOMOKTOVO. MEAETEG G  QULGIKOVG KOl  EPYAUCTNPLOKOVG
mAnBvopovg g D. melanogaster éxovv katadeier Ot1 10 €id0g owTO pmopel va
avantdéel aviekTikdTNTo 08 €val €Vpy PAcHa evTopokTovev. Koplog otdyog g
napovoNg peAétng eival 1 tawtonoinon yovidiov ™G ApocOPILG TOL EUTAEKOVTOL
otV avOEKTIKOTNTO GE VEOVIKOTIVOELDN EVIOUOKTOVO, LE ONAOTEPO OTOYO TNV

KOTOVON 0T TOV GYETIKOV LOPLUK®OV UNYOVICUDV.

H napovcioon tov anoteleopudtov yopiletor oe 600 pépn. To mpdTo HEPOG OPOpd
OEPA TEPAUATOV TO OTOI0 KATOOEIKVOOVV TNV KOTUAANAOTNTA €VOC OTOd0TIKOV
YEVETIKOV GLGTHLATOG He Pdorn To MZ yia T dnuovpyia tuyaimv evBécewv ot omoieg
gvepyomolovv mopakeipeva yovidie. To cvotnpa avtd ompiletor 6to Tpavemolovio
Minos TREP, 1o omoio mepiéyet £vay yponpikd vmokivynty Tov exdyston in trans amnd
tov petoaypapikd evepyomomty tTA. Xt10 0debtepo pé€pog mapovoidleton 1
TOEIKOAOYIKY], BLOYMUIKY], YOVIOU®UOTIKY KoLl YEVETIKY OVAAVLGOT €VOG UETOAAAYLLEVOL
otedéyoug avBektikov oty Ipdakionpion kot to DDT, 10 onoio amopovodbnke and

pio 6apmon Tov Yovidtduatog g Apocdgiiag pe t xpnion tov TREP.

INa mv avantoén cvotuotog cdpmong ToL YOVISIOUATOS YPNOUOTOmOnKe TO
drayovidiaxd otédeyog TREP 2.30, 10 omoio mepiéyel o évBeon tov tpoavenoloviov
TREP oto ypopotécopo 4. H évBeon avty oe opdlvyn xotdotacrn Oev €xet

QovOTLTO, OAAG givarl Bavatoydvog oe €1epOluYN KOTAGTAGN, GE GLVOLAGHO LE &V






OlyOVIOLOKO XPOUATOCMUO TOL eKQPAlel Tov peTaypapikd evepyomomt tTA.
Agdopévov 6tL to Tpavorolovio TREP elvar yevetikd ceonuocpévo pe 1o yovidto-
deiktn white, elvar edkolo va emleyovv Evtopo oto Omoio. £XEL GLVTIEAEOTEL
petokivnon tov TREP and v apyikn tov 0éon oto yovidiopo ce dAAn 0éom. H
ovyvotnta g petakivinong tov tpavemoloviov TREP otoug youéteg tov oteléyovg
TREP 230, petd omd emayoyn péoo Exkepacnc ™ Minos tpoavoroldong,
amodeiytnke e&oupetikd vynAn (92%) pe ta 2/3 tov véov evBécewv va gvtomilovtot
ota 3 peilova ypopatoocopato (X, 20 kat 30). ['io tov gviomiopd yovidiowv mov
gvéyovtor otnv avlekTkoTnTa, Olevepyndnke peyding wAipokag cdpwon Tov
YOVIOLOLOTOG Katd TV omoia moapnyOncav wepimov 12900 véeg evBéseic TREP, mov
avTIoToyovV 68 6TOYXELGN ToL 35% TV Yovidimv ™G Apocdpirag. Ta anotedéopata
avtd Kotadewkvoouy 0Tt To0 cvotnua TREP 2.30 sivon éva ypnoipo epyaieio yo
LEYOANG KAILOKOG YEVETIKEG CAPMOGELS TOL YOVIddpaTog NG Apocdpirag. Katd
dupkela TG chpmong Eyve EMAOYN €vOS OnAvkoD eviopov pe peydin avlektikoOtnTa
omv [daklompidn, amd to omoio petd TIg KATAAANAEG SOGTAVPDOGELS 1W0pYONKE Eva
avOektikd otéheyos, 10 MIT[w-]3R2. Tevetikny ovAALGN TOL YPOUATOCMDUATOS
MIT[w-]3R2 £deie o611 0 yoapoktipag Tng avbektikdtrog evromiletar 6To
ypopatocopuo 2, oAl Oev  €de1i&e ovvdoeon pe 10 Tpavomolovio TREP,
VITOONAGDVOVTAG OTL M peTOAAayn ogeidetar mbavmdg oe eoawvopevo "hit and run”,
oniadn €vBeomn tov tpavomoloviov petd v omoin £ywve ektour). To otéheyog
MIT[w-]3R2 ovaAdOnke mepartépm pe ™ xpNon TOEIKOAOYIKGOVY, BloynUK®V,

YOVIOIOUOTIKMV KOl YEVETIKAOV TPOGEYYIGEWDV.

H dwotavpodpevn avBektikodtnta tov otedéyovg MIT[w-]3R2 oto DDT, mov €yet
SLPOPETIKO GTOYO OAAG TAPOUOL0 UNYoVIGHO amoTto&ivmong pe v Ipdakionpion,
anotédece cofapn EvoelEn OtL M avlextikdtnta oto otéAeyoc MIT[w-]3R2 £&yet
petafolikn| Baomn. ToEikoloyikn kot Proynukn avéivon, e T ¥p1on TOV oVUGTOAEN
o0V P450 PBO ka1 tov mpocdopiopd g eviupikng dpactikdtrag P450 avtictoya,
anédelEav OtL M ovlekTikOTTO OoQeileTanl, €V UEPEL TOLAAYIGTOV, GE OLENUEVN
dpaoctnprotta Tov P450 oto otéleyog MIT[w-]3R2 oe cVyKpion pe T0 160YOVISOKO

otéleyog 1s031 (W

iso; 2iso; 3iso) OV YPNOOTOMONKE OC OTEEXOG AVaPOPAS. Aev
evtomiotnke avénuévn dpaoctnprotta g GST kol €0tEpUc®V 01O OVOEKTIKO

otéAexoc. Moplakn| avdivon £oei&e ot 10 otédeyog MIT[w-]3R2 yapaxtnpileton amod






vrepék@paotn tov MRNA tov tpudv yovidiov P450 (Cypbgl, Cypba2 ko Cypl2dl)
mov elvar MO YVOOTO OTL gvéyovTal o€ aVOEKTIKOTNTO GE VEOVIKOTIVOELDN KOl TO

DDT.

Metoypo@ouatik] oviAvor Tov OVOEKTIKOD OTEAEYOLS Kol TOL  €LOICONTOV
oteléyovc-paptupa pécw Pabdetdc aainiovyiong CODNA (CDNA deep sequencing) e
mv texvoroyia lllumina dievepynnke pe otdYo TNV TOGOTIKOTOINGT TMV S0POPDV
oV ékepacn Olov TV Yovdiov oto 000 oteAéyn. ToavtomomOnkav 357
dpopeTikd yovidla, omd to omoior 150 Mrtav vmep-exepalopeva, kot 207 vmo-
exppalopeva 6to aviektikd otéleyoc. Taivounon katl opadomoinon Tov S1oPpopikd
exppolopevov  yovidiov pe PAacn  AETOVPYIKEG OUOWOTNTES EVTIOMIGOV  TPELS
AeLTOVPYIKEG OPAOES VITEP-EKPPALOUEVOV YOVISI®MV Kot 000 AELTOVPYIKES OPLAOES VTTO-
ex@palopévav yovidiov. XNV TpdTH KOTNYopio. VIEPEKTPOCOTOVVIOL YOVIOLd TOV
KOOKOToovy  0&eddoeg HeKTng Asttovpyiog P450, mpwteolvtikd évivpo kot
TPOTEIVEG LE OPACTIKOTNTA TEMTIOAONG. LTV Kotnyopio TV LIo-eKk@palopevev
YOVIOI®V VIEPEKTPOGMOTOVVTAL YOVIOLO TOV KOIKOTOOVV TPMTEIVEG TOV YOPIOL TV

®WOKVLTTAP®V KOl L0, ORLASA YOVIOIWV Y10 TPMTEIVES LUE OPOCTIKOTNTO TEXTIOACTC.

Ta wAéov évrova vrep-exepalopeva yovidww P450 mov eviomiotnkov pe ovtmv v
mpocéyyon kot emPePaiwbniav pe real time PCR, eivon ta Cyp4p2, Cypba2 ko
Cyp6gl. H ovppetoym tov Cypba2 kot Cypbgl oto unyovicpd avlektikdtmrog oe
EVTOHOKTOVO o1 Apocdpiha €xet MOM Tekunplwbel kol To omoTteAECHaTd oG
EMIKLPMOVOLV TN YPNCYOTNTO TNG LETOYPOPOUOTIKNG TPOGEYYIONG YL TNV AViYVELON
YOVIOLOV OV EUTAEKOVTOL GTNV AVOEKTIKOTNTO GTO EVTOROKTOVA. AvENUEVT EKQpacn
tov yovidiov Cyp4p2 oe évropo oavOektikd omv [doakionpion kot to DDT

AVOPEPETOL Y10, TPDOTI POPEL.

O poAog TV TPOTEOAVTIK®V VEOU®OV Kot TV eVEOU®V UE OPACTIKOTNTO TENTIONONG
omv oavlektikdétnto dev gival TANpwg katavontds. Ot mpwtedoes mBavodg va
CUUUETEYOVV OTNV TPOMOTOINGN NG OpoOpPwong evibpmv kot otn ProcHvOeon
TPOTEIVOV, TPOKEEVOL VoL KOAVPOOVV 01 EVEPYEINKES AVAYKES KATA TN OEPKELXL TOV
Eevoflotikod otpeg. H  ehattopévn éxepoon &vog apBpod  yovidiov mov

KOOIKOTOOUV  JOUIKEG TPMTEIVEG TOL Yopiov Bo PTOPoboE VO TPOKVYEL O
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OMOTEAECUO, TNG YEVIKNG OMAVINONG OTO OTPES MOV TPOKOAEITOL omd TO

evepyomomuévo ouoTnua amotoéivmong.

Agrtovpyikny opadomoinon twv dSpopikd ekppalopevov yovidiov pe Bdon v
mpoPreyn g Proroykng tovg Asttovpyiog eviomice 10 vrep-eKTPOCOTOVUEVES
opadeg vmep-exepolopevav yovidiov kol 13 vrep-exkmpocwmovdpeveg opddeg vmo-
eKQpalopevov Yovidimv o010 avOeKTIKO OTEAEYOC. AVAULECSO OTO VIEP-EKPPALOUEVA
yovioln Egxdploov ot AEITOVPYIKEC oudoeg "oleidoavaywyikn  opaoctnpioTnTa”,
"WrTwTikoS 1oy pIouos  adElpwV  ypouotioov”,  “opootnpiotnta.  UETAPOPAS
nlextpoviov" ko "amoavinon oe Prafec DNA". Xto vmo-ekepaldpevo yovidia
neptlopBavovtav ot opddeg "uetafoliouds yitiviyg kar auivoylokovov”, tardvinon oe
uotoven ue  Poxtipio” ko "dpaoctypiotnta  avoocoloyikng amdvtnong". H
ofeoavaymyikn dpactptotnto wailel onuaviikd pOAO otV AmoTOEIVEMGT, EVGM Ot
GdAAec Proroyikéc depyacieg Oa umopovoe va givar puo vOelEn yeEVIKNG avTidpaong

070 OTpEG amd TO avOEKTIKO £VTOpO.

H oamovcio ocOvdoeong tov tpavomoloviov TREP pe tov yevetwkd témo 1ng
avOEKTIKOTNTOG VITOONAMVEL OTL 1 peTaAAaY TOovVOG opeideton og @avouevo "hit
and run", dniadn apykn EvBeon tov tpavemoloviov 1o 0moio aKOlovOo aTOKOTNKE,
TPOKAADVTOG L0 TOTKT YPOUATOCOUIKY avopoAo (Tomkd EALell, pikpn EvBeon,
N ovvovacpd Tovg). Q¢ €Kk TOLTOV, 1 YUPTOYPAPNGT TOVL YEVETIKOD TOTOVL TNG
avOeKTIKOTNTOG £YIVE PE KAOGGIKY YEVETIKN 0vAALGN (0vVAALGY OVOGLVOVOGLOV LE
yoptoypaenuéveg evhécelg tov ME P) kou pe avAALGN TOAVUOPPIGUAOV LOVOIIKDV
voukAeoTdimv  (SNPS) o1 omoieg mpoékvyov omd TV aAAnAovylon  TOL
petoypapodpatog. O yevetikdc tomog evtomiletal oto 0e1d okéAOG TOL OEVTEPOL
YPOUOGOUATOG, GE Lo TEPLOYN Hkpotepn and 1Mb. Méca omv 1o meproyn
Bpioketor kot to yovidio Cypbgl, 1o omoio eivar évo amd To TAEOV 1GYVPA VTEP-
exepalopeva yoviown oto otérexog MIT[w-]3R2 ko £xet 1o weprypapel o¢ Pacikdg

mapayovtag avhektikotnrag ot [pudaxionpion.

Avaivon g aAinAiovyiog tov MRNA tov Cypbgl dev édmwoe évoelln yio vapén
LETOALOYNG OTNV KW®OIKY TEPLOYN TOL YOVIdiov 610 avlekTiKd oTédeyos. Eivan
TOAVOV Vo EYEL GUVTEAEGTEL [0, LEPOVOUEVT] LETAALOYT] GE CIS-pLOGTIKG GTOLYEID

tov yovidiov Cypbgl, n omoia odnyel 6e avENON TG EKEPACTC TOV YOVIdIoV, TOL UE
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™ ogpd g emnpedlel Vv Ekepoon GAL®V YOVIOIWV OV  EUTAEKOVIOL OE
avlexticomta. Evoldaxtikd, m petoiloyr pmopel va agopd €va yovidlo mov
avtioTolyel og Evav mopdyovio petaypapng 1 €vo microRNA, mov puOuilet moAhamid
yoviora P450. Méypt otryung, oev vmapyovv otolyeio mov va vmootnpilovv tnv
televtaio vrobeon, dedopévou Ot pia in silico avalitmon oamétuye vo gviomiost
Kowd potifa mpocdeons, &ite Yy KATOOV 0omd TOLG YVOOTOLS TOPAYOVTES
petaypaene, eite yuw kdmowo microRNA, oto yovidwe P450 1o omoia vmep-
exppaloviat. MeAdovtiky] avédivon g ariniovyiog yovidiopoatikod DNA oty
neployn Omov evtomiletal 0 YEVETIKOG TOTOG, TMOOVAOS VoL OTOKOADWEL TN HOPLOKN

Baomn g avBextikdTTag 6T0 6TEAEY0C MIT[W-]3R2.
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Abstract:

Insecticide resistance is a serious, long term problem that impacts agricultural
production and health of animals and humans. Resistance to all major insecticide
classes, including neonicotinoids, arose in numerous and diverse insect field
populations. Imidacloprid, the most prominent neonicotinoid, has been widely used
during the last decade in controlling different insect pests. Drosophila melanogaster,
although not a pest species, is a widely used model organism and a promising model
system for insecticide resistant research. In our study we have analyzed a Drosophila
laboratory mutant which is resistant to Imidacloprid and cross-resistant to DDT. The
mutant has been retrieved in a genome-wide Minos-based insertional mutagenesis
screen. The resistant line was characterized using genetic, toxicological, molecular
and transriptomic analysis. Genetic analysis mapped resistance to the right arm of the
second chromosome. Toxicologal analysis showed higher activity of P450 enzymes,
while molecular analysis revealed higher expression of three unlinked P450 genes in
the resistant line compared to the susceptible line. Deep sequencing transcriptomic
analysis showed changes in several groups of genes involved in metabolic processes.
Taken together, these results strongly suggest that the mutation results in upregulation
of several unlinked genes involved in metabolic detoxification of the insecticides. The

exact molecular mechanism remains to be elucidated.
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1.1. Insecticides and insecticide resistance

The increase in productivity of the agricultural industry in the last century can to a
large extent be attributed to an increased use of synthetic chemical insecticides. As a
consequence of the strong long-term selective pressure, insecticide-resistant field
populations of many insect pest species appeared. During the second half of the
twentieth century, the number of resistant species increased to more than 500
worldwide (Gut et al., 2007).

One of the definitions of resistance describes it as “the inherited ability of a strain of
some organism to survive doses of a toxicant that would kill the majority of
individuals in a normal population of the same species” (WHO, 1957). Insecticide
resistance can be diagnosed “when there is a repeated failure of an insecticide to
achieve the expected level of control of insects when used according to the product
label recommendations and where problems of product storage, application and
unusual climatic or environment conditions can be eliminated as causes of the failure”
(IRAC, 2005). Insecticide resistance is an ever increasing problem compromising the
reliable control of insect pests of medical, veterinary and agricultural impact. The
effect of insecticide resistance includes drastic changes in agriculturally relevant
insect communities and has even medical implications. Much research has been
directed toward understanding the changes that allow global populations of insects to
lose susceptibility to pesticides. Numerous studies have documented evolution of
resistance in field populations as the result of selection of already existing mutations
in the nature. In contrast to field pest populations, which often possess a highly
heterogeneous genetic background, the possibility for the generation of single
mutations in a known and characterized background would substantially facilitate the
identification of resistance-associated changes. Understanding resistance in more
detail will provide the necessary knowledge for rational approaches to combat the

detrimental effects of insecticides and to increase their specificity and efficiency.

Insecticides can be classified in several ways, but the biologically most useful method
of classification is by mode of action (MoA), in which insecticides are grouped based
on their biological targets (IRAC, 2005). Using this grouping, there are around 29



Introduction | 4

different MoA by which insects attain resistance. The major insecticide biological

targets groups, depicted in table 1, can be divided into:

> Neurotoxins

> Microbial or derived disruptors of insect midgut membranes
> Cuticle Synthesis, Moulting and Metamorphosis disruptors

> Disruptors of Various other Metabolic Processes

> Repellents, attractants and other modifiers of insect behaviour

> Non-specific, Unknown and Miscellaneous MoA
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Table 1. Major insecticide classes target site groups (source IRAC international MoA

working group 2010)

Neurotoxins

Mode of action (MoA)

Insecticide class

Acetylcholinesterase (AChE) inhibitors
GABA-gated chloride channel antagonists

Sodium channel modulators

Acetylcholine receptor (nAChR) agonists
nAChR agonists: Allosteric

Chloride channel activators

NAChR channel blockers

Voltage dependent sodium channel blocker

Carbamates, Organophosphates

Cyclodienes and other organo-chlorines (OCs),
Phenylpyrazoles (Fiproles)

Pyrethrins, pyrethroids, DDT

Neonicotinoids, nicotine

Macrocyclic lactones (Spinosyns)
Avermectins, Milbemycins

Nereistoxin analogues

Oxadiazine

Microbial or derived disruptors of insect midgut membranes

Mode of action (MoA)

Insecticide class

Disruption of biological membranes

Toxins derived from bacterium Bacillus
thuringiensis (Bt): Bt sprays and Cry proteins
expressed in transgenic Bt crop varieties

Cuticle synthesis, moulting and metamorphosis disruptors

Mode of action (MoA)

Insecticide class and insecticides

Juvenile hormone mimics and analogues
Inhibitors of chitin biosynthesis (insect growth
regulators (IGRs))

Ecdysone agonist/molting disruptors

Methoprene, pyriproxyfen
Novaluron, buprofezin, cyromazine

Diacylhydrazines, Azadirachtin

Disruptors of Various other Metabolic Processes

Mode of action (MoA)

Insecticide class and insecticides

Inhibitors of oxidative phosphorylation, disruptors of
ATP formation (inhibitors of ATP synthase)
Uncouplers of oxidative phosphorylation via disruption
of proton gradient

Octopaminergic (nervous system) agonist acaricide and
insecticide (probably loss of feeding and adhesion)
Mitochondrial complex 111 electron transport inhibitors

Mitochondrial complex | electron transport inhibitors

Inhibitors of lipid synthesis

Mitochondrial complex IV electron transport inhibitors
Ryanodine receptor modulators: sustained contraction
of insect muscle

Diafenthiuron
Organotin acaricides

Chlorfenapyr, DNOC

Amitraz

Hydramethylnon, acequinocyl, fluacrypyrim
Rotenone,

MET]I acaricides

Tetronic acid derivatives

Precursors of fumigant: phosphine (PH3)

Diamides

Non-specific, Unknown and Miscellaneous MoA

Mode of action (MoA)

Insecticide class and insecticides

Inorganic fumigants with non-specific MoA
Various compounds of non-specific mode of action
(selective feeding blockers)

acaricidal growth inhibitors

Synergists P450-dependent mono oxygenase
inhibitors, Esterase inhibitors

Unknown mode of action

Methyl bromide, chloropicrin, sulfuryl fluoride
Cryolite, pymetrozine, flonicamid
Clofentezine, hexythiazox, etoxazole
Piperonyl butoxide, tribufos (DEF)

Dicofol, pyridalyl

Repellents, attractants and other modifiers of insect behaviour

Mode of action (MoA)

Insecticide class and insecticides

Insect repellents
Pheromones
Baiting attractants

DEET, citronella oil
Specific many
methyl eugenol



http://www.nichino.co.jp/eng/ag/products2.html
http://www.syngenta.com/en/products_services/fact_sheets/trigard_window.html
http://www.phantomhome.com/HowPhantomWorks.asp
http://www.rsc.org/delivery/_ArticleLinking/DisplayArticleForFree.cfm?doi=b314855f&JournalCode=PO
http://www.rsc.org/delivery/_ArticleLinking/DisplayArticleForFree.cfm?doi=b314855f&JournalCode=PO
http://www.dowagro.com/ppm/vikane/index.htm
http://www.syngenta.com/en/products_services/fact_sheets/chess_window.html
http://www.dropdata.org/RPU/monitor.htm#pheromone

Introduction |6

Neurotoxins are insecticides that act specifically on nerve and muscle targets, usually
by interacting with ion channels or neurotransmitter receptors. The main insecticide
classes from this group are carbamates, organophosphates, pyrethroids and
neonicotinoids (table 1). “Microbial or derived disruptors of insect midgut
membranes” are protein toxins that induce pore formation in the midgut membrane,
resulting in ionic imbalance and septicemia (table 1). Protein toxins from this class are
derivatives of a Bacillus thuringiensis toxin. Insecticides that interfere with growth
and development are in the group of the “cuticle synthesis, moulting and
metamorphosis disruptors”. They act by mimicking ecdysone or juvenile hormone, or
by directly affecting cuticle formation/deposition or lipid biosynthesis (table 1).
Several insecticides are known to interfere with mitochondrial respiration through
inhibition of electron transport and/or oxidative phosphorylation. They have been
assigned to the somewhat arbitrary “group of disruptors of various other metabolic
processes”. The “non-specific, unknown and miscellaneous MoA” group collects
insecticides that affect less well-described target-sites or functions, or act non-

specifically on multiple targets (table 1).

1.1.1. Neonicotinoids

The neonicotinoids form one of the most promising insecticide classes. They were
introduced in the early 1990s and became one of the most widely used classes of
insecticides worldwide (Jeschke and Nauen, 2008). Both neonicotinoids and nicotine
are neurotoxins and belong to group four of the IRAC insecticide MoA classification
(IRAC, 2005). Nicotinic acetylcholine receptors (nAChRs) are a family of
neurotransmitter-gated ion channels that play an important role in nerve signaling at
the post-synaptic membrane of both vertebrates and invertebrates. Neonicotinoids act
as agonists of the nicotinic acetylcholine receptor (nAChR), opening the channel and
causing continuous depolarization and firing of postsynaptic neurons, resulting in
paralysis and death (Bai et al., 1991; Zhang et al., 2000; Nauen et al., 2001). They act
selectively on insect nAChRs, while exhibiting only low binding affinity and activity

on vertebrate NAChRs (Tomizawa et al., 2000). As a result of their specific MoA,
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there is no cross-resistance to the long-established conventional insecticide classes
(Nauen and Denholm, 2005). Neonicotinoids currently in use as pesticides include
Acetamiprid, Clothianidin, Dinotefuran, Imidacloprid, Nitenpyram, Thiacloprid and
Thiamethoxam (figure 1). Based on the pharmacophore moiety, the seven
commercialized neonicotinoids can be divided into open-chain compounds and
neonicotinoids having ring systems such as five- and six-membered compound which

differ in their molecular characteristics (figure 1).
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Figure 1. Neonicotinoids currently used as pesticides (figures adapted from
Wikipedia)
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Imidacloprid (CgHyCINsO,; IUPAC Name: N-[1-[(6-chloropyridin-3-yl) methyl]-4,5-
dihydroimidazol-2-yl] nitramide), the first commercially introduced neonicotinoid,
became fast the most successful and best-selling insecticide worldwide (Mencke and
Jeschke, 2002). Imidacloprid alone had an annual turnover on the insecticide market
of over 1 $  billion in 2008 (2010 Bayer Annual Report,

www.annualreport2010.Bayer.com). According to the pharmacophore classification

they are N-nitroguanidines with a five-member ring system pharmacophore moiety
(Jeschke et al., 2001). The overall chemical structure of Imidacloprid consists of the
bridging fragment [R1-R2] (figure 2a), CPM group (6-Chloro-pyridin-3-ylmethyl)
(figure 2a and 2b) and the functional group [=X-Y] (X-Y=N-NO;) as part of the
pharmacophore type [-N-C(E)=X-Y] (-N-C(NH)=N-NO,) (figure 2a) (Jeschke,
2007; Nauen et al., 2001). Comparative molecular field analysis (CoMFA) yielded a
binding model for Imidacloprid in which a nitrogen of the CPM (6-chloro-pyridin-3-
ylmethyl) (figure 2b) moiety interacts with a hydrogen donor of the nAChR. The
nitrogen at position 1 of the imidazolidine ring is predicted to interact with the
negatively charged basic residues (Okazawa et al., 2000). Generally, the nitrogen-
containing hetarylmethyl group as N substituent, such as CPM of Imidacloprid, has a
strong influence on the insecticidal activity. Imidacloprid is effective on a wide range
of targeted insects including sucking insects, beetles, lepidoptera, leafminers, some
diptera, termites, locusts and fleas (Cloyd and Bethke, 2011). Some studies show that
Imidacloprid is highly toxic for bees, and can harm them due to its presence in

pollinated plants (Cresswell, 2011).

