Unraveling the molecular basis of
pyrethroid resistance in dengue
vector Aedes aegypti

Moptlakr) faon TG avOEKTIKOTNTOG
TOVU KOUVOUTILOV Aedes aegypti ot
TUPEDPOELON

Bariami Vassiliki
Ph.D. Thesis
July 2013
Biology Department

University of Crete, Greece






It pavva
OTOV MATEPX
GoTOV adeA@O

otnv Kun
otov Apn



“The Answer to the Great Question... of Life, the Universe
and Everything... Is... 42, said Deep Thought, with infinite
majesty and calm.”

— Douglas Adams, The Hitchhiker's Guide to the Galaxy

Acknowledgements

| must admit | have been trying to write this section longer than it’s taken me to write my
PhD. One can never be sure whether the words of choice will be strong enough to bear the
weight of feelings, thoughts and gratitude.

| am happy to say that a lot of questions have been answered during my PhD. And no, | do
not mean scientific. Mainly personal queries. Even the one posed after those long, failing
experiment-wise, days when you inevitably wonder: why do | bother doing science?
Interestingly enough science holds an answer to this question as well. According to this
happy psychology professor Christopher Csikszentmihalyi who also dared to ask this
guestion, people with creative jobs, are statistically happier. He attributes this to the fact
that their work allows them to isolate themselves and get so absorbed in what they do, that
they manage to put aside all other problems, serious problems or even annoying every day
trivia. He describes and | quote this state as being in a “flow”, a state of "being completely
involved in an activity for its own sake. The ego falls away. Time flies. Every action,
movement, and thought follows inevitably from the previous one, like playing jazz. Your
whole being is involved, and you're using your skills to the utmost”.

| dare say most of the people that have been involved even for a while in science, must have
experienced this feeling at least once. The enthusiasm after what seemed to be a great idea
conceived, or after a great result that paved the way for many more experiments and where
therefore done with a lot of commitment and devotion.

To me Csikszentmihdlyi words make sense, but in a more pragmatic way. There are
problems | cannot solve, a world of them. And then, there are the ones | can try really hard
to answer. Dealing with the second bunch, sure makes me a lot happier.

However to this crazy function of happiness with all its variables, there are a few crucial
constants. | am referring to family, friends and people that provide experiences who help us
grow and evolve.

On this occasion | would like to thank the members of my PhD committee for their kind
remarks and helpful notes and a special thank you to Professor Despina Aleksandraki and
Professor Kilafis Nikos for all their valuable advice, support and guidance. Big thanks to
professor John Vontas for providing the opportunity to work in his lab and for arranging the
collaboration with the Liverpool School of Tropical Medicine that has been a great
experience for me. Many thanks to Professor Hilary Ranson that has been following my
project ever since its beginning and provided numerous helpful discussions and suggestions.

| could never forget the people of LSTM that welcomed me and helped me during my stay
there. Big thanks to Chris Jones, one of my favorite and with great taste in music. To the
most welcoming corner in the institute, Dee, Lee and CP. Thank you for all our great talks,
walks, concerts, | had a great time. A big thank you to Savanthi for all her help with the
bioassay analysis and Claudi and Francesca for their warm hospitality, the climbing lessons
and the good talks. Hope we meet again someday. | cannot forget Amanda. Amenya, Andy,
John Morgan and of course Gareth to whom | owe a great thanks not only for his help in the
lab but also for that time he came to my rescue in Manchester terminal.


http://en.wikipedia.org/wiki/Jazz
http://www.goodreads.com/author/show/4.Douglas_Adams
http://www.goodreads.com/work/quotes/3078186

During this time | had the opportunity to collaborate with many people. However there is a
lab that stands out in my heart and whose people create a warm and instantly welcoming
environment for one to work in. | would first like to thank professor Delidakis for welcoming
me in his lab, in the joined lab meetings and talks and into the new to me and exciting
Drosophila world. It cannot be a coincidence that this group has always gathered and still
consists of great people, always willing to discuss their experiment and help you in any way.
A truly academic environment that it's been an honor to be a part of. Marianthi, Georgia,
Vathsa and Eva thank you so much for being there each and every time a question came up.
Kristina, Konstantina and Pawel thank you for making my time spend in the flyroom so much
fun. Big thanks to Chrisoula Pitsouli and Giwrgos Apidianakis for all their useful suggestions
and all the fly strains. Great thanks to Giannis Livadaras for passing on his expertise with fly
work and for all the micro-injections in Drosophila embryos. Special thanks go to Maria
Monastirioti that has always been eager to talk about my project and offer her valuable help
and input.

Not far away comes another lab with people whose help and support | will never forget.
Many thanks to Sofia Kaforou for all her crucial input and sharing of expertise considering
insect cell line culture. She is a truly devoted scientist, enjoys her work and is never tired of
questions. | will never forget you Sofia. Besides congratulating Evi Goulielmaki, because she
is now a happy mom, | would like to thank her for help and support with cell line
experiments.

Even the hardest times are now good memories thanks to my dear friends who have been
on my side during all this time. Tasos Alexiadis one of the first people | met when | came to
Crete and have known for a good ten years now. He has been there to hear the good stories
and the less good stories, taught me how to separate male and female flies and always had
my back. Thank you from my heart. Manos Siderakis the e-celeb of my heart. Thank you for
introducing me into this great group of people that I‘ve come to call friends and for being an
inspiration through your life choices and your persistence for the things you love. Tonia
Brekasi my favorite lawyer, a defender of honest workers and a soon to be great judge.
Thank you for all those great talks and our late night walks in the peer. Eva Phillipaki, the
traveler at heart and soon to make great discoveries in the optics field. Phaedra, Georgia and
Twin our groups artists, thank you for all those great times. A big thank you to the medicine
late-hours study-group aka Dream Team: Manos Petrakis, Crhyssa Stivanaki and Manos
Siderakis that welcomed me to their gatherings and still make me nostalgic for every minute
of studying and writing. Last but not least, a big thank you to Aris. The greatest thank you
goes to you, my fellow traveler in life, my friend, my family.

| consider my encounter with professor Dimitris Tzamarias to be the most important and
defining during my scientific course here in Crete. | can remember approaching him two
years ago to ask his opinion on a proposal | was considering as a follow up of my initial
experiments. | was happy and lucky to have been part of his team and to work on the last
part of my PhD next to him. The time | spend in his lab, was crucial for the completion of my
work. | know he is not keen on people praising him and | cannot begin to say how much |
appreciate everything he has done those two years. |‘'ve decided to borrow someone else’s
words | came across on an interview to describe him as a teacher and a supervisor. A great
actor was interviewed during his first attempt as a director. So he is asked how he felt now



that he was in charge of everything and how different it feels to be the one to give the
orders this time. The actor calmly responds that being a good director is nothing like being a
boss and that it’s actually more similar to being a servant to everyone. He then adds that a
good directors calling is to create the appropriate environment to bring the best out of their
actors and watch them thrive on their own.

Great thanks to all the people in Tzamarias lab for the great talks and the great times. All the
people that have crossed the door of our lab were amazing individuals and helped create a
great working environment. Big thanks to Giannis Zacharioudakis who was always willing to
discuss and brainstorm on my project. A big thanks to Litsa Avramidou, George Lytras,
Christina, loulia, Depy, Jim, Stella and Eva that make the day even brighter, help make me
feel useful and sometimes much much older in the lab.

| am saving my biggest thank you for my beloved family. For my mother and my father who
have inspired my love for science and knowledge and who have always supported me in
making my own decisions and still believe in me. A big thank you to my dearest brother who
has always been there supporting me and giving me great courage and strength not only in
words but through his actions. To my dear Kiki whose advice | value and she’s always been a
bright example for my life.



Table of Contents

SUMMARY .ttt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt e e ee e e et e e e et e e s et e s e e e e e e e s e e e e e e e e e st e ee e e e e e e ereeeeeees 10

TTE P I AHWIH s 12
CHAPTER 1 INTRODUCTION........ceeuretintieireeieetie sttt st et eae st s s e ses e e see s seneassesesenenas 10
1.1 Mosquito Biology and ECOIOZY ........uuviiiiiiieiiiieieee ettt e e eeerreee e e e e e aree e e e e e e e nnnes 15
00 000 1Y/ Lo Ty [V o 3 =T ] [ =4V 2R 16
00 1Y/ Fo Ty [V ] o 3 =Y lo] o=V R 17

1.2 Health and economical impacts of MOSQUIL0ES .........cceeviiiiiiiiiiee e, 17

1.3 MOSQUILO CONLIOl SEratEEIES ..ouviieiiciiee ettt e e e 19
1.3.1 Environmental management and physical control ..........cccecvieiiiiiiiiiiiiiiee e 20
IR T 2 1To] (o] ={Tot- | I olo] o1 o | I PP 20
1.3.3 GENELIC CONTIOL .. ueiiiiiiieieee ettt e st s st s b b e b s 21
1.3.4 Chemical INSECHICIAES. ...cccueiiiiiiieieet et 21
1.3.4.1 Insecticides used for Mosquito CONTIOl.........coeiiuiiiiiiiiiee e 22
1.3.4.2 Neuroactive insecticides-NeurotoXicants .........ccceceeriieiniieeniieeeniee e 23
1.3.5 Pyrethroids and their mode of action- a closer 100K.........ccccoeeciiiieeiiiiiiceee e 26
1.3.6 Metabolism of deltamethrin .........cccoiieiiiiir e 29

1.4 INSECLICIAR rESISTANCE ..eutieeiieieet ettt ettt et b e s saeeeneean 31
1.4.1 Insecticide resistance MEChANISMS .......cereiriiriiiriieeeeee e e 32
1.4.1.1 Behavioral reSISTANCE ....cocvierieieiiieniee ettt ettt st e sba e st e e sbeeenees 32
1.4.1.2 CUtiCUIAr FESISTANCE ...uvei ettt ettt ettt ettt st e e st e sbee s sateesabeeeneas 33
1.4.1.3 Target-Site reSISTANCE . .cviiiii ittt e e e e s s s bbree e e e e e s s ssannnes 34
1.4.1.4 MetaboliC reSIStANCE .....coiiiiiiiiee ettt s st st s 36
FUNctioning of PA50S iN INSECES ....ccuuiiiieiiiie et e ettt e st e et e e e ar e e e senaae e e eearaeee s nnaeeeeas 37
NOMENCIATUIE Of PASOS ..ottt ettt sttt et sbe e st st e s b e b nes 38
P450s and resistance to chemical iNSeCHICIAS........cocviriieiieiiiriene e 39
Esterase-mediated reSiSTANCE ........iiiiii ittt 40
Esterases and insectiCide reSiStanCe .....cc.uiiiieiriiieiiie et 41
Glutathione S-transferase based reSiStanCe ........ccoeveeriiriirieeieee e 41
NOMENCIATUIE Of GSTS .. utiiiieiieeiteeee ettt ettt sttt e sb e sbe e st esaresbeeneenes 42
Mechanism of detoXifiCatioN..........couiiiiiiiiie e 42
GSTs and resistance to chemical INSECHICIAES. .....co.veiiiiiiiiierie et 42
1.4.1.7 Molecular mechanisms implicated in resistance ........cccccvvvveieiiiieeiiniieec e 44

1.5 TheSiS ODJECHIVES. ..ciiuiiie it e e e e e e bee e s s sbee e e e areeas 47



1.5.1 Mosquito strains used in eXPeriMENTS.......cccuiiiiiiiie e e e e e e e e e eaenes 48
1.5.2 Experimental approach and teChNIQUES...........oeviiieiciiiiiieee e e 49
CHAPTER 2 Gene Amplification, ABC Transporters and Cytochrome P450s..............ccveueunne. 47
2.1 Background information.........ooociiie it 53

2.1.1 Monitoring of pyrethroid resistance levels in mosquito populations derived from the
(07T 4] o] o T=T- ] o APPSR 53

2.1.2 Investigating resistance mechanisms of the Cayman and Cuba pyrethroid resistant

L= 1 KPP UTTT PP 53
2.2 Transcriptome ProfiliNg ... e e e 54
2.2.2 Genes differentially expressed in both populations ..........ccccoeciiiiiiiiiiccie e, 55

2.2.3 Validating the transcription profiles of candidate genes constitutively upregulated in

pyrethroid resistant Cayman and Cuba Strains........cccceeecieeeiiiiiee e e 57
DLl oD ot LA oY T =L=T o 1Ly 57
Other ZeNES OF INTEIESE ..oieiiie ittt e e e re e s e et e e e e bae e e eareeas 58

2.2.4 Gene amplification associated with high levels of ABC transporter and P450

L= 1Yol T N 60
2.2.5 DISCUSSION w.etiiiiiiiiiiiiitice ittt et ba e s s ba e e s s sba e e s s sba e e s sarae s 60
CHAPTER 3 Insights into the roles of lipid metabolism genes and their contribution in Aedes
QEGYPLI INSECLICIAE FESISTANCE.......ceocveeeeeeeeeteeetietest et ete e st st e e e b et et ss s ssabestesseses e s sessesansens 60
3.1 Re-assessment of microarray data and unveiling of novel groups of genes................. 66
3.2 Précising the transcription profiles of lipid metabolism genes.........ccccoceeeeicveriecnnen.n. 67

3.3 Analysis of copy number polymorphisms of lipid metabolism genes using quantitative

R OST Y I g T o O S PSSR 69
3.4 Tissue specific expression of lipid metabolism genes .........cccvveeeieeecciiee e, 69
3.5 Using Drosophila melanogaster as a model insect to study insecticide resistance...... 71

3.6 In vivo functional validation of genes potentially involved in resistance by
heterologous overexpression in Drosophila. .........ccceeeieciiiiiciieecccee e 73

3.6.1 Overexpression of CYP9J26, ApoD and LIPA in Drosophila using the UAS-GAL4 system74

3.6.2. Co-expression of CYP9J26 and APOD.......c.eeeiiiiiiiieciiie ettt eeee e e evee e e 76
3.6.3 Co-expression of CYPOJ26 and LIPA........ooeiiiiie ettt erree e sree e et 77
3.6.4 Co-expression of APoD and LIPA ........ooiiiiiee et 78
3.6.5 Co-expression of CYP9J26, ApoD and LIPA..........uei ittt 78

3.7 DISCUSSION c.eiiiiiiiiiei ettt ettt a e et e e s esb et e e sesba e e e senraeessans 79
CHAPTER 4 Insect cell lines as a tool for investigating insecticide resistance.................cu...... 79

4.1 Cytoprotection ability of CYP9J26, CYP9J28 and ApoD overexpressing mosquito cells ... 85

4.1.1 Cell Treatments and Presto Blue CytotoXiCity aSSaysS....ccccceieeeciriieeeeeeeecciireeee e e ee e 85



4.1.2 Transient transfection of SUA 4.0 cells with genes potentially involved in resistance.. 86

4.1.3 Transient transfection of Aag2 cells with genes potentially involved in resistance ...... 87
4.1.4 Response of mosquito cells to exposure in pyrethroids and paraquat..........ccccccvveeennes 88
4.2 DiSCUSSION c.eeiiiiiiiiiiiiiiee ittt sttt st s e e s e e s e e e s sbba e e s sbba e e s s abaeessabaees 90
CHAPTER 5 FINAL DISCUSSION.......coveiueeieiiineeirieeee sttt ettt st ses e s s sesse b seneneneas 87
CHAPTER 6 MATERIALS AND METHODS.........coooeeietresreeirtiit sttt sttt ser e s ene et es s seene s 95
MAEEIIAlS 1N 82 ...ttt e b e e s e b e e et e e sre e e nanas 100
MaEErials IN 83 ... e sttt e e st st e e sre e e nanas 101
MAEEIIAIS 1N 84 ...ttt e sttt e s be e e s be e s be e s ene e e sreeenanas 103
SUPPOrtiNg INFOrMation §2 .......coiiiiiie e e e e 107
SUPPOrtiNg INFOrmMation §3 ......coo i e e 108
APPENDIX-SUPPLEMENTAL DATA. ...ttt e 102

REFERENGCES ...ttt sttt ettt e s st e s st e s st e s smene e e smreeeesamnneeenanee 121




10

SUMMARY

Dengue is the most rapidly spreading arboviral infection of humans and each year there are
50-100 million cases of dengue fever. There is no vaccine or drug to prevent dengue
infection so control of the mosquitoes that transmit this virus is the only option to reduce
transmission. Removing mosquito habitats close to human homes can be effective but in
reality most dengue control programs rely on a small number of chemical insecticides.
Therefore, when the mosquito vectors develop resistance to the available insecticides,
dengue control is jeopardized. In this study we examined the causes of resistance to the
insecticide class most commonly used in mosquito control, the pyrethroids. Pyrethroid
insecticides are widely utilized in dengue control. However, the major vector, Aedes aegypti,
is becoming increasingly resistant to these insecticides and this is impacting on the efficacy
of control measures. The near complete transcriptome of two pyrethroid resistant
populations from the Caribbean was examined to explore the molecular basis of this

resistance.

Two previously described target site mutations; 10161 and 1534C were detected in
pyrethroid resistant populations from Grand Cayman and Cuba. In addition between two
and five per cent of the Ae. aegypti transcriptome was differentially expressed in the
resistant populations compared to a laboratory susceptible population. Approximately 20
per cent of the genes over-expressed in resistant mosquitoes were up-regulated in both
Caribbean populations (107 genes). Genes with putative monooxygenase activity were
significantly over represented in the up-regulated subset, including five CYP9 P450 genes.
Quantitative PCR was used to confirm the higher transcript levels of multiple cytochrome
P450 genes from the CYP9J family and an ATP binding cassette transporter. Over expression

of two genes, CYP9J26 and ABCB4, is due, at least in part, to gene amplification.

Another gene group classified as lipid metabolism genes was commonly upregulated in both
resistant populations. Overexpression of lipid metabolism genes has been seen in a number
of occasions where genomic analysis of insecticide resistant populations has been
performed. Yet their roles in insecticide resistant have never been assessed. Seven of these
genes two ApoD proteins, a fatty acid synthase, two lysosomal acid lipases sharing 99%
sequence identity, a steroid dehydrogenase and their transcriptional regulator SREBP were
selected for validation with Real Time PCR. With the exception of SREBP the rest of these
genes were indeed highly expressed in both pyrethroid resistant populations compared to a
laboratory susceptible strain. Once more gene amplification was found responsible, at least

in part, for the elevated levels of LIPA in the resistant populations.
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Rough dissections on mosquitoes heads and bodies, indicated that expression of the lipid
metabolism genes, as well as two of the previously examined P450s (CYP9J26 and CYP9J28),

occurred mainly in the insect body.

A ubiquitous driver daGAL4 was used to drive expression of ApoD and LIPA and CYP9J26, in
Drosophila melanogaster. Flies overexpressing each of these genes separately showed
significant levels of resistance. Combination of the metabolizing CYP9J26 with each of the
novel genes ApoD and LIPA resulted in an even stronger resistance phenotype, while
combination of ApoD and LIPA did not give any higher levels of resistance. This result implies
that these genes acting from distinct pathways contribute in an additive manner to the
resistance phenotype. Finally targeted expression of these proteins to the main
detoxification organs via 6g1(HR) GAL4 is sufficient to confer comparable levels of

resistance.
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INEPIAHWH

O &AyKelog TUPETOC €eival amd T TO ypryopa €€ATAWVOUEVEG TPOTIKEG VOOOUG Ta
tehevtaia Tplavra xpovia. O Maykooplog Opyaviopog Yyeiag kataypadet 50-100
EKATOUMUPLA TIEPLOTATIKA £TNCLWC. MEXPL oTYUNG eV UTtApXEL KATIOLO EUPBOALO R dAPLOKO
SlaBéoipo ya tnv mpoAndn n tnv Bepamneia TNG vooou. O MO OMOTEAECUATIKOG TPOTOG
T(POOTACLOG TIOPOUEVEL O £AEyXOC MANBUGUOU TWV KOUVOUTILWV HECW TNG XPNong &vog

ULKPOU aplOPoU XNULKWY EVTOUOKTOVWV.