CP

Figure 2a. Chemical structural segments of neonicotinoids (Imidacloprid).

R1-R2 bridging fragment; CPM - 6-Chloro-pyridin-3-ylmethyl; -N-C(E)=X-Y stands for -N-
C(NH)=N-NO, (modified after Jeschke and Nauen, 2008)


http://en.wikipedia.org/wiki/Beetle
http://en.wikipedia.org/wiki/Lepidoptera
http://en.wikipedia.org/wiki/Leafminer
http://en.wikipedia.org/wiki/Diptera
http://en.wikipedia.org/wiki/Termite
http://en.wikipedia.org/wiki/Locust
http://en.wikipedia.org/wiki/Flea
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cloyd%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bethke%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cresswell%20JE%22%5BAuthor%5D

Introduction |9

Chemical name of the moiety

\ 6-Chloro-pyrid-3-ylmethyl
N/ 2
N=
Figure 2b. Structural segment of Imidacloprid.
CPM - 6-Chloro-pyridin-3-ylmethyl (modified after Jeschke and Nauen, 2008)

The extraordinary spectrum of target species, long-lasting effect, versatile uses and

applications, and low cost of Imidacloprid have promoted its worldwide usage.

Although Imidacloprid is still an invaluable tool for managing some of the world’s
most destructive crop pests, sporadic cases of resistance to neonicotinoinds have been
reported worldwide in the last 10 years (Jeschke and Nauen, 2008).

1.1.2. Mechanisms of insecticide resistance

During the last decades, extensive biochemical and molecular studies have been
conducted to elucidate insecticide resistance mechanisms. Resistance against all
insecticide groups is conferred by a limited number of mechanisms in all insects
analyzed to date (IRAC). Often, resistant insects utilize more than one of these

mechanisms at the same time.

There are four general insecticide resistance mechanisms in insects:

> Behavioural resistance
> Penetration resistance
> Metabolic resistance

> Altered target-site resistance

Metabolic and altered target-site resistance mechanisms are the major mechanisms of
resistance in insects (Hemingway, 2000). The other two, behavioural and penetration

resistance, appear to be an additional mechanisms.
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Behavioural resistance

Behavioural resistance has been demonstrated in insects which modify their behaviour
so that they avoid the insecticide treated areas. Although the evidence is controversial,
some instances of specific avoidance behaviour in presence of insecticides have been
documented for different insects (Rowland, 1991, Pluthero and Threlkeld, 1981,
Sparks et al., 1989). For example, certain behavioural characteristics that are different
between resistant and susceptible Anopheles gambiae have been reported (Rowland,
1991). Also, avoidance of insecticide has been documented in field populations of
Drosophila, but a strong correlation with resistance could not be established (Pluthero
and Threlkeld, 1981). Behavioural resistance has been reported for several classes of
insecticides, including organochlorines, organophosphates, carbamates and
pyrethroids (IRAC).

Penetration resistance

Toxins can penetrate into insects through the cuticle, the respiratory system or the gut.
Resistance to toxins, including insecticides, can occur when any of these entry routes
is blocked. In general, penetration resistance develops when the insect outer cuticle
slows down absorption of toxins. One of the classic examples is the pen gene in
Musca domestica, which lowers the penetration rate of insecticides through the cuticle
(Plapp and Hoyer, 1968). Reduced cuticular penetration is also documented for
various insecticides in the tobacco budworm (Heliothis virescens) (Lanning et al.,
1996; Ottea et al., 2000) the cotton bollworm (Helicoverpa armigera) (Ahmad et al.,
2006; Gunning et al., 1994), and mosquitoes (Aedes aegypti and Culex pipiens) (Pan
et al., 2009; Matsumura and Brown, 1961; Shrivastava, et al., 1970). High levels of
resistance are, however, only seen in combination with another resistance mechanism
(Sawicki, 1970).

Altered target-site resistance

Target site resistance is the second major mechanism of toxin resistance of insects.
The reduction of toxicity of the chemical results from an alteration in the target
molecule (binding site), making the insecticide less effective or even completely

ineffective. The change of the target protein is caused by a mutation of the coding
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gene, which lowers the protein-toxin binding affinity. Such target molecule
modification has been identified as a main resistance mechanism in several cases,
covering a wide range of species and types of chemicals (Mutero et al., 1994;
Vaughan et al., 1997; Williamson et al., 1996; Martin et al., 2000; ffrench-Constant et
al., 2000). Resistance of this class has been found for nervous system targets
(Oakeshott et al., 2003), as well as for developmental targets (Ashok et al., 1998;
Wilson and Ashok, 1998). Nervous system targets of different insecticides include
voltage-gated sodium channels, GABA receptors, acetylcholinesterase and nicotinic
acetylcholine receptor (ffrench-Constant et al., 2004). Developmental toxins against
which resistance develops include juvenile hormone analogues (JHAs) such as
methoprene (Met), which mimic endogenous hormones (Wilson and Ashok, 1998).

A well illustrated example of resistance caused by structural modifications of the
insecticide binding site is a ‘‘knockdown’’ (kdr) resistance of the house fly to
pyrethroids. These insecticides, like DDT, interact with sodium channel proteins,
disrupting the gating kinetics of action potentials, resulting in rapid paralysis (termed
“‘knockdown’’) and subsequent death (Soderlund and Knipple, 2003). Molecular
analysis shows that different levels of resistance (kdr, super-kdr) occur due to
different point mutations in the sodium channel gene (Williamson et al., 1996;
Soderlund and Knipple, 2003).

Acetylcholinesterase (AChE) is critical for hydrolysis of acetylcholine at cholinergic
nerve synapses. Certain mutations in the AChE gene confer resistance to
organophosphates and carbamates in many insects (Anthony et al., 1995; Alout et al.,
2007).

Mutated GABA receptor (the inhibitory neurotransmission channel in insects) can

become resistant to avermectins and cyclodiene (Bloomquist, 1994).

Neonicotinoid resistance is also due to target-site modification. In a laboratory-
selected insect colony of Nilaparvata lugens, target-site modification (Y151S) of the
two alpha subunits of the nicotinic acetlycholine receptor (nAChR) confers resistance
(Liu et al., 2005).


http://compendium.bayercropscience.com/BAYER/CropScience/CropCompendium/BCSCropComp.nsf/id/EN_Nilaparvata_lugens?open&ccm=200010
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Juvenile hormone analogues (JHAS) can cause a hormonal imbalance, leading to
insect death (Wilson et al., 2006). A mutation in the Methoprene-tolerant (Met)
bHLH-PAS gene in Drosophila melanogaster results in resistance to the toxic and
morphogenetic effects of JHA and JHA-agonist insecticides, such as methoprene
(Wilson et al., 2006).

Target site resistance alone can lead to a high level of resistance in different

laboratory and field populations (Oakeshott et al., 2003).
Metabolic resistance

Metabolic resistance is based on detoxification of insecticides (or any other
xenobiotics), which includes sequestration or active degradation of targeted molecules
(Oakeshott et al., 2003). Enhanced metabolism of the insecticide before it can affect
its target is probably one of the most common types of resistance found in insects
(Scott, 1991). Biochemical analysis has shown that three major gene families -
esterases, glutathione-S-transferases and cytochrome P450 monooxygenases, alone or
in combination, are involved in detoxification of insecticides (Hemingway, 2000). In
most cases, enhanced transcription of coding genes leads to overexpression of these

enzymes in resistant insects (Hemingway, 2000).

Xenobiotic metabolism is often divided into three phases: modification (phase 1),
conjugation (phase 1) and excretion (phase Il1) (Xu et al., 2005). Modification and
conjugation involve metabolizing enzymes while phase Ill involves transporters,
which are members of the ATP-binding transporter family (Xu et al., 2005).
Cytochrome P450 monooxygenases and esterases are phase | enzymes, while
glutathione-S-transferases are phase Il enzymes. Phase Il enzymes often act in
conjunction with phase | enzymes (Hemingway et al., 1991). In phase I, P450s add a
functional group (mostly a hydroxyl group) to the xenobiotic, and protein-protein
interactions move the metabolite to the catalytic site of the transferase without
releasing it from the protein complex. In phase Il, the transferase catalyses the
conjugation of a bulky substituent molecule, such as glutathione, to the functional
group (Gibson and Skett, 2001). This cooperative metabolic detoxification system is
more efficient than independent systems and therefore of great importance in

insecticide resistance.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilson%20TG%22%5BAuthor%5D
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Esterases

The esterases are phase | enzymes that catalyse hydrolysis of a chemical bond. Many
hydrolases are believed to use a two-step reaction mechanism based on a ‘catalytic
triad”. An alcohol group of the substrate is released, forming a covalent linkage to the
active site of the hydrolase. In the second step, cleavage of this linkage results in a
hydrolysed compound (Ollis et al., 1992; Oakeshott et al., 1999). Based on substrate
inhibitor specificity, esterases are classified into three groups: carboxylesterases (CE),
arylesterases (Arg) and cholinesterase (ChE) (Yoo et al., 1996).

The majority of resistance-conferring esterases are overexpressed through gene
amplification (Devonshire and Field, 1991; Vaughan and Hemingway, 1995).
Esterase gene amplification is well documented in resistant strains of the aphid Myzus
persicae, the mosquitoes Culex quinquefasciatus, C. pipiens, C. tarsalis and C.
tritaeniorhynchus and the brown planthopper (Nilaparvata lugens) (Karunaratne et
al., 1998; Mouches et al., 1986; Field and Devonshire, 1998; Small and Hemingway,
2000). Single point mutations in structural genes can dramatically alter the substrate
specificities of the enzyme. This is documented for the E3 malathion carboxylesterase
from the sheep blow fly Lucillia cuprina (Campbell et al., 1998) and the Musca
domestica alpha E7 gene (Claudianos et al., 1999). Resistance to malathion is caused
by a single (Trp251-Leu) substitution in esterase E3, while a Gly139-Asp substitution
in E3 confers broad spectrum cross-resistance to a range of organophosphates,
excluding malathion, in the blow fly (Campbell et al., 1998). In M. domestica, this
Gly-Asp substitution is also found to cause resistance to organophosphates
(Claudianos et al.,, 1999). Although the main cause of esterase resistance is
amplification of specific esterase genes, a few cases of esterase gene overexpression
through a combination of gene upregulation and amplification have also been
described (ffrench-Constant et al., 2004; Paton et al., 2000). In the peach-potato aphid
Myzus persicae, gene amplification of esterase E4 is accompanied by DNA
methylation, altering transcriptional gene regulation in the resistant line, such that the
amount of protein relative to gene copy number is decreased (Field and Devonshire,
1998; Field et al., 1999). C. quinquefasciatus mosquitoes show co-amplification of
esterases a2 and (2 in a resistant strain, with a2 and p2 mRNA expression ratio of 10

: 1 respectfully. A protein level ratio for the a2 : B2 transcripts has been found to be 3
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. 1. This indicates that the expression of these amplified genes in insecticide-resistant
mosquitoes is regulated in both transcriptional and translational level (Paton et al.,
2000).

Glutathione-S-transferases (GST)

Transferases are a superfamily of detoxification enzymes, whose role is to conjugate
glutathione, sulfuric acid, or glucuronic acid to exogenous hydrophilic substrates,
facilitating their excretion (Gibson and Skett, 2001). Glutathione-S-transferases
(GSTs) are the predominant large multifunctional group of the transferases
superfamily, involved in the detoxification of a wide range of xenobiotics, including
insecticides (Salinas and Wong, 1999). There are at least 25 groups of GST or GST-
like proteins, with one major clade containing the currently recognized mammalian,
arthropod, helminth, nematode and mollusc GST classes (Snyder and Maddison,
1997). Based on their gene structure and amino acid sequence, GSTs belong to two
main groups, class | and class Il. This classification does not extend to the substrate
specificities, which are wide and varied. The class | insect GSTs are encoded by a
multigene family in Anopheles mosquitoes, D. melanogaster and Musca domestica
(Toung et al.,1993; Zhou and Syvanen, 1997; Ranson et al ., 2002). The class Il insect
GSTs, in contrast, is encoded by a single gene in all species studied to date (Beall et
al., 1992; Reiss and James, 1993; Snyder et al., 1995).

Elevated activity of one or more GST enzymes has been associated with resistance to
all major insecticide classes (Prapanthadara et al., 1993; Huang et al., 1998; Vontas et
al., 2001). In resistant flies, increased GST levels are in most cases caused by an
increased transcriptional rate rather than gene amplification or qualitative change of

individual enzymes (Grant and Hammaock, 1992; Ranson et al., 2001).

Glutathione-S-transferases are responsible for many cases of organophosphate
resistance in different insect species (Hayes and Wolf, 1988; Huang et al., 1998; Wei
et al., 2001; Rodriguez et al., 2010). Although there is no direct evidence of
involvement of GSTs in the metabolism of pyrethroid insecticides, some reports
suggest that GSTs may play an important role in resistance also to this insecticide
class (Vontas et al., 2001; Vontas et al., 2002). On the other hand, several GSTs that
are overexpressed in DDT-resistant strains of Anopheles gambiae were shown to be


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rodr%C3%ADguez%20MA%22%5BAuthor%5D
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able to metabolise DDT (Ranson et al., 2001; Ortelli et al., 2003). In many cases,
overexpression of one or more GSTs in resistant lines appears to be controlled by a
mutation in a trans-acting regulator (Grant and Hammaock, 1992; Ranson et al., 2000).

Cytochrome P450 monooxygenases

Cytochrome P450 monooxygenases are phase | metabolic enzymes and are important
for the detoxification of a vast variety of xenobiotics, including insecticides (Scott and
Kasai, 2004). These enzymes also play a crucial role in regulation of the levels of
endogenous compounds such as hormones, pheromones, fatty acids and steroids
(Scott, 1999). Cytochrome P450 monooxygenases have been found in virtually all
aerobic organisms, including insects, plants, mammals, birds and bacteria (Stegeman
and Livingstone, 1998). There are at least 70 families, with 127 subfamilies, of P450
monooxygenases genes in different organisms (Scott, 1999). Insect genomes alone
contain from 46 to over 150 P450 genes, each encoding a different P450 enzyme
(Feyereisen, 2006; Nelson, 2009). Due to the presence of numerous P450s in each
species, as well as the broad substrate specificity, cytochrome P450 monooxygenases
have an immense capacity for metabolizing different substrates (Scott and Wen,
2001). The most common reaction catalyzed by cytochromes P450 is a
monooxygenase reaction. One atom of oxygen (O,) is incorporated into an organic
substrate (RH) while the other atom is reduced to water (Scott and Wen, 2001):

RH + O, + NADPH + H" — ROH + H,0 + NADP"

Cytochrome P450 monooxygenases can be divided into four classes, depending on
how electrons are delivered to the catalytic site from NADPH. Class | enzymes
require both an FAD-containing reductase and an iron sulphur redoxin, while class Il
enzymes require only FAD/FMN-containing P450 reductases. Class Il proteins are
self-sufficient (require no electrons) and class 1V proteins receive electrons directly
from NADPH (Werck-Reichhart and Feyereisen, 2000).

The insect cytochrome P450 monooxygenases are multifunctional enzymes involved
in growth, development, feeding, insecticide resistance and tolerance to plant toxins
(Scott, 1999). Several authors suggest that resistance mediated by P450
monooxygenases could be the most frequent type of metabolism based insecticide


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Werck-Reichhart%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Feyereisen%20R%22%5BAuthor%5D
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resistance (Scott, 1999). Upregulated transcription of one or more P450 genes appears
to be the general molecular mechanism which increases levels of the enzymes in
resistant individuals (Scott, 1999; Karunker et al., 2008; Karunker et al., 2009;
Daborn et al., 2002). An exception has recently been reported for a resistant Myzus
persicae (Puinean et al., 2010) strain. Here, amplification of a P450 monooxygenase

gene causes overexpression of the enzyme.

The analysis of P450-dependent resistance is made complicated by the variable
expression of individual P450s, as well as the wide range of tissues in which they are
expressed (Chung et al., 2009; Giraudo et al., 2010). The highest monooxygenase
activities are usually associated with the midgut, fat bodies and Malpighian tubules
(Hodgson, 1983). Recently research in Drosophila focuses increasingly on P450
expression patterns in flies, whose resistance is mainly monooxygenase-dependent
(Giraudo et al., 2010; Chung et al., 2009).

1.2. Genome-wide insertional mutagenesis

The completion of whole genome sequencing projects has provided the full
complement of genes of many organisms. One of the main goals of modern genetics
is to link the thousands of sequenced genes of model organisms to their function. The
function and interactions of most of these genes in different biological phenomena,
including insecticide resistance, however, remains largely unknown. In analyzed
resistant Drosophila flies this is, in part, due to the fact that flies derived from field
populations with preexisting genetic variations, which are not easy to characterize.
The generation of the mutations in a defined genomic background in laboratory insect

lines should simplify the characterization of insecticide resistance factors.

One of the most powerful techniques for genetic and functional genomic analysis is
mutagenesis with mobile elements. This technique can achieve disruption,
overexpression or mis-expression of single genes. One of the main advantages of
insertional mutagenesis over the classical method of chemical mutagenesis is the ease

which the targeted gene can be identified, since it carries the transposon as a tag.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Puinean%20AM%22%5BAuthor%5D
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Insertional mutagenesis using transposable elements has been an exceptionally
efficient method to create mutants in various organisms (lvics and Izsvak, 2010).
Many transposons like the P-element, mariner, hobo, piggyBac, Hermes and Minos
have been used successfully in insects for this purpose (Adams and Sekelsky, 2002;

Pavlopoulos et al., 2007).

1.3. Transposable elements

Transposable elements (TEs) are DNA sequences that have the capacity to change
their genomic locations by excision and insertion into new loci. They are widely
distributed in living organisms in both prokaryotes and eukaryotes (Ling and
Cordaux, 2010). TEs are divided into two main classes, according to their structural
organization and mechanism of transposition (Finnegan, 1989; Capy et al., 1997).
Class | elements encoding a reverse transcriptase (RT) and employ an RNA-mediated
mode of transposition, using a copy and paste mechanism of transposition. Class Il

elements use a DNA-mediated cut and paste mode of transposition.

1.3.1. The transposable element Minos

The transposon Minos has been identified as a repetitive element in the genome of the
fruit fly Drosophila hydei (Franz and Savakis, 1991). The element is approximately
1,8 Kb long with 254 base pair (bp) identical inverted terminal repeats flanking a
single gene encoding a transposase (figure 3). The Minos transposase gene consists of
two exons interrupted by a 60 bp long intron (Franz and Savakis, 1991). The Minos
element (Class IlI) is a member of the Tcl/mariner superfamily of eukaryotic
transposons. The insertion of Minos, like that of the other Tcl/mariner elements
(Plasterk et al., 1999), occurs into a TA dinucleotide. The Minos transposase catalyzes
excision and re-integration of the element, which leaves 6 bp long footprints without
excision of flanking DNA (Loukeris et al., 1995a; Arca et al., 1997).


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ling%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cordaux%20R%22%5BAuthor%5D
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ODR IDR intron IDR ODR
ITR exon 1 exon 2 ITR

Figure 3. Structure of the Minos element isolated from Drosophila hydei.

The transposase gene is interrupted by a 60 base pair long intron. Not all features are drawn to scale.
IDR: inner direct repeat, ODR: outer direct repeat, ITR: inverted terminal repeat: TA duplicated target
dinucleotide (modified after Pavlopoulos et al., 2007)

Minos has been shown to create stable insertions in germ line chromosomes of
embryos of several insect species and ascidians (Loukeris et al., 1995a; Loukeris et
al., 1995b; Catteruccia et al., 2000a; Catteruccia et al., 2000b; Shimizu et al., 2000;
Sasakura et al., 2003; Pavlopoulos et al., 2004). Also, it is active in cultured insect
and mammalian cells, as well as in somatic and germ cells of mice (Pavlopoulos et
al., 2007; Klinakis et al., 2000a; Klinakis et al., 2000b Zagoraiou et al., 2001; Drabek
etal., 2003).

The wide range of host organisms in which Minos is active makes it a versatile tool
for screens of very different genetic model systems. The fact that transposition
produces stable transformants with high efficiency (Kapetanaki et al., 2002), allowing
genome-wide mutagenesis in insects (Metaxakis et al., 2005) and mammalian cells

(Klinakis et al., 2000a) makes Minos a versatile transgenesis tool (Bellen et al., 2011).

1.4. Drosophila as a model organism

A model organism can be defined as “a species that is extensively studied to
understand particular biological phenomena, with the expectation that discoveries
made in this organism will also provide insight into the workings of other organisms”
(Fields and Johnston, 2005). Drosophila melanogaster has been one of most
commonly used model organisms in biology for the last 100 years (Morgan, 1915;
Beckingham et al., 2005.). It has some classical advantages like the small number of
chromosomes, rapid life cycle and easy rearing and maintenance. Availability of a

vast array of mutant stocks and genetic tools (Bloomington, 2010), highly detailed
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cytological maps of polytene chromosomes (Pardue, 1986) and a large body of well
described protocols for genetic and molecular analysis (Sullivan et al., 2000) are
additional, more recent advantages. The full genome sequence (Adams et al., 2000;
Tweedie et al., 2009) and the availability of large numbers of cDNA clones for
microarrays (White et al., 1999) makes Drosophila an excellent model organism for

genomic research.

Insecticides are primarily used to target pest species, but in many cases non-targeted
field populations, like Drosophila, are affected too. Drosophila melanogaster has
been proposed as a model organism for insecticide resistance research in the late
1980s (Wilson 1988). Utilization of comprehensive and refined methods for
resistance mechanism analysis in Drosophila in most cases is not possible in other

non-targeted insects (Wilson, 2001).

Although not a pest species, Drosophila melanogaster has been lately increasingly
used as a model organism for toxicology and insecticide resistance studies (Giraudo et
al., 2010; Perry et al., 2011), due to the many molecular and genomic tools available

for this insect.

1.5. Insecticide resistance in Drosophila

Examinations of laboratory and field populations of Drosophila show that this species
can develop resistance to a broad range of insecticides (Feyereisen, 1995; Wilson,
2001; Hemingway et al., 2002). These insecticides belong to different target site
classes, including neurotoxins and moulting and metamorphosis disruptors
(Willoughby et al., 2006).

Of the four major insecticide resistance mechanisms, metabolic and target-site
resistance have been detected in various Drosophila populations (Wilson, 2005).
Although behavioural and penetration resistance are suggested as additional resistance
mechanisms (Wilson, 2001), there is no firm experimental evidence for these

mechanisms in Drosophila.
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Target site mechanisms have been described in different resistant Drosophila flies for
insecticides acting on different targets including GABA receptor, chloride and sodium
channels and acetylcholine receptor (Wilson, 2005).

Reports for Drosophila show a positive correlation between resistance to different
insecticides and overexpression of one or more cytochrome P450, glutathione—S-
transferase and esterase genes (Maitra et al., 2000; Brandt et al., 2002; Campbell et
al., 2003; Pedra et al., 2004; Festucci-Buselli et al., 2005; Le Goff et al., 2006;
Bhaskara et al., 2006; Willoughby et al., 2006). Biochemical and molecular analyses
of DDT resistant Drosophila lines showed that at least 4 genes from the cytochrome
P450 monooxygenases family are involved in resistance to DDT (Maitra et al., 1996,
Festucci-Buselli, et al., 2005, Pedra et al., 2004).

1.5.1. Cytochrome P450-mediated resistance in Drosophila

The correlation between overexpressed individual P450 genes and resistance to
different insecticides has been analyzed (Le Goff et al., 2003; Daborn et al., 2007)
with various transgenesis techniques (Venken and Bellen, 2005). Resistant DDT
transgenic flies, over-expressing Cyp6gl, showed cross-resistance to three different
neonicotinoids (Imidacloprid, Acetamiprid and Nitenpyram) (Le Goff et al., 2003).
Also, an increased survival rate on Nitenpyram and Diazinon was found for flies
overexpressing Cyp6g2 (Daborn et al., 2007). A low level of DDT resistance was
detected in transformed Drosophila overexpressing Cyp6gl, as well as in flies

overexpressing Cypl12d1 (Daborn et al., 2007).

The midgut, Malphighian tubules and fat body are the major sites of cytochrome
P450-mediated detoxification in insects (Hodgson, 1985; Scott and Lee, 1993).
Resistant Drosophila carrying a fragment of the Accord transposable element located
upstream of Cyp6gl show tissue specific expression of this gene, localized in gastric
cecum, midgut, Malpighian tubules, and fat body (Chung et al., 2007). Moreover, it
has been shown that expression of the Cyp6gl in Malpighian tubules is critical for

conferring DDT resistance in Drosophila (Yang et al., 2007). Spatial expression
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analysis of P450 genes shows that tissue specific expression is critical in determining
the toxicodynamics of insecticides that are metabolized by P450 enzymes (Giraudo et
al., 2010).

In mammals, the regulation of cytochrome P450 genes involved in xenobiotic
detoxification is very well understood (Xu et al., 2005, Pavek and Dvorak, 2008). In
insects on the other hand, while the cytochrome P450 monooxygenases enzyme
family has been associated with insecticide resistance, the role of individual enzymes,
as well as the regulation of their genes, is largely unknown (Giraudo et al., 2010).
Functional analysis of the cis-acting control elements of genes Cyp6gl and Cyp6a8
indicates that transcriptional regulation of insect P450 genes is different from that of
P450 genes in mammals (Morra et al., 2010). Experiments on resistant insects suggest
that mutations in cis and/or trans acting regulators activate detoxification mechanisms
(Giraudo et al., 2010).

1.6. Deep sequencing

Whole genome sequencing, combined with adequate annotation, will identify a
nearly-complete set of genes of a species. It will not, however, provide on its own
information about levels of expression for any gene. To acquire this information,
genome-wide transcription profiling is a powerful approach, which can shed light on
transcriptome variants and gene interaction networks. A fast developing and
promising tool for the generation of genome-wide transcriptional profiles of
individual strains is high-throughput deep sequencing (Lister et al., 2009). This
method is classified according to the genome annotation constraints in the family of
“open” technologies (Green et al., 2001). In contrast to “closed” technologies like
microarrays, “open” technologies transcriptome analysis does not require biological
or sequence information of the analyzed organism. This technology is very suitable
for discovering new transcribed sequences, as well as sequences that are not well
studied (Hanriot et al., 2008). Also it gives information about new variations of the

genes and confirmation of newly discovered genes. The method enables rapid parallel
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sequencing of large cDNA libraries with several millions of tags. Genome-wide
transcription profiling as a final result gives a complete genome transcriptome

footprint of differently expressed sequences in the analyzed organism or tissue.
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1.7. Aims of the project:

In this project, Drosophila melanogaster, one of the best characterized model
organisms in biology, is used for the analysis of insecticide resistance. The work

presented in this thesis is divided in two parts.

In the first part, a genome-wide mutagenesis screen of Drosophila with the Minos
based TREP transposon was used as a proof of principle for the TREP promoter-

delivery element, a promising new genomic tool.

The second part is the analysis of a resistant Drosophila mutant retrieved from this
screen with genetic, biochemical and molecular tools, in order to further characterize
the resistance mechanism. Transcriptomic footprint analysis revealed expression
patterns and gene groups that could be involved in the mechanism of insecticide

resistance.






2. MATERIALS AND METHODS
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2.1. Drosophila melanogaster strains and lines

D. melanogaster stocks were maintained on standard cornmeal-agar-yeast medium at
24°C under a 12-hour light/12-hour dark cycle. The following Drosophila strains
were used: TREP 2.30 (Kiupakis, Oehler and Savakis, manuscript in preparation),
BOEtTA 6.24 (Koukidou et al., 2006) and iso31 [SM6, MIT 2.4]/Sco (Metaxakis et
al., 2005), Bloomington deletion kit lines, as well as SM6, y,w; ci**/ey®, iso31, and
strains 5906 and 5907. All strains, except strains SM6 and y,w; ci®*/ey®, are isogenic
for all chromosomes and were obtained from the Bloomington Drosophila Center,
Ind, USA (Bloomington, 2010). Strain SM6 (stock collection IMBB-FoRTH) is a
balancer strain carrying a Curly marker gene on the second chromosome. Line
ci®/eyP (stock collection IMBB-FORTH) carries an eyeless marker gene on the fourth
chromosome. Line iso31 (Ryder et al., 2004) is a standard strain isogenic for

chromosomes X, 2 and 3 (w™*®

). Strains 5907 and 5906 are balancer strains derived
from iso31. Strain 5907 (Ryder et al., 2004) is isogenic for chromosomes X and 3,
with the Curly marker gene on the second balancer chromosome (W'*%s/Dp(1;Y)y";
noc°/SM6a). Strain 5906 (Ryder et al., 2004) is isogenic for chromosome X and 2,
with the Stubble marker gene on the third balancer chromosome (W'*¥/Dp(1;Y)y";

TM2/TM6C, ShY).

Line iso31 [SM6, MiT 2.4]/Sco carries the Curly marker and the Minos transposase
gene on the second balancer chromosome. This way, Minos transposase gene located

on the second chromosome can be easily traced by following the Cy phenotype.

TREP 2.30 is a homozygous line (TREP 2.30/TREP 2.30) carrying a Minos based
TREP (tetracycline regulatable enhancer promoter) transposon element inserted into
the 4™ chromosome (Kiupakis, personal communication). The TREP construct carries
a minimal hsp70 promoter under the control of tetO element (figure 4). In the
presence of tTA transcriptional activator protein, the TREP transposon directs ectopic
overexpression of the next gene downstream of the minimal hsp70 promoter. As a
transformation marker, this element carries a mini-white gene (w"), which confers a

red eyes phenotype in a white background (figure 4).
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Line BOEtTA 6.24 carries the P-element based transposon BOEtTA located on the
sex (X) chromosome. This construct together with the TREP transposon element
forms a promoter delivery system. The TREP-BOEtTA promoter delivery system is
depicted in figure 4. The BOEtTA transposon element carries a tTA gene (source of
tTA-transcriptional activator). As a transformation marker, it has an egfp (enhanced
green fluorescent protein) gene which confers green eyes to the flies under UV
illumination. Also, it carries a mini-white marker gene (W), which is nonfunctional in
this line. A specific feature of the TREP 2.30 line is lethality of the flies, in the
presence of the BOEtTA 6.24 construct. Thus, in the presence of the BOEtTA

construct, the only viable flies will be the ones with TREP excision events.

TREP
MilL (tetO),, W+me MiR
hspTATA
Tet or Dox

/N 5

P 5’ P 3
w+me hsp70pA tTA tetO),,

BOEtTA

Figure 4. Schematic of the TREP and BOEtTA constructs and the activation of the
TREP-borne minimal promoter.

2.2. Karyotype analysis of polytene chromosomes

Polytene chromosomes were prepared using an orcein polytene chromosome staining
protocol (Ashburner, 1989). Six individual crosses between resistant line MiT[w]3R2
and susceptible line iso31 were set up. Individual larvae produced in these crosses
were microscopically analyzed for the presence of aberrations of all 5 polytene
chromosomes (X, 2L, 2R, 3L and 3R).
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2.3. Toxicological analysis

2.3.1. Lethal concentration (LC50) analysis

2.3.1.a. Determination of the lethal concentration 50 (LC50) for Imidacloprid and
DDT

Resistance was measured by comparing LC50 values, which represent the lethal
concentration of an insecticide that kills 50% of treated individuals. TREP 2.30 (line
with the initial TREP insertion) and iso31 (used as a D. melanogaster insecticide-
susceptible strain) flies, together with MIT[w]3R2 resistant flies were tested for
Imidacloprid and DDT LC50°s. The lethality of different concentrations of
Imidacloprid was tested by analyzing egg to adult viability of the flies. Flies were
massed-crossed and placed into fly cages, allowing females to lay eggs on cherry
juice medium. Eggs were collected within 24 hours and placed into vials (50 eggs per
vial) containing medium with different Imidacloprid concentrations. For each
concentration of Imidacloprid, eight replicas were set up, hence the total number of
eggs was 400 per concentration. Egg to adult viability was analyzed by counting the
number of the emerged flies for each concentration of Imidacloprid. For DDT
analysis, 3 days post-eclosion males and females were used in a contact assay. DDT
was coated to the inside of 35 ml glass vials by applying 200 ul of acetone (99.8%,
MERCK) containing different concentrations of DDT and rolling the vials
horizontally, until the acetone was evaporated. Vials were plugged with cotton wool
soaked in 5% sucrose. Into each vial, 25 flies (both males and females) were placed
and mortality was scored after 24 hours. For this assay, four replicas per concentration
were used, with 100 flies per concentration in total. For both Imidacloprid and DDT
assays, the control mortality in the absence of insecticide was determined and

corrected for.
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2.3.1.b. Exposure to piperonyl butoxide (PBO)

A quantity of 2 ul of PBO (95%, SIGMA-ALDRICH) was added to 200 pul of acetone
and immediately transferred to 35 ml glass vial. Each vial was rolled horizontally,
until the acetone was evaporated. The controls were prepared the same way, omitting
the PBO. Twenty flies (10 males and 10 females) were transferred to each vial and

left for 3 hours prior to 48h Imidacloprid exposure.
2.3.1.c. LC50 calculation and construction of dose-response curves

For both insecticides (Imidacloprid and DDT), as well as the PBO assay, flies were
tested on at least, 4 different concentrations plus control. The LC50 values were
calculated with computer program SPSS 16.0 using the regression probit model
(Finney, 1971). Dose-response curves were derived using Sigma Plot 10.0 (Systat
Software Inc., 2007). Each dose-response curve was constructed from at least four

concentrations.
2.3.1.d. Insecticides and PBO

Bioassays were carried out with active ingredients diluted in acetone. Imidacloprid
(98.7%) was kindly provided by Bayer CropScience GmbH- Germany, while DDT
(4,4 — DDT PESTANAL®) and PBO (95%) were purchased from SIGMA-ALDRICH
Laborchemikalien GmbH.

2.3.1.e. Paraquat assay

Two to three days old resistant mutant and iso31 flies were collected. Ten males and
ten females from each line were placed into vials with different concentrations of
paraquat (SIGMA-ALDRICH, PESTANAL®, analytical standard), including a control
lacking paraquat. Two replicas for each concentration and control were set up.
Paraquat was applied to a paper filter disc mixed with a 1% sucrose solution, and put
in plastic vials. To each paper filter (1.5 cm diameter) disc, 1 ml of paraquat in 1%
sucrose was applied. In the control, 1 ml of 1% sucrose without additive was applied.
Three different concentrations of paraquat, 5%, 10% and 12.8% were used. The

mortality was scored after 24 hours.
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2.3.2. Biochemical assays

All protocols were used as previously described in Roditakis et al. (2009), except for
P450 activity in live larvae. This was done according to the protocol described in
Inceoglu et al. (2009). Activity of cytochrome P450 dependent monooxygenases was
determined in adult microsomes and in live larvae. Heads of the 3-5 days old males
and females were cut on ice, and abdomens (30 flies per sample) were used for
microsome extraction. Third instar larvae were used for the P450 activity assay. For
the esterase and glutathione S-transferase activity assays, 3-5 days old males and
females were used. For all assays, activity was measured at 25°C on microplate reader

SpectraMax M2 with software SoftMax prov5 (Molecular Devices, Sunnyvale, CA).

2.4. Molecular analysis

2.4.1. Standard PCRs

2.4.1.a. Preparation of genomic DNA

Genomic DNA was extracted using a modified BDGP
(http://www.fruitfly.org/about/methods/inverse.pcr.html) protocol (Bellen et al.,
2004). Adult flies (3-5 days old) were collected, pooled and transferred to 1.5 ml
Eppendorf tubes (~15 flies per Eppendorf tube). To each tube, 400 ul of Buffer A (1
M Tris.HCI-pH7.5, 500 mM EDTA-pH8.0, 4 M NaCl, 10% SDS) were added and

flies were homogenized on ice, using plastic grinders. Tubes with homogenized flies

were incubated for 30 min at 65°C. In the next step, 800 pl of LiCI/KAc solution was
added, tubes were inverted several times to mix and incubated for 10 min on ice.
After incubation, tubes were centrifuged at 14,000 rpm for 15 min at room
temperature. 1 ml of supernatant was transferred to new 2 ml Eppendorf tubes
(leaving floating solids behind) supplemented with 800 pl of isopropanol (MERCK),
and tubes were inverted several times to mix. Tubes were then spun at 14,000 rpm for

10 min at room temperature. Following centrifugation, the supernatant was discarded.
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The pellet was washed with 500 ul of ice-cold 70% ethanol (MERCK). Tubes were
spun at 14,000 rpm for 5 min at room temperature, and the supernatant was discarded.
The pellet was air dried for ~15 min and resuspended in 75 pl TE overnight at 4°C.
An aliquot of 1pl from each sample was analyzed on a 1% agarose-gel, as well as

with a nanodrop analyzer. Samples were stored at -20 °C.

2.4.1.b. PCR reactions for detection of mini white gene, Minos transposase gene and

adjacent mini white and Minos transposase genes

All reactions were performed in 25ul volumes and repeated in order to confirm
results. For each sample, 200 ng of template DNA was used. To a mixture of 5 ul of
template DNA, 2.5 ul of 10 x PCR Buffer (Minotech) with 15mM of MgCly, 1 pl of
PCR primers (25 pmole) and 2.5 pl of ANTP mix (2 mM) was added. Then, 1 unit of
Taqg Polymerase (Minotech) was added. Mixture was heated to 94°C for 3 min. Thirty-
five cycles of PCR amplification followed (denaturation for 30 sec at 94°C, annealing
for 30 sec at 58°C and extension for 3 min at 72°C). After the 35™ cycle, the mixture
was incubated for 5 min at 72°C. For the Minos transposase gene, the following
primers were used: forward 5-CGATGGTTCGTGGTAAACCT-3' and reverse 5'-
AACTCGTTTTGGCATTGAGC-3' with the expected 1037 bp product size. For the mini-
white gene, forward 5-ATGACCTTTCAAAACGTCTTTGC-3> and reverse 5’-
AGCTTTTTGAGGGGGCAATA-3’ primers with the expected 803 bp product size. For
adjacent  Minos  transposase and  mini-white  genes  forward = 5-
ATGACCTTTCAAAACGTCTTTGC-3’ and reverse 5-GCTTAAGAGATAAGAAAAAAGTGACC-3’
with the expected 1348 bp product size. The PCR amplification was done on a MJ

Research PTC-200 machine, and PCR products were analyzed on 1 % agarose gels.

2.4.2. Semi-quantitative and quantitative real time PCRs for the gene analysis of

relative mMRNA expression in resistant and susceptible lines

2.4.2.a. RNA extraction

Total RNA from Drosophila melanogaster flies was extracted using a standard Trizol

RNA isolation protocol (http://quantgen.med.yale.edu/). Adult flies (3 days old) were
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anesthetized, transferred to 1.5 ml Eppendorf tubes (~40 flies per tube), flash frozen
in liquid nitrogen and stored at -80 °C. In the next step, samples were thawed on ice
and 500 pl of Trizol was added. Samples were carefully homogenized on ice for 30-
60 sec, using plastic grinders. Depending of the amount of material, up to 500 pul of
Trizol more was added. Eppendorf tubes with the homogenizate were centrifuged at
13,000 rpm for 10 min at 4°C to pellet debris. After centrifugation, 200 ul of
chloroform was added, tubes were shaken vigorously for 15 sec. and incubated at
room temperature for 2-3 min. Tubes were then centrifuged at 13,000 rpm for 15 min
at 4°C. The upper phase (~0.6 ml) was carefully removed to a new RNAse-free tube.
After that, 0.7 volumes of isopropanol (~0.5 ml) were added to each tube to
precipitate RNA. Tubes were incubated for 1 hour at -20°C and then centrifuged at
13,000 rpm for 15 min at 4°C. The supernatant was discarded, and the RNA pellet
was washed with 1 ml of 70% ethanol/DEPC-treated MilliQ water. Tubes were
centrifuged at 13,000 rpm for 10 min at 4°C. After a second centrifugation, the
supernatant was removed, and the tubes were briefly centrifuged again. The last of the
supernatant was removed carefully with a micropipette. The pellet was air dried for
~10 min. In the last step, the pellet was resuspended in an appropriate volume of
DEPC MilliQ water (20 to 50 ul). An aliquot from each sample was analyzed on a 1%
agarose-gel. DNAse | treatment was done following the protocol of the RNAqueous®-
Micro instruction manual. To 10 pl of total RNA, 5 ul of 10 x DNase I Buffer, 1 ul of
DNase I and 34 pl of RNAse free water were added and mixed gently. The DNase
reaction was performed at 37°C for 20 min. After incubation, DNase I was inactivated
by adding 5.6 ul of resuspended DNase inactivation reagent. The reaction was stored
for 2 min at room temperature, vortexing once during this interval to disperse the
DNase Inactivation reagent. The reaction was centrifuged for 1.5 min at maximum
speed, and the total RNA was transferred to a fresh RNAse free tube and stored at -20
°C. The quality of the RNA samples was verified with standard quality
control/assessment protocols. Synthesis of the First-Strand cDNA was done following
the AccuScript® High Fidelity RT-PCR System protocol. For each sample, 1.5 ug of
total RNA was used for synthesis of the first-strand cDNA. The cDNA reaction was
set up by mixing 4.4 ul of RNAse free water, 1.0 ul of 10 x AccuScript RT Buffer,
0.9 pl of oligo(dT) primers, 1.0 pul of ANTP mix (10mM each dNTP) and 1.0 pul of
total RNA preparation. The reaction was incubated at 65°C for 5 min and cooled to
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room temperature to allow primers to anneal to the RNA (approximately 5 min). After
this step, 1.0 pl of 100mM DDT and 1.0 pl of AccuScript RT were added to the
reaction. The total reaction volume was 10 pl. Tubes were placed in a temperature-
controlled thermal block at 42°C, and reactions were incubated for 30 min. The

completed first-strand cDNA synthesis reactions were stored at -20°C.
2.4.2.b. Semi-quantitative PCR

Relative mRNA expression of genes Cyp6gl, Cyp6a2, Cyp6a8 and Cypl2dl was
measured between resistant and susceptible lines reared on standard medium and
medium with Imidacloprid. Relative expression of each Cyp gene was measured in
reference to the housekeeping ribosomal protein gene Rp49. Flies from susceptible
line were maintained on medium with 0.4 pg/ml of Imidacloprid, and resistant flies
were maintained on 3 pg/ml of Imidacloprid. The PCR reactions were performed on a
MJ Research PTC 200 Peltier Thermal Cycler machine. For this purpose, 5 sets of
primers were designed. In order to obtain specific cDNA products, primers were
designed to span exon-intron junctions. For Cyp6gl: forward 5’-
ACCCTTATGCAGGAGATTG-3> and reverse 5 -TAGGCTGTTAGCACGAATG-3’
primers, with an expected product size of 159 bp. Cyp6a2: forward 5’-
GTTACTGCCTGTATGAGTTGG-3’ primer and reverse primer 5-
TAGAGCCTCAGGGTTTCTG-3’, with an expected product size of 160 bp. Cyp6a8:
forward 5’-CCTTTGTGTTCTTCATTGCT-3’ and reverse 5-
GTTTCATCTAAAACCTGATTGA-3 primers, with an expected product size of 196
bp. Cypl2dl: forward 5-AAGGATTGGTGGCTTCAC-3° and reverse 5’-
GTAAAATCTTCGGGGACTTC-3” primers, with an expected product size of 184 bp.
Primers for the control housekeeping ribosomal protein gene Rp49: 5°-
CGGTTACGGATCGAACAAGCG-3’ and reverse 5’-TTGGCGCGCTCGACAATCT-3’, with an
expected product size of 174 bp. For each sample, two biological replicates were
analyzed with two technical repetitions. Reaction mixtures for the Cyp genes were as
follows. 1 pl of cDNA reaction, 5 pl of 10XPCR Minotech Buffer with 15 mM of
MgCl, (for Cypl2d1, the MgCl, concentration was increased to 3 mM), 1 ul PCR
primers (25 pmole) and 1 ul dNTP mix (10 mM), 2 units of Tagq polymerase
(Minotech) (0.5ul) and 41.5 ul of dd H,O. The total volume of the reaction mixture
was 50 pl. The reaction mixture for Rp49 was the same, except that 20 pmoles of
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primers were used. Cycling conditions were: 95°C for 5 min, then 40 cycles of 95°C
for 30 sec, 56°C for 30 sec and 72°C for 30 sec. PCR products were analyzed on 2 %
agarose gels every 5™ cycle, between the 20" and the 40" cycle.

2.4.2.c. Quantitative real time RT-PCR

All samples and primers used in the semi-quantitative PCR analysis were also used
for quantitative real time RT-PCR analysis. Quantitative real time RT-PCRs were
performed using the QIAGEN SYBR green kit on the DNA Engine Opticon TM MJ
Research analyzer. Standard samples for each gene were made from RT-PCR
products isolated from 2.5% agarose-gels. The efficiency of RT-PCR amplification
for each gene-specific primer pair was analyzed with five serial dilutions in three
technical replicates. Cycling conditions were: 94°C for 5 min, then 37 cycles of 94°C
for 30 sec, 52°C for 30 sec and 72°C for 30 sec (plate reading at 78°C, 80°C and
82°C). Data were analyzed with the MJ Opticon Monitor 3.1 analysis software.
Calculation was done with software REST-MCS (Pfaffl and Horgan, 2001).
Additionally, relative expression of the Cyp4p2 in the resistant line was analyzed.
Quantitative real time PCR for Cyp4p2 was performed using same protocols as for
other Cyp genes analyzed. Flies maintained for more than 25 generations on standard
medium after deep sequencing and Cyp6gl, Cyp6a2 and Cyp6a8 expression analysis,
were used for Cyp4p2 expression analysis. The forward and reverse primer sequences
were as follows: Cyp4p2 - 5 CTGAAAAGGCATCCTTACGC 3" and 5
TTGGGATCGATAACAGGCAG 3'. Quantitative real time PCR was performed on
the Bio-Rad CFX analyzer with cycling conditions: 95°C for 2 min, then 35 cycles of
95°C for 15 sec, 55°C for 30 sec and 60°C for 30 sec (melt curve 60 to 95 C,

increment 1.0 C).

2.4.2.d Quantitative real time RT-PCRs for the analysis of gene amplification in the

resistant line

Genomic DNA from 3 days old Drosophila melanogaster flies was extracted using
the DNAzol® Reagent protocol. Pooled DNA samples were extracted for the analysis
of genes Cyp4p2, Cyp6gl and Cyp6a2. Three biological samples (10 males and 10
females per sample) were prepared for each line. Amplification of all the genes was
measured relative to the housekeeping ribosomal protein gene Rp49. For this purpose,
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four sets of primers were designed. Rp49: forward primer 5-
CGGTTACGGATCGAACAAGCG-3’ and reverse primer 5’-
TTGGCGCGCTCGACAATCT-3' with an expected product size of 174 bp. Cyp4p2:
forward primer 5’-GGCCATACTTGTGGTCATCC-3* and reverse primer 5’-
TGATCATGGGCACTAAGCTG-3’, with an expected product size of 125 bp. Cyp6gl:
forward primer 5’-GCCTTCGAAGCCTCACTATG-3" and reverse primer 5’-
TCTGCATCTCTGGATGCTTG-3’, with an expected product size of 140 bp. Cyp6a2:
forward primer 5-AGCACCTGTTCAACCTGGAC-3>, reverse primer 5’-
GCCATCAGCTCCTTGATCTC-3, with an expected product size of 193 bp.

Each experiment was performed on three biological replicates, with three technical
replicates each. Quantitative real time RT-PCRs were performed using the GoTaq®
gPCR Master Mix kit (Promega) on a Bio-Rad CFX analyzer. For each sample, 200
ng of genomic DNA were used. Cycling conditions were: 94°C for 3 min, then 35
cycles of 94°C for 30 sec, 60°C for 20 sec and 72°C for 3 min (plate reading at 78°C,
80°C and 82°C). For each technical triplicate, the average and the standard deviation
of the individual efficiencies were calculated. Technical triplicates with a ratio
between average and the standard deviation higher than 0.03 were excluded from
further data analysis. The mean RT-PCR efficiency per amplicon and the Cq value per
sample were used to calculate a starting concentration per sample, expressed in
arbitrary fluorescence units. Analysis of data was performed with the LinRegPCR
quantitative SYBR Green qPCR software (Ruijter et al., 2009).

2.5. Deep sequencing analysis

Total RNA was extracted as in the previous mRNA expression real time RT-PCR
analysis experiments. Preparation of cDNA for sequencing was done according to the
[llumina mRNA Seq V2 protocol (Illumina, Inc, 2010). Formation of single molecule
arrays, cluster growth and sequencing was all done according to the standard
protocols of Illumina, Inc. Sequencing was performed on a 2008 Illumina Genome

Analyzer, version 2 (GA2).
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This method involves several steps that are designed to convert total RNA into a
library of template molecules suitable for high throughput DNA sequencing (Seq V2
protocol, Illumina, Inc., 2010). The first step involves purifying the poly-A containing
MRNA molecules using poly-T oligo-attached magnetic beads. Following
purification, the mRNA is fragmented into small pieces, using divalent cations at
elevated temperature. Then, the cleaved RNA fragments are copied into first strand
cDNA, using reverse transcriptase and a high concentration of random hexamer
primers. This is followed by second strand cDNA synthesis using DNA Polymerase |
and RNaseH. These cDNA fragments then go through an end-repair process, where
the overhangs are converted into blunt ends using T4 DNA polymerase and Klenow
DNA polymerase. The 3' to 5' exonuclease activity of these enzymes removes 3'
overhangs, and the polymerase activity fills in the 5'-overhangs. After that, DNA
fragments are prepared for ligation to the adapters by adding a single ‘A’ nucleotide
to the 3'-end of the blunt phosphorylated DNA fragments, using the polymerase
activity of the Klenow fragment (3' to 5' exo minus). The adapters, which have a
single ‘T’ base overhang at their 3' end, will ligate to the ends of the DNA fragments,
preparing them to be hybridized to a flow cell. Ligated products are then purified on a
gel selecting a size range of templates for following PCR. Next step is PCR
amplification of the cDNA in the cDNA library. The PCR is performed with two
primers that anneal to the ends of the adapters. In the next step, quality control
analysis on the sample library is performed to check the size, purity, and DNA
concentration of the sample. Finally, the library is prepared for sequencing on the

[llumina Genome Analyzer (Seq V2 protocol, Illumina, Inc., 2010).