Ta éviopo €Xouv TNV LKAVOTNTO VO QVOMTUOOOUV OVOEKTIKOTNTA O OAa oXebov Ta
EVTOUOKTOVA YEYOVOC TIOU amMOSUVAUWVEL TI TIPOOTABElEC eAEyXOU HECW TNG XPHONG
EVTOUOKTOVWVY Kal aufavel tov kivbuvo £Eapong emidnuiog SAYKELOU OTLG TEPLOXEG TIOU TA
KouvoUTIld avamtuooouVv avBektikotnta. To oxebov TANpeg «petaypadwpa» buo
avOEeKTIKWVY TANBUGUWYV TIou Tpoépxovtal anod tnv Kapaifikn pog édwoe tnv Sduvatotnta va

€€eTAOOUE TNV HOPLOKNA BACN TNG AVOEKTIKOTNTOG.

Ot 6uo autol avBektikol mMAnBuopol, and to Grand Cayman kat thv Cuba avrtiotoixwg
eudpavilov Suo onuelakég petaAlaelg (V10161 kat F1534C) oto kavaAl vatpiou.
ErunpooBeta £va mooooto 2-5% twv yovidiwv pubuilovtal SladopeTikd oToug avOeKTIKOUG
oe olyKplon Ue Tov euaioBbnto epyaoctnplakd mMAnBuouo. Metafl Twv yovidiwv Twv omoilwv
n ékdpoaon dladopormoleital and kool otoug duo avBektikolg MAnBuououg, éva 20%
Seiyvel avénon twv emunedwv ékdpaocn (107 yovidia). H Asettoupyikn opdda yovidiwv mou
EKTIPOCWTIEITOL TIEPLOCOTEPO OTA ATIO KOlvoU umepekppalovtal yovidia Twv duo avOeKTIKwWY
MANBuoUwV gival oL KUTOXPWHUIKEG ofeldaoec. ETAEXBNKaV 5 KUTOXpWULKEG 0EELOAOEC TNG
CYP9 olkoyévelag kal évag ABC petadopéag yia enipefaiwon pe moootikr) PCR mpayuatikol
xpovou. Ta unAa enineda eékdpaong dUo ¢ autwy Twv yovidiwy, tng CYP9J26 kat tou ABC

petadopéa, opeiletal ToUNAXLOTOV €V PLEPEL OE YOVISLOKI) ETEKTAON.

M akoun opada yovidiwv puBuiletal SadopeTikd kot otoug Suo  avBeKTIKOUG
mAnBuopouc. Autn n opdda taglvopeital Aettoupykad w¢ opada petafoAlopov Autidiwy kat
nepthappavel, duo amoAutonpwrteive¢ D (ApoD), Suo Autdoeg pe 99% opolotnta o€
voukAeotiSikn aAAnAouxia (LIPA), o ouvBaon Autapwv oféwv (FAS), pla adubpoyovaon

otepoeldwv (StDh) kat tov Kowo petaypadiko pubuiotr toug SREBP.

Me efaipeon twv SREBP ta umolouta yovidia oviwg umepekdpalovial 6Toug avBeKTLKoUG
TANBUOPOUC og CUYKPLON LE TOV EPYNOTNPLAKO gvaicOnTO MANBUGOWO, evw Kol 6w daivetal
n yovidlakn eméktaon va eivat umelBuvn yla ta auvénuéva enineda ékbpaong evog €’

QUTWV , TNG ALmaong.
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AkoAoUBnoe £vag UIKPNG AETTOUEPELAG XAUPAKTNPLOUOC TOU EVIOMLOUOU TNG €Kkdpacns Twv
yoviSiwv petafoAlilopol Autbiwv aAla kat twv CYP9J26, CYP9J28 otoug avBeKTLKOUG

mAnBuopoug.

‘Evag amavtoxoU ekppalopevog driver emAEXONKe yla TNV AELTOUPYIKN QvAAUCH TWV
yoviSiwv autwv otn Drosophila. Ekdpaon twv ApoD, LIPA kat CYP9J26 ékave TIG HUyeg 2.5-3
dopEg o avBekTIKEC Mapoucia Tou mupeBposldolg SeAtapuebpivn, evw ot ApoD kat LIPA
ocuvbualopeveg pe tnv CYP9J26 Spouv cuvepyaTika ylo vo. au€NoouV aKOUN TIEPLOCOTEPO
ta emineda avOektkoTNTAG. TEAOG N OTOXEUUEVN £KPpacn TwV yoviSiwv autwv oto KUpLa
opyava arnotoflkomoinong sivat apket yia vo mpoodwoetl LPNAG emineda avOekTIKOTNTOC
KOL OUYKpIOWO HE QUTA TIOU €mituyxavovtal amd thv KabBoAik ékdpoon Ttwv yovidiwv

autwv otn Drosophila.
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INTRODUCTION
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Insect vectors are responsible for carrying 20 per cent of all transmissible disease affecting
people in developing countries (WHO, 2010).

Mosquitoes are responsible for most of this incidence. 50 years ago all efforts were pointed
towards eradication of a malaria transmitting mosquito, Anopheles gambiae. Over the last
30 years, due to increased migration flow, radical growth of urban populations, climate
change, poverty, poor sanitation and lack of political will, an old disease re-emerged called
Dengue fever. The mosquito vector responsible for dengue transmission is Aedes aegypti
(Simmons et al., 2012).

The World Health Organization records approximately 50-100 million cases of dengue fever
annually around the world (WHO, 2012a). This is equivalent to ten times the population of
Greece. The unceasing fight against vector-born disease has enormous social, economical
and environmental consequences on developing countries.

The use of chemical insecticides remains the most effective weapon against the disease
since so far there are no clinically approved vaccines or antiviral therapies available.
Nevertheless effectiveness of chemical insecticides for mosquito control is being
undermined by resistance. Resistance, is defined as "the heritable decrease in a population’s
susceptibility to a toxin to which it is exposed over successive generations, and it is an
example of evolution by natural selection” (Heckel, 2012).

The latest progress in molecular biology and the completion of genome sequencing of
mosquito vectors is largely facilitating our understanding of insecticide resistance
mechanisms at their molecular level and aid towards the development of new strategies for
vector control and prevention of mosquito-borne disease transmission.

1.1 Mosquito Biology and Ecology

Aedes (Stegomyia) aegypti (Linneaus) is the main vector of dengue viruses in the world and
also the primary carrier for viruses that cause yellow fever and Chikungunya fever. Due to its
invasiveness, Aedes aegypti has met a wide distribution globally over the last 25 years,
which led to more epidemic dengue outbreaks (J.S. Mackenzie, 2004).

Aedes in ancient Greek means onerous, burdensome and the name Aegypti gives away the
origin of the species. Originating in Africa, A. aegypti has spread to other continents mainly
through commerce and transport ships during the fifteenth through seventeenth centuries
(R.S, 1960; Reiter, 1998). These ships carried freshwater reservoirs on board and could
maintain breeding colonies of A. aegypti, and it is believed that it has passed through to the
rest of the world like this(R.S, 1960) .

It is a highly domesticated urban species and has adapted to living in intimate association
with humans, leading to repeated epidemics of arboviral infections and thus afflicting
millions of individuals annually in affected areas. The parameters that define its preference
on settlement in one place are latitude, altitude, temperature, rainfall, humidity, season,
habitat and dispersal (Schultz, 1993; Surtees, 1967).
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1.1.1 Mosquito Biology

There are about 3,500 mosquito species and subspecies, under 42 genera worldwide (WRBU
2001). Mosquitoes show a holometabolous development (they have a four stage life cycle:
egg, larva, pupa, and adult). Larvae and pupae live on stagnant water such as marshes and
lakes. Females lay their eggs either one at a time (e.g., Aedes, Anopheles) or as a bundle, up
to several hundred at a time, preferably on a wet surface or in the water (Clement, 1992).
The eggs of the Aedes species are resistant to desiccation which offers a significant
advantage to breeding. In most cases, a decrease in the oxygen content of water triggers
larval eclosion.

Mosquito larvae undergo four molts before the pupal stage. Although larvae of particular
species are predators, larvae usually feed with their mouth brushes on organic matter
particles and microorganisms found in water. The larval stage can last from about 5 days for
tropical species to several months for temperate species, depending on larval density and
food availability. Larvae breath either through spiracles located on each abdominal segment
or through a chitinous siphon tube located on their abdomen (Clement, 1999). Pupae appear
after the fourth larval molt and can last from one to several days depending on the species
and environmental factors. Unlike larvae, pupae do not feed (resting stage) (Figure 1-1).
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Figure 1-1: Life cycle of the mosquito Aedes aegypti

Adult mosquitoes are easily identified by the presence of a long proboscis projecting forward
from the head. One can distinguish the gender of mosquitoes due to the male bushy
antennae (Clement, 1999). Male mosquitoes usually emerge few days before females. Both
males and females feed on sugar-rich nectars from flowers and plants whilst blood meals are
a prerequisite to females alone, for the maturation and development of their eggs.

Some species are anthropophagous (feed on man), while others are zoophagous (feed on
other mammals and birds). Female mosquitoes take a blood meal with a frequency of 3-5
days between meals. After a blood meal the female becomes double each body size. Some
species (e.g. Anopheles) prefer to feed at dusk, twilight or night (Muenworn et al., 2009),
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while Aedes bite mostly during the day (Canyon et al., 1999). In general, male sperm is
released from the spermatotheca only when eggs pass down the oviduct so fertilization
occurs during egg laying (Chapman, 1971).

Besides their vision mosquitoes are attracted to their hosts through human scent and heat.
Chemical and behavioral studies showed that mosquitoes use olfactory stimuli to choose
their host of preference. Emission of carbon dioxide and octanol from the breath and the
skin are the main attractant. Human skin bacteria also produce volatile compounds that are
attractive to mosquitoes (Verhulst et al., 2010).

1.1.2 Mosquito Ecology

For mosquitoes to breed an environment with standing water and high humidity is required
but the type of water depends on the species. Some species prefer containers, such as tires,
tree holes, bird feeders, plant buckets, and water troughs. Others prefer water with lots of
organic material (leaves, grass) that is very stagnant such as woodland pools and swamps.
Still others breed primarily in wetland reserves, marshes, some fresh water, and some salt
water (Crans, 2004; Rueda et al., 2005; Rueda et al., 2006) (Figure 1-2).

Each mosquito species has its own habitat preference and ecological niche but different
species can also be found in the same habitats at the same time. Particular species such as
Cx. pipiens are frequently found in strongly polluted areas (Pires and Gleiser, 2010) while
others (Anopheles, Aedes) prefer to colonize rural or urban areas close to human areas.

e 1 o ey E i
Figure 1-2: Breeding sites of Aedes aegypti A) plant buckets, B) swamps, C) discarded
tires, D) water troughs, E) stagnant waters, F) wetland reserves.

1.2 Health and economical impacts of mosquitoes

It is estimated that mosquitoes transmit disease to more than 700 million humans
worldwide annually in Africa, South and Central America and big part of Asia with millions of
resulting deaths. Historically before mosquito transmitted disease were brought under
control they caused tens of thousands of deaths in countries were in our days are mostly
considered a nuisance. Europe, Russia, Canada, the United States, Australia, New Zealand
and Japan are such examples (WHO, 2012b).

There are 3,500 named mosquito species grouped into 41 genera, of which only a couple of
hundred bite or bother humans. More specifically from a total of 430 Anopheles species in
nature, a number of 30-40 are responsible for transmitting malaria to humans. This is also
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the case for the 151 Aedes species, out of which 39 are able to transmit disease (Brogdon
WG, 1998; R.S, 1960).

There has been a lot of concern regarding the rise of global temperature and several
hypothesis and predictions have been drawn considering the impact this may have on
disease transmission rates and on the extend of the mosquitoes geographic range (Blashki et
al., 2007; Reiter, 2001, 2008).

Mosquitoes are vectors for several disease caused by parasites such as plasmodium
(malaria), helminthes (filariasis) and viruses such as Japanese encephalitis viruses (JEV),
yellow fever virus (YFV), dengue virus (DENV), west Nile viruses (WNV) and chikungunya
virus.

After malaria, the most rapidly spreading mosquito-transmitted diseases are dengue fever
and yellow fever primarily transmitted by Aedes aegypti. The dengue virus belongs to the
family of single stranded enveloped RNA viruses, called flaviviruses. Four serotypes of
dengue virus can be distinguished (DENV-1, -4). Infection with all for serotypes is possible.
When one gets infected with one serotype one acquires immunity for life, but only short-
term immunity to the others. An additional infection with a different serotype, when
already carrying dengue, results in worse symptoms and much higher risk.

A single bite is sufficient for the virus to be transmitted. When a female mosquito feeds on a
human that carries dengue, it becomes itself infected with the virus in the cells lining its gut.
During a period of 8-10 days, the virus continuous to infect other tissues until it reaches the
salivary glands from which point is released into its saliva. The virus however is not harmful
for the mosquito itself, which remains infected for life. When a dengue infected mosquito
bites a human then the virus enters the skin together with the mosquito’s saliva. The clinical
symptoms of dengue infected people are high fever, muscle and joint pains which provided
the alternative name “break bone fever”. There is a lot of scientific effort committed
towards developing an anti- DENV vaccine or an anti-viral therapy for humans but so far,
nothing like that is available (Griffiths et al., 2011; Leyssen et al., 2008).

Yellow fever is also caused by a virus belonging to the flavivirus genus and is the cause for
large epidemics in the Americas and Africa (Barrett, 2007). WHO estimates that
approximately 200,000 yellow fever cases occur each year, the majority of which map in
sub-Saharan Africa.

Over the last few decades there has been an increase in the reported cases of yellow fever
outbreaks (WHO, January 2011). The symptoms in yellow fever infected individuals are
similar to those of dengue. However, unlike dengue infection there is a preventative vaccine
available for yellow fever which is safe, highly effective and is probably the most important
measure for prevention. The distribution of the vaccine however in developing countries
often fails to meet the high demand (Griffiths et al., 2011; Monath, 2008).Chikungunya
(CHIKV) virus is an alpha virus mainly transmitted by Aedes aegypti and Aedes albopictus and
was first reported in Tanzania 1953 (Volk et al., 2010). The disease shares similar symptoms
with dengue fever which often leads to misdiagnosis for dengue. Chikungunya is a painful
disease, the symptoms last for 2-3 days but it is rarely puts its victims to high risk days. A
vaccine is under development and early trials have provided hopeful results but has not
become available yet due to shifting research priorities (Burt et al., 2012).
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Figure 1-3: Current distribution of dengue cases from official sources (adapted from
Dengue Health Map, CDC). The red pins represent areas of ongoing transmission risk as
defined by the Centers for Disease Control and Prevention (CDC) based on data from
Ministries of Health, international health organizations, journals, and knowledgeable
experts.

Dengue is one of the most rapidly spreading vector- borne diseases. It has dramatically
increased in frequency between 1960 and 2010 by 30 fold (Diaz-Quijano and Waldman,
2012; Rothman, 2004). As of 2010 dengue fever is believed to infect 50 to 100 million people
worldwide annually. Half a million of these cases are life threatening infections (Whitehorn
and Farrar, 2010).

More specifically recent reports have shown that the incidence of dengue is also increasing
in the Americas (Diaz-Quijano and Waldman, 2012). There has been a dramatic increase in
the number of reported cases in Latin America and the Caribbean, a region in which the
number of high-incidence countries (with > 100 cases/10° population) increased from 5 to
15 in the last three decades (San Martin et al., 2010). Likewise, the annual number of
dengue-related deaths has increased in the region (PAHO, 2009).

This increase is believed to be due to a combination of urbanization, population growth,
increased international travel, and global warming (Whitehorn and Farrar, 2010). In 2010,
Latin America alone reported a sum of 1.5 million cases. And during this year in Brazil some
204,640 cases of dengue were reported already (WTC, 2013).

1.3 Mosquito control strategies

Vector borne disease continues to pose a critical burden on developing countries. The
control of mosquito-transmitted diseases can be achieved by controlling vector populations,
alongside with drugs and case management (Hemingway et al., 2006).

Since a vaccine is not yet available for dengue prevention most efforts are focused towards
preventing or minimizing vector propagation and reducing man-vector contact. Since 2008
the Integrated Vector Management (IVM) initiative encourages the combined employment
of environmental management and physical control as well as biological, genetic and
chemical approaches, as a means of fighting vector-borne disease (WHO, 2008).
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1.3.1 Environmental management and physical control

The objective of environmental management for vector control is constituted in the
reduction of the abundance of the dangerous species. To achieve this, it is of high
importance to gain insight on the ecology and behavior of the species, an objective taken
seriously by aquatic ecologists and public health organization. Physical control method is one
of the most practical ways to reduce local mosquito populations A first important step
towards this directions is by educating home owners and/or local authorities to decrease
breeding of Ae. aegypti in their surroundings simply by removal or filling of breeding
habitats, burning of organic waste, drying or disposing of water collecting containers and
using tightly fitting covers on water storage containers (WHO, Geneva 1982). In addition to
the above installing nets on windows and bed nets have been shown to effectively prevent
man-mosquito contact in Venezuela, Mexico (Kroeger, 2006) and India (Ansari, 2006).

1.3.2 Biological control

Biological control is a method of controlling pests by using other living organisms that prey
upon, parasitize or compete (antagonize) the species we need to contain. As an alternative
to synthetic chemicals and all their consequent effects on the environment, the release of
predators of mosquito larvae and other bio-controlling agents has proven an effective and
eco-friendly approach.

In nature, mosquito larvae have different predators including amphibian tadpoles, fishes,
dragonfly larvae, aquatic bugs, mites, malacostracans, anostracans, cyclopoid copepods, and
pathogens including bacteria, fungi and helminthes (Kumar, 2006; Scholte, 2007).

Some larvivorous fish species and predatory copepods (small freshwater crustaceans) are
very effective against Aedes aegypti larvae. In Brazil, two fish species, Astronotus ocellatus
(Cichlidae) and Macropodus opercularis (Anabatidae) were tested in the laboratory for their
efficiency to predate on larvae (Consoli, 1991). The western mosquito fish, Gambusia affinis,
and the eastern mosquito fish, G. holbrooki have been used red in aquariums in California so
that people could stock stagnant pools of water with the mosquito fish to reduce the
number West Nile virus cases (Russel, 2008). Nevertheless their introduction in natural
habitats the environmental has been more harmful to indigenous aquatic life than to the
mosquito population. Cyclopoid copepods can also be efficient for mosquito control (Kumar,
2006). The use of entomopathogenic nematodes such as Romanomermis culicivorax, have
been applied to control Aedes aegypti in Bogor Indonesia and Anopheles in Senegal(Kevin C
Kobylinski*, 2012).

Another environment friendly method for mosquito control is based on using plant
chemicals or plant extracts (usually known as green or natural insecticides). Different plants
such as citrus sinensis (Warikoo et al., 2012), thyme oils (Pavela et al., 2009), peppermint
(Mentha piperita) (Kumar et al., 2011) have shown properties as adult-repellent and
larvicides and might be used as one of the potent controlling agent for mosquito vector
control (Shaalan EA, 2005).

Bacillus thuringenesis, variety israeliensis (Bti) is a group of bacteria producing dietary toxins
that lyse the larval midgut epithelial cells and are widely used for mosquito control in Africa,
America, Europe and South-East Asia ((Brown et al., 2001).
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1.3.3 Genetic control

Genetic control of insect populations involves the introduction of genetic factors through
gene flow into a target population with the aim to control or alleviate the population, to
control epidemics manifesting because of its presence and to prevent agricultural damage
and economic impact.

The most widely used genetic approaches to control insect populations are the sterile insect
technique (SIT) and RIDL (Release of Insects carrying a Dominant Lethal).

The Sterile Insect Technique (SIT) requires mass rearing of the target species, irradiation
with y-rays or treatment with chemo-sterilants to generate chromosomal aberrations and
dominant lethal mutations in sperm, as well as transportation and release of insects in the
field. Once on the field the sterile males mate with wild females and few viable larvae are
produced. The first SIT program was applied in the island of Curacao in 1954 against the
damaging effects of the New World screwworm (Cochliomyia hominivorax), a parasitic fly
that eats through the living tissue of animals (mainly livestock) where it lays its eggs. The US
successfully eradicated the screwworm using SIT in 1982 (Dame et al.,, 2009) . The
application history of SIT convincingly illustrates its technical feasibility and potential for the
control of multiple insect species. For mosquito control it has been successfully applied in
the Kenya coast (Aedes aegypti) (McDonald et al., 1977) , El Salvador (Anopheles albimanus)
(Lofgren et al., 1974), Sudan (Anopheles arabienses) (Helinski et al., 2008), Reunion Islands
(Aedes Albopictus) (Oliva et al., 2012).

Another transgenic strategy characterized RIDL (Release of Insects carrying a Dominant
Lethal) was developed circa 2000 (Schliekelman and Gould, 2000). This new transgenic
technology employs the formerly known tet-off principle and allows tissue specific
expression of tetracycline repressible transactivator fusion protein (rtTA). In the absence of
tetracycline, tTa drives expression of the gene controlled by the tetracycline responsive
element (tRE) in the female fat body (Heinrich and Scott, 2000). Thus expression of a
cytotoxic gene in the fat body of the fly under the control of Yp3 (yolk protein promoter)
transcriptional elements caused female lethality in the absence of tetracycline. With the
advances on this technology one is today able to control the age of mortality, sex specific
mortality, bisexual lethality and manipulation of germ line specific gene expression.

Recently approximately 3.3 million engineered male mosquitoes OX513 were released three
million genetically modified Aedes aegypti males carrying a lethal allele of (OX513A strain)
have been released as part of an open field experiment in the Cayman Islands and achieved
significant population suppression (Harris et al., 2012). Another transgenic Aedes aegypti
strain OX3604C was engineered to have a reversible female-specific flightless phenotype.
The release of 0X3604C males has been shown to reduce the numbers of a laboratory bred
Aedes aegypti population (Wise de Valdez et al.,, 2011). In spite of these management
strategies, vector control still relies mainly on the use of chemical insecticides, especially
because of their high efficacy and low cost in tropical and developing countries where
mosquito populations are important and disease prevalence is high.

1.3.4 Chemical insecticides

Insecticides have been for many years the main line of defense against insects that effect
plants, crops, livestock, pets, and humans. The majority of insecticides developed by
industry are neurotoxins. DDT and various polychlorocycloalkanes (PCCAs) were introduced
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in the 1940s, followed by organophosphates (OPs) in the 1950s, methylcarbamates (MCs) in
the 1960s, pyrethroids in the 1970s, and neonicotinoids in the 1990s (Casida and Quistad,
1998).

1.3.4.1 Insecticides used for mosquito control

Before the introduction of synthetic chemical insecticides, plant chemicals were often used
for the control or repellency of mosquitoes (Isman, 2006). However, plant extracts were not
efficient enough and their use often led to insufficient protection. After their discovery in
the 1940s, synthetic insecticides have become a major tool for vector control. Classification
of insecticides, used for pest control worldwide, according to their mode of action is
depicted in Figure 1-4. These insecticides can be sprayed against adults (outdoor or indoor
residual spraying), impregnated on some material such as bed nets, or dissolved in the water
to target larval stages.
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Figure 1-4: Classification of insecticides according to their target site of action.
Proposed sites of neuroactive insecticide action on nerve impulses, neuromuscular
transmission, and synaptic receptors adapted from (Casida and Durkin, 2013). The
presynaptic nerve terminals and the postsynaptic cell are shown. The numbers of
commercial insecticides or prototype natural products that act at each site (A—G) are given
in parentheses. Abbreviations: ACh, acetylcholine; DDT, dichlorodiphenyltrichloroethane;
(MC) methylcarbamate; nAChR, nicotinic acetylcholine receptor; OP, organophosphate;
PCCA, polychlorocycloalkane.
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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, 2012). Using this grouping, there are around 29 different MoA by
which insects attain resistance. The major insecticide biological targets groups, depicted in
Table 1-1, can be divided into: 1) Neurotoxins, 2) Growth regulation disruptors (cuticle
synthesis, moulting and metamorphosis disruptors 3) Disruptors of various other metabolic
processes 4) Repellents, attractants and other modifiers of insect behavior and 5)Non-
specific, unknown and miscellaneous MoA substances.

1.3.4.2 Neuroactive insecticides-Neurotoxicants

Neurotoxicants are insecticides that act specifically on nerve and muscle targets, usually by
interacting with ion channels or neurotransmitter receptors. Organophosphates and
methylcarbamates target acetylcholinesterase, neonicotinoids target the nicotinic
acetylcholine receptor and cyclodienes, organochlorines (except DDT) and fiproles target
the vy-aminobutyric acid receptor/chloride channel. Finally pyrethroids and
dichlorodiphenyltrichloroethane (DDT) target the voltage-gated sodium channel.

1.3.4.2.1 Organophosphates (OPs) and Methylcarbamates (MCs)

The OPs were initially developed in the 1930s and 40s in Germany as part of their war effort.
Post war the OPs were further developed by the industry and improved to cover the needs
of agriculture and households. At the height of their use 1960s-70s , there were >50 OP
insecticides in use worldwide (CDS, 2009).

The MCs are synthetic insecticides modeled after a natural plant toxin (called physostigmine)
from the Calabar bean (CDS, 2009). The infusion of the Calabar bean was traditionally used
as an ordeal poison in Nigeria. Much latter carbamates were used to examine the roles of
Ach neurotransmission and AchE activity (Casida, 1963). These active ingredients were once
widely used by the pest management industry but it was soon realized that they were highly
toxic for mammals and humans. On that account many formulation were retracted from the
market and some were even banned in several countries including Europe and the U.S.A
(Suiter, 2011 ).

On account of their mode of action both OPs and MCs act by inhibiting acetylcholinesterase
(AchE), an enzyme responsible for the hydrolysis of the neurotransmitter acetylcholine (ACh)
at synaptic regions of cholinergic nerve endings (Figure 1-4). More specifically AchE
performs a critical job in the nervous system by removing the neurotransmitter
acetylcholine (Ach) from its receptor on the post-synapse nerve. Under normal conditions,
AchE prevents overstimulation of the nervous system because it removes Ach. Without
AchE, a stimulated nerve cannot return to its resting state (Purves D; George J. Augustine,
2008). OPs and carbamates inhibit AchE at synaptic junctions, preventing it from removing
Ach from its receptor site. Phosphorylation by OPs and carbamoylation by MCs of the serine
in the AchE catalytic center is the cause of its inhibition (Casida, 1956; Kuhr RJ, 1976; M.,
1974). The result is overstimulation of the nerve cell, and death of the insect (Becker, 2003;
Casida, 1963).

OPs and MCs are used mainly as larvicides but also as adulticides for vector control. The
most abundantly used OPs for vector control are malathion, fenitrothion and temephos
(WHO, 2007). Examples of methylcarbamates (carbaryl, propoxur, carbosulfan, bendiocarb)
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have been used for mosquito control worldwide as larvicides or adulticides with bendiocarb
and propoxur being the most frequently used (WHO, 2007, 2009).

Table 1-1: Major insecticide classes target site groups (IRAC, 2012)

Neurotoxins
Mode of action (MoA)

Insecticide class

Acetylcholinesterase (AchE) inhibitors
GABA-gated chloride channel antagonists

Sodium channel modulators

Acetylcholine receptor (NnAChR) 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/moulting disruptors

Methoprene, pyriproxyfen
Novaluron, buprofezin, cyromazine
Diacylhydrazines, Azadirachtin

Disruptors of Various other Metaboli
Mode of action (MoA)

¢ Processes
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 I11 electron transport inhibitors

Mitochondrial complex I 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 (PH5)

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
inhibitors, Esterase inhibitors

mono  oxygenase

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 mod
Mode of action (MoA)

ifiers of insect behaviour
Insecticide class and insecticides

Insect repellents
Pheromones

Baiting attractants

DEET, citronella oil
Specific many
methyl eugenol
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1.3.4.2.2 Neonicotinoids

Neonicotinoids target the insect’s nicotinic acetylcholine receptor (nAchR). NAChRs are
cholinergic receptors that oligomerize as pentamers in the plasma membranes and are
triggered by the binding of neurotransmitter acetylcholine (ACh) (Matsuda et al., 2009). Ach
(acetylcholine) is the main neurotransmitter in the insect central nervous system. Nicotine
an alkaloid found in the tobacco plant Nicotiana tabacum is a nicotinic acetylcholine
receptor agonist, and because it is not hydrolyzed by AchE, it remains at the synapses much
longer compared to Ach. Neonicotinoids mimic the action of the neurotransmitter,
acetylcholine (ACh). Because acetylcholinesterase has no effect on the insecticides, the
nerve is continually stimulated leading to the overstimulation of insect nervous system and
ultimately to death (Casida and Durkin, 2013).Because of their chemical properties, high
efficiency and novel mode of action and low toxicity neonicotinoids are often considered
one of the most promising class of chemical insecticides in modern crop protection.
Neonicotinoids include various insecticides molecules such as imidacloprid, acetamiprid,
clothianidin and thiamethoxam (Tomizawa and Casida, 2003).

1.3.4.2.3 Primary GABA Receptor Target and Antagonist Action

y-aminobutyric acid (GABA) is the main inhibitory neurotransmitter of insects and mammals.
Binding of GABA causes the opening of the transmembrane pentameric Cl- channel to allow
the flow of chloride ions CI” inside or K* ions outside of the cell (Buckingham SD, 2010) .
Organochlorines (with the exception of DDT), linden and its derivatives, and cyclodienes
target the GABA receptor (Feyereisen, 1995). Their use leads to neuronal hyper excitation
and death. Dieldrin, aldrin and endosulfan are key insecticides in this class, which have been
used in vector control programs. These insecticides were used widely between the 40s and
60s due to their broad spectrum action, high insecticidal activity and persistence at the site
of application. These insecticides were banned from use do their extremely low rate of
biodegradation which resulted in high accumulation throughout the food chain, as well as
their detection in nerve and brain tissues (Geyer et al., 1997).

Besides GABAR antagonists, there are glutamate and GABAR agonists or activators.
Avermectin, is a commonly used GABAR agonist that upon binding to a site proximal but
different to the antagonist site, causes opening of the Cl- channel (Deng Y, 1992; Huang J,
1997). Binding to glutamate-gated Cl- channels is most probably the reason behind the
avermectin nematicidal and insecticidal activity (Wolstenholme and Rogers, 2005), whereas
the low toxicity observed for mammals is due to its fast excretion by P glycoprotein drug
pumps located in the blood-brain barrier that do not allow avermectin to rich the brain
(Lankas et al., 1997).

1.3.4.2.4 Pyrethroids and dichlorodiphenyltrichloroethane (DDT)

DDT (dichlorodiphenyltrichloroethane), belonging to Organochlorines (OCs) was first
synthesized in 1874. It was widely used during World War |l to try and reduces cases of
malaria and typhus among civilians and troops (Heckel, 2012). Responsible for the discovery
of DDT was the Swiss chemist Paul Hermann Miller. For this discovery and his contribution
in the war against malaria and other vector borne disease, he was awarded the Nobel Prize
in Medicine in 1948. Quickly after the war ended, DDT has been made available for use in
agriculture and in households.
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DDT’s toxicity to non-target organism was first documented in 1962 by American biologist
Rachel Carson. In his book “Silent Spring” he tried to awaken the scientific community and
people by reporting the detrimental effects of the wide use of DDT on the environment, on
aquatic animals as well as on birds, mammals and human health. Gradually after and its use
has been banned for use in agricultural crops in most countries (EPA, 1975). However, due to
its beneficial effects for vector control (low cost, high efficiency), a specific amendment
authorizes the use of DDT for indoor residual spraying against malaria vectors in Africa
(UNEP, 2001).

The introduction of synthetic pyrethroids in the 1970s would fill the gap introduced from the
ban of DTT. Pyrethroids were a new product, advertised as environmentally friendly, not
toxic to humans and animals and a hundred times more effective compared to DDT.
Pyrethroids are essentially chemically stabilized forms of natural pyrethrum an extract from
the East Africa flowers of the pyrethrum daisy (Tanacetum cinerariaefolium). The first
generation of pyrethroids (bioallethrin, resmethrin) was more active than pyrethrin but they
were easily biodegradable due to air and sunlight. By 1974 the 2 generation of pyrethroids
introduced in the market (permethrin, cypermethrin, and deltamethrin) was much more
stable outdoors, which made them more efficient for use in agriculture and field spraying for
vector control. DDT, synthetic pyrethroids and pyrethrins (from pyrethrum flowers) despite
their different origins and chemical structures, are considered together because they act on
the same target, the voltage gated sodium channel

There are two different types of pyrethroids (I and Il). This classification has been made
based on the biological response after treatment with the insecticide, which was later on
shown to be relevant to the chemical structure (Tan et al., 2005).

Pyrethrins and synthetic pyrethroids lacking an a-cyano group, e.g., allethrin and permethrin
belong to the type | group and induce excitation upon binding to resting or inactivated
channels, shifting the voltage dependence of activation to more negative potentials and
causing a slowly activating Na+ current responsible for repetitive activity. Whereas
deltamethrin and related a-cyano pyrethroids, are type Il pyrethroids that preferentially
bind to activated Na+ channel states and produce an even longer delay of inactivation
leading to a persistent depolarization. This causes a radical modification of Na+ currents,
which results in blockage of conduction of nerve impulses (Casida and Durkin, 2013).

1.3.5 Pyrethroids and their mode of action- a closer look
Pyrethroids mode of action is similar to OCs as they bind to the voltage gated sodium
channels and lock them in the open state (Vijverberg and van den Bercken, 1982).

Contemporary pyrethroids are much more advanced compared to the firstly developed
ones. They have an increased spectrum of activity which makes them applicable for control
of many insect species including mites, soil pests, rice pests and newer harmful pests such as
the cotton whitefly Bemisia tabaci. In the past decade, commercial effort has been directed
at introducing enriched isomer mixtures and the exploitation of niche markets including
head-lice, termites, and bed nets for the control of mosquitoes. Another area of progress
has been the development of novel formulations to extend the utility of established
pyrethroids.
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Figure 1-5: Membrane topology of the voltage gated sodium channel (Davies et al.,
2007b). Homologous domains (I-IV) come together in space to form the central aqueous
pore (PD) lined by transmembrane helices S5 and S6. Helices S1-S4 on the other hand, line
up to form four independent voltage sensing domains (VSD).

Pyrethroids modify the gating kinetics of voltage-sensitive sodium channels by slowing both
the activation and inactivation of the channel (Davies et al., 2007b). They usually lead to a
rapid “knock down” effect of insects followed by death if dose is sufficient. Today, they
constitute a major proportion of the synthetic insecticide market. The 1* generation of
pyrethroids (resmethrin, bioresmethrin bioallethrin and tetramethrin) was developed in the
1960s. These compounds were more active than the natural pyrethrum but unstable in
sunlight. The 2™ generation of pyrethroids (permethrin, cypermethrin and deltamethrin)
was developed in 1974 by Rothamsted research scientists. These synthetic pyrethroids were
more resistant to light degradation but displayed a higher mammalian toxicity. Pyrethroids
such as permethrin, cypermethrin, deltamethrin, alpha-cypermethrin, bifenthrin, cyfluthrin,
etofenprox and lambda-cyhalothrin are extensively used for vector control. They are applied
in insecticide treated bed nets (ITNs) for protection, they are used for IRS (indoor residual
spraying) and SS (space spraying) (WHO, 2009).

Pyrethroids have been successfully applied to prevent malaria and dengue fever over the
last 50 years. However, their extensive use has led to the development of widespread
resistance in many insect species. In the meanwhile no other means of fighting malaria and
dengue outbreaks have proven as effective. Thus understanding the exact mode of action of
pyrethroids has become of key priority.

The breakthrough of a high resolution crystal structure of the potassium channel Kv1.2 of
the rat brain (Long et al., 20053, b) helped significantly towards this direction. An in silico
model of the housefly sodium channel (O'Reilly et al., 2006) was build, using as a backbone
the high resolution structure of the potassium channel. Since then the high resolution(2.7A)
structure of the bacteria Arcobacter butzleri voltage gated sodium channel has been made
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available that will further help comprehend the molecular mechanism of voltage gated
channel function (Payandeh et al., 2011).

According to (O'Reilly et al., 2006), the voltage gated sodium channel consists of four
internally homologous domains (I-1V) that are connected by intracellular linkers Figure 1-5.
Each domain (I-IV) consists of six transmembrane regions (S1-S6) that are joined by
intracellular or extracellular loops. The voltage sensing domain consists of the S1-S4
segments, and the pore module is formed by the S5-S6 segments (green) with a P-loop
between them.
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Figure 1-6: Generation of action potential.

The S4 segments (magenta) are composed of positively charged amino acids that are
arranged outwards (facing the cytoplasm and the extracellular space respectively). These
segments move in response to depolarization and initiate opening of the central pore
(Bezanilla, 2006; Catterall, 2010). Under physiological conditions and at its resting state, a
nerve axon where sodium channels reside has a membrane potential of -60mV (Figure 1-6).
This means that the inside of the cell has a negative net charge compared to the outside. A
strong stimulus that causes an action potential of -55mV, results in opening of sodium
channels, and the uptake of Na ions into the cell. This will lead in depolarization of the
membrane (+40mV) along the axon. Once the membrane reaches its equilibrium of action
potential, which is about +58mV, the outer membrane turns negative enough to stimulate
the voltage gated potassium channels (Kvap) that initiate export of potassium channel. This
causes depolarization of the membrane. Until the initial equilibrium is re-established, the
membrane goes into hyper polarization reaching the potassium’s equilibrium of -93mV. At
this state also called a refractory state the Na+/K+ pumps , start pumping three sodium ions
out of the cell for each two potassium ions that are pumped into the cell, until membrane
returns to its resting (-70mV) state.

Pyrethroids are lipophilic molecules and they bind in a site formed between the 11S4-S5
linker and the 11S5/111S6 helices. The binding cleft for fenvalerate, a common pyrethroid, is
designated in panels A and B of Figure 1-7 (O'Reilly et al., 2006) and for DTT in panel C. This
prediction has also been confirmed by experimental results of radiolabeled ligands,
electrophysiology experiments, and the fact that most kdr mutations described map on the
1154-S5 and the 11S5/111S6 interface (Ford et al., 2002; Vais et al., 2001). Pyrethroids act both
the PNS and the CNS of insects. They bind to the sodium channel and cause conformational
changes that lead the channel to remain in its open state and produce repetitive discharges.
The membrane potential is shifted this much to eventually allow the nerve cell to
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Figure 1-7: Structural model of the housefly sodium channel showing the putative
binding site for pyrethroids and DTT (O'Reilly et al., 2006). In (A) the voltage sensor
domains are colored red and the helices forming the central pore are colored in blue, cyan
and yellow. In grey one can see the docking site for the pyrethroid fenvalerate (grey space
filling model) and in (B) a closer look of the fenvalerate and (C) DTT docking sites. The
residues involved in ligand —target interaction are depicted.

remain in a relatively stable state of abnormal hyper excitability. In insect this is translated
as an incapacitating, yet sub lethal effect known as “knockdown”. Type | pyrethroids (f.e.
permethrin) are good knockdowns agents due to their ability to induce repetitive firing but
they do not kill the insects, a fact that is more than often misunderstood. They do result in
restlessness, uncoordination and hyperactivity followed by paralysis. Type Il compounds on
the other hand (e.g deltamethrin) have a-cyano group and cause a pronounced convulsive
phase that results in better kill compared to type |, because depolarization of nerve axons
and terminals is irreversible (Bloomquist, 1996).