Mapping of the 51 nt long sequencing reads of both lines, MiT[w]3R2 and iso31, to
the reference genome (Drosophila release 5 sequence assembly Flybase) (Tweedie et
al., 2009) was performed with the RMAP (version 2.05) software (Smith et al., 2008).
Genes with 10 or less reads for one line and 50 reads or less for the other line were
excluded from further analysis. The minimum difference threshold between lines was
set to 2-fold. Analysis of upregulated and downregulated genes was performed with
the DAVID 6.7 BETA release bioinformatics resources (Huang et al., 2009a; Huang
et al., 2009b).
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Also, a comparison of single nucleotide polymorphisms (SNP) of the deep sequence
data between resistant MiT[w]3R2 and susceptible iso31 line for all chromosomes
was obtained. Genomic SNP analysis of the pooled assembly of the resistant and the
susceptible strains reads have been done with Gigabayes SNP discovery algorithm
(improved PolyBayes algorithm version (Marth et al., 1999)) and MOSAIC algorithm
(Gonzalez et al., 2011) using all Refseq mRNA transcripts of the dm3 assembly
(Pruitt et al., 2009) as a reference. A polymorphism probability threshold of 0.9 is
used, with alleles requiring a minimal overall coverage of 10 and of 5 for the minor
allele. A SNP density track with the number of SNPs in 1000nt (1Kb) tiling windows
have been created. The SNP density was visualized with the UCSC Genome Browser
on D. melanogaster release 5 (http://genome.ucsc.edu/) (Kent et al., 2002) and
presented for each chromosome (X, 2L, 2R, 3L, 3R and 4).

An in silico search of overrepresented transcription factor binding sites, using the
JASPAR CORE Incesta database (Wasserman and Sandelin, 2004), was conducted.
All upregulated and downregulated genes in the resistant line were analyzed for the
presence of common transcription factor binding sites. The same was done for the
subset of upregulated and downregulated Cyp genes separately, as well as all for Cyp
genes irrespective of regulation. The sequences of all genes were retrieved from
Flybase (Drosophila release 5 sequence assembly) (Tweedie et al., 2009). For each
gene, the upstream region of 3kb and the downstream region of 1kb, as well as the
3’UTR region sequences, were retrieved and analyzed.

A survey of predicted targets of microRNA in the 3’UTR of all upregulated and
downregulated genes, as well as in the subsets of upregulated and downregulated CyP

genes was performed with DIANA-microT (version 3.0) (Maragkakis et al., 2009).

Also, we compared differently expressed Cyp gene sequences of resistant and
susceptible line retrieved from deep sequencing analysis for nucleotide differences.
Comparison of the DNA sequences and translation to amino acids was done with the
software Ape (Davis, 2003).


http://genome.ucsc.edu/
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3.1. Minos-based genome-wide insertional mutagenesis

3.1.1. The TREP element

The Minos-based TREP element (figure 4, Materials and methods) was used for
genome-wide insertional mutagenesis of the Drosophila melanogaster genome.
Estimation of new TREP insertions generated during the screen is based on the
insertional efficiency and the percentage of local jumps of the TREP element.
Insertion efficiency and percentage of local jumps of the TREP element in line TREP
2.30 were determined for this purpose.

3.1.1.a. The TREP element in TREP 2.30 line shows high integration efficiency

TREP line 2.30 carries a TREP element insertion on the 4™ chromosome. The
mobilization of the TREP construct and generation of flies with new insertions was
performed with a standard “jumpstarter” system (Cooley et al., 1988). In order to test
the mobilization efficiency of the TREP construct, a procedure was adapted to utilize
the specific features of the TREP 2.30 insertion in the presence of BOEITA 6.24,
hence two groups of crosses were set up. The first (Control group) and the second
group (Jumpstarter group) of crosses are depicted in figures 5 and 6 respectively. In
the Control group, crosses were set up to confirm lethality of the TREP 2.30 in the
presence of BOELTA, e.g. the TREP construct was not mobilized. In the Jumpstarter
group, the TREP 2.30 construct located on the 4™ chromosome (original insertion in
the TREP 2.30 line) was mobilized. Transposition frequency was scored by counting
the number of emerging flies with new jumps in the presence of BOEtTA. In the
Control group, virgin TREP 2.30 female flies (red eyes phenotype) were mass-crossed
with SM6 (standard balancer line without Minos transposase gene, carrying a Cy
marker on the second balancer chromosome) males. Embryos were heat shocked
every day on 37°C for an hour, until first pupae appeared. Red-eyed (original TREP
2.30 insertion), Cy virgin female progeny were selected and individually crossed with
BOELtTA 6.24 male flies (carriers of the tTA source). All the female progeny from this
cross carry the original TREP insertion in chromosome 4 and are not expected to

develop into adults in the presence of BOEtTA element (figure 5). In the Jumpstarter
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group, the crossing procedure was equivalent, except that the virgin TREP 2.30
female flies were mass-crossed with iso31 [SM6, MIT 2.4]/Sco (Cy marker on the
second balancer chromosome with a heat shock-inducible Minos transposase source
within the same inversion) males. In the Jumpstarter group, all the viable red eyes
(TREP) females in the presence of the BOEtTA element are expected to be flies with

new TREP insertions (figure 6).

+ +  TREP230 + SM6 N
X
+ +  TREP2.30 = Sco "
heat shock (37°C)
TREP 2.30 l e SM6/Sco
" SM6 +  TREP230
+ + + +

Selected females

SM6 + TREP 2.30 BOEtTA + +
X
+ + + - + +
BOEtTA + + TREP 2.30
+ + + +

Lethal females with original TREP 2.30 insertion

Figure 5. Crossing scheme of the Control group
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+ + TREP 2.30 + [SM6, MIT 2.4] +

X
+ + TREP 2.30 — Sco +

l heat shock (37°C) [SM6 MiT 2 4]/SCO

TREP 2.30
+ [SM6, MiT 2.4] + TREP 2.30
+ + + +
Selected jumpstarter females
[SM6, MiT 2.4] + TREP 2.30 BOEtTA + +
X
+ + + — + +

l BOEtTA

BOEtTA ?{TREP} ?{TREP} ?{TREP}

? {TREP} + + +

Viable females with new jumps

Figure 6. Crossing scheme of the Jumpstarter group

Legend for figures 5 and 6:

TREP 2.30 — minimal promoter, enhancer trap, w* marker
BOEtTA —tTA source, egfp marker

[SM6, MIT 2.4]/Sco - Minos transposase source, Cy marker
SM6/Sco — no transposase source, Cy marker

Progeny from two groups of crosses, a Jumpstarter and a Control group, was analyzed
for the presence of new TREP insertions. The total number of flies analyzed for the
presence of new insertions in the Control and the Jumpstarter group is given in table
2.

In the Control group, the progeny derived from 23 TREP females was checked for the

presence of new TREP insertions. In total, 5520 male and female progeny was
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analyzed in this group. Progeny derived from 49 TREP/BOELTA 6.24 females in the
Jumpstarter group was also analyzed. In total, 13710 male and female progeny was
checked for the presence of new TREP insertions in this group (table 2).

The presence of the BOEtTA element is necessary for the selection of new TREP
insertions, hence only female progeny was analyzed. The results from the Control and
Jumpstarter group analysis are given in table 3. In total, 1600 survived female
progeny was analyzed for the presence of transpositions in the Control group. All of
1600 surviving female progeny analyzed was without TREP element (table 3). In the
Control group, female progeny carrying both the original TREP insertion and the
BOEtTA 6.24 construct were not viable. In the Jumpstarter group, 4193 female
progeny, derived from 49 TREP/Transposase females, was analyzed for the presence
of new insertions. At least 100 female progeny from each of the 49 individual
TREP/Transposase females were analyzed for the presence of red eyes (e.g. presence
of new TREP insertions). Detection of at least one red eyes female progeny indicates
transposition of the TREP element in the germ line of analyzed TREP/Transposase
female. Viable female progeny with new TREP insertions were detected in 45 out of
49 TREP/Transposase females analyzed (table 3). Transposition efficiency (TE) was
calculated as the percentage of the TREP/Transposase females with new TREP
insertions in the total number of TREP/Transposase females analyzed. Percent of the
gametes with transposition event is calculated from the formula (B/(B+2A))*100,
where A represents total number of female progeny without transposition while B is

total number of female progeny with transposition.

Table 2. Number of analyzed flies in the Control and Jumpstarter groups

Total number of

Total
male and female
analyzed
progeny
Control group
(TREP females) 23 5520
Jumpstarter group 49 13710

(TREP/Transposase females)
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Table 3. Transposition efficiency (TE) of the TREP element of line TREP 2.30 in the
Control and Jumpstarter groups

New No new Female Female

: : : : Gametes with
mseiLtlon |nsei|;]t|on (-E/OE) 553%2:¥ pr\(l)vgi;tehny Total transp;osition
progeny progeny transposition transposition (%)
Control group
(TREP females) 0 23 0 1600 0 1600 0
Jumpstarter group 45 4 ~92 3962 231 4193  2.83

(TREP/Transposase females)

The summarized results of the analysis show that the TREP element of line TREP
2.30 has a transposition frequency of around 92 percent. These results also show that
TREP/BOELTA 6.24 females have on average one new transposition event in 2.8
percent of the gametes (table 3). In addition, lethality of the TREP 2.30 in the
presence of BOEtTA is also confirmed.

3.1.1.b. One third of total jumps of the TREP 2.30 element are jumps on the 4%
chromosome (local jumps)

Following the transposition efficiency analysis, the frequency of local jumps of the
TREP 2.30 element was analyzed. Males with new insertions, each selected from
individual Jumpstarter group crosses, were individually crossed with virgin y,w;
ci®/eyP females, carrying an eyeless marker on the 4™ chromosome (stock collection
IMBB-FORTH). Eyeless, red eyed male progeny from this cross were selected and
crossed with iso31 virgin female flies. New insertions of the TREP 2.30 element on
the 4™ chromosome were determined by analyzing the phenotype ratios of the

progeny as presented in figures 7 and 8.
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" " " ey 2 {TREP} ?{TREP} ?{TREP} ?{TREP}
X
+ + + + — + + +
y,w; ci*/ey® l
" + + ey ?{TREP} ?2{TREP} ?{TREP} ?{TREP}
+ + + + + + + +

males and females

? {TREP} ?{TREP} ?{TREP} ?{TREP} + - + +

+ + + ey + + + +

Selected males (eyeless, red eyes)

+ + + + ?{TREP} ?{TREP} ?{TREP} ?{TREP}
X
+ + + + = + + ey
iso31 l
+ + + {TREP} + + + ey
+ + + + + + + +

Yared eyes Y2 eyeless

Figure 7. Jump on the 4™ chromosome
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" + " ey 2 {TREP} ?{TREP} 2{TREP} ?{TREP}
X
+ + + + = + + +
y,w; ci*'/eyP
+ + ¥ ey 2 {TREP} ?{TREP} ?{TREP} ¥
+ + + + + + + +

males and females
?{TREP} ?{TREP} ?{TREP} + + + + +

+ + + ey + + + +

Y4 (ey, red eyes)

Figure 8. Jump on the sex, second or third chromosome

Male progeny from 34 TREP/Transposase females were used for determination of the
frequency of local jumps (table 4). Insertion on the 4™ chromosome was detected in
eleven out of thirty-four male progeny. Thus, about one third of all insertions were

insertions on the 4™ chromosome (local jumps) (table 4).

Table 4. Distribution of jumps of the TREP 2.30 element on the 4™ and the other three

chromosomes of D. melanogaster

nd rd
Local X, 2" and3™ Local X, 2% and 3

Total . jump  chromosome
jumps  chromosome (%) (%)
TREP/Transposase 34 19 23 32.35 67.65

females

Legend:

Total — total number of TREP/Transposase females of the Jumpstarter group

Local jumps — number of TREP/Transposase females with jumps of the TREP 2.30 element on the 4"
chromosome (local jumps)

X, 2" and 3" chromosome — number of TREP/Transposase females with jumps of the TREP 2.30
element on the X, 2" and 3™ chromosome

Local jumps g%) — percentage of local jumps of TREP/Transposase females

X, 2" and 3™ chromosome (%) — percentage of jumps of the TREP 2.30 element on the X, 2" and 3"
chromosome in TREP/Transposase females
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Overall results show that about 32 percent of the jumps were local ones, with 2/3 of

jumps on the other three chromosomes (X, 2™ and 3") (table 4).

3.1.2. Minos-based genome-wide insertional mutagenesis to identify genes involved
in insecticide resistance

Transgenic Drosophila flies generated during the insertional mutagenesis will be
selected on specific Imidacloprid concentration. The insecticide concentration used in
the genome-wide screen has to be selected to be toxic enough to prevent a high
number of escapers, but not so toxic as to prevent the survival of transgenics
exhibiting resistance. Thus, Imidacloprid lethal concentration for the lines that would

be used in this screen had to be determined.

3.1.2.a. Imidacloprid lethal concentration shows approximately same values for all

Drosophila lines used in insertional mutagenesis

The is031 (used as D. melanogaster insecticide-susceptible line) flies were tested for
their susceptibility to Imidacloprid. The Imidacloprid lethality was tested by
analyzing Drosophila egg to adult viability. The crossing scheme is given in figure 9.
Flies were massed-crossed. They were placed into fly cages, allowing females to lay
eggs on the cherry juice medium. Eggs were collected within 24 hours and placed into
vials (50 eggs per vial) containing medium with different Imidacloprid
concentrations. Flies were tested on two concentration ranges. The first range
included concentrations of 5 pg/ml, 1 pg/ml, 0.2 pg/ml, 0.04 ug/ml, 0.008 pg/mi,
0.00016 pg/ml and 0.00032 pg/ml. The second range included concentrations of 1.5
pg/ml, 1 pg/ml, 0.5 pg/ml and 0.25 pg/ml of Imidacloprid. For each concentration, 8
replicas were set up, hence the total number of eggs was 400 per concentration. Egg
to adult viability was analyzed by counting the number of emerged flies for each
concentration of Imidacloprid. For this analysis, the control mortality in the absence

of insecticide was determined and taken into account.
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X

Transferring the eggs to different
Imidacloprid concentrations

+ + + + + +

—
+ + + + +

Figure 9. Crossing scheme for lethality testing of iso31 flies

It was determined that about 1 pg/ml is the threshold lethal Imidacloprid
concentration for iso31 (figures 10 and 11). Three other lines (TREP 2.30, BOEtTA
6.24 and is031[SM6,MiT2.4]/Sco), which were used for the insertional mutagenesis
were also tested for lethality, by putting flies directly on medium with 1 pg/ml of
Imidacloprid.

100 -
90 -
80 A
70 - I
60 -
50 | I & 1

{
30
20
10 A

viability iso31 (%)
H

0 0.00032 0.00016 0.008 0.04 0.20 1 5

Imidacloprid concentration pug/ml

Figure 10. Survival of iso31 flies on food with the indicated Imidacloprid
concentrations
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viability iso31 (%)

Imidacloprid concentration pg/ml

Figure 11. Survival of the iso31 flies on food with the indicated Imidacloprid

concentrations.

Summarized results show that except from iso31, 1 pg/ml of Imidacloprid is also
lethal for TREP 2.30, BOEtTA 6.24 and iso31[SM6,MiT2.4]/Sco lines.

3.1.2.b. Minos-based genome-wide insertional mutagenesis screen

Three lines (TREP 2.30, BOEtTA 6.24 and iso31[SM6,MiT2.4]/Sco) analyzed for the
Imidacloprid LC50 were used for genome-wide insertional mutagenesis. The crossing
scheme of the genome-wide insertional mutagenesis system is given in figure 12.
“Jumpstarter” flies were generated by crossing twenty virgin TREP 2.30 females with
ten iso31 [SM6, MIT 2.4]/Sco males (source of Minos transposase). Flies were placed
into vials and females were left to lay eggs on standard Drosophila medium. Virgin
jumpstarter females (red eyes, Cy) from this cross were selected, mass-crossed with
BOELtTA 6.24 (source of tTA) males and left to lay eggs on cherry juice medium. To
each cage, 100 virgin jumpstarter females were put together with 50 BOEtTA 6.24
males. Within 24 hours, eggs were collected and transferred (~300 eggs per vial) on
medium with 3ul/ml of Imidacloprid. This concentration of Imidacloprid (3 times
higher than the LC99 of the susceptible line) was carefully selected to be toxic enough

to prevent high number of escapers, but not so toxic as to prevent survival of mutants
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exhibiting higher resistance levels. Surviving TREP female offspring were tested for

their level of resistance to Imidacloprid.

+ + TREP 2.30 + [SM6, MiT 2.4] +
X
+ + TREP 2.30 — Sco +
TREP 2.30 l“e‘“ ook G7°0) [SM6, MiT 2.4]/Sco
+ [SM6, MIT 2.4] + TREP 2.30
+ + + +

Jumpstarter females

[SM6, MiT 2.4] + TREP 2.30 BOEtTA + +

X

—
+ + + + +

Selection on 3ul/ml of Imidacloprid

BOEtTA ?{TREP} ?{TREP} ?{TREP}

? {TREP} + ' ¥

Resistant female

Figure 12. Crossing scheme of the genome-wide insertional mutagenesis system

During the genome-wide insertional mutagenesis, about 12900 new TREP insertions
were generated (table 5). Insertional sites analysis has shown that 47% of total Minos
insertions were found to be within or close to (2 kb upstream) known or predicted
genes (Metaxakis et al., 2005). Hence, during this screen 6063 insertions (47% of
12900 new TREP insertions) are expected to be within or close to (2 kb upstream)
known or predicted genes including introns. Excluding introns, 3767 insertions
(29.2% of 12900 new TREP insertions) are expected to be in known or predicted

genes. Increased number of insertions in genome-wide insertional mutagenesis calls
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for correction of estimation with respect to multiple insertions into the same genes
(Pollock and Larkin, 2004). The analysis of transposition events has shown that Minos
insertions into the D. melanogaster genome can be considered random (Metaxakis et
al., 2005). The Poisson distribution has been used for the multiple insertions into the
same genes correction (Pollock and Larkin, 2004). It is expected, calculated with the
Poisson distribution that 26% of 6063 insertions will hit the same gene two times or
more, thus 4487 insertions (74% of the 6063 insertions) in this screen are expected to
hit gene once including introns. The same calculation for the insertions excluding
introns (74% of the 3767 insertions) results in 2788 insertions expected to hit gene
once. The D. melanogaster genome is estimated to have approximately 13000 known
or predicted genes (Adams et al., 2000). Theoretically, during this screen it is
expected that approximately 35% of known or predicted genes in Drosophila
melanogaster genome are hit once including introns ((4487 hit genes /13000 known
or predicted genes)*100) (table 5). Excluding introns, approximately 22% of the
genes are expected to be hit once ((2788 hit genes /13000 known or predicted
genes)*100) (table 5). Out of ~1400000 embryos transferred to medium containing 3
pg/ml of Imidacloprid, 708 survivors with different phenotypes emerged (Table 5).
Thus, the lethality of the selected flies was 99.95 %.

Table 5. Genome-wide insertional mutagenesis results

Embrvos transferred Known or predicted Lethality of
YO: : Emerged New jumps genes hit once in D. transgenic flies
to Imidacloprid : 20 | lected
medium survivors (92%) melanogaster selected on
genome (%) Imidacloprid (%)
1400000 708 ~12888 ~35% 99.95

The different phenotypes of the 708 male and female survivors are listed in table 6.
There are differences in the distribution of phenotypes of the survivors. A lower
number of survivors is detected for male escapers with and without new TREP (w")
insertion and carrying the Minos transposase chromosome (Cy). The same is true for
female survivors without new TREP insertion, but carrying the Minos transposase
chromosome (table 6). Surviving males carrying TREP and the Minos transposase

chromosome were 3.4-fold less compared to males carrying just the TREP construct.
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Males carrying only the Minos transposase chromosome are 2.2-fold less abundant
compared to surviving males with neither a TREP insertion, nor the transposase
chromosome (table 6). Female escapers carrying the Minos transposase construct but
no TREP insertion were 2.5 fold fewer compared to females without both a TREP
insertion and the Minos transposase chromosome. The number of female escapers
without new TREP insertions was lower compared to the number of males without
new TREP insertions (around 3.9 fold). The same is true for female survivors carrying
the Minos transposase chromosome, compared to the male escapers with the same
chromosome (about 4.5-fold difference). The same number of females carrying a
TREP element with the Minos transposase versus without the Minos transposase

chromosome was found (table 6).

The summarized differences in the distribution of phenotypes of the survivors mostly
show a decrease in viability of the flies with the presence of specific construct or
combination of the constructs. This difference can be detected within and between the
sexes. On the other hand, specificity of the TREP-BOEtTA system, where TREP 2.30
is lethal in the presence of BOEtTA, can be clearly observed with lower survivor of

females compared to males, since all females carry BOEtTA construct.

Table 6. All emerged flies with different phenotypes selected on medium with 3
pug/ml of Imidacloprid

non-Cy,
w' Y cy,w" nonCy,w Cy,w Totl
Males 236 70 218 98 622
Females 4 4 56 22 86
Total 240 74 274 120 708

Cy-Curly wings (marker of the Minos transposase chromosome)
w'- red eyes (marker of the TREP element)

Eight female TREP-carrying survivors were retrieved from the insertional
mutagenesis. The EGFP marker could not be detected under UV-illumination in four
out of the eight individuals. The progeny of all eight individuals was retested for

resistance.

Crosses for the testing of the survivors are schematically presented in figure 13. Each

female escaper was crossed with 3 iso31 susceptible males. Progeny was selected on
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medium with 3ul/ml of Imidacloprid and scored for the combination of markers and
the presence of a new TREP insertion with and without BOEtTA driver. If all
emerged progeny carry a TREP insertion, the resistance is correlated with that
insertion. If progeny both with and without a TREP element emerged, the resistance

was not correlated with the insertion.

BOEtTA ?{TREP} ?{TREP} ?{TREP} + + + +
X
? {TREP} + + + — + + +
Female l is03
Selection on 3pl/ml of Imidacloprid
BOEtTA ?{TREP} ?{TREP} ?{TREP} + ? {TREP} ?{TREP} ?{TREP}
? {TREP} + + + ? {TREP} + + +

Males and females carrying new insertions (with and without BOEtTA construct)

BOEL(TA + + + + + + +

+ + + + + + + +

Males and females without new insertions (with and without BOEtTA construct)

Figure 13. Crossing scheme for testing the female survivors

Three out of eight survivors had progeny that survived on 3 pug/ml of Imidacloprid,
confirming inherited resistance to Imidacloprid. The progeny from these three females
were used to establishing three isofemale lines carrying new TREP insertion. The
LC50 of Imidacloprid was determined for these three lines, and the line with the

highest resistance was selected for further analysis.
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Table 7. LC50 values of 3 lines retrieved from Minos-based insertional mutagenesis,

calculated with program SPSS 16

LC50 (ug/ml)
(95% Slope + S.E.

confidence limits)

RR

(resistance ratio)

Line 3 MiT[W-]3R2 2.6 (0.8-4.2) 120+0.57 5.2
Line 2 MiT[W-]2R2 0.5 (0.1-1.0) 0.81+0.36 1.0
Line 1 MiT[W-]1R2 0.6 (0.1-1.1) 0.74+0.36 1.2

RR (resistance ratio) — LC50 value of the line with the highest resistance/LC50 value of the
line with the lower resistance

Two of the three lines showed moderate resistance to Imidacloprid (LC50 = ~ 0.5
pg/ml) (table 7). The line (line 3) with the highest resistance to Imidacloprid (LC50 =
2.6 pug/ml with 95% confidence limits of 0.8 to 4.2 ug/ml) was selected for further
analyses (table 7).

3.2. Genetic analysis of the resistant line

3.2.1. Obtaining and establishing the resistant line

The line with the highest resistance to Imidacloprid was further analyzed to narrow
down the chromosomal location of the TREP insertion. For this purpose, individual
crosses with lines (ITE stock collection) carrying standard balancer chromosomes
were set up. The TREP element was mapped to the X chromosome, and the resistant
line MiT[w"]3RX was established. This resistant line was crossed with the susceptible
line iso31, and progeny was tested for the linkage between the TREP element (with
and without BOEtTA driver) and the Imidacloprid resistance. There was no
correlation between the Imidacloprid resistance and the TREP element in the
presence, or in the absence of the BOEtTA. In addition to the expected phenotype (red

eyes), derived from TREP element, resistant flies with two different phenotypes
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(orange eyes and white eyes) were detected. The orange eye (w* marker) of the first
line was mapped to the second chromosome. Both derived lines were homozygous
lethal for the second chromosome. Two resistant isofemale lines, both heterozygous
for the second chromosome, one with orange eyes (MiT[orange]3R) and the other
with white eyes (MiT[w]3R), were established.

Both lines (MiT[orange]3R and MiT[w]3R) were analyzed for the chromosomal

location of the resistance.

3.2.2. Mapping the resistance to the second chromosome in line MiT[orange]3R

In order to map the resistance in the MiT[orange]3R line, the orange eyes phenotype
was used as a marker. Crosses are schematically depicted in figures 14 and 15.
MiT[orange]3R flies heterozygous for the second chromosome where crossed with
flies carrying a second chromosome balancer. Five virgin females carrying a balancer
chromosome and three males from the MiT[orange]3R line were set up. Equivalent
crosses were performed with a balancer of the third chromosome. Female flies were
left to lay eggs on cherry juice medium. Eggs were transferred to medium with
3ug/ml of Imidacloprid (50 eggs per vial) and progeny were selected during
development (egg to adult). Emerged progeny was scored for the “resistance” and non
“resistance” chromosome derived from line MiT[orange]3R. As control, progeny
from the same crosses were maintained on standard medium during development. For

each cross, five replicas were set up.
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+ SM6 + + + R, Or + +
X
+ Sco + + — SM6 + +
w¥/Dp(1;Y)y"; noc>**/SMéa l MiT[orange]3R/SM6
isogenic balancer line line
Selected on 3 mg/ml of Imidacloprid
+ SM6 + + + SM6 + +
+ R,Or + + + Sco + +
Males and females
+ Sco + + + SM6 + +
+ R, Or + + f + SM6 + +
Figure 14. Crossing scheme for the second chromosome
+ + TM6C + + + R, Or +
X
+ + Ubx + — + TM6C +
wH/Dp(1;Y)y"; TM2/TM6C, Sb* l MiT[orange]3R/TM6C
isogenic balancer line line
Selected on 3 mg/ml of Imidacloprid
+ + TM6C + + + T™M6C +
+ + R, Or + + + Ubx +
Males and females
+ + Ubx + + + TM6C +
+ + R, Or + f + + TM6C +

Figure 15. Crossing scheme for the third chromosome

Results of the crosses with the second and third balancer chromosome are presented
in the table 8 and 9 respectively. Progeny carrying a second chromosome derived
from MiT[orange]3R2 (orange eyes progeny) was detected, while progeny carrying
both second balancer chromosomes (white eyes progeny) did not survive (table 8).