1.3.6 Metabolism of deltamethrin

Deltamethrin belongs to the type Il class of pyrethroids and is considered the most potent
neurotoxic pyrethroid. The majority of pyrethroids are consisted of at least two isomers,
with the exception of deltamethrin that is a single isomer (cis). Deltamethrin’s selective
neurotoxic action is attributed to its effect on voltage sensitive sodium channels (VSSCs)
(Shafer et al., 2005). It is widely used in formulations of veterinary and agricultural products.
Although it was initially reported as one of the least toxic pyrethroids, many studies have



30

documented deltamethrin toxicity in mammalian and aquatic organisms (Bradberry et al.,
2005; Vais et al., 2001).

The residues implicated in the binding of the deltamethrin toxicant to the voltage-gated Na+
channel of house fly Musca domestica are modeled. These are the M918, L925, T929, and
L932 in the S4-S5 linkers, S5 helices, pore helices, and S6 helices respectively (Casida and
Durkin, 2013).
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Figure 1-8: Metabolism of deltamethrin. As seen above deltamethrin is detoxified by
oxidation via cytochrome P450s (dotted arrows) and ester-bond cleavage by esterases at
positions 2, 4’ and 5’ (solid arrows) followed by conjugation of metabolites via GSTs or UGTs
and excretion.

Studies in rats showed that there are two main mechanisms in deltamethrin metabolism
which entail an ester hydrolysis and the oxidation at the 2’ and 4’ position of the terminal
aromatic ring (Anand et al., 2006a) (Fig. 1-8). The ester bond hydrolysis is catalyzed by
carboxylesterases to produce 3-phenoxybenzoic acid 3-PBA and alcohol moieties, while
cytochrome P450s catalyze aromatic hydroxylation of deltamethrin, followed by conjugation
and excretion (Soderlund and Casida, 1977). PA50 oxidation at positions 2’ and 4’ of the
terminal aromatic ring produce twp oxidative metabolites: 2’-OH-deltamethrin and 4'-OH-
deltamethrin (Dayal et al., 2003).

Numerous biological processes produce free radicals. A high production of free radicals
within the cell leads to inevitable damage of macromolecules such as lipids, proteins, and
DNA which gives rise to pathological consequences. Oxidative stress occurs due to an
imbalance between the production of reactive oxygen species and the cells capacity to
readily detoxify the reactive intermediates or repair the damage. Deltamethrin metabolism
by the cell results in an increased production of free radicals. Generation of acute oxidative
stress is actually the way many pesticides work (Banerjee et al., 2001). Recent reports have
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demonstrated the induction of oxidative stress by pyrethroids such as cypermethrin,
lambda-cyhalothrin and beta-cyfluthrin (EI-Demerdash, 2007; Sadowska-Woda et al., 2010).
Deltamethrin has also been found responsible for causing oxidative stress to fish, rabbits and
rats and markedly for inducing hazardous alterations in lipid peroxidation (Dubey et al.,
2013; El-Sayed et al., 2007; Sayeed et al., 2003; Yousef et al., 2006).

Recent experiments on human dopaminergic neuroblastoma cells SH-SY5Y show the
cytotoxic effects of deltamethrin and its metabolites (Romero et al., 2012). The SH-SY5Y cell
line has been widely used in neurological studies, including analysis of neuronal
differentiation, metabolism and function related to neurodegenaration and neuroadaptive
processes, neurotoxicity and neuroprotection (Rios et al., 2003; Skandrani et al., 2006).
Treatment of this cell line with the main deltamethrin metabolites 2’-OH- and 4'-OH-
deltamethrin induced cell death, thus appearing to be even more toxic to the cells than
deltamethrin itself.

Earlier studies managed to correlate the neurobehavioral effects of deltamethrin with the
amounts of deltamethrin and its P450-produced metabolites (mainly 4-OH deltamethrin)
accumulating in the brain. They claim that modulation of deltamethrin via P450 oxidation is
behind the acute neurotoxicity observed in rats. In the presence of CoCl2 known to inhibit
P450 catalyzed reactions, no neurotoxicity was observed.

Earlier studies in rats by (Cole et al., 1982) have shown extensive metabolism of
deltamethrin by non-specific esterases/lipases and cytochrome P450s followed by
conjugation of the ester cleavage-derived metabolites of deltamethrin.

1.4 Insecticide resistance

Insects are well known for their capacity to rapidly adapt to their environment. With the
abundant use of chemical insecticide for insect-pest control since the 50s, resistance has
arisen all around the world in various species. Since Melander first documented resistance
(Melander, 1914) the subject has received ever greater attention due to increasing
inefficiency to control agricultural pests and disease vectors through chemical means . Today
insecticide resistance posses a great challenge for industry, agriculture, public health, the
environment and the research community worldwide since more than 450 arthropod
species (APRD) have developed resistance to one more common insecticides .

“Resistance is a pre-adaptive phenomenon reflecting the selection of individuals
possessing heritable genetic traits that promote their survival or reproduction in
environments treated with insecticides “(lan Denholm, 2001).

The development of resistance in an insect population occurs by selection of rare individuals
that can survive the selective pressure of an insecticide. Resistance is a pre-adaptive process
and not a mutational effect, which makes it an inherited trait. Most commercial insecticides
are highly mutagenic and their use results in an intense chemical selection (high dose, high
toxicity) which is not conducive to genetic alteration, but that allows survival of pre-adapted
individuals.

Although resistance is frequently the consequence of a single gene/mutation, it can also be
the consequence of more complex adaptive events defined as cross-resistance, multiple-
resistance and multiplicative resistance.
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When one gene/mutation is responsible for resistance to many families of insecticides
having the same mode of action, this phenomenon is known as cross-resistance. For
example, DDT and pyrethroids have the same mode of action and target site and the
resistance of insects to DTT often leads to resistance to pyrethroids and vice versa.
Sometime, insecticides with different mode of action are metabolized by the same enzymes
as also leading to cross-resistance (Feng et al., 2010).

Multiple-resistance is the resistance conferred by many resistance mechanisms in insects
(e.g. an insect carrying two distinct mutations causing resistance to multiple insecticides
with different mode of action (Perera et al., 2008).

Finally, multiplicative resistance is defined as the resistance conferred by several resistance
mechanisms in one insect, being higher than the sum of the resistance level caused by each
resistance mechanism separately (Hardstone et al., 2009).

1.4.1 Insecticide resistance mechanisms

Insecticide resistance is not always controlled by a single mechanism and is quite often the
consequence of different but additive mechanisms. The four general mechanisms of
resistance that have been described in insects are: (a) Behavioral resistance entailing
changes in the innate behavior of insects towards the insecticide or modifications of insect
physiology (b) cuticle thickening of the insect that results in reduced penetration of the
insecticide also known as penetration resistance (c) target site insensitivity caused by
mutations of the protein targeted by the insecticide and (d) increased biodegradation of the
insecticide also termed metabolic resistance. The latter two are the main resistance
mechanisms in insects (Li et al., 2007b). The other two, behavioral and penetration
resistance, appear to be additional mechanisms.

1.4.1.1 Behavioral resistance

The term is used to describe the change of innate insect behaviors that result in reduced
exposure of the insect to synthetic and natural xenobiotics, or that allow it to survive in the
presence of what would be characterized a toxic and fatal environment (Thomas C. Sparks,
1989).

Behavioral resistance mechanisms include changes of insect circadian rhythm in a way that
would alter the frequency of contact with insecticide treated areas and/or that would make
an insect more or less susceptible to the exposure depending at different times of day
(Hooven L.A, 2009). Insecticides have excito-repellency properties and irritancy has been
observed in mosquitoes on exposure to insecticides. Irritancy occurs when a mosquito
comes into physical contact with a given insecticide and leaves the surface following
exposure. Such an example of behavioral modification is that of the tobacco budworm
(Heliothis virescens) that apart from developing target site and metabolic resistance the
insect would selectively eat less food when pyrethroid had been added to it (Thomas C.
Sparks, 1989).

Another example of behavioral change in malaria vectors is the alteration of feeding
preference of Anopheline populations. Anophelines are highly anthropophilic and have been
documented to prefer feeding inside human houses. Due to extensive indoor insecticide
spraying (IRS) and the use of long lasting insecticidal nets (LLIN) they are now feeding
outdoors and earlier in the evening, before people have gone to sleep. In addition,
mosquitoes host preferences have switched from humans to increased zoophagy (Ferguson
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HM, 2010; Gatton et al., 2013; Takken, 2002). Although behavioral resistance is difficult to
evidence and not fully understood, this mechanism progressively gets a better consideration
in resistance management strategies.

1.4.1.2 Cuticular resistance

The insect cuticle is composed of a long-chain polymer of a poly-B-(1-4)-N-acetyl-D-
glucosamine along with proteins, lipids, pigments, inorganic materials and small organic
molecules (Andersen, 1979). The cuticle provides the insect with support (exoskeleton),
defense against micro-organisms, protection against chemical and mechanical damage and
aids in water retention. At some point during development, a biological process called
sclerotization (or tanning) differentiates the procuticle into exocuticle. This results in
thickening of the exocuticle that becomes resistant to mechanical pressure, chemicals and
acquires hydrophobic and lipophilic properties.

Changes in the chemical composition of the insect’s cuticle could delay the rate of
insecticide penetration into the insects’ body which would in turn provide time for
detoxification mechanisms to take effect and/or reduce the amount of insecticide reaching
the target site.

Resistance conferred by a reduced cuticle penetration of insecticides has been reported in
several arthropods. One of the classic examples is the pen gene in DDT, dieldrin and diazinon
resistant houseflies (Musca domestica), which lowers the penetration rate of insecticides
through the cuticle (Plapp, 1976). DDT and malathion resistant Anopheles stephensi
mosquitoes derived from India (Beech) and Pakistan (St Mal) presented a different
hydrocarbon composition in the cuticular lipids compared to susceptible ones, believed to
be related with insecticide exposure (Anyanwu, 1997). The mean cuticle thickness measured
by SEM (scanning electron microscopy) of Anopheles funestus permethrin resistant females
was 9.5-10% increased compared to susceptible ones (Wood et al.,, 2010). Finally
overexpression of fenvalerate resistant Culex pipiens pallens laccase protein Cplac2,
involved in mosquito tanning, has been suggested to be responsible for decreased cuticular
penetration (Chengyuan Pan, 2009).

Microarray data also brought to the light upregulation of cuticle genes in insecticide-
resistant mosquito strains. CPLC8 and CPLC# cuticular genes were over transcribed in
pyrethroid resistant in Anopheles gambiae (Awolola et al., 2009). In An. stephensi, (Vontas,
2007) showed that genes putatively involved in adult cuticle thickening were over-
transcribed in a resistant strain.

Reduced cuticular penetration due to over transcription of CPRs (CPR; Cuticular Protein with
the Rebers and Riddiford Consensus) are responsible for high resistance levels in the
common bed bug (Climex lectularius) (Reina Koganemaru, 2013). Similar cuticular resistance
mechanism have been documented for the cotton bollworm (Helicoverpa armigera)
(Ahmad, 2006; Gunning et al., 1994) and of the maize aphid Myzus persicae (Puinean et al.,
2010b). The role of CDA (chitin deacetylases) proteins is being investigated, that have been
suggested to influence the physical and chemical properties of the cuticle permeability as
well as the peritrophic matrix. CDA upregulation in Daphnia magna (Pereira et al., 2010) is
thought to be the result of extended insecticide exposure (Zhao et al., 2010). Their
usefulness as additives in existing pesticides is under investigation. It is necessary to point


http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/N-acetylglucosamine
http://en.wikipedia.org/wiki/N-acetylglucosamine

34

out that cuticular resistance is usually encountered in combination with other resistance
mechanisms.

1.4.1.3 Target-site resistance

Target site resistance is the major mechanism of insecticide resistance. The reduction or
even abolishment of toxicity of the chemical is a consequence of non-synonymous
nucleotide variations (de novo spontaneous mutation or selection of existing resistance
alleles) leading to the substitution of amino acids in the binding site of the protein targeted
by the insecticide. 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 (Ffrench-Constant et al., 2000b; Martin et al., 2000; Mutero et al., 1994; Vaughan
et al., 1997; Williamson et al., 1996). Resistance of this class has been found for nervous
system targets (Ffrench-Constant et al., 2004), 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).

1.4.1.3. a Acetyl cholinesterase insensitivity

Acetylcholinesterase (AchE) is critical for hydrolysis of acetylcholine at cholinergic nerve
synapses. Insensitivity of AchE to organophosphates and carbamates is one of the most
common target-site resistance mechanisms observed in field.

Point mutations in the AchE gene confer resistance to organophosphates and carbamates in
many insects such as the green bug Schizaphis graminum (Gao et al., 2002), the olive fly
Bactocera oleae (Vontas et al., 2002) the green peach aphid Myzus persicae (Mazzoni and
Cravedi, 2002), the white fly Bemisia tabaci (Roditakis et al., 2009), the spider mite
Tetranichus urticae (Khajehali et al., 2010).

In mosquitoes An. Gambiae and Culex pipiens two AchE loci (ace-1 and ace-2) have been
identified (Labbel, 2010) and the ace-1 was found highly linked with insecticide resistance in
both. In the contrary only ace-2 appears to be present in Drosophila melanogaster and
Musca domestica (Mutero et al., 1994). Several mutations have been reported with the
most frequent the substitution of G80119S (Gly119 replaced by Ser) and F290V (Phe290
replaced by Val) at the insecticide binding site of ace-1 were reported in resistant strains An.
Gambiae and Cx. pipiens and Cx. guinguifasciatus respectively resistant to OPs and MCs
(Ahoua Alou et al., 2010; Alout et al., 2007)

1.4.1.3. b Mutation of GABA receptors

The GABA reseptor responds to the neurotransmitter gamma-aminobutyric acid (GABA), the
main inhibitory neurotransmitter in the vertebrate central nervous system (the inhibitory
neurotransmission channel in insects) mutations that render them resistant to avermectins
and cyclodiene (Bloomquist, 2001).

The target site of cyclodiene insecticides (OCs) such as dieldrin is the gamma amino butyric
acid (GABA) type A receptor. The gene called Rd/ (Resistance to dieldrin) encodes a mutated
GABA receptor (Zheng et al., 2003) insensitive to cyclodienes. Resistance to dieldrin (Rdl) is
associated with replacements of Ala302Ser/Gly in D. melanogaster (Anthony et al., 1998b;
Hosie et al., 1997; Thompson et al., 1993b). This substitution in the putative lining of the
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chloride ion channel pore of the protein directly affects the insecticide binding site (Ffrench-
Constant et al., 2000b).

A wide range of insects have been recorded with altered GABA receptor (Ffrench-Constant
et al., 2000b) such as Tribolium castaneum (Andreev et al., 1999) the diamondback moth
Plutella xylostella (Li et al., 2006), the red flour beetle Myzus persicae (Anthony et al., 1998b)
and Drosophila simulans (Le Goff et al., 2005). In mosquitoes, the RdIR mutation has been
found at high frequencies in Cx. quinquefasciatus and Ae. albopictus from La Réunion
(Tantely et al., 2010). The same mutation (Ala302Ser) has also been found in dieldrin and
endosulfan resistant strains of Aedes aegypti (Thompson et al., 1993a), An. arabiensis and
An. gambiae (Du et al., 2005).

1.4.1.3c Mutation of the voltage-gated Na-channels (kdr mutations)

Mutations in the voltage-gated sodium channel confer a degree of loss of sensitivity to
pyrethroids and DDT. These mutations have been characterized knock down resistance (Kdr)
mutations (Sawicki, 1985). Kdr mutations have first been identified in houseflies (Busvine,
1951). An enhanced form of this resistance, called super-kdr, has been described later on in
the housefly as well (Sawicki, 1978). Both this mutations have been mapped on the voltage
gated sodium channel or para sodium channel in flies. The phenotype known as super kdr
has only been seen as the combination of these two substitutions: the original L1014F
mutation plus a M918T in the S4-5 linker of domain Il of the ion channel, part of the
pyrethroid binding site (O'Reilly et al., 2008; Soderlund and Knipple, 2003).

The method that has been used to identify polymorphism that affect binding of insecticides
in their targets was electrophysiology measurements in Xenopus oocytes and this method is
still the fundamental way to characterize a mutation. However it is a specialized and
cumbersome method, when testing large numbers of agricultural pests. For this reason
sequencing of the protein for identification of polymorphisms and diagnostics based on PCR
amplification (PCR-RFLP, allele specific PCR etc) are the techniques most widely used.

Sequencing of the para-sodium channel in several arthropod species led to the identification
of a wide array of polymorphisms. Some of them that have been linked with resistance occur
as single mutations at four sites. These are V410M in H. virescens (Park and Taylor, 1997),
methionine 918 (M918V) in B. tabaci; (Morin et al., 2002) and the L1014F mutations. The
last one has been recorded in many species including M. domestica (Soderlund, 2008), D.
melanogaster (Usherwood et al.,, 2007), Blatella germanica (Miyazaki et al., 1996)
Hematobia irrtans (Guerrero et al., 1997), Culex pipiens (Martinez-Torres et al., 1999a), M.
persicae (Martinez-Torres et al., 1999b). The L1014H substitution is present in H. virescens
(Park and Taylor 1997) and the L1014S in Culex pipiens (Martinez-Torres et al., 1999a).

Table 1-2: Mutations in the Aedes aegypti sodium channel.

Species Pyrethroid Target site mutations Sodium Channel Reference

Aedes aegypti  Asia. Latin America. Africa G923V, L982W. T1011M. T1011V.WV1016L V1016G IISS. P-loop. IIS6  Brengue et al 2003
Aedes aegypti  Thailand P9745, F979L P-loops Yaicharoen et at.20035
Aedes aegypti  Latin America T1011M, 11011V, V1016G, V10161 1186 Savaaedra et al. 2007
Aedes aegypti  Vietnam-permethrin V1016G, F1269C 1186, 11186 Kawada et al. 2009
Aedes aegypti  Taiwan (selected to permethrin) D1794Y.V1023G, R5658 IVSs, IVS6 Chang et al 2009
Aedes aegypti Brazil V1016L I1011M 1IS6 Martins et al_ 2009
Aedes aegypti  Thailand(DDT-permethrin) F1534C 1156 Yanola et al 2009

Aedes aegypti  Grand Cayman(DDT-pyrethroids) V10161, F1534C 1186, 1186 Harris et al 2010
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In the mosquito An. gambiae, the replacement of a leucine by a serine at position 1014
(L1014S) linked to pyrethroid resistance has been found in East Africa (East-Kdr) (Ranson et
al., 2000) while the replacement of the leucine by a phenylalanine has been linked to
resistance in West Africa (West-Kdr) (Martinez-Torres et al., 1998). Kdr mutations were also
found in An. stephensi (Enayati et al., 2003; Singh and Prakash, 2012), Culex quinquefasciatus
(Sarkar et al., 2011) and Aedes aegypti (Brengues et al., 2003) resistant populations.

In Aedes aegypti, several sodium channel gene mutations have been identified in DDT and
pyrethroid resistant strains (Table 1-2 )(Brengues et al., 2003; Chang et al., 2009a; Harris et
al., 2010; Kawada et al., 2009; Martins et al., 2009b; Saavedra-Rodriguez et al., 2007; Yanola
et al., 2011) but their associations with resistance is less clearly defined. Neurophysiology
measurements on Aedes aegypti exposed dorsal nerve cords from resistant populations
containing substitutions at one or more of codons 923, 982, 1011 or 1016 in the sodium
channel showed highest sensitivity in individuals containing both the Gly923Val mutation
and the lle1011 Met substitutions (Brengues et al., 2003). However as the strains analyzed in
the Brengues study contained multiple substitutions the role of each individual substitution
could not be dissected.

As mentioned before a model of the binding of pyrethroid insecticides to the sodium
channel has been proposed enabling more accurate predictions to be made regarding the
effect of various amino acid substitutions on the binding of insecticide to its target site
(O'Reilly et al., 2006; O'Reilly, 2013). This model suggests that substitutions in the S4-S5
linker region (residues 918-922) and S5 (residues 922-936) of Domain Il, and S6 of Domain Il
(residues 1529-1534) form the binding site for pyrethroid insecticides (Figure 1-7).
Interestingly domain 1l, S6, which contains the Phel014 residue, the most commonly
substituted in kdr resistant strains of most pyrethroid resistant insect species, is not
predicted to bind directly to pyrethroids as it is located a considerable distance away from
the predicted binding-pocket in the proposed model.

1.4.1.4 Metabolic resistance

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

Xenobiotics usually undergo three phases of metabolism: modification of the insecticide
takes place via metabolizing enzymes. Phase Il involves conjugation reactions mediated by
GSTs and/or UGTs and phase Ill excretion via transporters (ABC transporters). 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. In
phase |, 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
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without releasing it from the protein complex. During phase Il, other enzymes such as
glutathione S-transferases (GSTs), sulfo-transferases (SULTs) or uridine diphosphate
glucoronosyl transferases (UDPGTs) conjugate xenobiotics or their phase | metabolites with
glutathione (Gly-Cys -Glu) or sugars respectively. Drugs are often metabolized by sequential
reactions involving phase | and Il enzymes. The time taken for a drug to be cleared from the
body is a function of both the rate of biotransformation and excretion. The major role of
P450s is to introduce polar functional groups into nonpolar molecules. Conjugating enzymes
catalyze the addition of more polar functional groups to the drug, such as glucuronate,
sulfate, glutathione, or amino acids. NAD (P) H: quinone: oxidoreductase (also called
DT-diaphorase), methyltransferase, and acetyltransferase are also classed as phase Il
enzymes. Sequential biotransformations by both the P450R/P450 system and UGTs
constitute one of the major routes for drug metabolism. These sequential reactions might be
facilitated by the close spatial association of the enzymes on the endoplasmic reticulum (ER).
The metabolites generated by phase | and Il reactions are excreted from the body with the
aid of membrane efflux pumps that include the multidrug resistance-associated proteins
(phase Il reactions) such as ABC transporters.

At the gene level, elevated insecticide metabolism can be the consequence of a) gene
amplification (increase in gene copy numbers) b) transcriptional up-regulation due to
mutations in trans-regulatory loci, via indels or mutations in cis-acting elements and c)non-
synonymous variations in protein sequence that enhance the detoxification rate of an
enzyme, leading to an increased turnover of the insecticide (Li et al., 2007b).

One should note that, xenobiotics alone and/or their metabolites can induce lipid
peroxidation or produce reactive oxygen species during detoxification processes leading to
cell destruction. In such cases, antioxidants enzymes such as peroxidases, catalases,
superoxide dismutases and other proteins may contribute to limit this stress (Li et al.,,
2007b).

1.4.1.5 Mechanisms of metabolic resistance

Cytochrome P450s are heme-thiolate proteins of 40 to 60 kDa that were named on the basis
of their spectrophotometric characteristics. When their reduced heme iron links with
carbonmonoxide, these enzymes show a maximum absorption peak at 450 nm (Fukuda and
Schuetz, 2012). P450 are one of the largest enzyme superfamily and are found in all
organisms including plants, animals, fungi and bacteria. In eukaryotes, P450s and their redox
partners NADPH P450 reductases are located in the endoplasmic reticulum (microsomal
P450s) or inner mitochondrial membranes (mitochondrial P450s) (Omura and Sato, 1964). In
addition to detoxification, these enzymes are involved in various metabolic pathways such
as carbon assimilation, hormones metabolism, growth and development, nutrition, or
reproduction (Feyereisen, 1999).

Functioning of P450s in insects

P450s use electrons from NADPH to catalyze activation of molecular oxygen, leading to
oxidative attack of the substrate. In detoxification mechanisms, P450s are involved in Phase |
and perform the hydroxylation of xenobiotics. P450 substrate specificity depends on the
conformation of their substrate binding pocket or substrate recognition site (SRS). The
catalytic sequence involves different steps and the overall reaction can be written as follows:
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R-H + NADPH + H* + 0, —F#20—— R-OH + NADP* +H 0

P450s needs redox partners for functioning. Co-factors act as electron transporter from
NADPH to the P450. Microsomal P450s use NADPH cytochrome P450 reductase and NADH
cytochrome b5 reductase as cofactors while mitochondrial P450s use adrenodoxin
reductase. Although the reactions most often catalyzed by P450s are hydroxylation, they can
also catalyze a wide variety of reactions such as dealkylation, dehydration, dehydrogenation,
isomerization, dimerization, carbon-carbon bond cleavage, and reduction (Guengerich,
2001) Figure 1-9.
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Figure 1-9: Reactions catalyzed by P450s.

Nomenclature of P450s

Since the 80s, a large number of P450s have been characterized. (Nebert et al.,, 1991)
proposed a P450 nomenclature which is now widely used. For the identification of gene and
cDNA, the italicized root symbol “CYP” representing “cytochrome P450” is used whereas the
gene products are in capitals. This symbol is followed by an Arabic number designating the
family, a letter representing the subfamily and an Arabic number denoting the individual
gene within the subfamily. Different alleles of a single gene are designated v1, v2, etc. (e.g.,
CYP6B1v2). When multiple species are discussed, a prefix made from species initials can be
used (e.g. DmCYP6G1 for the gene encoding CYP6G1 in D. melanogaster). According to this
nomenclature, two P450s belong to the same family if their protein sequence homology is
superior to 40 % and in the same subfamily if their protein sequence homology is superior to
55 %. Since this nomenclature is based on overall protein sequence similarity, no
information regarding the function of a P450 should be assumed by its classification within
this system (Nelson et al., 1993). So far, more than 12450 CYPs have been named including
more than 67 families from insects. Insect CYP families are distributed in four large clades
named from vertebrate CYP families as shown in Figure 1-10 (Feyereisen, 2006). The number
of P450 genes varies according to the species. For example, D. melanogaster, An. gambiae
and Apis mellifera have 83, 111 and 46 genes encoding P450 respectively (Claudianos et al.,
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2006; Ranson et al., 2002; Tijet et al., 2001). More than half of insect P450 genes belong to
CYP4 and CYP6 families. In the mosquito Ae.aegypti 178 CYP genes belonging to the four
main CYP clades have been identified (Nene et al., 2007, Nelson 2011).

P450s and resistance to chemical insecticides

Several studies have reported the involvement of insect P450s in resistance to chemical
insecticides (Feyereisen 2005). Traditionally, the use of P450 inhibitors such as piperonyl
butoxide (PBO) in combination with insecticide during bioassays is used to get the first
evidence of P450-mediated resistance. For example, resistance of the mosquito Cx.
quiquefasciatus from Alabama to permethrin was partially suppressed by PBO (Xu et al.,
2005). Another line of evidence can come from the comparison of global P450 activities in
resistant and susceptible insects by using biochemical approaches and model P450
substrates such as ethoxycoumarin or ethoxyresofurin (De Sousa et al., 1995). Comparative
in vitro insecticide metabolism with purified microsomal fractions may also be used to
validate the role of P450s in insecticide resistance. For instance, in vitro metabolism of
permethrin with microsomes of Cx. quinquefasciatus permethrin-resistant larvae produced
higher quantity of 4-hydroxypermethrin than microsomes from susceptible larvae (Kasai et
al., 1998). In the house fly, gut and fat body microsomes from a resistant strain were shown
to metabolize the insecticide pyriproxyfen at higher rates than in susceptible strains (Zhang
et al., 1998). However, toxicological and biochemical approaches are not able to identify
individual genes responsible for resistance.

Since the last decade, the sequencing of some insect genomes and the evolution of
molecular techniques have eased identifying individual CYP genes involved in insecticide
resistance. In most studies, the over-expression of particular P450s was first detected
through their over-transcription by using DNA microarray or reverse transcription
guantitative PCR (RT-qPCR) approaches. For example, microarray analysis allowed revealing
the over transcription of the gene CYP6G1 in insecticide resistant strains of D. melanogaster
(Le Goff et al., 2003). In mosquitoes, the over-expression of CYP genes has been identified in
mosquitoes resistant to insecticides. In An. funestus, RT-qPCR shows that CYP6P9 gene is
highly over expressed in the egg and adult stages of a pyrethroid resistant strain relative to a
susceptible strain (Amenya et al., 2008). Likewise in An. Gambiae, an adult-specific CYP gene,
CYP6Z1was shown to be over-expressed in a pyrethroid-resistant strain compared to a
susceptible strain (Nikou et al., 2003). To date, microarray screenings have identified several
other CYP genes over-transcribed in resistant mosquito strains or populations including
CYP4H21, CYP4H22, CYP4H23, CYP4J4 and CYP4J6 in resistant strain of Cx. pipiens (Shen et
al.,, 2003), CYP325A3, CYP6M2, CYP6P3 in An. gambiae (David et al., 2005, Djouaka et al.,
2008, Awolola et al., 2009), CYP6P9 and CYP6M7 in An. funestus (Christian et al., 2011) and
CYP4J15, CYP4D23b, CYP6M6, CYP6Z6b and CYP6BB2a in Ae.aegypti (Marcombe et al.,
2009). Although identifying P450 genes over-transcribed in resistant insects provide good
evidences of their potential involvement in resistance, these approaches do not
demonstrate the ability of these enzymes to metabolize insecticides. Therefore functional
studies using various techniques are usually required to validate the function of individual
P450 candidates. In vitro expression of individual P450 in heterologous expression system is
often used for P450 function validation and substrate characterization. Different expression
systems such as Escherichia coli, yeast and baculoviruses in animal or plant cells can be used
for the in vitro production of individual P450s. In Insects, DmCYP6A2 produced in
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lepidopteran cells infected by baculovirus allowed to demonstrate the ability of this enzyme
to metabolize several insecticides (Dunkov et al., 1997). The same protein from wild-type
DDT resistant strain of D. melanogaster expressed in E. coli was able to metabolize DDT
(Amichot et al., 2004).
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Figure 1-10: Insect CYP families and their relationship with vertebrate CYP families. Insect

CYP family numbers are indicated for each clade (Feyereisen, 2006).

The heterologous expression of DmCYP6GL1 in cell suspension cultures of Nicotiana tabacum
(tobacco) demonstrated of its capacity to metabolize DDT, imidacloprid and methoxychlor
(Joussen et al., 2008). In mosquitoes, the heterologous expression of AgCYP6Z1 and
AgCYP6P3 confirmed their ability to metabolize DDT and pyrethroids respectively (Chiu et
al., 2008, Miiller et al., 2008). Recently, the role of AgCYP6M?2 in deltamethrin metabolism
has also been demonstrated (Stevenson et al., 2011).

Esterase-mediated resistance

Nomenclature of esterase Carboxy/cholinesterases or esterases (CCEs) are group of enzymes
belonging to the hydrolase family implicated in the metabolism of numerous xenobiotics
(Wheelock et al., 2002).
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Because of the fact that CCEs also have extremely broad substrate selectivity, their
nomenclature is sometime confusing and they are often referred as esterases overall. The
first classification of esterases was based on their inhibition by the OP paraoxon. The
esterases inhibited by paraoxon were named esterases B and those not inhibited esterases A
(Aldridge 1953, 1993). While, in Culex, carboxyesterases capable to hydrolyse the a-
naphthyl-acetate (synthetic substrate) are named a-esterases (Est a) and those capable to
hydrolyse the B- naphthyl acetate named B-esterases (Est B). In An.gambiae, D.
melanogaster and Ae.aegypti, 51, 36 and 49 carboxylesterases have been identified
respectively (Ranson et al., 2002, Strode et al., 2008).

Esterases and insecticide resistance
Esterases have been involved in insect resistance to OPs, carbamates and pyrethroids (Peiris
& Hemingway 1993, Vulule et al., 1999, Li et al., 2007).

In mosquitoes, elevated esterase activities linked to OP resistance have been found in Cx.
quinquefasciatus (Corbel et al., 2007). Karunaratne and Hemingway (2000) have shown that
carboxylesterases CtrEst betal and CtrEst alphal are associated with elevated carbamate
resistance in Cx. tritaeniorhynchus. Higher esterase activities have also been associated with
pyrethroid resistance in mosquitoes although no particular mosquito esterase has yet been
shown to metabolize pyrethroids (Rodriguez et al., 2005). Different molecular mechanisms
can be responsible for increased esterase activity. Gene amplification is a genomic
modification that can increase gene copy number (Hemingway & Ranson 2000). In the aphid
M. persicae, overproduction of carboxylesterase E4 or its paralogue FE4 protein via gene
amplification was responsible for enhanced degradation and sequestration of a wide range
of insecticides including OPs, MCs, and pyrethroids (Field & Devonshire 1998). In
mosquitoes, gene amplification has been observed in many resistant populations of Culex
(Jayawardena et al., 1994, Vaughan et al., 1997, Hemingway et al., 1998, Paton et al., 2000).
For example, the over-expression of the esterases Esta2 and EstB2 was responsible for
resistance to OPs in Cx. Quiquefasciatus (Vaughan et al., 1995, Hemingway & Karunaratne
1998). As for other detoxification enzymes, over-regulation can also increase the production
of esterases without increasing the gene copy number.

Finally, as for other detoxification enzymes, the modification of carboxylesterase due to
mutation in their coding sequences can also cause resistance by modifying their affinity to
insecticides (Campbell et al., 1998, Heidari et al., 2004, Zhang et al., 2010).

Glutathione S-transferase based resistance

Glutathione S-transferases (GSTs) are involved in a wide range of biological processes. They
play a central role in the detoxification of both endogenous and exogenous compounds.
Their primary function is to detoxify hydrophobic xenobiotics by catalyzing the nucleophilic
conjugation of glutathione (GSH) on the electrophilic center of the substrate (Armstrong
1991). They are also involved in intracellular transport, biosynthesis of hormones and
protection against oxidative stress (Enayati et al., 2005, Ranson & Hemingway 2005). Some
GSTs have also been involved in the regulation of development (Kasai et al., 2009). Most of
GSTs are cytosolic dimeric proteins but they also exist as membrane-bound microsomal
enzymes in insects (Ranson et al., 2002).
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Nomenclature of GSTs

A nomenclature was applied to mammalian GSTs assigning each enzyme to different classes
represented by a Greek letter. GSTs sharing more than 40% amino acid similarity were
assigned to the same class (Mannervik et al., 1992). Insect GSTs were also named in the
same way. The name of each gene coding for GST is composed of species initials following
acronym GST, Greek letter designating class and an Arabic number denoting the order of
discovery or the genomic organization. For example, AgGSTe7 is the seventh gene of the An.
gambiae Epsilon class of GSTs identified. The proteins are represented by capital letters
while gene names italicized (Enayati et al., 2005, Ranson & Hemingway 2005). The number
of genes encoding GSTs varies according to each species. For example, D. melanogaster and
An. gambiae have 37 and 28 genes coding for GSTs respectively (Strode et al., 2008). There
are 29 transcripts encoding cytosolic GST enzymes in Ae.aegypti, most of them belonging to
the insect-specific Delta and Epsilon classes (Lumjuan et al., 2007).

Mechanism of detoxification

During GST-based detoxification, the conjugation of glutathione to the substrate leads to the
conversion of lipophilic compounds to more hydrophilic metabolites that are more readily
exported from the cell (Habig et al, 1974). GSTs have been shown to catalyze the
conjugation of OPs (tetrachlorvinphos and parathion), resulting in their O-dealkylation or O-
dearylation (Oppenoorth et al., 1979, Ugaki et al., 1985). GSTs also can also metabolize
insecticides by facilitating their reductive dehydrochlorination (Clark & Shamaan 1984).
Lumjuan et al, (2005) showed that particular mosquito GSTs can catalyze the
dehydrochlorination of DDT to the non-toxic metabolite DDE by using GSH as a cofactor
rather than as a conjugate. GSTs can also play a pivotal role in defence against oxidative
stress (Enayati et al., 2005, Wongtrakul et al., 2009). Finally, GSTs can also be involved in
insecticide sequestration (Kostaropoulos et al., 2001, Ortelli et al., 2003).

GSTs and resistance to chemical insecticides

Several studies have explored the role of GSTs in insecticide resistance. The main molecular
mechanisms involving GST mediated metabolic resistance are over-production through up-
regulation or gene amplification (Li et al., 2007).

Members of delta and epsilon classes have been implicated in resistance to several
insecticides, most frequently organochlorines, and pyrethroids (Fournier et al., 1992, Vontas
et al, 2001, Ranson et al., 2004, Che-Mendoza et al., 2009). As for other detoxification
enzymes, the use of GST inhibitors such as diethyl maleate (DEM) allows to evidence their
role in resistance. For example, resistance to permethrin in Cx. quinquefasciatus was
suppressed by the addition of DEM to insecticide during bioassays (Xu et al., 2005).

Measuring higher GST activities in resistant strains or populations has also been used to
evidence GST-based resistance. For example, Etang et al., (2007) showed an increased GST
activity in An. gambiae related to DDT and pyrethroid resistance. Elevated GST activities
were also observed in DDT-resistant Mexican populations of An. albimanus (Penilla 2006)
and laboratory-selected An.arabiensis (Matambo et al., 2007). Finally, high GSTs activities
were also associated with elevated resistance to OPs and carbamates in mosquitoes
(Karunaratne & Hemingway 2000).

At the molecular level, several approaches such as transcriptomics, genetic mapping,
interfering RNA or heterologous expression and in vitro metabolism have been used to
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investigate the role of individual GST genes in insecticide resistance. For example, the gene
encoding GSTE2 was found over-transcribed in different mosquito strains resistant to DDT
(Ranson et al., 2001, Lumjuan et al., 2005). Later, heterologous expression of this enzyme
evidenced its ability to metabolize DDT into its less toxic form DDE in both Ae. aegypti and
An. gambiae (Ortelli et al., 2003, Ding et al., 2005, Wang et al., 2008). Several GSTs were also
found over-transcribed in insecticide resistant mosquito strains or populations (David et al.,
2005, Vontas et al., 2007).

1.4.1.6 Multidrug resistance associated proteins-ABC transporters.

One of the main reasons of human antibiotic resistance is the group of multidrug resistance
transporters or MDR transporters that extrude drug compounds out of the cell. There are
two classes of MDR transporters depending on their source of energy. The ones that make
use of membrane proton gradients and the ones that use energy from ATP hydrolysis to
transport a substrate across the cell-membrane, also referred to as ABC-transporters.

ABC transporters are transmembrane proteins that utilize the energy of adenosine
triphosphate (ATP) hydrolysis to carry out certain biological processes including
translocation of various substrates across membranes and non-transport-related processes
such as translation of RNA and DNA repair (Davidson et al., 2008). They transport a wide
variety of endogenous substrates across extra- and intracellular membranes, such as amino
acids, sugars, as well as metabolic products, lipids and sterols, and drugs. Proteins are
classified as ABC transporters based on the sequence and organization of their ATP-binding
cassette (ABC) domain(s) (Jones and George, 2004).