Hence, the resistance locus resides on the second chromosome in line
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MiT[orange]3R2. Also, this result was confirmed by the result of third chromosome
analysis where progeny carrying all possible combinations of the third chromosome
emerged (table 9). The orange eyes marker and the lethality mapped to the second

chromosome.

Table 8. Viability of second chromosome combinations in progeny emerged on

standard medium and medium with 3 pg/ml of Imidacloprid

Medium with 3pg/ml of Imidacloprid Standard medium

SM6/R,0Or viable viable
SM6/Sco lethal viable
Sco/R,Or viable viable

SM6- Curly marker

Or — Orange eyes

Sco — Scutoid marker

R — Resistance chromosome

Table 9. Viability of third chromosome combinations in progeny emerged on standard

medium and medium with 3 pg/ml of Imidacloprid

Medium with 3pg/ml of Imidacloprid Standard medium

TM6C /R,Or viable viable
TM6C /Ubx viable viable
Ubx/R,Or viable viable

TM6C — Stubble marker

Or — Orange eyes

Ubx — Ultrabithorax marker
R — Resistance chromosome

3.2.2.1.a. Recombination test shows no correlation between lethality and orange

marker eyes in resistant line MiT[orange] 3R

Further experiments were performed to test a possible linkage between the lethality
locus and the w* marker in resistant line MiT[orange]3R. The analysis is based on the
determination of genetic distance by measuring the recombination rate between these
genes. Crosses are schematically depicted in the figure 16. Resistant virgin female
MiT[orange]3R flies were mass crossed with iso31 males (20 females with 10 males
in 5 replicas). Only non-Curly, orange eyed virgin females were selected for the next
cross. These females were mass-crossed with MiT[w]3R2/SM6a males and the

progeny was scored for the different phenotypic classes. We assume that the lethality
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in MiT[orange]3R and MiT[w]3R2/SM6a lines mapps to the same location since
both lines derive from the same initial line. In each cage, 100 non-Curly, orange eyed
virgin females were crossed with 50 MiT[w]3R2/SM6a males. Five replicas of this
cross were made. Presence of offspring with non-Curley wings and orange eyes

would show the linkage between lethality and orange eyes (W) marker.

X
+ + + — Or, | +
iso31 ' MiT[orange]3R/SM6a line
+ Or, | + +
+ + + +

Selected non-Curly, orange eyed females

Or, | + + + SM6a +

e
+ + + IR +

MiT[w]3R2/SM6a

IR + ¥ + SM6a +

Or, | + + + or, | +

Females and males

I, R + + + SM6a

+

+ + + + + +

Only non Curly, white eyes — Lethality is linked with marker (orange eyes)
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I,R + + + SM6a +

Or, | + + + Or’ | +

Females and males

I,R + + + SM6a +

+ + + + + +
Non-Curly, orange eyes — Lethality is not linked with marker (orange eyes)
Figure 16. Crosses for the recombination test for analysis of the correlation between
the lethality locus and the orange eyes marker for resistant line MiT[orange]3R

In total, 14473 flies were analyzed for recombination events (table 10). Presence of all
4 classes of the phenotypes was detected. The results indicate that the w* marker is at

least 4,5 cM away from the lethality locus (table 10).

Table 10. Recombinant and non recombinant progeny

Phenotype  Or, I/SM6a  SM6a/++ Or, I/IR,| R, I/++ Total
number
Number of 4083 4282 2802 3306 14473

flies analyzed

Or, I/SM6a — Curly wings, Orange eyes
SM6a/++ - Curly wings, White eyes
Or, I/IR, I — Normal wings, Orange eyes
R, I/++ - Normal wings, White eyes

Recombination analysis did not show correlation between lethality and orange marker
eyes. Further analysis were performed to test a possible linkage between the

resistance locus and the w* marker in resistant line MiT[orange]3R.

3.2.2.1.b. Genetic analysis failed to link the resistance locus with the orange eyes

marker in resistant line MiT[orange] 3R

Non-Curly, orange eyed male progeny from recombination cross were analyzed for a
correlation between the resistance locus and the orange eyes marker on the second

chromosome. The crosses are depicted in figure 17. Ten Non-Curly, orange eyed male
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progeny were crossed with five virgin iso31 females in ten replicas. Male progeny
heterozygous for orange eyes were selected and crossed again with iso 31 females,
using the same number of individuals and replicas as in the previous cross. Progeny
from this cross was selected during development on 3ug/ml of Imidacloprid. After

emerging, they were scored for the presence or absence of orange eyes.

+ + + + + Or, | + +
X
-
+ + + + IR + +
iso31 l Non Curly, orange eyes males
+ Or + +
— + + +

Selected heterozygous orange eyed male progeny

+ + + + + Or + +
X

+ + + + — + + +
l Selected on 3 mg/ml of Imidacloprid

+ Or + + + Or + +
X

+ + + + — + + +

Only emerged orange eyed males and females (resistance correlated with orange marker)

+ + + + + + + +

X

I
+ + + + + + +

Both emerged orange and white eyed males and females (resistance not correlated with orange marker)

Figure 17. Crossing scheme for analysis of the correlation between the resistance
locus and the orange eyes marker in resistant line MiT[orange]3R

Results show that all progeny reared on medium with Imidacloprid died, while flies
reared on standard medium emerged normally. This demonstrated that the resistance

was not linked with the w* marker gene in the resistant line MiT[orange]3R2.
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3.2.3. Mapping the resistance to the second chromosome in line MiT[w]3R

Chromosome mapping of the resistance in line MiT[w]3 was done in parallel with
analysis for the chromosomal location of the resistance in line MiT[orange]3R. The
crosses depicted in figures 18 and 19 were set up in order to map the resistance to a
chromosome in line MiT[w]3R. Male MiT[w]3R flies were crossed with virgin flies
carrying a balancer chromosome (balancers for the second or for the third
chromosome). Progeny heterozygous for the “resistance” chromosome from both
crosses were selected on Imidacloprid during development. Male progeny
heterozygous for the “resistance” chromosome were individually crossed (one male
with 2 females) with virgin iso31 females. Progeny from this cross were again
selected on medium with 3pg/ml Imidacloprid. Five replica of each cross were set up.
Emerged male and female progeny was scored for the presence or absence of the
balancer chromosome. Absence of a balancer chromosome in the emerged progeny

maps the resistance to the respective balanced chromosome.

SM6a + + + R +
X
Sco + + — + +
wH/Dp(L;Y)y": noc>*°/SM6a l MiT[w]3R
3pg/ml Imidacloprid
SM6a + + + SM6a +
R + + — R +
Resistant heterozygous males
+ + + + SM6a +
X
+ + + l — R +
iso31
3pg/ml Imidacloprid
R + + + R +
+ + + — + +

Figure 18. Second chromosome crossing scheme of the mapping of the resistance
locus
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+ TM6C + + + R +
X
+ Ubx + — + + +
wH8/Dp(1;Y)y"; TM2/TM6C, Sb? l MiT[w]3R
3ug/ml Imidacloprid
+ TM6C + + + TM6C +
+ R + = + R +
Resistant heterozygous males
+ + + + + TM6C +
X
+ + + l = + R +
1s031
3ug/ml Imidacloprid
+ R + + + R +
+ + + = + + +
+ TM6C + + + TM6C +
+ + + = + + +

Figure 19. Third chromosome crossing scheme of the mapping of the resistance locus

There was no sex bias in the emerged flies, thus the resistance does not map to the sex
chromosome. The second chromosome analysis yielded in all five replicas progeny
carrying the second chromosome derived from line MiT[w']3R (table 11). Progeny
carrying the balancer chromosome derived from the iso31 balancer line was not
viable. This maps the resistance to the second chromosome of line MiT[w]3R. The
third chromosome analysis confirmed that resistance maps to the second chromosome
(table 12). In all five replicas of this experiment, progeny with third chromosomes
derived from the resistant line, as well as from the iso31 balancer line were detected
(table 12). The resistant line MiT[w]3R2/SM6 was established.
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Table 11. Number of adult progeny with and without the second chromosome from

MiT[w]3R (non-Cy) after selection on medium with 3 pg/ml of Imidacloprid

Cy @ Cyd
Relica Non Cy @ Non Cy & balancer balancer
P 2. chromosome 2. chromosome (Curly) (Curly)
chromosome chromosome
| 11 14 0 0
| 15 17 0 0
1 12 9 0 0
v 13 11 0 0
Vv 10 12 0 0

Table 12. Number of adult progeny with and without the third chromosome from

MiT[w]3R (non Sb) after selection on medium with 3 pg/ml Imidacloprid

Sb @ Sb &
Reblica Non Sb ¢ Non Sb & balancer balancer
P 3. chromosome 3. chromosome (Stubble) (Stubble)
chromosome chromosome
I 13 14 12 12
1 12 11 14 15
i 12 13 13 11
AV 13 14 10 12
V 14 16 16 15

As for MiT[orange]3R2, correlation between resistance and lethality was analyzed in
line MiT[w']3R2/SM6a by determining recombination frequencies (figure 20). Virgin
female iso31 flies were mass-crossed with males from the resistant line (20 females
with 10 males in 5 replicas). Female progeny with the “resistance” chromosome (non-
Curly phenotype) were selected and mass-crossed with males carrying the Curly
balancer chromosome (100 females with 50 males per cage, 5 cages in total). From
each cage, 4000 eggs were transferred to medium with Imidacloprid. From this cross,
400 resistant Cy male progeny were selected and mass crossed with virgin MiT[w’
]3R/SM6a females. Progeny from this cross were scored for the different phenotype
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combinations. Correlation between resistance and lethality was observed by analyzing

progeny of recombinant females carrying a heterozygous resistance chromosome.

+ + + + I, R +
X
+ + + - SM6 +
iso31
MiT[w]3R/SM6a
+ I,R + +
+ + + +

Selected females with
“resistance”, lethal
chromosome (non-Curly)

I, R + + + SM6 +
+ + + X = Sco +
Selected females l w/Dp(1,Y)y"; noc>*/SM6a
isogenic balancer line
3ug/ml Imidacloprid
+ I, R + +
~ —  SMé + +

Male progeny carrier of resistant chromosome
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+ I,R + + + IR + +
X
+ SM6 + + — SM6 + +
MiT[w]3R/SM6a l Male progeny carrying resistant chromosome

+ I, R /’ + I,R + +

_+— IR + + + SM6 + +

+ I, R + + + SM6 + +

+ SM6 + + + SM6 + +

Resistance linked with lethality (only Cy progeny)

+ R + + + I, R + +
+ I,R + + + SM6 + +
+ R + + + SM6 + +
+ SM6 + + T + SM6 + +

Resistance not linked with lethality (both non-Cy and Cy progeny)

Figure 20. Crossing scheme for recombination analysis of correlation between
resistance and lethality in line MiT[w]3R2

The presence or absence of non-Curly progeny from the second cross will indicate if
there is linkage between lethality and resistance. If the lethality were linked to the
resistance locus, progeny homozygous for the second “resistance” chromosome would
not be viable (non-Curly phenotype would not be detected). The presence of the non-
Curly phenotype shows that there is no close linkage between resistance and lethality.
Resistant flies homozygous for the second chromosome (non-Curly) were used to

establish the homozygous resistant line MiT[w]3R2.

Data from this experiment were used for an approximate determination of the genetic

distance between the resistance and lethality loci. In total, 600 flies were analyzed for
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recombinants. Distance was calculated by dividing the total number of recombinant
flies by the total number of flies and expressed in centimorgans (cM) (Sturtevant,
1913). This calculation does not give a precise distance, because the non-viable flies
can not be counted. The distance between resistance and lethality was estimated to be
around 15.8 cM (table 13).

Table 13. Approximate number of recombinants emerged on medium with

Imidacloprid
: : total
MiT[w-]3R2/ SM6a recombinant number of
number : percentage of
X of flies recombinant recombination (cM)
MiT[w-]3R2/ SM6a original flies
analyzed
I 100 18 0.18 (18)
I 100 17 0.17 (17)
i 100 12 0.12 (12)
\Y; 100 14 0.14 (14)
\ 100 18 0.18 (18)
VI 100 16 0.16 (16)
average 600 15.83 0.1583 (15.83)

Line MiT[w]3R2 carries a lethal mutation, which was mapped to the same
chromosome as the “resistance” locus. In order to narrow down the chromosomal
position of the resistance locus, lethality was used as a marker. For this purpose, 111
fly lines covering whole second chromosome with lethal deletions were used
(Bloomington Stock Fly center deficiency kit for the second chromosome; Data stored
electronically on CD - Fly stock 1 deletion kit file). Mass crosses between resistant
flies and flies from second chromosome deficiency kit were performed (figure 21). A
combination of the resistance chromosome carrying the lethality locus and a
chromosome from the kit with deletion covering the same locus will cause lethality.
Thus, if all viable progeny carry the Cy marker, lethality is mapped to the interval of
the second chromosome spanned by the deletion.
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SM6 + + + SM6 + +
X
Lethality + + —  Lethality + +
MiT[w13R2 l Line with deletion on the 2" chromosome
SM6 + + + SM6 +

SM6 + + + Lethality +

Males and females

SM6 + + + Lethality + +

Lethality + + + Lethality + +

Figure 21. Crossing scheme of MiT[w]3R2 and deletion kit flies

The right arm of the second chromosome has a length of ~21.1 Mb, while the left arm
is ~23.0 Mb long (Tweedie et al., 2009). Lethality locus is mapped to the right arm of
the second chromosome (2R), to the region between 49C1 (8.5 Mb) -50D2 (9.9 Mb).
An imprecise genetic mapping placed resistance up to 15.8cM from the lethality
locus, suggesting that the resistance is located on the same chromosome arm (2R) as

lethality.

3.2.3.a. Genetic mapping relative to P element insertions narrows down the

resistance locus

To narrow down the resistance locus on the right arm of the second chromosome, four
lines with inserted P elements were employed (Bloomington Stock Fly center; Data
stored electronically on CD - Fly stock 2 P element kit file). The specific crosses are
schematically depicted in figure 22. The resistant MiT[w]3R2 flies do not carry any
visible marker gene, while all flies carrying P element insertions have w* as
phenotypic marker. Resistant flies were mass crossed with flies carrying the P

element insertion. Virgin female progeny with red eyes (one chromosome deriving
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from the resistant line and the other from the P element line) were collected and
crossed with iso31 males. For each experiment, 50 female flies, heterozygous for the
resistance chromosome were crossed with 25 iso31 males, per replica. Each
experiment had eight replicas with a total number of 250 females crossed for each P
element line. Crossed flies were kept on standard medium for 2-3 days. After that
period, all flies were transferred to medium with 3 ug/ml of Imidacloprid. Progeny
was scored for recombination events, e.g. presence of the P element marker gene w”.
At least 1000 emerged flies with different phenotypes were analyzed per replica.
Recombination rates were calculated as the ratios of the total number of recombinant
flies over the total number of emerged flies. The distance between the P-element
insertions and resistance was calculated in centimorgans (cM), from which the
physical distance was calculated using estimates of the local recombination rates at
the sites of the P-element insertions after Fiston-Lavier et al (2010) and Singh et al
(2005). This estimate was not possible for one of the P-elements, which is too close
(about 0.5 Mb) to the centromere. Here, the recombination rate for the interval
between the P element and the average position of the resistance locus, as determined

relative to the other three P-elements, was calculated.

R + + + P{SUPor-P} +
X
R + + — SMs6 +
MiT[w]3R2 l P element line
+ R + +
+ P{SUPor-P} + +

Selected heterozygous females
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R + + + + +

P{SUPor-P} + + = + +

l iso31

3ug/ml Imidacloprid

R + + + P{SUPor-P} +

T

+ + + + + +

Males and females

+ R, P{SUPor-P} + +

+ + + +
Recombinant progeny

Figure 22. Crossing scheme of P element resistance mapping

In order to confirm the resistance mapping using lethality as a marker, a more precise
P element mapping of the resistance on the 2R chromosome was performed (figure
23, table 14). The distance between a P element located at ~ 0.5 Mb (P element line
12973 with insertion location 504496) and the resistance locus is 8.2 cM (table 14,
figure 23). The distance between a P element located at ~ 6.1 Mb (P element line
14341with insertion location 6189895) and the resistance locus is 3.5 cM. The
distance between a P element located at ~ 6.5 Mb (P element line 13840 with
insertion location 6560770) and the resistance locus is 2.8 cM. The distance between
P element located at ~ 11.2 Mb (P element line 13763 with insertion location
11210503) and the resistance locus is 3.0 cM (table 14, figure 23).
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Table 14. P element insertion coordinates and distance between insertion and

resistance region on the right arm of the second chromosome

Calculated corrections Distance between P

. of the local element and
Distance between P o .
Insertion element and recombination rate for resistance Iopus
- . each P-element corrected with
P location resistance locus . . . .
. insertions on the 2R estimated corrections
element (coordinates calculated from .
. . - S chromosome (Fiston- rates of the local
line depicted in recombination rate ; .
base pairs) (depicted in Lavier et al., 2010 and recombination rate
P Cemim(‘)"r ans (M) Singh et al., 2005) (depicted in
g (depicted in centimorgans (cM))
centimorgans (cM))
12973 504496 9.3 1.13 8.2
14341 6189895 6.9 1.99 3.5
13840 6560770 5.9 2.14 2.8
13763 11210503 10.5 3.46 3.0

Schematic representation of the right arm of the second chromosome, size in
megabase (Mb) from 0-20 Mb

5M b Bl 10M b 11Mb 120k 130k 140k 15M b 16Mb 170k 130k 190k 20M b

1k 2Mb 30k 4k &b Tk 3k

Cyp6a2 Cyp4dp2 Cypbgl

8.2¢cM 3.5eM 3.0ecM
2.8cM

Figure 23. Location of the P element insertions (black filled triangles) and distance
between insertion and resistance region (interrupted lines) on the right arm of the

second chromosome

The genetic mapping relative to the P-element insertions places the 8Mb and 9.7 Mb
on the right arm of the second chromosome (table 14, figure 23). The three most
highly overexpressed p450 genes (Cyp4p2, Cyp6a2 and Cyp6gl) are also located on
the same chromosome arm (figure 48). Interestingly, the upregulated p450 gene

Cyp6gl is located within the region where resistance is mapped (figure 48).
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3.2.4. Karyotype analysis shows no structural changes of the polytene chromosomes
in resistant line

Chromosomal inversion polymorphisms have been linked to DDT and dieldrin
resistance in a laboratory strain of Anopheles gambiae (Brooke et al., 2002) and to
DDT resistance in three populations of Anopheles arabiensis from Ethiopia (Nigatu et
al., 1995). Therefore, the resistant Drosophila line was also analyzed for the presence
of inversions. The karyotype of the salivary glands of larvae from a cross between
resistant MiT[w]3R and susceptible iso31 line was microscopically analysed for the
presence of inversions on all five polytene chromosome (figure 24). All five polytene
chromosomes (X, 2L, 2R, 3L, 3R) show the standard banding patterns, with no
obvious rearrangements (figure 24).

Figure 24. Salivary gland polytene chromosomes of larvae progeny from the cross
between resistant and susceptible line, prepared with a squash technique (dashed arrows

surround the region where the resistance locus is mapped)
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3.3. Toxicological analysis

3.3.1. Resistance to Imidacloprid

In order to get more accurate data about the degree of resistance, the lethal
concentration 50 (LC50) for Imidacloprid was determined for line MiT[w]3R2 by
analyzing egg to adult viability. In total, 400 eggs per concentration were transferred
to medium with different concentrations of Imidacloprid. Calculations were done with
PROBIT statistics, using the software SPSS 16. Dose response curves were

constructed from at least six concentrations.

Dose-response curves and LC50 values for TREP 2.30, iso31 (e.g. susceptible lines)
and the resistant lines are shown in figures 25 and 26, and table 15. Susceptible lines
have a significantly lower LC50, ranging from 0.15 to 0.18 pg/ml (with 95%
confidence limits of 0.06ug/ml — 0.26ug/ml and 0.15ug/ml to 0.21 pg/ml,
respectively). Lines (MiT[W]3R2/SM6 and MiT[orange]3R2/SM6), derived from the
original resistant line, heterozygous for the second chromosome carrying the
resistance locus, have an LC50 of 2.15 and 2.03 pg/ml (with 95% confidence limits of
1.59ug/ml — 2.61pg/ml and 1.63pg/ml to 2.91 ug/ml), respectively. Further analyses
were only performed with resistant line MiT[W]3R2. A much increased LC50 was
found for flies homozygous for the “resistance” second chromosome. The LC50 was
~18-fold higher than that of the wild-type line iso31 (the LC50 for MiT[w]3R2 was
3.32ug/ml, with 95% confidence limits of 1.91ug/ml and 4.12ug/ml; and iso31 was
0.18 ug/ml (0.15pg/ml and 0.21 pg/ml) (table 15).
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IMIDACLOPRID (ug/ml)

® TREP230
O iso31
v  MiTw]3R2/SM&
A MiT[orange]3R2/SM6
Figure 25. Dose-response curves to Imidacloprid of two susceptible and resistant lines

(heterozygous for the second chromosome)
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Percent mortality (Probit)

1 T T T T T T T T T T T T T T

0 01 02 03 04 0506 07 0809 1 2 3 4
IMIDACLOPRID (ng/ml)

® TREP230
O  iso31

v  MTw]3R2

Figure 26. Dose-response curves to Imidacloprid of two susceptible lines and one
resistant line (homozygous for the second chromosome).

Table 15. LC50 values for Imidacloprid of susceptible and resistant lines.

lines LC50 (pg/ml) RR
(95% confidence limits) (resistance ratio)

TREP 0.16 (0.06 — 0.26) 1.00

is031 0.15 (0.06 — 0.26) 1.00

MIT[W]3R2/SM6 2.15 (1.59 -2.61) 14.33
(heterozygous)

MiTlorangel3R2/SM6 ;3 (1 635 g1 13.53
(heterozygous)

TREP 0.18 (0.15-0.22) 1.00

iso31 0.18 (0.15-0.21) 1.00

MIT[W ]3R2 3.32(1.91-4.12) 18.44
(homozygous)

RR (resistance ratio) — LC50 value of the resistant line /LC50 value of the susceptible line
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3.3.2. Cross-resistance to DDT

Toxicological studies show that DDT resistant field and laboratory Drosophila lines
also confer resistance to different neonicotinoids, including Imidacloprid (Daborn et
al., 2001; Le Goff et al., 2003; Daborn et al., 2007). Thus, the MiT[W]3R2 line
resistant to Imidacloprid was tested for cross-resistance to DDT. The lines (resistant
and susceptible) were tested for LC50 by analyzing adult mortality in a 24 hour DDT
contact assay. 100 adults per concentration were analyzed on different DDT
concentrations. Calculations were performed with PROBIT statistics using the SPSS
16 software. Dose response curves were constructed from at least four DTT

concentrations (plus control).

Dose-response curves and LC50 values for the susceptible lines and resistant line
MIT[W]3R2 are given in figures 27 and 28 and table 16, respectively. Both
susceptible lines have significantly lower LC50 values than the resistant one. Line
TREP 2.30 has a higher LC50 value (1.16 pg/ml with 95% confidence limits of 0.22
ug/ml — 2.65 ug/ml) than iso31 (0.35 ug/ml with 95% confidence limits of 0.07 pg/ml
— 0.77 pg/ml). As in the case of Imidacloprid, there is a positive correlation between
the number of second “resistance” chromosomes and the LC50 in MiT[W]3R2.
Resistance to DDT in the line homozygous for the second “resistance” chromosome is
~100 fold higher than in the wild-type line iso31 (the LC50 for iso31 was 0.37 pg/ml,
with 95% confidence limits of 0.15 ug/ml and 0.65 pg/ml; and for MiT[w]3R2 37.50
pg/ml (32.20 pg/ml and 41.90 pg/ml) (table 16).
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Figure 27. DDT dose-response curves of two susceptible lines and a resistant line

(heterozygous for the second chromosome)
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Figure 28. DDT dose-response curves of two susceptible lines and a resistant line

(homozygous for the second chromosome)

Table 16. LC50s for DDT of susceptible and resistant lines (homozygous and

heterozygous, respectively, for the second chromosome)

lines

LC50 (ug/vial)

(95% confidence limits)

RR

(resistance ratio)

TREP 2.30

iso31

MiIT[W']3R2/SM6
(heterozygous)

TREP 2.30

iso31

MiIT[W]3R2
(homozygous)

1.16 (0.22 — 2.65)
0.35 (0.07 - 0.77)
5.5(0.1-18.2)
1.63 (0.59 — 3.02)
0.37 (0.15 — 0.65)

37.5(32.2-41.9)

1.0

15.7

1.0

101.4

RR (resistance ratio) — LC50 value of the resistant line /LC50 value of the susceptible line
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Dose-response curves show that the resistance to both Imidacloprid and DDT is
positively correlated with the number of the resistant second chromosomes (figures
25, 26, 27 and 28).

3.3.3. Piperonyl butoxide (PBO) analysis suggests involvement of cytochrome P450
genes in resistance mechanism

Resistance to two insecticides with different mode of action suggested involvement of
metabolic resistance mechanisms as potential mechanism of resistance in line MiT[W"
]3R2. One of the major gene families involved in metabolic insecticide resistance is
the group of cytochrome P450 genes. Piperonyl butoxide (PBO) is a potent
cytochrome P450 inhibitor and pesticide synergist (Hodgson and Levi, 1998). In order
to test for the involvement of cytochrome P450 genes in the resistance of line MiT[W"
13R2, a PBO assay was performed. Flies were tested for susceptibility to Imidacloprid
in 48 hours contact assays. All data were analyzed as for the DDT contact assay. For
each concentration, 50 individuals were analyzed. Dose response curves were

constructed from at least four concentrations (plus control).