ABC transporters are known to play a crucial role in the development of multidrug resistance
(MDR). Patients with treatments that demand heavy medication, eventually develop MDR
resistance not only to the subscribed drugs but also to several different types of drugs. This
is caused by several factors, one of which is increased excretion of the drug from the cell by
ABC transporters. A characteristic example is the ABCB1 protein (P-glycoprotein) functions in
pumping tumor suppression drugs out of the cell, thus contributing to resistance of cancer
cells against chemotherapeutic agents. P-gp is also called MDR1 or ABCB1 (members of the
ABCB subfamily), the multidrug associated proteins or MRPs (ABCC subfamily) and the
breast cancer protein (BCRP or human ABcG2) (Fukuda and Schuetz, 2012; Schinkel and
Jonker, 2003). P-gp is known to transport organic cationic or neutral compounds. The human
ABC protein superfamily also contains ion channels (CFTR), receptors (SUR1 and 2) and
proteins involved in translation (human ABCE and ABCF1, 2 and 3)Dean et al. (2001); (Dean,
2001) . Mutations in ABC genes have been linked to several human disorders, like cystic
fibrosis, adrenoleukodystrophy, sitosterolemia and diabetes (Borst and Elferink, 2002; Tarr
et al., 2009).

Insect orthologs of human P-gps and MRPs have also been frequently linked to pesticide
resistance (Baxter et al.,, 2011; Buss and Callaghan, 2008). Resistance to pesticides, as
mentioned before, is either related to reduced target site sensitivity or
sequestration/metabolism of the pesticide due to enzymes belonging to the P450
monooxygenases (P450s), glutathione-S-transferases (GSTs) and carboxyl/cholinesterases
(CCEs) (Li et al., 2007b; Van Leeuwen et al., 2010). The role of ABC transporters has been
clearly overlooked in studies that describe insecticide resistance mechanisms but the last
years there have been clear examples documenting their importance in detoxification.
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In a speculative route of the pyrethroid insecticide through the insect, the final physical
barrier to be crossed for insecticides to reach their target it’s the blood brain barrier (BBB).
ABC transporters in vertebrates (Loscher and Potschka, 2005) protect the environment of
the neurons by preventing toxic compounds from reaching them acting as efflux pumps to
remove lipophilic molecules that traverse the plasma membrane. Several lines of evidence
suggest that ABC transporters are involved in the protection of the insect central nervous
system (Mayer et al., 2009). The presence of an ABC transporter in the BBB of Manduca
sexta, the tobacco hornworm (Murray et al., 1994) contributing to its high tolerance to
nicotine, strengthens this hypothesis. In humans ABC transporters and P450s co-localize and
co-expresses in endothelial micro vessels of the BBB thus rendering it a metabolic barrier,
that protects the CNS from drugs, they are also been shown to be co-regulated by common
transcription factors (Dauchy et al., 2008).

Increases in the expression of ABC transporters (P-glycoproteins, P-gp) in Heliothis virescens
(Lanning et al., 1996) and cypermethrin, fenvalerate and methylparathion in Helicoverpa
armigera (Aurade et al., 2006; Sreeramulu et al., 2007; Srinivas et al., 2004) have been
linked with resistance to chemical insecticides such as thiodicarb and a mutation in the same
ABCC member of four different lepidopteran species was recently associated with resistance
to the CrylA toxin (Baxter et al., 2011; Van Leeuwen et al., 2010).

In addition pesticides have been demonstrated to stimulate high ATPase activity in an ABC
transporter (P-glycoprotein) cloned ,expressed and reconstituted into proteoliposomes in
Helicoverpa armigera (Aurade et al., 2010). In mammalian BBB, pyrethroids have high
affinity (4-6nM) for an ABC transporter (P-gp) (Sreeramulu et al., 2007). Finally an increase in
the toxicity of temephos and diflubenzuron was caused in the presence of verapamil (ABC
transporter inhibitor) in resistant Aedes caspius. This effect has also been demonstrated for
Culex pipiens (Buss et al., 2002). Recently (Dermauw et al., 2013) showed that expression
levels of ABC genes in the spider mite Tetranychus urticae change in pesticide resistant
strains and when new and challenging plant host are encountered.

1.4.1.7 Molecular mechanisms implicated in resistance
In gene level the molecular mechanisms responsible for resistance are a) upregulation via
mutations in trans regulatory loci or in cis-acting elements b) mutations in the coding
sequence that alters the turnover of the protein in favor of the insecticide and d) gene
amplification. These molecular mechanisms are not mutually exclusive, and in more than
one cases these mechanisms cooperate to achieve resistance.

Mutations in cis-acting or trans acting regulatory regions

Characteristic examples of regulatory mechanisms being responsible for elevated levels of
metabolic enzymes arise from mutations and insertions/ deletions (indels) in cis-acting
promoter sequences and/or trans upregulation via mutations in trans regulatory regions.

As in the case of the house fly hypertranscription of CYP6A2 and CYP6A8 in the DDT and
malathion-resistant 91-R and MHIIID23 strains is due at least in part to loss-of function
mutations in their repressor loci (Maitra et al., 2000; Maitra et al., 2002).

Similarly overexpression of the Drosophila melanogaster CYP6G1 P450 has been correlated
with the presence of an Accord LTR insertion in the genes promoter region (Catania et al.,
2004; Daborn et al., 2002). Potential roles of this insertion encompass a wide range of
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options, from disrupting existing repressor elements, to introducing enhancer elements, to
altering the physical distance between regulatory elements and the transcriptional start site.

Resistance via coding sequence changes

Another mechanism that may further enhance P450 mediated resistance are point
mutations that either modify the substrate specificity of the enzyme increasing its affinity for
insecticides, or rendering more active, or both. Molecular modeling and heterologous
expression have indicated that the three amino acid mutations (R335S, L336V, and V476L)
present in the DDT-resistant CYP6A2 allele are in close proximity to the active site and are
responsible for increasing its metabolism of DDT (Amichot et al., 2004; Li et al., 2007a)

Another example is that of OP resistant L. cuprina and M. domestic. Esterases LcaE7 and
MdaE7 that share 76% amino acid identity have acquired the same Gly137Asp mutation in
resistant strains. Molecular modeling of the LcaE7 protein has indicated that Gly137, one of
three residues comprising the oxyanion hole, is positioned just 4.6 °A away from the oxygen
of catalytic residue Ser200 . Molecular modeling also suggests that the Gly137Asp mutation
alters the orientation of the Ser200-attacking water molecule to facilitate its attack on a
phosphorylated serine but diminish reactivity with an acylated serine, leading to gains in the
rates of OP hydrolysis and losses in carboxyl ester hydrolysis (Campbell et al.,, 1998;
Claudianos et al., 1999; Newcomb et al., 1997).

Gene amplification

One route that leads to enhanced metabolism is the duplication or amplification of the
structural gene(s) encoding the detoxifying enzyme, and this has now been described for all
the three main families (esterases, glutathione S-transferases and cytochrome P450
monooxygenases) implicated in resistance. Enhanced production of esterases through gene
amplification or upregulation has been implicated in resistance to OPs, MCs and pyrethroids
in a range of arthropod pests. This can involve sequestration and slow turnover of
insecticide, which confers broad-spectrum resistance or metabolism of a limited range of
insecticides containing a common ester bond.

The most completed study is the one of the two recently duplicated genes E4 and FE4 in the
peach potato aphid Myzus persicae. The levels of amplification have been correlated to the
resistance phenotype while fluorescence in situ hybridization (FISH) was employed to show
that amplification of the E4 gene is linked to a chromosomal translocation, and that
amplified genes are arranged tandemly in a head to tail mode (Claudianos et al., 2002). The
presence of this amplification event in aphid clones from various different geographical
areas suggests that this event occurred once and then spread widely around the world
(Claudianos et al., 1999).

More interestingly in the absence of insecticide selection, aphid clones spontaneously
demethylate their genes and become revertant clones displaying lower levels of resistance
even within one generation. In these “revertant” clones the amplified esterase genes are still
present.

The increased production of GSTs has been documented as a mechanism of resistance to
organochlorines, OPs and pyrethroids. Among the six GST genes implicated in insecticide
resistance, two of them appear to be amplified in resistant strains. These include MdGSTD3
in OP-resistant Musca domestica and NIGSTD1 in pyrethroid-resistant Nilaparvata lugens. In
the first case of Op-resistant Musca domestica, responsible for the overproduction of
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esterases is the amplification of a large genomic region containing over a dozen GST genes
(DUNKOV et al., 1997). Among them the GSTE-3 is the one believed to confer resistance
since it is significantly overexpressed in the resistant strains and it has been shown to
metabolize OPs (Enayati et al., 2005). Comparison between an OP resistant and a susceptible
strain identified three copies in the susceptible compared to twelve copies in the resistant
strain (Feng et al., 2001).

Until recently gene amplification has not been shown to be amongst the molecular
mechanisms responsible for P450 overexpression in resistant insects. Other mechanisms
such as mutations in promoter regions and trans regulatory regions where rather held
responsible for P450 mediated resistance. Contrary to that belief, P450 gene
duplication/amplification has now been implicated in the resistance of four insect species.

In Drosophila melanogaster, a commonly cited regulatory mechanism responsible for
enhanced transcription of cyp6gl in a DDT-resistant strain has been shown to be correlated
with the insertion of a defective Gypsy-like long terminal repeat (LTR) retrotransposon
known as Accord, approximately 300 bp upstream from the transcription start site. This
insertion potentially abolishes existing repressor elements or introduces enhancer elements
to achieve higher levels of the cypb6gl metabolizing P450. The use of a whole genome-wide
tilling array was identified copy number variations in the cyp6gl locus (Field and Blackman,
2003). Two full length copies cyp6gl-a and cyp6gl-b were revealed in Drosophila
melanogaster RK146 strain that both carry the Accord transposable element insertion, while
an additional insertion of a partial P-element upstream cyp6gl-b was revealed. A survey in
flies from all over the world showed that most flies in Europe, Asia and the USA carry the
cypbgl duplication with both the insertions of the transposable elements (FIELD et al.,
1999), suggesting that the cyp6g1 duplication does play a role in adaptive resistance to DDT.
(Emerson et al., 2008; Schmidt et al., 2010b)

In Culex quinquefasciatus, the P450 gene CYPIMI10 is overexpressed 260-fold in a
pyrethroid-resistant strain, and a large amplicon (100 kb) including the CYP9M10 locus is
duplicated in the resistant strain JPal-per, with a miniature inverted repeat transposable
(MITE) element inserted 0.2 kb upstream of both CYPIM10 copies (ltokawa et al., 2010).

In An. funestus CYP6P4 and CYP6P9 genes are 25 and 51 times overexpressed in resistant
females, are tandemly duplicated in the BAC clone as well as in laboratory and field samples
(Wondji et al., 2009). Further on it was shown that increased expression of two tandemly
duplicated P450 genes, CYP6P9a and CYP6P9b, is the main mechanism driving pyrethroid
resistance in Malawi and Mozambique, two southern African countries where this
insecticide class forms the mainstay of malaria control. Genome-wide transcription analysis
using microarray and quantitative RT-PCR consistently revealed that CYP6P9a and CYP6P9b
are the two genes most highly overexpressed (>50-fold; g < 0.01) in permethrin-resistant
mosquitoes. Transgenic expression of CYP6P9a and CYP6P9b in Drosophila melanogaster
demonstrated that elevated expression of either of these genes confers resistance to both
type | (permethrin) and type Il (deltamethrin) pyrethroids. Functional characterization of
recombinant CYP6P9b confirmed that this protein metabolized both type | (permethrin and
bifenthrin) and type Il (deltamethrin and Lambda-cyhalothrin) pyrethroids but not DDT.

Another example of P450 gene amplification is associated with neonicotinoid resistant M.
persicae. Bioassays on a resistant strain from Greece, using an inhibitor of metabolic
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enzymes, suggested that P450-mediated detoxification plays a primary role in resistance.
Microarray analysis revealed constitutive overexpression (22- fold) of a single P450 gene
(CYP6CY3), and further analysis by quantitative PCR showed that this is due, at least in part,
to amplification of the gene from two copies in the diploid genome of the susceptible aphid
clone to ~ 18copies in the resistant clone (Puinean et al., 2010c).

Gene amplification in target site resistance

In two cases, gene amplification has been held responsible in cooperation with target site
insensitivity. In the first instance the duplication of a Myzus persicae GABA receptor subunit
has been reported in association with resistance to endosulfan, a cyclodiene insecticide
(Anthony et al., 1998a). The formerly known mechanism responsible for conferring
resistance to cyclodienes is a single mutation at the Ala302 position, with two resistant
alleles (A302S and A302G) that have been identified in a wide range of insect species
(ffrench-Constant et al., 2000a) (Ghumare et al., 1989) . Southern analysis identified two
independent Rdl loci in M.persicae, carrying each one of the different alleles and suggesting
a recent duplication of the Rdl locus in this species.

Another characteristic example of gene duplication involved in target site resistance is that
of the ace-1 gene in Culex pipiens (ffrench-Constant et al., 2000a; Labbé et al., 2007).
Mutations in the acetylcholinesterase gene are a well established mechanism through which
resistance to Ops and carbamates is mostly accomplished. It usually results from a single
amino acid substitution changing serine to glycine G119S. This substitution causes a
significant fitness cost in homozygotes, by reducing the activity of the insensitive AchE by
60% (Bourguet et al., 1997). Many independent duplications of the ace-1 gene locus have
been reported in resistant populations, which combine a resistant and a susceptible copy of
the ace-1 gene on the same chromosome and create a permanent heterozygote thus
encountering any fitness cost introduced by the G119S mutation (Djogbenou et al., 2008).

1.5 Thesis objectives

Resistance to many of the insecticides used in dengue control programs has now been
reported in Ae. aegypti in several countries (Bisset et al., 2013; Brengues et al., 2003;
Fonseca-Gonzalez et al., 2011; Lima et al., 2011; Lumjuan et al., 2005; McAllister et al., 2012;
Mulyatno et al., 2012; Rodriguez et al., 2007; Saavedra-Rodriguez et al., 2007; Srisawat et al.,
2012). The repeated use of pyrethroids for the control of mosquito populations in the
Caribbean led to the artificial selection of resistance mechanisms to these insecticide classes
that are now threatening the efficiency of vector control programs worldwide.

In this context the overall purpose of this work is to identify molecular mechanisms
responsible for the manifest of pyrethroid resistance in mosquitoes and decipher the roles
of novel lipid metabolism genes often found upregulated in insecticide resistant pests.
Furthermore, an understanding of the mechanisms that insects have evolved to overcome
the toxic effects of insecticides may aid the development of a new generation of insecticides
or synergists. This research work is divided in two chapters supported by the following
biological queries:

1) In what extend does metabolic resistance confer to the high levels of insecticide
resistance recorded for two pyrethroid resistant mosquito populations derived in the
Caribbean.
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| used a full genome array to unveil genes differentially regulated between susceptible
and resistant mosquito populations. Real Time PCR was used to validate genes that were
commonly differentially regulated amongst resistant strains of mosquitoes. What is the
mechanism underlying their upregulation? Do they catabolize pyrethroids or have an
indirect involvement in the resistance phenotype?

These questions will be investigated in Chapter 2 and Chapter3.

2) What is the role of lipid metabolism genes, commonly found upregulated in resistant
insect population?

| proceeded with validation of the lipid metabolism genes using Real-Time PCR. Before
proceeding to functional validation with overexpression in Drosophila | tried to
determine the major sites of their expression using Real —Time PCR in dissected mosquito
parts. | heterologoulsy expressed candidate genes in Drosophila and exposed the
transgenic Drosophila lines to pyrethroids to establish any correlation with the resistant
phenotype.

These questions will be investigated in Chapters 2 and 3.

SUMMARY OF EXPERIMENTAL STRATEGIES

1.5.1 Mosquito strains used in experiments

In the first half of our work presented here the species used is the mosquito Ae. Aegypti
(Linnaeus, 1862). This mosquito species is a vector for several human disease including
dengue vector, yellow fever (Figure 1-1) and chikungunya disease (Chhabra, 2008). This
tropical species is represented worldwide and often colonizes urban or peri-urban areas. Ae.
aegyptilarvae are frequently found in artificial water containers such as water storage tanks,
flowerpots, unused tires and organic matter left in gutters
(http://mosquito.ifas.ufl.edu/Mosquito_Management.htm).

This mosquito species offers a wide variety of biological traits that render it appropriate for
laboratory colonization. Aedes aegypti, when compared to other mosquito species are easy
to maintain in laboratory conditions. One blood feeding per week secures the propagation of
each generation. It is particularly easy in mating; it shows good fecundity and good survival
in insectary conditions. The productivity is exceptional (females bare 100 to 300 eggs per
blood feeding) allowing to produce a robust population in numbers and use for toxicological,
biochemical or molecular analysis. Another significant trait is that Ae.aegypti eggs can be
stored desiccated for few months thus allowing one to preserve a field collected strain, for a
long time even when he does not keep a growing population. The generation time is short
(approximately 1 month) allowing to obtain a high number of generations in a reasonable
time. Finally, the genome of this mosquito species has been fully sequenced and partially
annotated and several molecular tools are readily available for studying insecticide
resistance mechanisms (Bariami et al., 2012; Nene et al., 2007; Strode et al., 2008b).

For my experimental analysis three mosquito populations originating in the Caribbean were
reared under standard conditions in the Liverpool insectary. The pyrethroid resistant
Cayman strain was colonized from larvae collected in routine field surveillance sites in Grand
Cayman in 2008 (Harris et al.). This strain has very high levels of resistance to DDT (>90%
survival after 8 hours exposure) and pyrethroids (when comparing LTy, for the Cayman
versus the New Orleans strain the RR is 434 for permethrin and 29 for deltamethrin
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respectively). The Cuba delta SAN-12 strain was collected in 1997 in Santiago de Cuba. It was
selected for 12 generations at the larval stage with deltamethrin. Cuba delta SAN-12 adults
exhibits high levels of resistance (170folds) to deltamethrin at the adult stage (Rodriguez et
al., 2005). The third strain Cuba temephos is a temephos resistant strain collected in 1997 in
Santiago de Cuba and submitted to selection pressure with this insecticide for 14
generations.

Egg papers were sent to the Liverpool School of Tropical Medicine, UK and the mosquitoes
were reared under standard laboratory conditions (26°C, 80% RH) and 12:12 hours light:
dark cycle. Larvae were fed with hay pellets and adults with papers impregnated with honey.
Blood feeding of adult females were performed on adults on a weekly basis.

In the second half of my experimental analysis | sought appropriate to use Drosophila
melanogaster for the functional validation of our candidate genes. Drosophila melanogaster
has been one of most commonly used model organisms in biology for the last 100 years
(Beckingham et al., 2005; Morgan, 1915). 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 cytological
maps of polytene chromosomes (Pardue, 1986) and a large body of well described protocols
for genetic and molecular analysis (Sullivan, 2000) are additional, more recent advantages.
The full genome sequence (Adams et al., 2000; Tweedie, 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 1980 (Wilson, 1988).
Although not a pest species, Drosophila melanogaster has been widely used as a model
organism for toxicology and insecticide resistance studies in many different insect species
including mosquito (Anopheles gambiae, Anopheles funestus, Aedes aegypti), whitefly
Bemisia tabaci, sheep blowfly Lucilla cuprina, aphid Myzus persicae and red flour beetle
Tribolium castaneum (Daborn et al., 2012; Giraudo et al., 2010; Pavlidi N., 2012; Riveron et
al.,, 2013; Zhu et al., 2010b). This extended use of Drosophila melanogaster as a model
organism is greatly due to the vast availability of molecular and genomic tools available.

1.5.2 Experimental approach and techniques
In order to answer the biological questions described above, different experimental
approaches and laboratory techniques were used:

Even though the levels of resistance to pyrethroids for the pre mentioned mosquito field
populations had already been established (Harris et al., 2010; Rodriguez et al., 2001;
Rodriguez et al.,, 2005), adult bioassays were repeated before subjecting the mosquito
strains to genomic analysis. This was done primarily to confirm that mosquito strains had
preserved their high levels of resistance to pyrethroids and temephos respectively.