Treatment of the resistant mutant with PBO reduced its resistance to Imidacloprid
from ~2.2-fold to ~1.4-fold, compared to the susceptible line (figure 29, table 17).
The LC50 of the non-treated mutant is 9.4 ug/vial, with a 95% confidence interval of
6.4 to 12.8 pglvial, while for the PBO treated mutant, the LC50 is 5.7 pg/vial, with a
confidence interval of 3.4 to 7.2 pg/vial (table 17).
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Figure 29. Imidacloprid dose-response curves of the susceptible and resistant lines

treated with PBO and of the non-treated resistant line

Table 17. Imidacloprid LC50s of a susceptible and a resistant line treated with PBO
and of the untreated resistant line

Line LC50 (ug/vial) RR

(95% confidence limits) (resistance ratio)
iso31 4.2 (2.3-5.3) 1.0
MiT[w]3R2 - PBO 5.7(3.4-7.2) 1.4
MiT[w']3R2 9.4(6.4-12.8) 2.2

RR (resistance ratio) — LC50 value of the resistant line /LC50 value of the susceptible line

PBO has no effect on the slope of the dose-response curve of the treated line
compared to non treated resistant flies (figure 29). Results of the PBO analysis
established the involvement of P450s in the resistance mechanism of the MiT[w]3R2

line.
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3.3.4. Biochemical assays show increased activity of the P450 in the resistant line
compared to susceptible line

Further analysis of the activity of cytochrome P450 monooxygenases, as well as
analysis of esterases and glutathione S-transferases (two more enzymes involved in
metabolic mechanism) was performed in resistant and susceptible lines (Table 18).
Esterase activity was measured using a and £ naphthol, while glutathione S-
transferases activity was measured using 1-chloro-2,4-dinitrobenzene. For both
enzyme activities, no significant difference was detected in the resistant line
compared to line iso31 (table 18). Cytochrome P450-dependent monooxygenase
activity was determined by O-deethylation of 7-ethoxycoumarin in adult microsomes
and living larvae. The activity of cytochrome P450 was higher in the resistant line
MIT[W]3R2, for both adults and larvae, compared to the susceptible line (table 18).
Activity of P450s in MiT[W]3R2 flies was ~3-fold higher in live larvae (2.1 (= 0.1)
pg/min/larvae) compared to susceptible third instar larvae (0.72 (£ 0.05)

pg/min/larvae) (table 18).

Table 18. Activities of detoxification enzymes of resistant and susceptible lines

Cytochrome
P450 Esterase Esterase GST
monooxygenase (nmol a-naphthol (nmol b naphthol
(alive larvae) produced/min/mg)  produced/min/mg)

Cytochrome P450
monooxygenase

(adults,microsomes) (umole/min/mg)

Gominfaaproein — pyminfarvee) +(SD) £(SD) 5D
+(SD)
MIT[W]3R2 1400 +£201 2.10+0.10 73+1.60 27+2 0.13+0.04
iso31 800 +60 0.72+0.05 53+4 324 0.12+0.04
Fold difference
MIT[W]3R2/ 1.75 2.92 1.36 0.84 1.02
is031

Summarized results of this analysis suggested that the resistance mechanism in line
MIT[W]3R2 is mainly P450-based.

3.3.5. Paraquat assay fails to detect oxidative stress in line MiT[w]3R2

Unusual behavior, which manifested itself in upright wing posture and seizure-like

episodes was observed in resistant adults. An oxidative stress-mediated toxicity could
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cause such behaviour. Flies were analyzed for their resistance to paraquat in order to

test if there is a decrease in antioxidant defense.
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Figure 30. Dose-response curves of the susceptible and resistant lines on 5%, 10%
and 12.8% concentrations of paraquat

Table 19. Mortality (%) of the susceptible and resistant lines treated with different
concentrations of paraquat

— ___
Concentrations Mortality (%) - Mortality (%)

iso31 MiT[w]3R2
0% 20 20
5% 55 55
10 % 55 55
12.8% 80 75

The analysis did not yield any significant difference in survival between the resistant
and the susceptible line (figure 30, table 19), thus there is no indication of a decrease

in antioxidant defense in the resistant line MiT[W]3R2.
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3.4. Molecular analysis

3.4.1. Standard PCR analysis

3.4.1.a. Nature of orange eyes phenotype in MIT[orange] 3R2 resistant line remains

unclear

The line MIT[orange]3R2 and line MIT[w]3R2 were derived from the original
resistant line identified in a insertional mutagenesis screen. During the generation of
the resistant flies, three constructs (TREP, BOEtTA and MIT 2.4), carrying a Mini
white gene were used, which can, depending on the chromosomal location, cause an
orange eyes phenotype in a white background. It is unlikely that the orange marker
derives from the BOEtTA 6.24 insertion, since this is located on the X chromosome
and, as a P-element based construct, was not mobilized during the screen. Although
the original TREP2.30 insertion was located on the 4™ chromosome, this element was
mobilized and thus could be a possible source of the orange phenotype gene.
However, in the original resistant line the TREP insertion was genetically mapped to
the X chromosome, while the orange marker was mapped to the second chromosome.
Flies from the is031[SM6, MiT2.4]/Sco line carry the P-element-based MiT2.4
construct (Minos transposase source) on a second chromosome balancer. In order to
obtain more information about the nature of the orange marker gene, standard PCR
analysis was initially used. A Mini white gene, which produces in this case an orange
eyes phenotype, could derive either from the TREP construct, or from the MiT 2.4
insertion that carries a Minos transposase gene in the line iso31[SM6, MIT 2.4]/Sco.
Is031[SM6, MIT 2.4]/Sco, MiT[w']3Rx (TREP) and plasmid MiT 2.4 samples were
used as positive controls. Line MiT[w']3R2/SM6 (without marker gene) and line
iso31 were used as negative controls. PCR products were analyzed on 1% agarose
gels, as depicted in figure 32. The expected PCR product was detected in all three
positive controls. In the negative control (iso31 line), no PCR product was generated.
However, also for both lines (MiT[w]3R2/SM6 and MIT[orange]3R2/SM6) derived
from the original resistant line, no PCR product was detected (figure 31).
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Figure 31. Agarose gel (1%) for PCR detection of a Mini white gene fragment in lines
is031[SM6, MIT 2.4]/Sco, MiT[w']3Rx (TREP), is031, MIT[orange]3R2/SM6
(MIT[orange]3R2/Cy0), MiT[w]3R2/SM6 (MiT[w]3R2/Cy0O) and in plasmid MiT
2.4

The Mini white gene is joined to a Minos end in the TREP construct (figure 4). PCR
primers were designed to yield a product containing part of a Minos end and part of
the Mini white gene. Line MiT[w"]3Rx (TREP) was used as a positive control, while
lines iso31 and MiT[w]3R2/SM6 served as negative controls. PCR products were
analyzed on 1% agarose gel as depicted in figure 32. The expected PCR product was
detected in line MiT[w']3Rx (TREP) (positive control). In the negative controls, as
well as in the resistant line MiT[orange]3R2/SM6, however, no products were

detected (figure 32).
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Figure 32. Agarose gel (1%) for PCR product detection of joined Minos end and Mini
white gene sequence product in lines MiT[w']3Rx (TREP), iso31,
MIT[orange]3R2/SM6 (MIT[orange]3R2/CyO) and MIiT[w]3R2/SM6 (MiT[w
13R2/Cy0)

The Mini white gene could also derive from construct MiT 2.4 of line iso31[SMS6,
MIT 2.4]/Sco, which carries a Minos transposase gene. A standard PCR analysis for
the detection of Minos transposase gene was performed. DNA samples from line
iIS031[SM6, MIT 2.4]/Sco and plasmid MiT 2.4 were used as positive controls. Lines
MiT[w']3Rx (TREP), iso31 and MiT[w]3R2/SM6 were used as negative controls.
PCR products were analyzed on 1% agarose gels, as presented in figure 33. In all
positive controls, the expected PCR products were detected, while in the negative
controls, as well as in line MiT[orange]3R2/SM6 PCR, no PCR product was formed
(figure 33).
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Figure 33. Agarose gel (1%) of PCR reactions for detection of the Minos transposase
gene in lines is031 [SM6, MIT 2.4]/Sco, MiT[w']3Rx (TREP), iso31,
MIT[orange]3R2/SM6  (MIT[orange]3R2/Cy0O), MIiT[w]3R2/SM6  (MiT[w
]3R2/Cy0Q) and in plasmid MiT 2.4

A Mini white gene, which in this case produces an orange eyes phenotype in the
MIT[orange]3R2/SM6 line, could not be detected with used primers and obtained
PCR technique. This result however does not reject the hypothesis that the orange
marker derives either from the TREP construct or the MiT 2.4 insertion that carries a
Minos transposase gene. Additional analysis is required to obtain more information
about the nature of orange marker.

3.4.1.b. Overexpression of individual P450 genes is observed in Imidacloprid

resistant line

Results of the P450 activity assays show increased activity of these enzymes in the
resistant line compared to susceptible line. Recent studies of neonicotinoid resistance
show that overexpression of one or more P450s appears to be additional or even
primary resistance mechanism to neonicotinoid in different insect species (Puinean et
al., 2010; Karunker et al., 2009). Thus, overexpression of individual representative
P450 genes in the resistant line was analyzed. For this purpose genes already known
to be overexpressed in resistant Drosophila lines (Daborn et al., 2001; Le Goff et al.,
2003; Daborn et al., 2007) have been chosen for this analysis. Semi-quantitative PCR

of reverse transcribed total RNA was performed to analyze the relative expression of
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the representative cytochrome P450 genes Cyp6gl, Cyp6a2, Cyp6a8 and Cypl12d1l in
the resistant and susceptible lines. Flies used for semi-quantitative PCR were reared
on standard medium and medium with Imidacloprid. Induction of different P450
genes (including Cyp6gl, Cyp6a2, Cyp6a8 and Cypl2dl) by several compounds
including insecticides was reported in different Drosophila lines (Morra et al., 2010;
Giraudo et al., 2010). Flies selected on Imidacloprid were used to analyze possible
Imidacloprid-mediated induction of the representative P450 genes. Samples of the
PCR reactions were analyzed on 2% agarose gels, starting from the 20™ until the 40"
cycle. Products were detected for all genes (including control gene Rp49) in both
lines, except for gene Cypl2d1, which was not detected in the susceptible line (table
20).

Table 20. PCR fragment production of genes Cyp6gl, Cyp6a2, Cyp6a8, Cypl2dl and
Rp49 from a resistant and a susceptible line, analyzed on 2% agarose gels at the 25"

cycle

Cyp6gl Cyp6a2 Cyp6a8 Cypl2dl Rp49
MIT[W']3R2 + + + + +
is031 + + + - +

The difference between product amounts between the two lines was analyzed at the
25™ cycle on 2% agarose gels (figures 34, 35, 36 and 37). Housekeeping gene
(quantitative control samples) PCR products were detected at high and equal amounts

for both lines, reared on standard and Imidacloprid medium (figure 34).
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Figure 34. Semi-quantitative RT-PCR (on a 2% agarose gel) detection of control gene
RP49 mRNA in susceptible iso31 and resistant MiT[w]3R2 flies raised on standard

medium (st) and medium with Imidacloprid (imi)

In resistant flies, maintained on both media, higher amounts of RT-PCR products of
genes Cyp6gl and Cyp6a2 were detected in resistant versus susceptible flies (figure
35).

The Cypl2d1l RT-PCR product was detected only in the resistant line MiT[w]3R2
and only at a low quantity, under both rearing conditions (figure 36).

The amount of Cyp6a8 PCR product was about the same in both lines and

independent of rearing conditions (figure 37).
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Figure 35. Semi-quantitative RT-PCR (on a 2% agarose gel) detection of Cyp6gl and
Cyp6a2 mRNAs in susceptible iso31 and resistant MiT[w]3R2 flies raised on

standard medium (st) and medium with Imidacloprid (imi)
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Figure 36. Semi-quantitative RT-PCR ( on 2% agarose gel) detection of Cypl2dl
MRNA in susceptible iso31 and resistant MiT[w]3R2 flies raised on standard

medium (st) and medium with Imidacloprid (imi)
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Figure 37. Semi-quantitative RT-PCR (on 2% agarose gel) detection of Cyp6a8
MRNA in susceptible iso31 and resistant MiT[w]3R2 flies raised on standard

medium (st) and medium with Imidacloprid (imi)

The summarized results of the analysis show higher expression of the Cyp6gl,
Cyp6a2, and Cypl2d1 in the resistant line compared to susceptible line. Following
semi-quantitative RT-PCR analysis, in order to more accurately quantify the relative
expression of the representative cytochrome P450 genes in the two lines, quantitative

real time RT-PCR was used.

3.4.2. Real time RT-PCR shows increased levels of expression of some representative

cytochrome P450 genes in the resistant line

The relative expression of the cytochrome P450 genes was measured between the
resistant line MiT[w]3R2 and the susceptible line iso31, maintained both on standard
medium and medium with Imidacloprid. The real time RT-PCR analysis, like in the

previous semi-quantitative PCR analysis, did not detect Cyp12d1 expression in iso31.
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It was therefore not possible to analyze the relative expression of this gene between
line MIiT[W']3R2 and the susceptible line.

Elevated expression of Cyp6gl was detected in the resistant line compared to the
susceptible line (figure 38, Appendix - table 1). The MIT[W]3R2 resistant flies,
reared on both media, had ~ 8-fold higher expression of Cyp6gl compared to
susceptible flies reared on standard medium. Resistant flies maintained on standard
medium and medium with Imidacloprid had a 7-fold higher expression of Cyp6gl
compared to susceptible flies reared on medium with Imidacloprid (figure 38,
Appendix - table 1). There were no significant changes of Cyp6gl expression
between Imidacloprid-reared and standard medium-reared resistant flies. The same is
true for the susceptible iso31 flies reared on standard medium and medium with

Imidacloprid (figure 38, Appendix - table 1).
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Figure 38. Expression difference of gene Cyp6gl between two lines maintained on
standard medium and medium with Imidacloprid (res — resistant line; susc —

susceptible line; ST — standard medium; IMI — medium with Imidacloprid)

As for Cyp6gl, an elevated expression of Cyp6a2 was detected in the resistant line
MiT[w]3R2 compared to the susceptible line iso31 (figure 39, Appendix - table 2).
Resistant flies maintained on standard medium had 10-fold higher Cyp6a2 expression
compared to susceptible flies maintained on the same medium. The same lines,
maintained on Imidacloprid medium, show an 8-fold higher Cyp6a2 expression in the

resistant line (figure 39, Appendix - table 2). Resistant flies maintained on standard
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medium did not have a significantly different Cyp6a2 expression compared with
resistant flies maintained on medium with Imidacloprid. The same is true for flies
from the susceptible line (figure 39, Appendix - table 2) reared on the two different

media.
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Figure 39. Expression difference of gene Cyp6a2 between two lines maintained on
standard medium and medium with Imidacloprid (res — resistant line; susc —

susceptible line; ST — standard medium; IMI — medium with Imidacloprid)

There was no significant difference of Cyp6a8 expression between the resistant and

susceptible lines, maintained on different media (table 21).

Table 21. Expression difference of gene Cyp6a8 between two lines maintained on
standard medium and medium with Imidacloprid (res — resistant line; susc —

susceptible line; ST — standard medium; IMI — medium with Imidacloprid)

res ST/ res IMI/ res IMI/ res ST/ susc IMI/ res IMI/

Cypba8 susc ST susc IMI susc ST susc IMI susc ST res ST

Fold 113+ 143 + 144+ 112+ 1.01 + 128+
difference  (0.25) (0.27) (0.21) (0.28) (0.21) (0.25)
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In general, quantitative real time RT-PCR analysis detected significant overexpression
(more than 5-fold) of the Cyp6gl and Cyp6a2 genes in the resistant line compared to
susceptible line. Imidacloprid had no significant effect on inducibility of Cyp6gl and
Cypba2.

3.4.3. Quantitative PCR analysis shows no amplification of the Cyp4p2, Cyp6gl and
Cyp6a2 genes in the resistant lines

It appears that the overexpression of P450 genes in a different resistant insect species
is exclusively attributed to one molecular mechanism - increased transcription (Scott,
1999). A recent report of P450 gene amplification associated with neonicotinoid
resistance in the aphid Myzus persicae shows the existence of another molecular
mechanism apart from increased transcription, that causes elevated P450 levels
(Puinean et al., 2010). Deep sequencing analysis detected 3 highly overexpressed
genes (Cyp4p2, Cyp6gl and Cyp6a2) in the MiT[w]3R2 resistant line compared to
susceptible line iso31. In order to test if there is relative amplification of the three Cyp
genes between resistant line MiT[w]3R2 and susceptible line iso31, quantitative PCR
analysis was performed on genomic DNA. No relative amplification of these genes in
resistant line MiT[w]3R2 compared to susceptible line iso31 was detected (table 22).

Table 22. Quantitative real time PCR analysis results for amplification of Cyp4p2,

Cyp6gl and Cyp6a2 genes in resistant line compared to susceptible line.

Gene amplification: fold difference +(SD)
(resistant/susceptible)

Cyp4p2 1.39 + (0.23)
Cypb6gl 1.25 +(0.15)
Cyp6a2 1.27 £(0.13)

In conclusion, results show that amplification is not mechanism that brings to

increased expression of analyzed P450 genes in the resistant MiT[w]3R2 line.
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3.5. Transcriptomic profiling identified a high number of
differently expressed genes between resistant and susceptible line

In order to get more information on transcriptome variation and gene interaction
networks in the resistant line, deep sequencing transcriptomic analysis was performed.
Whole genome transcriptional profile analyses of the of resistant line MiT[w]3R2
and the susceptible line iso31 was performed with the Illumina deep sequencing
technique (lllumina Inc., 2010). Deep sequencing yielded in total 16344712 high
quality reads for line MiT[w]3R2 and 16859384 high quality reads for line iso31
(Data uploaded to GEO site; Appendix — table 3 and table 4). All 51 nt long reads
from both, resistant and susceptible lines, were mapped to the Drosophila reference
genome (Drosophila release 5 sequence assembly Flybase). The alignment of the
reads to the Drosophila reference genome identified 18963 distinct transcripts for the
susceptible line and 18967 distinct transcripts for the resistant line (Data uploaded to
GEO site; Appendix - table 5). Using a minimum difference threshold of 2-fold, a
total of 357 transcripts were found to be differently expressed between lines MiT[w
]3R2 and iso31 (Data uploaded to GEO site; Appendix - table 5). 150 genes were
upregulated and 207 genes were downregulated in the resistant line compared to the
susceptible line (figure 40, Data stored electronically on CD — table 6 and table 7
excel files). The highest upregulated gene (251 fold) encodes Chorion protein 38, and
the highest downregulated gene (140 fold) encodes lectin-37Da (figure 40, Data

stored electronically on CD — table 6 and table 7 excel files).
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Figure 40. Volcano plot of up- and down-regulated genes in the resistant line (as
compared to the susceptible line)

X axis - log2 (number of reads in resistant line) / (number of reads in susceptible line)
Y axis - log2 (number of reads in resistant line) + (number of reads in susceptible line)

Of the 150 upregulated genes, eight are members of the P450 gene family (figure 40,
Data stored electronically on CD — table 6 excel file). The three highest upregulated
genes were Cyp4p2 (100-fold), Cyp6a2 (19.85-fold) and Cyp6gl (16.31-fold) (figure
41, table 23). The other five are Cyp6wl with 5.97-fold, Cyp4e3 with 5.21-fold,
Cyp309a2 with 4.38-fold, Cyp6g2 with 2.85-fold and Cyp4dil4 with 2.35-fold
upregulation in the resistant line. Three of the 207 downregulated genes are also from
the P450 family - Cyp9b1 with 9.33-fold, Cyp4d21 and Cyp4pl both with 4.77-fold
lower expression in the resistant line (figure 41, table 23). Among the 357
differentially expressed genes, neither glutathione-S-transferase nor esterase genes
were detected (figure 40, Data stored electronically on CD — table 6 and table 7 excel
files).
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Figure 41. Up- and downregulated Cyp genes in the resistant line (with respect to the

susceptible line)

Table 23. Up- and downregulated Cyp genes in the resistant line (with respect to the

susceptible line)

Upregulated

Location

Symbol (arm) Fold-change
Cyp4p2 2R 100.00
Cyp6a2 2R 19.85
Cyp6g1l 2R 16.31
Cyp6wl 2R 5.97
Cyp4e3 2L 521
Cyp309a2 2L 4.38
Cyp6g2 2R 2.85
Cyp4d14 X 2.35
Downregulated
Symbol L(();fr::;) n Fold-change
Cyp9b1 2R 9.33
Cyp4d21 2L 4.77
Cyp4pl 2R 4.77

Deep sequencing of cDNA of the resistant line shows high expression levels of major
chorion genes Cp38 (251-fold), Cp36 (89-fold), Cp7Fc (150-fold) and Cp7Fb (57-



Results |99

fold). Also, yellow-g2 and yellow-g are expressed 37 and 8 times higher in the
resistant MiT[w]3R2 line compared to susceptible iso31 line (figure 40, Data stored
electronically on CD — table 6 excel file).

An odorant binding protein (Obp19c) is found among the first 20 highly expressed
genes, with approximately 15-fold higher expression in line MiT[w]3R2 (figure 40,

Data stored electronically on CD — table 6 excel file).

Gene functional classification analysis by grouping genes based on functional
similarities identified three functional groups in the upregulated genes (table 24) and
two functional groups in the downregulated genes (table 25). Cyp P450 genes,
proteolytic genes and genes showing peptidase activity were overrepresented in the
upregulated genes. The enrichment score (the geometric mean (in log scale) of the
members’ p-values in a corresponding annotation cluster, used to rank their biological
significance statistically measured by Fisher Exact test; Huang et al., 2009a) of the
gene functional group showing proteolytic activity is 5.10, while the enrichment score
for the Cyp P450 gene group is 3.73. The gene group that includes
metallocarboxypeptidase activity, biopolymer catabolic process and macromolecule
catabolic process has an enrichment score of 2.32 (table 24). Cuticular protein genes
and genes showing peptidase activity were overrepresented in the downregulated
genes. The enrichment score of structural constituents of chitin-based cuticle group of
genes is 2.52, and the enrichment score of genes showing peptidase activity and
proteolysis is 1.05 (table 25).
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Table 24. Gene functional groups in the up-regulated genes (analyzed with the
DAVID 6.7 BETA bioinformatics resource)

Metallocarboxypeptidase
activity, biopolymer

Peptidase activity, Cytochrome P450 :
roteolysis (Cyp) genes catabolic process,
P macromolecule catabolic
process

Enrichment Score: 5.10 | Enrichment Score: 3.73 Enrichment Score: 2.32

Gene name Kappa* | Gene name Kappa* Gene name Kappa*

CG31219 1.00 | Cyp309a2 0.99 CG8539 0.89
Jonah 65AI 1.00 Cypbwl 0.99 CG8560 0.84

CG10469 1.00 Cyp4p2 0.96 CG15254 0.65

CG9676 1.00 Cyp6g2 0.96 CG2493 0.62

CG7829 0.97 Cyp4d14 0.94 CG31918 0.59

Jonah 25Biii  0.97 Cyp4e3 0.93
CG32277 0.97 Cyp6g1l 0.87
CG4259 0.97 Cyp6a2 0.84

Jonah 74E 0.94
CG10477 0.94

Jonah 25Bii 0.91
CG11911 0.91
CG4812 0.91

Jonah 25Bi 0.84
CG31918 0.59
CG2493 0.56

Table 25. Gene functional groups in the down-regulated genes (analyzed with DAVID

6.7 BETA bioinformatics resource)

Structural constituent of ) . )
chitin-based cuticle Peptidase activity, proteolysis
Enrichment Score: 2.52 Enrichment Score: 1.05
Gene name Kappa* Gene name Kappa*
CG1252 1.00 CG17234 1.00
CG2360 1.00 CG18180 0.97
CG2341 1.00 CG18179 0.97
Cuticular protein 56F  0.91 CG11037 0.94
Cuticular protein 47Ef  0.83 Jonah 66Ci 0.94
Serine protease 12 0.88
CG34043 0.80

*Kappa score — The Kappa value quantitatively measures the degree to which genes share similar
annotation terms (the higher the Kappa, the stronger the functional similarity)
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Functional annotation clustering identified 10 groups with similar predicted biological
functions in the upregulated genes and 13 groups in the downregulated genes (Data
stored electronically on CD — table 8 and table 9 excel files). Among the functional
groups in the upregulated genes, four clusters are connected to peptidase activity and
three functional clusters are connected to P450 gene family activity. There were also
overexpressed genes significantly overrepresented in other functional groups like
oxidoreductase activity, mitotic sister chromatid segregation, electron carrier activity
and response to DNA damage (Data stored electronically on CD — table 8 excel file).
In the downregulated genes, groups like nutrient reservoir activity, chitin and
aminoglycan metabolic processes, response to bacteria and immune response activity

were identified (Data stored electronically on CD — table 9 excel file).

Deep sequencing transcription profiling detected significant number of differently
expressed genes between resistant and susceptible lines, suggesting a complex
insecticide resistance mechanism. Gene ontology analysis identified several
overrepresented functional gene groups that are differentially expressed in the
resistant Drosophila line. Eight cytochrome P450 were significantly overrepresented
in the upregulated genes suggesting their potential role in the resistance mechanism,
as well as confirming P450-based resistance mechanism of the MiT[w]3R2 line.
Additional bioinformatics analysis of the deep sequencing data was further performed

for more information about the nature of the mutation that causes resistance.