At the molecular level, transcriptome profiling using a full genome DNA microarray (Agilent
8x15k v1) was performed. Aedes aegypti mosquitoes from all three populations were
collected and subjected to genomic analysis. Comparative analysis between the laboratory
susceptible and pyrethroid resistant mosquito populations was done to identify genes
commonly upregulated in all populations or genes that were specifically upregulated in each
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of the strains studied. Real Time quantitative PCR was used to validate or further investigate
genes that were commonly upregulated in all insecticide resistant mosquito strains.

| initially focused on genes that were commonly upregulated between the two deltamethrin
resistant populations and that have established roles in insecticide metabolism, such as
P450s and ABC transporters. The contribution of gene amplification as a molecular
mechanism underlying the transcriptional upregulation of these genes was investigated
again using Real Time quantitative PCR.

This work was then followed by the investigation of novel genes classified as lipid
metabolism associated genes that were commonly upregulated in all three mosquito
resistant populations. This group of genes is commonly found upregulated in various
insecticide resistant pests, but till today no evidence concerning their association with
insecticide resistance existed.

Finally candidate genes were heterologoulsy over-expressed in Drosophila melanogaster
under the control of ubiquitous and tissue specific drivers in order to validate their ability to
confer resistance in the presence of pyrethroids.
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CHAPTER 2

Gene Amplification, ABC Transporters and
Cytochrome P450s
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Aedes mosquitoes have shown a remarkable ability to develop resistance to insecticides.
Resistance to organophosphates and pyrethroids is now widespread in Aedes aegypti and
this resistance is negatively impacting on control efforts. For example, in the Caribbean,
resistance to pyrethroids is reducing the efficacy of pyrethroid space spraying in La
Martinique and organophosphate resistance in Cuba is reducing the duration of control
obtained by larviciding (Bisset et al., 2011a; Marcombe et al., 2011).

Alterations in the target site of the insecticide are the best studied resistance mechanism
(Davies et al., 2007a; Hemingway et al., 2004; O'Reilly et al., 2006). Amino acid substitutions
in the voltage gated sodium channel cause a resistance phenotype to pyrethroid insecticides
known as kdr or knockdown resistance. At least four amino acid substitutions in the sodium
channel (11011M, V1016G, V1016l and F1534C) have been linked to resistance (Harris et al.,
2010; Martins et al., 2009a; Rajatileka et al., 2008; Rueda, 2001; Saavedra-Rodriguez et al.,
2007). Two of these alleles, 1016l and 1534C, are widely distributed in the Caribbean (Harris
et al., 2010; Rueda, 2001).

The role of other resistance mechanisms is less clearly understood. Biochemical assays are
frequently used to screen for metabolic resistance caused by elevated activities of
cytochrome P450s, carboxylesterases and/or glutathione transferases. Although these
assays lack sensitivity they provided preliminary evidence that metabolic resistance was
involved in pyrethroid resistant populations from Cuba and Grand Cayman (Harris et al.,
2010; Rodriguez et al., 2005; Rueda, 2001).

In this context, chapter 2 is devoted to investigating the molecular basis of resistance to
pyrethroid insecticides. | used microarrays to study the expression of genes of two
deltamethrin mosquito populations, Cayman and Cuba in comparison to the expression
profiles of these genes in a susceptible laboratory mosquito population. Validation of the
microarray results and the examination of the molecular cause responsible for the
differential expression of the genes are presented here as well.

The results included in this chapter are also found in the research article attached in the end
of the chapter (Bariami et al., 2012)
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2.1 Background information

2.1.1 Monitoring of pyrethroid resistance levels in mosquito populations derived
from the Caribbean.

Three Aedes aegypti mosquito strains were used in this study: The standard laboratory
reference strain (New Orleans) is a susceptible to all insecticides laboratory strain that was
used for comparison with all of the resistant strains. It was originally colonized by the Center
for Disease Control and Prevention (CDC) Atlanta, USA.

For the Cayman strain, larvae were collected from field surveillance sites in Grand Cayman in
January 2008 (Harris et al., 2010). The collections were pooled and reared to adults in the
insectary at the MCRU and are kept as a lab strain since. For the Cayman strain bioassays
confirmed 109 folds of resistance to permethrin and 30 folds to deltamethrin at the adult
stage (Harris et al., 2010). The Cuba delta SAN-12 strain was collected in 1997 in Santiago de
Cuba. It was mass selected for 12 generations at the stage of fourth instar larvae to
deltamethrin. Cuba delta SAN-12 adults exhibited high levels of resistance (170folds) to
deltamethrin at the adult stage (Rodriguez et al., 2005).

2.1.2 Investigating resistance mechanisms of the Cayman and Cuba pyrethroid
resistant strains

The general guidelines when evaluating the mechanisms underlying pyrethroid resistance in
wild vector populations includes: a)partial sequencing and kdr genotyping to examine
whether target site mutations in conserved regions of the sodium channel are responsible
for pyrethroid insensitivity b) Contact bioassays in the presence of pyrethroids and
synergists like PBO or DEF to explore the participation of detoxification enzymes in the
resistant phenotype c) Biochemical assays employing the use of model substrates to
measure activity of three detoxification enzyme families. Below the background information
concerning the characterization of the mosquito populations is provided.

2.1.2.1 Partial sequencing of Aedes aegypti sodium channel and kdr genotyping.

A partial sequencing was done for sodium channel subunits 4,5 and 6 of domain Il and
subunit 6 of domain Ill that are proposed from molecular modeling to form the docking
surface for pyrethroids and DTT (O'Reilly et al., 2006). Most of the amino acid substitutions
found in pyrethroid resistant insect populations are clustered in these regions. PCR products
were sequenced and assembled. Then the HOLA (Hot Oligonucleotide Ligation Assay)
method (Harris et al., 2010; Rajatileka et al., 2008) was used to genotype Grand Cayman
insects. Two amino acid substitutions were identified in the Grand Cayman population. The
first one V1016l maps on the second domain in segment 6 (lIS6) it has been previously
described and found in resistant Aedes aegypti mosquitoes in Latin America and Asia.
Nevertheless none of these substitutions were to Isoleucine (Brengues et al.,, 2003;
Rajatileka et al., 2008; Saavedra-Rodriguez et al., 2007). It had a high frequency in the Grand
Cayman population (0.79) and strong correlation with resistance to permethrin but not DDT.

Another substitution F1534C in domain Ill segment 6 (l11IS6) was identified and the tetraplex
assay mentioned above was used to define the correlation of this mutation with the
resistance phenotype. The presence of this allele was highly correlated with permethrin and
DTT resistant Cayman populations (Harris et al., 2010). The Cuba strain was subsequently
genotyped. In particular 38 individuals from the Cuba strain were genotyped and the
frequency of the resistant alleles was 0.51 for the (10161) and 0.88 for the (1534C).
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2.1.2.2 Bioassays with detoxification enzyme inhibitors

In order to determine as to whether P450 enzymes were responsible for the high levels of
resistance, the use of a synergist was employed. Pre-exposure to the synergist piperonyl
butoxide had no significant effect on permethrin mortality (P = 0.16) (data not shown). The
effect of PBO on DDT and deltamethrin mortality was not assessed.

2.1.2.3 Detoxification enzyme activities

The overall activities of three detoxification enzyme families were measured with standard
substrates and compared between Grand Cayman and a susceptible laboratory strain. The
overall activities of P450s were evaluated by measuring the hydroxylation of the 7-
ethoxycoumarin (7-EC) to 7-hydroxycoumarin (7-OH) (ECOD) (De Sousa et al., 1995). The
overall activities of o-esterases and B-esterases were measured from mosquito
homogenates following the spectrophotometric method (Van Asperen 1962) using PNPA, a-
naphtyl-acetate and B-naphtyl-acetate as substrates. Finally, GST activities were determined
by spectrophotometric measurement monitoring the conjugation of glutathione to the
model substrate CDNB (1-chloro-2, 4-dinitrobenzene) as described in Habig et al., 1974). The
greatest increase was observed in the esterase family with activities of 4.74, 3.57 and 3.97
times than the New Orleans strain with PNPA respectively. The fold changes for the other
two detoxification families GSTs and P450s are 1.98 and 2.63 respectively.

Even though the activity folds difference concerning the three enzyme families were not
considerably elevated, nevertheless we decided to go ahead and examine metabolic
resistance as a probable cause for those high levels of pyrethroid resistance.

2.2 Transcriptome profiling

One of the mechanisms known to contribute to insecticide resistance is metabolic
resistance. Metabolic resistance is often associated with changes in the transcription levels
of several genes including those encoding detoxification enzymes. We therefore decided to
employ the use of a full genome array to compare the constitutive transcriptome of
pyrethroid resistant strains Cayman and Cuba-DELTA versus a laboratory colonized
susceptible strain from a neighboring geographical area, New Orleans.

2.2.1 Microarray quality assessment and overall analysis

To identify genes involved in resistance we used a 15K Aedes aegypti whole genome array
(Agilent Array). We measured differences in gene expression between pyrethroid resistant
strains Cuba-DELTA, Cayman versus a susceptible New Orleans strain. The data have been
deposited in Array Express (accession number E-MTAB-868). Using an arbitrary cut off of fold
change > 2fold in either direction and a t-test p-value of P<0.01 after multiple testing
correction, 981 transcripts (5.4%) were differentially transcribed between Cayman and New
Orleans (410 up regulated and 566 down regulated) and 414 genes (2.2%) were differentially
transcribed between the Cuba-DELTA and NO strains (213 up regulated and 201 down
regulated) (Figure 2-1) (Bariami et al., 2012).

From a total of 516 genes that were found differentially regulated, 107 (20.7%) were
commonly up regulated in both resistant strains (Cayman and Cuba-DELTA). In the down
regulated subset, 99 of 668 total (14.8%) genes were under expressed in both deltamethrin
resistant strains relative to New Orleans. Five genes showed opposing patterns of gene
expression between the two comparisons (Table S2-2).
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Figure 2-1: Summary of the genes differentially transcribed between resistant and
susceptible strains. The Venn diagram shows the number of genes found significantly (P
value<0.01) over- or under- transcribed (>2 fold in either direction) in one or both resistant
strains compared to the susceptible New Orleans strain. Upwards arrows indicate over-
transcribed in resistant strains, downward represent under-transcribed.

The predicted functions of the genes differentially expressed in both populations were
identified by BLAST2GO. More than 43% of the differentially expressed genes in the Cuba vs.
New Orleans comparison are annotated as ‘conserved hypothetical proteins” in Vector base
and 49% for Cayman vs. New Orleans. These are listed in supplementary tables S2-2 to S2-4
but are not discussed further in this manuscript. For further analysis we focused primarily on
the subset of genes that were differentially expressed in both populations (Table 2-2),
although other genes of interest are also discussed.

2.2.2 Genes differentially expressed in both populations

Enrichment analysis was used to identify particular GO terms that were over represented in
the subset of transcripts up regulated in both resistant populations. Thirteen GO terms were
significantly over represented in the upregulated subset (Figure 2-2). However after
Benjamini and Hochberg multiple testing correction (P-value<0.05) only the GO term
designating monooxygenase activity was significantly represented. This initial screenings via
GO terms was followed up with a manual examination of the putative functions of each of
the 107 transcripts up regulated and 99 down regulated in each population. This gene set,
ranked by fold change in the Cayman population, is listed in Table 2-1. Detoxification genes
comprised 15.8% of the commonly up regulated subset but were not represented at all in
the down regulated subset of the commonly expressed genes. Several additional
detoxification genes were found up regulated in either the Cayman or Cuba strains (Table2-
1).
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Table 2-2. Accesion numbers and putative functions for the 20 genes showing the highest el ion in expression in the Cay vs New Orleans
comparison an the 20 genes showing the highest decrease in expression in the same comparison.

Cayman vs NO Cuba-DELTA vs NO
Transcript ID Description St e el EEIEEEL

Change p-value Change p-value
AAELO09076-RA  nadh dehydrogenase subunit 4 72.55 0.001128 43.79 0.0088974
AAEL012836-RA cytochrome b561 25.03 0.0014723 2043 0.0023731
AAELO015136-RA  niemann-pick type c- 21.31 0.0025172 8.30 0.006351
AAEL002813-RA coupling factor, putative 14.71 0.000688 9.74 0.0023731
AAEL014617-RA  cytochrome p450 CYP9)28 14.21 0.000908 12.79 0.0034565
AAEL000385-RA  developmentally regulated rna-binding protein 9.64 0.0045461 4.62 0.0036385
AAEL007083-RA  protein zer-1 homolog 9.16 0.0013246 2.57 0.0046393
AAEL014893-RA  cytochrome p450 CYP6BB2 8.45 0.0004 7.07 0.0013257
AAELO14616-RA cytochrome p450 CYP9J27 8.41 0.000584 6.80 0.000421
AAEL001668-RA  enolase 8.39 0.000977 10.78 0.0013841
AAEL010227-RA  dolichol-phosphate mannosyltransferase 8.20 0.0014311 10.93 0.0058598
AAEL003099-RA  glucosyl glucuronosyl transferases 6.99 0.0075029 7.52 0.0029208
AAEL009798-RA zinc finger protein 6.67 0.0016041 4.03 0.00416
AAEL007849-RA  hypothetical protein AaeL_AAEL007849 [Aedes aegypti] 6.62 0.0016424 5.28 0.0024166
AAEL008390-RA  guanylate cyclase 6.50 0.0013246 4.98 0.0043622
AAEL0O04943-RA  riken cdna isoform cra_a 6.28 0.001485 8.51 0.0043306
AAEL010761-RA  grip and coiled-coil domain-containing protein 1 6.09 0.000824 4.55 0.000421
AAEL001390-RA  hypothetical protein Aael_AAEL001390 [Aedes aegypti] 6.08 0.001134 6.87 0.0015304
AAEL014609-RA  cytochrome p450 CYP9)26 5.69 0.000877 4.86 0.0058598
AAEL014645-RA  hypothetical conserved protein 5.59 0.0030407 5.36 0.0023731
AAEL012440-RA  sodium-bile acid cotransporter -5.56 0.0039312 -2.79 0.0031957
AAEL003785-RA  uncharacterized protein kiaa0090 -5.57 0.0019967 -2.23 0.0051849
AAEL0O08025-RA cg16787 cg16787-pa -5.70 0.000292 -2.93 0.0031957
AAEL011597-RA  pyridoxal phosphate phosphatase phospho2 -5.79 0.0010844 -3.96 0.0099007
AAELO09949-RA homeotic antennapedia -5.86 0.000514 -12.09 0.0025233
AAEL006515-RA  bedin3 domain containing -6.76 0.0023472 -8.02 0.0024166
AAEL014128-RA  hypothetical protein Aael_AAEL014128 [Aedes aegypti] -8.04 0.000699 -3.91 0.0039155
AAEL009462-RA  hydroxyacylglutathione hydrolase -8.42 0.000489 -6.81 0.000421

adhesion regulating molecule 1 (110 kda cell membrane
AAEL009335-RA glycoprotein) -8.60 0.000307 -3.18 0.0007734
adhesion regulating molecule 1 (110 kda cell membrane
AAEL003485-RA  glycoprotein) -8.77 0.000307 -3.17 0.0012924
AAELO13403-RA  hypothetical protein Aael_AAEL013403 [Aedes aegypti] -8.81 0.000699 -11.83 0.000421
AAEL005204-RA  isoforma -10.21 0.0013246 -7.68 0.0073453
AAEL00021S9-RA lactoylglutathione lyase -11.40 0.000307 -5.47 0.0023631
AAEL002812-RA  lyr motif-containing protein 5 -13.57 0.0016374 -2.60 0.0050111
AAEL000721-RA  deoxynucleotidyltransferase terminal-interacting -13.99 0.000307 -12.24 0.0035203
AAEL007244-RA  zinc finger protein -16.33 0.0026649 -2.46 0.004625
AAEL008079-RA  trypsin- -17.70 0.000824 -6.14 0.0031957
AAEL001336-RA  charged multivesicular body protein 2a -36.40 0.0052801 -3.42 0.0067962
AAEL002811-RA  kda midgut protein -77.13 0.000307 -3.39 0.0052342
Detoxification genes are shown in bold

2.2.3 Validating the transcription profiles of candidate genes constitutively
upregulated in pyrethroid resistant Cayman and Cuba strains

Detoxification genes

A total of 18 and 13 CYPs are over expressed >2 fold in the CUBA-DELTA strain and CAYMAN
strain relative to the susceptible NO population respectively (Table 2-1). Seven of these
genes, CYP6BB2, CYP9J9, CYP9J10, CYP9J26, CYP9J27, CYP9J28 and CYP329B1 were up
regulated in both resistant strains. Three P450s were down regulated in the Cayman strain
and two in the CUBA-DELTA strain but none of these are common to both strains. Twelve of
the 24 up-regulated CYPs (and five of the seven up-regulated in both strains) belong to the
CYP9J family.

Further genes with roles in oxidative metabolism of xenobiotics were amongst the subset of
genes over expressed in both resistant populations. This included a dimethylanaline
monooxygenase (AAEL0O0834), a member of the cytochrome b561 family (AAEL012836) and
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subunit 4 of NADH dehydrogenase (AAELO09076). Other detoxification genes included the
glutathione transferase, GSTe4 (AAEL007962), and two glucosyl glucornosyl transferases
(AAELO03099 and AAEL014246) (Table 2-1).

Seven P450s (plus an ABC gene described below) were selected to validate the microarray
results by gPCR. These included six out of the seven P450s over expressed in both strains
and an additional P450 that is only over expressed in the CAYMAN strain, CYP9J19. In
general there is good agreement between the qPCR and microarray data (Table S2-5) with
the exception of the CYP6BB2 gene, (AAEL014893). The high level of over expression of this
gene observed in the microarray could not be confirmed by qPCR using two alternative
primer sets. However, the qPCR confirmation of over expression of the CYP9J genes adds
further support for these enzymes playing a role in resistance to pyrethroids in these
Caribbean populations.

Other genes of interest

An ABC transporter gene, AAELO06717, was expressed at approximately 5-fold and 2-fold
higher levels in the pyrethroid resistant populations from Cayman and Cuba respectively,
relative to the susceptible NO strain. This gene is potentially of interest because elevated
ABC transporters have been linked to insecticide resistance in several species (Aurade et al.,
2010; Buss et al., 2002; Gahan et al., 2010; Porretta et al., 2008) although the physiological
mechanism by which these transporter proteins act to reduce insecticide susceptibility is
unknown. The over expression of AAEL0O06717, which is an orthologue of the An. gambiae
ABCB4 gene, (Buss et al., 2002) was confirmed by gPCR for the CAYMAN strain but not
attempted in the Cuban population (Figure 2-3, Table S2-5).

In the CAYMAN strain, 8 transcripts for odorant binding proteins (OBPs) were up-regulated.
Furthermore, when the CAYMAN population was analyzed alone, the GO term ‘odorant
binding’ was the most differentially represented term in the up-regulated set of transcripts
(Figure 2-2). OBPs facilitate the passage of semio-chemicals across the antennae, and other
sensory appendages, to the olfactory neurons. To date, no specific role for OBPs in
insecticide resistance has been demonstrated but this is not the first time that OBPs have
been identified as being over expressed in insecticide resistant populations. A study of
bendiocarb resistance in Anopheles identified an OBP gene that was overexpressed in
Ghanaian resistant populations (S Mitchell, unpublished data).


http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pntd.0001692#pntd.0001692.s005
http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pntd.0001692#pntd-0001692-g003
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Figure 2-2. GO term enrichment analysis.