3.5.1. In silico analysis of deep sequencing data of the resistant and susceptible lines

It has been suggested that mutations of trans-regulating factor/s, or of cis-acting
elements of some of the Cyp genes are responsible for insecticide resistance in
Drosophila (Maitra et al., 2000; Morra et al., 2010; Giraudo et al., 2010). The deep
sequencing information was further explored using bioinformatics analysis tool for
identification of a resistance mutation or putative regulating factor in the MiT[w]3R2

line.
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3.5.1.a. Deep sequencing data bioinformatics analysis failed to detect common

regulatory factor linked with the resistance in line MiT[w]3R2

Comparison of the sequences of the Cyp genes differently expressed in the resistant
versus the susceptible line showed no sequence changes of the P450 proteins. The
flanking sequences of the differentially expressed genes were also analyzed for
possible common transcription factor binding sites using the JASPAR database
(Wasserman and Sandelin, 2004). The sequence of all genes was retrieved from
Flybase (Drosophila release 5 sequence assembly). For each gene, the upstream 3kb,
downstream 1kb and 3’UTR sequence were retrieved and analyzed. In silico analysis
did not detect common transcription factor binding sites either just for the Cyp genes
or for all overexpressed genes. A survey of predicted targets of microRNAs in the
3’UTRs sequences of all upregulated was performed with program DIANA-microT
(version 3.0) (Maragkakis et al., 2009). The analysis did not identify any common

target site neither for all genes, nor for all Cyps.

Summarized results show that the bioinformatics sequence analysis of the
significantly up- or downregulated genes did not detect putative mutation that could

be linked to the resistance mechanism.

3.5.1.b. Single nucleotide polymorphism analysis of differently expressed genes

sequences mapped the resistance locus within ~1Mb region in line MiT[w]3R2

Analysis of genetic variation on nucleotide level between MiT[w]3R2 and iso31 lines
was performed with the sequences obtained from deep sequencing expression

profiling, for more accurate mapping of the resistance mutation.

The sequences from the deep-sequencing analysis, as well as the Cyp gene sequences
were compared between lines MIiT[w]3R2 and iso31 for single nucleotide
polymorphisms (SNP). MiT[w]3R2 was derived from the original resistant line
(MiT[w]3X) using Drosophila lines with different genetic backgrounds (TREP 2.30
and BOEtTA have a yw background, while [SM6a, MIT 2.4]/Sco] is an iso31l
derivative). In order to replace the genetic background of the resistant mutant with

that of the susceptible control line, MiT[w]3R2 was back-crossed with iso31 for 6
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generations under selection with 3 ug/ml of imidacloprid. SNP analysis was carried

out with resistant MiT[w]3R2 line homogenized for iso31 background.

There were no significant differences in SNP of Cyp genes analyzed between resistant
and susceptible line. A total of 12718 SNP are detected in the pooled assembly of the
resistant and the susceptible strain reads. On the X chromosome 944 SNPs, on the 2L
chromosome 4293, on the 2R chromosome 1309, on the 3L chromosome 4833, on the
3R chromosome 1311, and on the 4™ chromosome 28 SNPs were detected. A SNP
density track with the number of different SNPs per 1000nt (1Kb) between the
resistant and the susceptible line is presented for each chromosome (X, 2L, 2R, 3L,
3R and 4) on the UCSC Genome Browser (Kent et al., 2002) (figure 42, 43, 44, 45,
46 and 47). A list of all SNPs showing differences between the resistant and the
susceptible line is stored electronically on CD — table 10 txt file.

In general, on all chromosomes single nucleotide polymorphism can be detected, with
different number of polymorphic nucleotides per 1Kb (figure 42, 43, 44, 45, 46 and
47).

The line MiT[w]3R2, homozygous for the resistance chromosome, derives from the
mutant line MiT[w]3R2/SM6 heterozygous for the second chromosome carrying both
resistance and lethality. Genetic analysis placed resistance to the right arm of the
second chromosome together with the lethality, thus the focus of the SNP analysis
was 2R chromosome arm. On the right arm of the second chromosome two regions
with different SNP densities can be detected which indicates a recombination event
(figure 44; Data is stored electronically on CD — table 10 txt file). Resistant line was
back-crossed with line iso31 and selected on Imidacloprid for 6 generation in order to
homogenize genetic background. SNP analysis suggests a hybrid origin of the 2R
chromosome where the right half probably comes from iso31 background, while the
left half comes from a different line, most likely yw. Moreover, the position of the
lethality (between 8.5Mb — 9.9MD), resistance and recombination break point show
that the recombination event occurred between the resistance and lethality loci (figure
48). The SNP analysis and P-element recombination mapping (which mapped
resistance locus between 8Mb and 9.7Mb) data suggest that the resistance is located to

the left of the recombination break on the 2R chromosome (figure 48). The three most
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highly overexpressed P450 genes (Cyp4p2, Cyp6a2 and Cyp6gl) are also located left
of the recombination brake. Combined mapping results of the SNP analysis and P-
element recombination data overlap in the region of around 1 Mb between 8Mb and
8.7Mb, placing resistance locus within this region (figure 48). Interestingly, the highly

over-expressed Cyp6gl gene is located within the mapped resistance region.
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Figure 42. Single nuclear polymorphisms (SNP) density (per 1Kb) on the X
chromosome between resistant line MiT[w]3R2 and susceptible line iso31
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Figure 43. Single nuclear polymorphisms (SNP) density (per 1Kb) on the 2L
chromosome between resistant line MiT[w]3R2 and susceptible line iso31
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Figure 44. Single nuclear polymorphisms (SNP) density (per 1Kb) on the 2R

chromosome between resistant line MiT[w]3R2 and susceptible line iso31

Scale 16 Mo} §
chraL: sea0008| 10080006| 15000000| 20000000|
1 SNP

MHII Ill T N bl J i

Position on the chromosome (nucleotide)

SNP density per 1000 nucleotides
{ resistantvs. susceptible line)

Figure 45. Single nuclear polymorphisms (SNP) density (per 1Kb) on the 3L
chromosome between resistant line MiT[w]3R2 and susceptible line iso31
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Figure 46. Single nuclear polymorphisms (SNP) density (per 1Kb) on the 3R

chromosome between resistant line MiT[w]3R2 and susceptible line iso31
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Figure 47. Single nuclear polymorphisms (SNP) density (per 1Kb) on the 4%
chromosome between resistant line MiT[w]3R2 and susceptible line iso31
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Figure 48. The resistance locus was mapped relative to P element insertions to a

region between 8Mb and 8.7Mb (black arrows on the second scale, distance between insertion
and resistance region is indicated with dotted horizontal lines). The location of the three highly
expressed P450 genes (Cyp6a2, Cyp6gl and Cyp4p2) in the resistant MiT[w]3R2 line is indicated.
Below is a comparison of single nucleotide polymorphism (SNP) density (per 1 Kb) between resistant
line MiT[w]3R2 and susceptible line iso31. At the bottom, Bloomington deletions overlapping
lethality locus (filled box) and flanking the lethality locus (open boxes) (lethality maps to the region

between 8.5 Mb and 9.9 Mb, close to the place of recombination).
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The summarized results of the single nucleotide polymorphism analysis confirmed
that the resistance locus is located on the right arm of the second chromosome.
Moreover, genetic and SNP analysis narrowed the position of the resistance locus,
close to the recombination brake point, within a ~1Mb region (8Mb and 8.7Mb). The
highly over-expressed Cyp6gl gene, already known to be involved in Imidacloprid

resistance, is located within the mapped resistance region.
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The main goal of this project was the identification of genes involved in Imidacloprid
resistance, using Drosophila melanogaster as the model organism. Resistant mutants
were to be generated by genome-wide insertional mutagenesis, using the Minos based
transposon element TREP (tetracycline regulatable enhancer promoter) as a
mutagenesis vector (figure 4). Individuals with novel TREP insertions and carrying
the Minos transposase expressing insertion BOEtTA 6.24 were selected on medium
with 3 pg/ml of Imidacloprid. One Drosophila mutant resistant to Imidacloprid was
retrieved in this screen and subjected to further analysis. The mutant was

characterized using genetic, toxicological, molecular and transcriptomic approaches.

4.1. Minos-based genome-wide insertional mutagenesis

4.1.1. The TREP-BOEtTA system and conditions for screening for Imidacloprid
resistance

A combination of features of the TREP and BOEtTA constructs give the TREP-
BOEtTA system unique advantages for genome-wide mutagenesis. The TREP
element is a transposon Minos-based construct for promoter-delivery in Drosophila
melanogaster. BOEtTA is a P-element based construct which produces tetracycline
trans-activator (tTA), which activates the minimal promoter on the TREP construct. In
the transgenic Drosophila line TREP 2.30, a TREP insertion is located on the 4™
chromosome. The fourth chromosome of D. melanogaster is the shortest one of this
species (Bridges, 1935) with negligible recombination due to, most probably, its
mainly heterochromatic nature (Arguello et al., 2010). The insertion in line TREP
2.30 is phenotypically easily detectable, due to the presence of a Mini white marker
gene. An important feature of this insertion is the lethality of the TREP 2.30
chromosome in the presence of a chromosome carrying the BOEtTA trans-activator
expressing construct. This property permits the selection of flies that have lost the
TREP 2.30 insertion as a result of transposase-induced excision of the TREP element.
This allows detection of progeny of new insertions of TREP, since all viable progeny

of jumpstarter flies (TREP 2.30 - transposase double heterozygotes) carrying the
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BOELtTA activator and expressing the white marker will carry a new insertion. In
order to test the transposition efficiency, as well as to confirm the lethality of TREP
2.30 in the presence of BOELTA, two groups of crosses (Control and Jumpstarter
group) were set up. In the Control group, derived from 23 TREP 2.30 females, no
progeny with loss of TREP insertion was detected (table 3). This result confirms the
lethality of the TREP2.30 insertion in the presence of BOEtTA. The re-integration
efficiency of the TREP element was analyzed in the offspring of 49 jumpstarter
females. Insertional efficiency was calculated as the percentage of TREP/Transposase
females with progeny carrying new TREP insertions (at least one out of 100 progeny
per female) of the total number of jumpstarter females analyzed. The re-integration
efficiency of the TREP construct was found to be high: 92% of jumpstarter females
gave progeny with new insertions on all four chromosomes in Drosophila
melanogaster genome (table 3). This is in agreement with a previous report of the
transposition efficiency of Minos-based constructs (Metaxakis et al., 2005).
Jumpstarter females were also analyzed for the average percentage of gametes with a
new insertion. The analyzed females exhibit high mobilization of the TREP vector in
germ cells, having on average 2.83 % of gametes with new insertions (table 3). This
result demonstrates that TREP 2.30 can be used efficiently for large scale, genome

wide insertional mutagenesis screens.

Next, the TREP transposon was tested for the frequency of local jumps. The term
“local jumps” refers to transposition events where the element re-inserts into the same
chromosome from which it is excised (in line TREP 2.30, the element is located on
the 4™ chromosome). In total, 34 males carrying new insertions were analyzed for the
chromosomal location of the TREP vector. Insertion on the 4™ chromosome (local
insertion) was found in about 1/3 of the analyzed flies (table 4).

The minimal Imidacloprid concentration that induces 100 % lethality in iso31 flies
was determined to be 1 pg/ml. In order to prevent high number of escapers but still
allow the survival of mutants exhibiting high levels of resistance, 3 times the minimal
lethal concentration (3 pg/ml of Imidacloprid) was chosen for the selection of

resistant individuals with novel TREP insertions.
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4.1.2. Genome-wide insertional mutagenesis

Approximately 1400000 embryos (deriving from approximately 14000 jumpstarter
females) were selected on medium with 3 pg/ml Imidacloprid during the genome-
wide mutagenesis screen (table 5). Since 92% of jumpstarter females produce
offspring with transposed TREP elements, it is estimated that about 12900 new
insertions were generated during the screen. Insertional sites analysis has shown that
47% of total Minos insertions were found to be within or close to (2 kb upstream)
known or predicted genes (Metaxakis et al., 2005). Hence, during this screen 6063
insertions (47% of 12900 new TREP insertions) are expected to be within or close to
(2 kb upstream) known or predicted genes including introns. Although the analysis of
transposition events has shown that Minos insertions into the D. melanogaster
genome can be considered random (Metaxakis et al., 2005), the Poisson distribution
has been used for the multiple insertions into the same genes correction (Pollock and
Larkin, 2004). According to the Poisson distribution it is calculated that 26% of 6063
insertions will hit the same gene two times or more, thus 4487 insertions (74% of the
6063 insertions) in this screen are expected to hit gene once including introns. With
estimated 13000 known or predicted genes in Drosophila (Adams et al., 2000), in this
screen 35% ((4487 hit genes /13000 known or predicted genes)*100) of genes are
expected to be targeted once by a TREP element insertion (table 5). Insertional sites
analysis shown that 29.2% of total Minos insertions were found to be within or close
to (2 kb upstream) known or predicted genes, excluding introns (Metaxakis et al.,
2005). Thus, approximately 22% of known or predicted genes of Drosophila genome
were hit at least once, directly or within 2 Kb upstream and downstream, excluding
introns (Metaxakis et al., 2005). Calculations were performed similarly, as for the
Minos insertions including introns (29.2% of 12900 new hits is 3767 insertions with
the Poisson distribution showing that 2788 insertions are expected to hit gene once
(74% of the 3767 insertions results) which makes in total 22% ((2788 hit genes
/13000 known or predicted genes)*100))). Although there is no apparent preference
for insertions into genes, there is certain preference of Minos transposon for insertion

into introns vs. exons (Metaxakis et al., 2005).
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Only TREP element insertions where the outwards-pointing promoter lies in the same
direction as the promoter of the targeted gene will be able to overexpress the gene or
gene fragment downstream of insertion (in presence of the BOEtTA construct).
Assuming that 50% of the insertions will be in the correct orientation, in 17.5% of the
known or predicted genes one TREP insertion of the correct orientation is expected. It
Is expected that approximately 22% of known or predicted genes, excluding introns,
were hit at least once. Taking into account presented calculations we can estimate that
up to 11% of the genes in Drosophila genome were “functionally” targeted (one
TREP insertion of the correct orientation in known or predicted genes excluding

introns is expected).

Surviving Drosophila individuals exhibiting high resistance to Imidacloprid
correlated with a TREP element insertion are expected to overexpress genes (or
trunctated genes) involved in resistance to neonicotinoids. Three major gene families -
esterases, glutathione S-transferases and cytochrome P450 monooxygenases - are
involved in detoxification of insecticides (Hemingway, 2000). A target-site
modification (replacement Y151S) in the two alpha subunits of the nicotinic
acetylcholine receptor (nNAChR) confers resistance to neonicotinoids (Liu et al.,
2005). The most commonly found family of genes involved in metabolic mechanisms
of insecticide resistance is the cytochrome P450 gene superfamily (Scott and Kasai,
2004). It has been estimated that the cytochrome P450 gene superfamily is
represented by 89 genes in the Drosophila melanogaster genome (Tijet et al., 2001).
Not all of these genes are involved in xenobiotic metabolism (including insecticides).
Scott (2008) estimated that the fraction of P450s involved in xenobiotic metabolism
processes of insects is 30 percent. For Drosophila melanogaster, this would make
approximately 27 cytochrome P450 genes that are involved in detoxification. The
TREP element coverage is estimated to be 35%, hence at least nine P450 genes are
expected to be targeted by one TREP insertion, half of which have the TREP-
delivered promoter in transcription direction. Excluding introns, where the TREP
element coverage is estimated to be approximately 22%, six P450 genes are expected
to be targeted by one TREP insertion, half of which have the TREP-delivered
promoter in transcription direction. In Drosophila melanogaster, 39 glutathione S-

transferases, 35 carboxylesterases, as well as 14 genes that code for different nicotinic
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acetylcholine receptors (NnAChR) have been identified (Low et al., 2007; Ranson et
al., 2002; Tweedie et al., 2009). If all genes expected to be involved in detoxification
response are included, one can expect that around 40 detoxification response genes
are targeted by one TREP element insertion. Half of the targeted detoxification
response genes will have new TREP insertion in the correct orientation. Excluding
introns, approximately 25 detoxification response genes are targeted by one TREP
element insertion, in which half of them will have new TREP insertion in the correct

orientation.

During the screen, a total of 708 surviving individuals emerged, out of 1400000
embryos transferred to medium with Imidacloprid (table 5). Thus, the overall lethality

of the transgenic flies selected on 3 ug/ml of Imidacloprid was 99.95%.

During the genome-wide mutagenesis screen, a total of eight Imidacloprid resistant
females with new TREP element insertions were detected. The number of female
survivors with a TREP element is much lower than the number of male escapers

carrying a TREP element (see above).

In four of the eight female survivors, the GFP marker (marker of the BOEtTA
transposon construct on the X chromosome) could not be detected. This could have
several reasons, like suppression of GFP gene expression on the BOEtTA construct,
or lack of the BOEtTA X chromosome. A contamination of the TREP 2.30, iso31
[SM6, MiT 2.4]/Sco and/or BOELTA lines that were used for the generation of the
mutants could be the cause of this phenomenon. On the other hand, a thorough
examination of the used stocks did not reveal any such contamination. During the
genome-wide screen, around 14000 virgin TREP females were crossed with BOEtTA
males. It cannot be excluded that accidentally a few already mated TREP 2.30 females

were crossed with male carriers of BOEtTA 6.24.

The primary aim was to generate Drosophila mutants highly resistant to Imidacloprid.
That is why all eight female survivors, regardless of their genotype, were retested on
high concentration of Imidacloprid (3ug/ml). Three out of eight survivors produced
progeny resistant to 3pg/ml of Imidacloprid carrying TREP insertion and BOEtTA
driver. This progeny was used to establish three isofemale lines. All three lines were
analyzed for their LC50, and the line with the highest resistance was selected for
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further analysis. Progeny from two isofemale lines showed mild resistance to
Imidacloprid (LC50 = ~ 0.50 pg/ml) (table 7). The third line with the highest
resistance to Imidacloprid (line MiT[w"]3RX, LC50 = 2.60 pg/ml) was chosen for
further analysis (table 7).

4.2 Mechanism of resistance in the MiT[w]3R2 mutant line

The TREP element was mapped to the X chromosome in the resistant MiT[w*]3RX
mutant. Further analysis of this line show no correlation between the Imidacloprid
resistance and the TREP element in the presence or absence of the BOEtTA driver.
The isofemale line (MiT[w]3R/SM6) without TREP insertion derived from analyzed
Imidacloprid-resistant mutant (MiT[w']3RX) was established. While the resistance
and the lethality loci both map to the second chromosome in line MiT[w]3R/SMS,
there is no genetic linkage between the two loci, as determined by recombinational
mapping (table 13). Resistant individuals homozygous for the second chromosome
were retrieved during analysis, and the homozygous line MIT[w]3R2 was
established.

Line MiT[w]3R2 was analyzed for the insecticide resistance mechanism using

genetic, toxicology, biochemical and molecular methods, as well as transcriptomics.

The level of resistance to Imidacloprid of the MIiT[w’]3R resistant individuals,
homozygous and heterozygous for the second chromosome, was analyzed. There was
a high level of resistance to Imidacloprid of the homozygous, as well as the
heterozygous individuals. The lethal concentration (LC50) of flies heterozygous, for
the “resistance” chromosome was 2.1 pg/ml, with 95% confidence limits of 1.6 — 2.6
pg/ml. Individuals homozygous for the “resistance” second chromosome show an
increased resistance with a LC50 of 3.3 pg/ml with 95% confidence limits of 1.9 — 4.1
ug/ml. Resistant heterozygous flies had about ~14 fold higher LC50 compared to
iso31 and TREP 2.30 flies, both susceptible lines. Flies homozygous for the resistance

locus increased their resistance to ~18 fold compared to the susceptible lines.
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Drosophila melanogaster has been used in studies of chemical mutagenesis and
selection for resistance to different insecticides (Kikkawa, 1964; Wilson and Fabian,
1986; Adcock et al., 1993; Daborn et al., 2001). The present study is the first on
Drosophila resistant flies from an insertional mutagenesis screen using a transposon
element and with selection on Imidacloprid. Daborn and colleagues (2001) generated
Drosophila mutants with ethyl methanesulfonate (EMS) and selected for Imidacloprid
resistance. During the screen, two resistant mutants were retrieved. Both resistant
mutants, when homozygous for the resistance loci (also on the second chromosome)
had LC50s of about 0.7 pg/ml (Daborn et al., 2001). The MiT[w]3R2 flies
heterozygous for the second resistant chromosome show thus a more than 3-fold
higher resistance compared to these EMS mutants. The resistance increases in
individuals homozygous for the second “resistance” chromosome to about 5-fold

higher compared to the EMS mutants.

Cases of resistance to Imidacloprid showing cross-resistance to DDT in Drosophila
populations have been described (Daborn et al., 2001; Daborn et al., 2002; Le Goff et
al., 2003). MiT[w]3R2 flies were thus also checked for cross-resistance to DDT. As
for Imidacloprid, MiT[w]3R2 flies, both homozygous and heterozygous for the
second “resistance” chromosome, show higher resistance to DDT compared to
susceptible lines. Flies heterozygous for the MiT[w]3R2 chromosome were ~16-fold
more resistant compared to iso31 flies. This factor increases to ~100 fold in flies
homozygous for the resistance locus. MiT[w]3R2 flies also show higher resistance to
DDT than the EMS mutants (Daborn et al., 2001).

Resistance to two insecticides (Imidacloprid and DDT) with different modes of action
(MoA) suggests metabolic detoxification as the major resistance mechanism in
resistant line MiT[w]3R2. Additionally, insects exhibiting very high level of
resistance usually have target site resistance as a major resistance mechanism. Lower
level of resistance in MiT[w’]3R2 mutant also indicates metabolic rather than target

site resistance.

Piperonyl butoxide (PBO) is an insecticide synergist known to inhibit the activity of
cytochrome P450 enzymes (Hodgson and Levi, 1998). It was used to test flies for the

involvement of cytochrome P450 family genes in the resistance of line MiT[w]3R2.
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Resistant flies treated with PBO had a lower LC50 for Imidacloprid (5.7 ug/vial),
which was closer to the LC50 of susceptible Drosophila (4.2 pg/vial), compared to
untreated resistant flies (LC50 = 9.4 ug/vial) (figure 29, table 17). This is further
evidence for the involvement of the cytochrome P450 enzyme family in the resistance
mechanism of line MiT[w]3R2, although involvement of other mechanisms cannot be

ruled out.

In order to confirm an involvement of P450s on the biochemical level, adult flies and
larvae of line MiT[w]3R2 were analyzed for cytochrome P450 enzymatic activity.
The resistant line was also analyzed for the activity of glutathione-S-transferases and
esterase enzymes. This analysis confirmed a higher activity of cytochrome P450
enzymes in resistant adults and larvae compared to the susceptible line. There was no
increased glutathione-S-transferases enzyme activity or activity of a and 3 esterases in

the resistant line.

The presence of increased amounts of P450 enzymes in resistant insects is in most
cases correlated with increased expression of P450 genes (Scott, 1999; Karunker et
al., 2008; Karunker et al., 2009). The relative expression of the representative
cytochrome P450 genes Cyp6gl, Cyp6a2, Cyp6a8 and Cypl2dl was measured for
resistant MiT[w]3R2 and susceptible iso31 flies, both maintained on standard
medium, as well as on medium with Imidacloprid. In semi-quantitative PCR analysis,
products for all genes were detected in both lines, except for Cypl2dl. Cypl2dl
expression was only detected in the resistant line MiT[w]3R2, but not in iso31, in
samples maintained on both media. Brandt and colleagues (2002) failed to detect
Cypl12d1 mRNA in Northern blot analysis, due to the low expression in the
insecticide susceptible Canton-S line. A comprehensive microarray-based atlas of
adult gene expression in multiple Drosophila tissues shows a generally low
expression of the Cypl2dl-d gene in Canton-S flies (Chintapalli et al., 2007;

http://flyatlas.org). Interestingly, higher expression of this gene was detected in tissues

involved in detoxification, like midgut, Malpighian tubules and fat body (Chintapalli
et al., 2007; http://flyatlas.org). Additional analyses would be required for a more

detailed investigation of the correlation between tissue specific expression of

Cypl12d1 and Imidacloprid resistance in line MiT[w]3R2.


http://flyatlas.org/
http://flyatlas.org/
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A higher quantity of mRNA of two genes (Cyp6gl and Cyp6a2) was detected in
semi-quantitative RT-PCR in resistant flies compared to susceptible flies, again
independent of the presence of Imidacloprid (figure 35).

In order to quantify expression differences of the representative cytochrome P450
genes between resistant and susceptible lines, quantitative real time PCR was
employed. Real time PCR analysis confirmed the absence of detectable Cypl2dl
expression in the line iso31. It was therefore not possible to analyze the relative

expression of this gene between line MiT[w]3R2 and the susceptible line.

Real time RT-PCR analysis confirmed overexpression of genes Cyp6gl and Cyp6a2
in resistant MiT[w']3R2 flies. An elevated expression of genes Cyp6gl and Cyp6a2 in
different DDT resistant Drosophila lines has been documented (Pedra et al., 2004).

Resistant MiT[w]3R2 flies maintained on standard medium and medium with
Imidacloprid had an about 8-fold higher expression of Cyp6gl compared to
susceptible flies maintained on standard medium (figure 38, Appendix - table 1).

Increased expression of Cyp6a2 was found for resistant MiT[w]3R2 flies compared
to susceptible iso31 individuals (figure 39, Appendix - table 2). Resistant flies reared
on standard medium have a 10-fold elevated expression of Cyp6a2 compared to the
iso31 line reared on the same medium. When reared on Imidacloprid, resistant flies
have an about 8-fold higher Cyp6a2 expression compared to susceptible flies
maintained with Imidacloprid. Comparison of Cyp6a2 expression between resistant
lines reared on different media did not yield any variation of relative expression. It is
known that the Cyp6a2 gene is inducible by at least five compounds (phenobarbital,
pentobarbital, organochlorines (DDT and aldrin), trans-stilbene oxide and limonene),
and constitutive overexpression has been causally linked to resistance (Giraudo et al.,
2010). It has been shown that Imidacloprid induces mixed-function oxidases (MFO)
in the liver of rats (Pauluhn, 1988). To date, Imidacloprid induction of cytochrome
P450 genes in insects, including Drosophila, has not yet been documented. Real time
RT-PCR analysis of Cyp6a2 expression in the susceptible line iso31, as well as in the
resistant line MiT[W]3R2 are in concordance with data regarding Imidacloprid as an

inducer.
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Real time RT-PCR analysis did not indicate significant differences in expression of
Cyp6a8 between resistant and susceptible lines, neither in the presence nor the
absence of Imidacloprid (table 21).

Due to their mode of action as agonists of postsynaptic nicotinic acetylcholine
receptors (NAChRs), the main resistance mechanism to neonicotinoids is target site
resistance (Nauen et al., 2001). Recent studies of neonicotinoid resistance in different
insect species suggest that overexpression of one or more P450s is an auxiliary or
even the primary resistance mechanism to neonicotinoids (Karunker et al., 2009;
Puinean et al., 2010). Genetic and toxicology analyses suggest metabolic resistance as
the main or at least a major mechanism of resistance to Imidacloprid (neonicotinoid)
in mutant line MiT[w]3R2.

These results, combined with the observation that the Imidacloprid resistant line
exhibits cross-resistance to DDT, lead to the conclusion that insecticide resistance in
line MIT[W]3R2 is based on metabolic detoxification, rather than on target site

resistance.

4.3 Transcriptomic analysis of line MiT[W]3R2

A genomic approach was used in order to quantify differences in expression of all
genes between resistant line MiT[w]3R2 and susceptible line iso31. Out of 357 genes
which were differentially expressed, 150 were upregulated and 207 were
downregulated in the resistant line with respect to the susceptible line (figure 40, Data
stored electronically on CD — table 6 and table 7 excel files). Transcriptional profiling

of the resistant and susceptible lines revealed interesting differences.

Gene ontology classification yielded three significantly overrepresented upregulated
and two significantly overrepresented downregulated functional groups of genes in
the resistant line (table 24 and 25). Upregulated were genes of the P450 family and
two groups of genes coding for peptidase activity. Downregulated were cuticular

protein genes and another group of peptidase genes.
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The cytochrome P450 gene family plays an important role in insecticide resistance
because of their variety and the broad substrate specificity of several P450 genes
(Scott and Kasai, 2004). The D. melanogaster genome contains around 89 putative
P450 genes (Tijet et al., 2001), of which only a restricted subset is likely to be
involved in xenobiotic metabolism (Scott, 2008; Chung et al., 2009). The involvement
of P450s in Imidacloprid resistance in the described mutant was established by
toxicological analysis using the P450 inhibitor PBO (figure 29, table 17). Pre-
treatment with PBO reduced the resistance of line MiT[w]3R2 to Imidacloprid.
Biochemical analysis of adults and third instar larvae showed increased P450s activity
in the resistant line compared to the susceptible line. Assays of glutathione-S-
transferases and esterase activities, however, did not show significant differences

between the resistant and susceptible lines (table 18).

Deep sequencing analysis detected eight members of the P450 family, Cyp4p2,
Cyp6a2, Cyp6gl, Cypbwl, Cypde3, Cyp309a2, Cyp6g2 and Cyp4dl4 with elevated
expression in the resistant line. Genes encoding glutathione-S-transferases, as well as
esterases, did not show elevated expression in the resistant line (figure 40, Data stored
electronically on CD — table 6 excel file). Small quantity of Cyp12d1 mRNA was
detected in both lines, but there was no expression difference (with a threshold of 2-
fold) between resistant and susceptible line (Data stored electronically on CD — table

6 excel file).

The Cyp4p2 gene was 100-fold overexpressed in MiT[w]3R2 compared to iso31.
Over-expression of this gene was confirmed with quantitative real time PCR showing
4.9 (£ 0.3) fold higher expression in the resistant line. This discrepancy (100-fold
according to deep sequencing and 4.9 —fold according to real time PCR) can be
attributed to the different techniques and different biological samples that were
analyzed. Namely, Cyp4p2 expression was analyzed in resistant flies maintained for
more than 25 generations on standard medium, after deep sequencing analysis.
Reduction of the Cyp4p2 expression fold could be a consequence of the fitness cost
imposed by long term maintenance of resistant line. An interesting feature of this gene
is its elevated level of expression exclusively in the fat body in the standard isogenic
y; cn bw sp D. melanogaster strain (Chung et al., 2009). Fat body together with

Malpighian tubules and midgut are tissues in which metabolism of xenobiotics is most
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likely to take place in insects (Dow and Davies, 2006; Hoshizaki, 2005, Chahine and
O Donnell, 2011). Although there is no experimental evidence of the involvement of
this gene in insecticide resistance, sequence similarity and P450 expression pattern
analysis predict involvement of Cyp4p2 gene in breakdown of different xenobiotics,
including insecticides (Chung et al.,, 2009). This is the first report of the
overexpression of the Cyp4p2 gene in a Drosophila line resistant to Imidacloprid and
DDT. The correlation between overexpression of the Cyp4p2 gene and resistance to
Imidacloprid (neonicotinoids) and DDT suggests an involvement of this gene in the

resistance mechanism.

Two other P450 genes, Cyp6a2 and Cyp6gl, have also an elevated expression in the
resistant line, of about 20- and 16-fold, respectively. Overexpression of both genes
was confirmed with quantitative real time RT-PCR, showing a 10-fold higher level for
Cyp6a2 and an 8- fold higher level for Cyp6gl. There is a difference in
overexpression of the two genes, as determined by deep sequencing analysis and
guantitative real time RT-PCR, while the relative expression between the two genes
remains the same. This 2-fold discrepancy can be attributed to the different techniques
used for expression analysis. The detoxification function of the CYP6A2 and
CYP6G1 encoded proteins in Drosophila is well established. The Cyp6a2 gene is
highly expressed in different insecticide resistant Drosophila strains (Waters et al.,
1992; Maitra et al., 1996; Dombrowski et al., 1998; Pedra et al., 2004). Moreover, the
CYP6A2 protein can metabolize various different insecticides, which include
organochlorine, organophosphorus, dimethylbenzanthracene and aflatoxin Bl
(Dunkov et al., 1997; Saner et al., 1996). A mutant form of this P450 gene has been
reported to metabolize DDT as well (Amichot et al., 2004). Homology modeling
suggests that different CYP6A2 structural protein variants can metabolize different
substrates (Jones et al., 2010). The results presented here support the involvement of
Cyp6a2 in DDT resistance and also suggest an involvement of this gene in
neonicotinoid resistance in Drosophila melanogaster. Overexpression of Cyp6gl in
Drosophila confers resistance to DDT and neonicotinoids (Daborn et al., 2002;
Daborn et al., 2007; Chung et al., 2007). Also, it has been shown by heterologous

expression in cell suspension cultures of Nicotiana tabacum L., that the CYP6G1
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encoded enzyme is capable of metabolizing DDT and Imidacloprid (Joussen et al.,

2008). Our results support this function of the Cyp6g1l gene.

Five other P450 genes (Cyp6éw1, Cyp4e3, Cyp309a2, Cyp6g2 and Cyp4d14), are also
overexpressed in the resistant line. Genes Cyp6wl and Cyp6g2 have been
experimentally linked to insecticide resistance. Microarray analysis has shown that
expression of Cyp6wl is elevated in a DDT resistant Drosophila strain (Pedra et al.,
2004). Overexpression of Cyp6g2 confers resistance to diazonin and nitenpyram in
transgenic Drosophila (Daborn et al., 2007). To date, no experimental evidence of
implication in insecticide resistance are available for Cyp4e3, Cyp309a2 and
Cyp4d14.

Analysis of the deep sequencing results detected significantly overrepresented up- or
downregulated genes belonging to different functional groups (Data stored
electronically on CD — table 8 and table 9 excel files). Significantly overrepresented
upregulated genes are associated with oxidoreductase activity process, establishment
of chromosome and organelle localization and cellular response to DNA damage
stimulus. Significantly overrepresented downregulated genes associated with nutrient
reservoir activity, response to bacteria, biotic stimulus and immune response
biological processes were also detected. Downregulation of genes involved in immune
response has not previously been seen in another DDT resistant Drosophila line
(Pedra et al., 2004). Oxidoreductase activity is a part of detoxification process
activity, while other biological processes could be indication of general stress
response caused by the upregulation of detoxification enzymes.

The identification of a group of 21 upregulated genes involved in peptidase activity is
consistent with microarray analysis of DDT-resistant Drosophila, where genes coding
for peptidase activity are also significantly overexpressed (Pedra et al., 2004). The
role of proteolytic genes and genes showing peptidase activity in insecticide resistance
is still poorly understood and under investigation (Silva et al., 2010a; Silva et al.,
2010b; Kaiser-Alexnat, 2009; Yang et al., 2010). There is increasing evidence of
involvement of protein metabolism in insecticide resistance in different insect species
(Ahmed et al., 1998; Mushtaq et al., 2003; Araujo et al., 2008; Lopes et al., 2010). It

has been suggested that proteases are part of the detoxification response mitigating
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fitness costs in insecticide resistant lines (Araujo et al., 2008). Ahmed and colleagues
(1998) hypothesized that, in order to cover energy requirements during xenobiotic
stress, proteases may be involved in modification of the conformation of enzymes and
altered protein biosynthesis. Future investigation of proteases in insect resistant lines

should elucidate their possible specific role in resistance mechanisms.

Genes encoding cuticular proteins were significantly overrepresented among the
downregulated genes of resistant line MiT[w]3R2. This could occur as a result of the
general stress response induced by the upregulated detoxification system. Reduced
cuticular penetration of insecticide, although it does not appear to be an important
resistance mechanism, has been reported as an additional feature that can contribute to
resistance in some insect species (Scott and Georghiou, 1986a; Scott and Georghiou,
1986b; Apperson and Georgiou, 1975). Hence, it is not likely that the down-regulation
of cuticular protein genes plays a role in the insecticide resistance mechanism of
laboratory MiT[w]3R2 line.

The second significantly overrepresented down-regulated group of genes in line
MiT[w]3R2 encodes enzymes involved in peptidase activity. Downregulation of
seven genes showing peptidase activity could be a consequence of the general stress

response induced by the upregulated detoxification system.

Also, an odorant binding protein (Obp19c) was found to be upregulated about 15-fold
in MiT[w]3R2. The role of odorant binding proteins and the molecular mechanisms
of their control are poorly understood. Studies in mosquitoes show that Obps are
primarily involved in odour binding and transport (Andronopoulou et al., 2006). It has
been suggested that Obps play a role in the controlled inactivation of odourants and
contribute to the desensitization and/or protection of olfactory neurons from toxic
chemicals (Andronopoulou et al., 2006). High concentrations of insecticide
molecules, in this case Imidacloprid, could cause excitation of specific olfactory
neurons in treated Drosophila individuals. Upregulation of Obpl19c in the resistant
mutant could play a role in mitigation of the toxic effect of Imidacloprid. Further
analysis of the possible correlation between the odorant binding protein and high

concentration of Imidacloprid in MiT[w]3R2 is needed.
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Deep sequencing analysis shows high expression levels of major chorion genes Cp38,
Cp36, Cp7Fc and Cp7Fb, as well as yellow-g and yellow-g2 in the resistant line
(figure 40). Major chorion genes Cp38, Cp36, Cp7Fc and Cp7Fb form one cluster
located on the X chromosome (Parks et al., 1986). Genes yellow-g and yellow-g2 are
located next to each other on the left arm of the third chromosome of Drosophila
genome (Claycomb et al., 2004). The major chorion proteins are classified as
developmentally early, middle, and late, according to the choriogenic stages at which
they are synthesized (Cavaliere et al., 2008). Both, the cluster of the major chorion
genes and genes yellow-g and yellow-g2 are expressed during early stages of chorion
formation (Parks et al., 1986; Parks and Spradling, 1987; Claycomb et al., 2004).
High quantities of specific structural proteins are required in a limited period of time
for normal development of the eggshell (Cavaliere et al., 2008). Gene products of
Cp38, Cp36, Cp7Fc and Cp7Fb are required for normal eggshell assembly, while the
products of genes yellow-g and yellow-g2 are essential for rigid eggshells (Cavaliere
et al., 2008; Claycomb et al., 2004). High production of the major chorion gene
cluster and yellow-g genes suggests the production of thicker eggshells. Thicker
eggshell formation can decrease penetration of insecticide during exposure of the eggs
to high concentration of Imidacloprid. To date there is no evidence of penetration
resistance mechanisms in insects resistant to Imidacloprid. It is conceivable, however,
that overexpression of chorion protein genes (Cp38, Cp36, Cp7Fc and Cp7Fb) and
genes yellow-g and yellow-g2 leads to production of a more impenetrable eggshell,
thus protecting the embryo from Imidacloprid. The Minos insertion in the resistant
line occured into the X chromosome. Although not likely, “hit and run” effect of the
Minos transposon could be a cause of increased expression of the chorion genes.
During the mutagenesis individuals were selected on medium with Imidacloprid
throughout the whole development (egg to adult). Individuals with thicker eggshell
will have higher chance of survival due to a decreased Imidacloprid penetration. It is
conceivable that a preexisting mutation occurred in the pool of selected embryos and
was favored on high Imidacloprid concentration. Regardless of the nature of the
event, higher expression of the chorion genes should result in a thicker eggshell. One
can hypothesize that the thicker eggshell in embryos could be an additional
mechanism of resistance to Imidacloprid. Additional investigations of the resistant

line are needed to obtain more insight into this matter.
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Detoxification in general can be divided into three phases: modification (phase 1),
conjugation (phase Il) and excretion (phase I11) (Xu et al., 2005). Cytochrome P450
monooxygenases are phase | metabolic enzymes that generally exert modification by
incorporating one atom of oxygen (O,) into an organic substrate (RH) (Scott and
Wen, 2001). These enzymes are involved in the activation and detoxification of a vast
variety of xenobiotics, including insecticides (Scott and Kasai, 2004). In most cases,
increased quantities of these enzymes, due to over-transcription of their genes, can be
detected in resistant insects compared to susceptible ones (Hemingway, 2000). A
recent report of P450 gene amplification associated with neonicotinoid resistance in
the aphid Myzus persicae shows the existence of another molecular mechanism apart
from increased transcription, that causes elevated P450 levels (Puinean et al., 2010).
Genomic DNA dosage differences of genes Cyp4p2, Cyp6gl and Cyp6a2 between
MiT[w]3R2 resistant line and susceptible line iso31 were analyzed. No amplification
of these genes was found, in agreement with the assumption that increased quantities
of P450 enzymes are in most cases due to increased transcription.

Chromosomal inversion polymorphisms have been associated with DDT and dieldrin
resistance in Anopheles gambiae (Brooke et al., 2002), as well as with DDT resistance
in Anopheles arabiensis (Nigatu et al., 1995). Karyotype analysis of the larvae from
the cross between resistant line MiT[w]3R and the susceptible line iso31 did not
show the presence of discernible chromosomal aberrations of any of the five polytene
chromosome arms (X, 2L, 2R, 3L, 3R) (figure 24).

It has been suggested that oxidoreductase enzymes, including the P450 cytochromes,
could all be involved in the detoxifying processes that follow oxidative stress in
Drosophila (Girardot et al., 2004). Oxidative stress is strongly correlated with
neurodegenerative diseases in humans, and Drosophila is one of the model organism
in which this phenomenon is increasingly studied (Andersen, 2004; Botella et al.,
2009; Sykiotis and Bohmann, 2010). Resistant MiT[w]3R2 male and female adults
display an unusual behaviour: the wings are held in an upright posture, and seizures
were observed. In order to check for a correlation between this behaviour and
oxidative stress, resistant flies were analyzed for resistance to paraquat. Paraquat is
used as an inducer of oxidative stress by catalyzing the formation of reactive oxygen

species (ROS) (Bus and Gibson, 1984). If there is an existing oxidative stress in the
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analyzed individuals, treatment with paraquat should increase their lethality compared
to a control. The analysis show that there is no significant increase of lethality in the
treated resistant flies compared to treated iso31 susceptible flies (figure 30, table 19).

Thus, no decrease in antioxidant defense of the resistant line was substantiated.

Genetic analysis of line MiT[w']3R2 placed the lethality to the right arm of the second
chromosome, between position 49C1-4; 50C23-D2 (8.5Mb — 9.9Mb) (figure 48). A
comparison of single nucleotide polymorphisms (SNP) of the deep sequencing data
between the resistant line MiT[w']3R2 and the susceptible line iso31 was done for
chromosome 2R (figure 44). Resistant line MiT[w]3R2 had been back-crossed with
line iso31 under selection with 3 pg/ml of Imidacloprid in order to homogenize the
genetic background. The SNP comparison indicates a hybrid origin of the 2R
chromosome, where the right half comes from iso31, while the left half comes from a
different line, most likely yw (figure 44, figure 48). This result indicates a
recombination event on 2R, close to the region between 8.5 Mb and 9.9 Mb, to which
the lethality was mapped (figure 48). The resistance locus was genetically mapped
relative to P-element insertions to the 2R chromosome, as well between 8Mb and 9.7
Mb. Moreover, the SNP analysis, lethality mapping and P-element recombination
mapping data taken together suggest that the recombination event occurred between
resistance and lethality on the 2R chromosome (figure 48). P element analysis
narrows down the resistance roughly to a range of approximately 1 Mb, between 8Mb
and 8,7Mb on the 2R chromosome (figure 48). While this is an interesting
coincidence, one can only speculate about a connection between this recombination
event and the insecticide resistance, until the exact nature of the locus that confers
resistance is known. Flies carrying homozygous or heterozygous combinations of the
second “resistance” chromosome both show resistance to Imidacloprid as well as
DDT. This is not the first DDT resistant Drosophila line in which resistance maps to
the second chromosome. Genetic analysis mapped resistance to the second
chromosome in two mutant Drosophila lines, generated with chemical mutagenesis,
both resistant to Imidacloprid and cross-resistant to DDT (Daborn et al., 2001). In the
same study the resistance of field derived DDT-resistant Drosophila strains was
mapped close to a cluster of overexpressed Cyp genes on the 2R chromosome,

suggesting that the Cyp6gl gene may be responsible for resistance. Chung and
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colleagues (2007) showed that a truncated Accord element insertion is the resistance-
associated mutation which leads to increased expression of Cyp6gl gene in DDT
resistant flies. Although a high correlation of Cyp6gl gene expression and resistance
to DDT has been showed in some Drosophila strains derived from field populations,
there is no direct evidence that single mutation events at this locus are responsible for
resistance (Kuruganti et al., 2007). Interestingly, seven out of eight upregulated
cytochrome P450 genes are located on the second chromosome in MiT[w']3R2. Five
of them are located on the right arm of the second chromosome and three out of these
five are overexpressed more than 15-fold (Cyp4p2 — 100-fold, Cyp6a2 — 19.85-fold
and Cyp6gl — 16.31-fold) in the resistant line. Although involvement of the
cytochrome P450 monooxygenases genes in insecticide resistance is well
documented, molecular studies of their regulation did not reveal general mechanisms
of cytochrome P450 gene regulation in insects (Giraudo et al., 2010). On the other
hand, regulation of cytochrome P450 genes involved in xenobiotic detoxification in
mammals is very well understood (Xu et al., 2005, Pavek and Dvorak, 2008). P450
induction with phenobarbital (PH) identified constitutive androstane receptor (CAR)
and pregnane X receptor (PXR) as key transcription factors in mammals (Sueyoshi &
Negishi, 2001; Timsit & Negishi, 2007). The ortholog of these receptors in
Drosophila is the xenobiotic receptor 96 (DHR96). King-Jones and colleagues (2006)
analyzed a Drosophila DHR96 null mutant and suggested that the DHR96 receptor
could play a role in detoxification in insects. A recent analysis of the promoter region
shows that DHR96 plays a role in Cyp6d1 induction by phenobarbital in Drosophila
S2 cells (Lin et al., 2011). The xenobiotic receptor 96 (DHR96) maps to the 3R
chromosome in D. melanogaster genome outside of the region where resistance is
mapped in our mutant. There is no evidence in support of DHR96 involvement in the

resistance mechanism of MiT[w]3R2 mutant.

Bhaskara and colleagues (2008) analyzed caffeine induction of Cyp6a2 and Cyp6a8 in
transgenic Drosophila melanogaster flies. The caffeine induction of these two Cyp6
genes is modulated by cAMP and D-JUN protein levels. The same is true for caffeine
induction of same genes in transfected SL-2 cells (Bhaskara et al., 2008). It has been
suggested that mutations of trans-regulating factors or of cis-acting elements of some

of the Cyp genes are responsible for P450 dependent resistance (Maitra et al., 2000;
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Morra et al., 2010; Giraudo et al., 2010). So far, all the evidence from these studies is,

however, inconclusive.

Combination of genetic and SNP analysis maps resistance locus to the 2R
chromosome where three highest upregulated P450 genes (Cyp4p2, Cyp6a2 and
Cyp6gl) are located. Moreover, our results suggest that the resistance locus lies
within a 1 Mb interval (between 8Mb and 8.7Mb) where upregulated gene Cyp6g1l is
located (figure 48). This line was retrieved during a Minos-based insertional
mutagenesis, but is not associated with a Minos insertion. Although the mutation
which causes the resistance remains to be identified, it is conceivable that a “hit and
run” Minos insertion might be responsible for the mutation, where the transposon
integrated and re-excised. In Drosophila, Minos often leaves upon excision either a
characteristic six bp “footprint” or a deletion around the site of insertion behind (Arca
et al., 1997), both of which can be mutagenic in genes and regulatory sequences. A
recent report suggests that a single mutation event in a specific enhancer can modulate
Cyp6gl tissue-specific induction in Drosophila flies (Chung et al., 2011). One might
thus speculate that a single mutation event occurred in a cis-acting element of the
Cyp6gl gene, increasing the expression of this gene. This in turn could activate other
Cyp genes involved in resistance. An alternative possibility which we cannot exclude
is that the mutation affects a trans-regulating factor within the mapped region (8Mb-
8.7Mb). If a common regulatory factor is controlling induction of the multiple
members of P450 family, a mutation in this factor could account for resistance
respond with the elevated activity of a number of different P450 genes. There is no
evidence in support of this hypothesis, since an in silico search failed to identify
common transcription factor motifs regulating the overexpressed P450 genes. The
same is true for common predicted microRNA targets in the 3’UTRs. This does not
rule out the possibility, however, that these genes are regulated by an as yet
unidentified common transcription factor or microRNA(S). The exact location of the
mutation would be needed in order to obtain more information about the event and its
consequences. Further study should involve sequencing of the suggested resistant

region  and identifying the  exact location of the  mutation.
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A genome-wide insertional mutagenesis of the Drosophila genome with the
Minos-based TREP element showed high mobilization efficiency, providing a
proof of principle for this and similar constructs as promising tools for

insertional mutagenesis.

A novel Drosophila melanogaster mutant (MIiT[w]3R2) resistant to
Imidacloprid and DDT was retrieved during the screen. The mutation was not
associated with a Minos insertion, possibly being the result of a hit-and-run

(insertion/excision) event.

Toxicological, genetic and molecular analyses of line MiT[w]3R2 suggests

that metabolic detoxification is the major resistance mechanisms in this line.

The resistance locus maps to the right arm of the second chromosome, in the

vicinity of the Cyp6g1 gene.

Transcriptomic analysis identified a high number of differently expressed
genes in the resistant line compared to a susceptible line, suggesting a complex

insecticide resistance mechanism.

Transcriptomic analysis of the resistant line revealed the upregulation of eight
cytochrome P450 genes (Cyp4p2, Cyp6a2, Cyp6gl, Cyp6wl, Cyp4es,
Cyp309a2, Cyp6g2 and Cyp4d14) that should to be further analyzed regarding

their individual roles in the mechanism of resistance.

Significantly overrepresented upregulated peptidase genes, as well as
significantly overrepresented downregulated cuticular protein and peptidase
genes also need to be further analyzed for their possible role in the resistance

mechanism.
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Appendix



Table 1. Overexpression fold difference of Cyp6gl gene between two lines
maintained on standard medium and medium with Imidacloprid (res — resistant line;

susc — susceptible line; ST — standard medium; IMI — medium with Imidacloprid)

res ST/ res IMI/ res IMI/ res ST/ susc IMI/  res IMI/

Cyp6gl susc ST susc IMI susc ST susc IMI susc ST res ST

Fold 820+ 732+ 842+ 713+ 115+  1.03z
difference  (1.94) (1.58) (0.68) (1.21) (0.40) (0.12)

Table 2. Expression differences of Cyp6a2 gene between two lines maintained on
standard medium and medium with Imidacloprid (res — resistant line; susc —

susceptible line; ST — standard medium; IMI — medium with Imidacloprid)

res ST/ res IMI/ res IMI/ res ST/ susc IMI/ res IMI/

Cyp6a2 susc ST susc IMI susc ST susc IMI susc ST res ST
Fold 10.34 + 8.04 + 12.00 + 6.92 + 1.49 + 1.16 +
difference (1.65) (0.99) (2.07) (0.72) (0.27) (0.11)

Table 3. Overall number of 51nt reads sequences in the MiT[w’]3R2 resistant line

Data uploaded on the Gene Expression Omnibus (GEO) site
http://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?acc=GSM707197

Supplementary file: GSM707197 _Resistant s 1 READS.txt.gz
Table 4. Overall number of 51nt reads sequences in the iso31 susceptible line

Data uploaded on the Gene Expression Omnibus (GEO) site
http://www.ncbi.nlm.nih.gov/geo/query/acc.cqgi?acc=GSM707198

Supplementary file: GSM707198 Susceptible_s 2 READS.txt.gz


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM707197
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM707198

Table 5. Total number of transcripts

Data uploaded on the Gene Expression Omnibus (GEO) site
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28560

Supplementary file: GSE28560 total number_of transcripts.txt.gz


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28560