The analysis was performed on the significantly up-regulated genes found in CAYMAN and CUBA-DELTA compared to NO. The BLAST2GO software was used for the
annotation, mapping and enrichment analysis. The figure represents all the significant GO-term categories found significantly enriched compared to the reference set (all
transcripts present on the microarray) after a Fisher’s exact test and Benjamini and Hochberg multiple testing correction (P-value<0.05). The test set percentage indicates
the percentage of up regulated genes belonging to a GO term category compared to all up-regulated genes used in the GO-term analysis while the reference set percentage
indicates the percentage of a particular GO-term category compared to all genes with GO-terms on the microarray.
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Figure 2-3: Quantitative PCR analysis of selected genes from the microarray experiments.
Relative-fold change in transcript and gene copy number normalized to two ribosomal genes
was compared between the resistant CAYMAN (A) and CUBA-DELTA (B) strains against the
NEW ORLEANS susceptible strain. Transcript levels are shown by the white columns and
gene copy numbers by the grey columns. Error bars represent 95% confidence intervals.

2.2.4 Gene amplification associated with high levels of ABC transporter and P450
transcripts.

Quantitative PCR was used to compare gene copy number between the two resistant and
the susceptible Ae.aegypti strains. Using the same cut off of >2 fold change in expression,
gene amplification was observed for two genes, CYP9J26 and the ABC transporter, ABCB4
(AAELO06717). The copy number of CYP9J26, measured using two different primer pairs, was
between 6.5 and 8.1-fold higher in the resistant CUBA and CAYMAN strains respectively
compared with New Orleans (Figure 2-3). Similarly, the ABCB4 gene was amplified
approximately 7-fold in the Cayman strain relative to the New Orleans (Figure 2-3).

2.2.5 Discussion

Pyrethroid resistance is widely distributed in Ae. aegypti throughout its range but relatively
little is known about the mechanisms responsible for this resistance. Target site resistance is
present in both the Cuban and Cayman populations although neither of the two mutations,
10161 or 1534C, were fixed in either population, despite several rounds of laboratory
selection with deltamethrin in the Cuban strain. Interestingly the 1534C mutation has
recently been shown to confer a selective advantage against type | pyrethroids but not affect
the sensitivity to type Il pyrethroids such as deltamethrin (Hu et al., 2011). As far as we are
aware, electrophysiological experiments have not been performed to examine the impact of
the V1016l substitution. Thus, target site resistance may be partially responsible for the high
levels of deltamethrin resistance in both these populations but it is likely that other
mechanisms are involved.
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Figure 2-4: Unrooted distance neighbor joining tree showing phylogeny of Aedes
aegypti CYP9 genes. Nodes with 70% bootstrap support (500 pseudoreplicates) are
indicated. Sequences in blue are up-regulated in both CUBA-DELTA and CAYMAN strains
from the current study. Sequences underlined are over expressed in 22 populations versus
laboratory susceptible strains from previously published studies (see text for further details).
Sequences marked with * have proven ability to metabolize pyrethroids (Stevenson et al.,
2012).

In this study, a microarray containing probes for the vast majority of annotated genes in the
Aedes aegypti genome was used to compare gene expression in the two Caribbean
populations with a standard lab susceptible strain. A potential limitation of this approach is
the use of a single laboratory susceptible strain that originated from the United States.
Ideally, a range of susceptible strains including wild populations from similar genetic regions
would be included in the study. Unfortunately, such strains are becoming increasingly



62

difficult to find. The differential gene expression observed may be partially attributed to the
different genetic background of the strains although, encouragingly, earlier experiments
have shown no significant difference in expression of detoxification genes between New
Orleans and another well established laboratory susceptible strain, Rockefeller (Strode et al.,
2008b). In light of this potential criticism, the analysis focused primarily on genes that were
up-regulated in both resistant populations. Interestingly, a smaller number of genes were
found differentially transcribed in the Cuban strain, which had been subject to extensive
laboratory selection, than the Cayman strain, which was resistant upon colonization. By
using GO term enrichment analysis, the functions or processes that were enriched in the
subsets of genes up or down regulated in the pyrethroid resistant populations were
identified. Only one GO term was significantly enriched in this analysis. Eleven transcripts
with the GO term GO: 0004497, monooxygenase activity, were found amongst the subset
over expressed in both insecticide resistant populations. This supports the well documented
role of cytochrome P450s in conferring pyrethroid resistance (Feyereisen, 2011)

Aedes aegypti has an extensive repertoire of between 160 and 180 CYP genes (Strode et al.,
2008b). The uncertainty over the exact gene count is partly due to the fragmented nature of
the Ae. aegypti genome assembly; several supercontigs containing clusters of P450s most
likely represent alternative haplotypes. P450s contained within these putative duplicate
clusters have been assigned independent accession numbers in VectorBase but named as
allelic variants of the same P450 by the P450 nomenclature committee (designated v1 or v2).
This issue is discussed further in the supplementary material of (Strode et al., 2008b). For
ease of discussion, in the current manuscript, official P450 nomenclature has been used to
discuss the P450 family and the v1/v2 nomenclature omitted. However, the finding that two
variants of the same gene frequently show similar fold changes in expression, adds
confidence to the analysis as the probes were not designed to be able to distinguish allelic
variants.

Seven cytochrome P450 genes were up-regulated in both resistant populations. This
included two genes in the CYP6 clade, CYP6BB2 and CYP329B1, but neither was confirmed by
gPCR. The five remaining P450 genes belonged to the CYP9J family. Four of these have been
found to be up-regulated in resistant strains from other geographical localities. CYP9J9 and
CYP9J10 were found over expressed in Thai and Latin American populations of Ae.aegypti.
CYP9J28 is over expressed in pyrethroid resistant populations from Peru and Mexico
(Saavedra-Rodriguez et al., 2012; Strode et al., 2008b), and has also been shown to be over
expressed in pyrethroid resistant Ae.aegypti from Vietnam (Warr and Ranson, unpublished
data). CYP9J27 is over expressed in Thailand (Strode et al., 2008b)and is also one of the
candidates emerging from the Vietnam study. Other CYP9J genes have also been implicated
in resistance (Figure 4). In fact, in total, ten CYP9J genes have been found over expressed in
at least two pyrethroid resistant populations. Four of these, CYP9J24, 26, 28 and 32, have
now been biochemically characterized (Stevenson et al., 2012) and have all been shown to
metabolize pyrethroids (a single CYP6, CYP6CB1 was also expressed but had no activity
against this insecticide class).

Aside from the CYP9s, the only additional clade of Ae.aegypti P450s that is found repeatedly
over expressed in resistant strains is the CYP6Z subfamily. Genes CYP6Z6, Z8 and Z9 have
been found over expressed in multiple populations from southeast Asia, Latin America and
Caribbean (Marcombe et al., 2009; Saavedra-Rodriguez et al., 2012; Strode et al., 2008b) and
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CYP6Z8 and Z9 were over expressed in Cuba and Cayman populations respectively in the
current study.

The CYP9 family in Ae. aegypti is greatly expanded compared to other insect species with
over three times as many members as found in An. gambiae and nearly six times as many as
in (Strode et al., 2008b; Waterhouse et al., 2008). The degree of genetic redundancy in the
P450 family of Ae. aegypti makes it unlikely that a single gene responsible for pyrethroid
resistance in all strains will be detected, particularly if resistance is emerging independently
in different populations. However, the identification of a small subset of genes, consistently
over expressed in resistant populations does suggest it should be possible to develop specific
inhibitors of these metabolic pathways that could be used as insecticide synergists.

Gene amplification was associated with the over expression of one of the P450 genes,
CYP9J26, in both strains, with approximately 7 fold increase in copy number compared to
the susceptible strain. Increased gene copy numbers have been associated with P450
mediated resistance in An. funestus, D. melanogaster and Myzus persicae (Puinean et al.,
2010b). The increased transcript levels of the other CYP9 genes were not associated with an
increase in gene copy number although copy number polymorphisms appear to be common
in the P450 family in Ae. aegypti (Strode et al., 2008b). CYP9J26, 27 and 28 are arranged
sequentially in the Ae. aegypti genome within a large cluster of CYP9 genes on supercontig
1.1188. It is not yet known if the CYP926 duplications are found in tandem. Multiple copies
of the ABC transporter were also present in the Cayman resistant population. Gene
amplification is being increasingly recognized as an important mechanism conferring
metabolic resistance to insecticides with examples reported in all the major families of
detoxification enzymes from several insect species (Bass and Field, 2011).

Resistance to pyrethroid insecticides is now widely established in Ae. aegypti populations
throughout its distribution (Ranson H, 2010). Elucidating the mechanisms responsible for
this resistance will facilitate resistance monitoring and pave the way for the development of
effective resistance reversal approaches. The microarray approach used in this study is not
itself a field applicable screening approach. However, using this tool to analyze additional
pyrethroid resistant populations will help define a subset of genes that are responsible for
pyrethroid resistance. As discussed above, although it is unlikely that a single diagnostic
mutation will be detected, the identification of a panel of candidate resistance associated
genes is an important prerequisite for developing simple, molecular diagnostics that are
urgently needed by dengue control programs. Given the key role that pyrethroids play in
controlling this disease vector, and the lack of affordable, acceptable alternative insecticides,
it is imperative that efforts are made to monitor for resistance and reduce the impact that
this resistance may impose on vector control interventions.
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CHAPTER 3

Insights into the roles of lipid metabolism
genes and their contribution in Aedes aegypti

insecticide resistance



65

Full genome microarray platforms have been used in many occasion to disentangle the
genetic basis of pesticide resistance in arthropods (Daborn et al., 2002; Muller et al., 2007,
Pedra et al., 2005; Pedra et al., 2004a; Puinean et al., 2010d; Wang et al., 2011). Such studies
have shown that insecticide resistance is more complex than previously thought, being
mediated by multigenic systems that involve large parts of the insect genomes (Oakeshott et
al., 2003a; Pedra et al., 2004a; Sun et al., 2012; Zhou et al., 2008) .

In several cases of insecticide resistance, where detoxification enzymes have been seen
upregulated, a corresponding upregulation has been documented for lipid metabolism genes
(Araujo et al., 2008; Pedra et al., 20043a; Qiu et al., 2012; Silva et al., 2012).

It is easy to hypothesize that lipid metabolism and lipid mobilization will change as a result of
the physiological changes occurring in response to insecticide resistance. Some of the recent
examples of resistance associated with high levels of lipid metabolism genes are that of
(Araujo et al., 2008) who documented that lipases are overexpressed in the resistant
populations of the maize weevil, Sitophilus zeamais. Along the same lines, genome-wide
transcription profile of field and laboratory selected DDT-resistant Drosophila showed
elevated transcription in lipid metabolism genes (Pedra et al., 2004a). Furthermore whole
genome microarray analysis in three M. persicae genotypes subjected to primicarb had a
common upregulation of lipid metabolism genes (Silva et al., 2012) while the most over-
represented gene ontology in a whole genome analysis of organophosphate resistant
Bombyx mori (silkkworm) were the lipid/carbohydrate associated genes (Wang et al., 2011).
Finally two Drosophila DDT-resistant strains show increased expression of lipid metabolism
genes, with a lipase gene showing particular overexpression as well (Qiu et al., 2012).
Although these data suggest a possible association between insecticide resistance and lipid
metabolism, the direct or indirect role of lipid metabolism genes in insect species has yet to
be determined.

To further characterize the resistance phenotype of the two deltamethrin resistant Cayman
and Cuba mosquito strains, we re-examined our microarray data and focused on a group of
lipid metabolism genes that were found commonly upregulated. Seven of these genes two
ApoD proteins, a fatty acid synthase, two lysosomal acid lipases, a steroid dehydrogenase
and transcription factor SREBP were selected for validation with Real Time PCR. Five of these
genes were common in both populations (Cuba and Cayman) and two were specific for the
Cayman strain. These genes were checked for over expression and all except SREBP were
found upregulated in both deltamethrin resistant populations compared to a laboratory
susceptible strain. Heterologous over expression of two of these genes (ApoD and LIPA) as
well as one well characterized P450, CYP9J26, in Drosophila melanogaster resulted in
deltamethrin resistance phenotypes. Combination of CYP9J26 and ApoD, in Drosophila
melanogaster resulted in an even stronger resistance phenotype, implying an additive effect
of the two genes (combination of ApoD, CYP9J26, CYP9J28 and LIPA in progress). These
results suggest that genes involved in lipid metabolism such as ApoD and LIPA might
contribute to protection in the presence of pyrethroids.
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3.1 Re-assessment of microarray data and unveiling of novel groups of genes.
The roles of enzymes that belong to the three main detoxification categories: P450s, GSTs
and COEs are readily established. This time we were interested in investigating the roles of
novel genes that showed differential regulation in our resistant mosquito populations.

The microarray expression analysis data mentioned in the previous chapter were re-
examined. Using a less strict approach for analysis which involved an arbitrary cut off of fold
change > 4-fold in either direction and a t-test P-value lower than P < 0.01 after multiple
testing correction, 576 genes (4%) were differentially transcribed between Cayman and New
Orleans (319 upregulated and 257 down regulated) and 321 genes (2.24%) were
differentially transcribed between the Cuban and New Orleans strains (211 upregulated and
110 down regulated) (Figure 3-1). Of the 399 up-regulated genes, 130 (32.5%) were over
expressed in both resistant populations. Similarly, 43 out of 323 total genes (approximately
13%) down regulated genes were under expressed in both Cayman and Cuban populations
relative to New Orleans. Genes were grouped according to GO terms and are shown in
supplementary (Tables $3.4-S3.5). In the group of the commonly upregulated genes the lipid
carbohydrate/metabolism group represented approximately 11% of the annotated gene
ontologies.

Cayman(319) Cuba delta (211) Common(130)

D

Cayman(257) Cuba delta (110) Common(43)

»o® ©O

Figure 3-1: Genes and molecular functions differentially transcribed between
Cayman, Cuba delta SAN-12 compared to the susceptible New Orleans strain. Venn
diagram describes the number of genes found significantly (P value < 0.01) over- or under-
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transcribed (> 4 fold in either direction) in both resistant strains. Arrows indicate the number
of genes over- or under-transcribed. Pie charts describe putative molecular function
represented by genes shown in the Venn diagram. Genes were assigned to 11 different
categories according to their putative function, detoxification, redox/mitochondrial,
protein/hormone  synthesis/metabolism, lipid/carbohydrate  synthesis/metabolism,
transport/ion transport, cell organization and biogenesis, nucleobase, nucleoside, nucleotide
and nucleic acid metabolism, others and hypothetical.

For further analysis we focused on this particular group of lipid metabolism genes, and their
common transcriptional regulator, SREBP (Figure 3-2). This subset involves two
apolipoproteins D, a fatty acid synthase, two lysosomal acid lipases, a steroid dehydrogenase
and sterol regulatory binding protein, a well known regulator of lipid homeostasis.
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3.2 Précising the transcription profiles of lipid metabolism genes

Differences in gene expression in whole adult female mosquitoes of the pyrethroid-resistant
strains from Cuba, Grand Cayman and the New Orleans susceptible strain were assessed
using a 15K Ae. aegypti Microarray platform (Bariami et al., 2012) . We reanalyzed our data,
using an arbitrary cut off of fold change > 4-fold in either direction and a t-test P-value
lower than P < 0.01 after multiple testing correction. For further analysis we focused on a
subset of lipid metabolism genes that are commonly expressed in both populations (Figure
3-2). This subset involves two apolipoproteins D, a fatty acid synthase, two lysosomal acid
lipases, a steroid dehydrogenase and sterol regulatory binding protein, a well known
regulator of lipid homeostasis.

Lipid synthesis/metabolism
CAYMAN CUBA

AAELD10555-RA  sterol regulatory element-binding protein 8.50 8.99 SREBP
AAELOO9569-RA  apolipoprotein D 38.80 41.43 ApoD
AAELD09567-RA apolipoprotein D 5.48 4.00 NLaz
AAELD02204-RA fatty acid synthase 11.44 9.95 FAS
AAELD12343-RA  lysosomal acid lipase 15.95 12.28 LIPA
AAELD14917-RA  lysosomal acid lipase 10.20 7.23 LIPA
AAELOOOT705-RA steroid dehydrogenase 20.76 43.67 StDh

Figure 3-2: Selected group of lipid metabolism genes identified by microarray as
significantly up-regulated in both pyrethroid resistant mosquito populations. In the table
are shown (from right to left) the VectorBase ID of the respective gene, the annotation
and the folds of upregulation in the microarray analysis for each strain respectively. The
abbreviation used for each gene is shown in the last column.

Quantitative Real Time PCR was used to validate the microarray results for the genes
depicted above. Two previously characterized cytochrome P450s (CYP9J26, CYP9J28) that
were found commonly upregulated in both pyrethroid resistant populations (Bariami et al.,
2012) and shown to successfully metabolize pyrethroids (Pavlidi, 2011; Stevenson et al.,
2012) were included as controls both in QRT-PCR validations, along with a P450 that was a
false positive in our previous Real Time PCR validation (Table $2-5) , and was currently used
as a negative control CYP6BB2 (Bariami et al., 2012).

The QRT-PCR results confirmed the up regulation of six of these genes in both Cayman and
Cuba resistant populations whereas the transcription factor SREBP (sterol regulatory binding
protein) was not upregulated in either case (Figure 3-3). In more detail amongst the highest
overexpressing gene where NLaz with 5.5-6.5 folds upregulation and LIPA with
approximately 7-10 folds upregulation. The two P450s CYP9J26 and CYP9J28 as shown
before (Bariami et al., 2012) were highly upregulated as well, in the range of 6-9 folds up.
Apolipoprotein D, steroid dehydrogenase and fatty acid synthase showed lower levels of
upregulation in the orders of 4.5 folds, 4.7 folds and 4.72 folds respectively.

Another resistant strain from the Caribbean, Cuba-temephos has been introduced in the
analysis. The Cuba temephos strain is resistant in the organophosphate temephos (Bisset et
al.,, 2011b). That was done mainly as preliminary evidence to whether these genes are
upregulated specifically in pyrethroid resistant populations or have a more general role in
protection from other kinds of insecticides as well.
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Figure 3-3: Validation of selected microarray data. Transcription levels of 9 selected genes in Aedes aegypti deltamethrin resistant strains Cayman (blue),

Cuba delta (red) and Cuba temephos (green) were measured by real time quantitative PCR. Transcription levels were normalized with housekeeping genes

AeRPL8 and AeRPS7, and are shown as transcription ratios relative to New Orleans a susceptible laboratory strain. CYP9J26 and CYP9J28 previously shown to

metabolize pyrethroids in both populations are included in the validation, as well as a P450 that has not been validated in our previous analysis. Error bars

represent SD (n=3).
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3.3 Analysis of copy number polymorphisms of lipid metabolism genes using quantitative
Real Time-PCR.

As the understanding of gene regulation has increased over the last years so has the list of
possible mechanisms for accomplishing an increase in expression (or a change in the
catalytic activity). Increased expression of a protein responsible for the metabolic resistance
can be accomplished either by increased transcription, gene amplification, stabilization of
the mRNA or stabilization of the protein by a point mutation resulting in a higher turnover of
the insecticide (Li et al., 2007b). In order to determine the molecular cause underlining the
transcriptional upregulation of the genes examined earlier we employed quantitative Real
Time PCR. This time in order to check for elevated gene copy numbers in the resistant
strains.

Previously (§2.2.6), we checked for gene amplification among the P450 that showed high
transcription levels in both resistant strains. Between the two CYP9J26 was the one that
showed higher gene copy numbers in the resistant strain(Bariami et al., 2012). Both of the
P450s that have been previously checked for gene amplification (§2.2.6), were included in
this analysis, serving as positive and negative controls respectively.

A comparison of pooled genomic DNA from both resistant mosquito strains (Cayman on the
left and Cuba on the right of the figure) and of control mosquitoes (New Orleans) revealed
that between the lipid metabolism genes, the only one showing differences in copy numbers
was the LIPA gene. In Figure 3-4 the fold change in transcriptional levels for each gene
(blue) are represented next to the fold change in gene copy numbers (red).

The liposomal acid lipases (AAEL012343-RA, AAEL014917-RA) that were seen upregulated,
are paralogues that share 99% sequence identity. The primer pairs amplify both copies and
upon quantitative Real Time PCR, the levels of transcriptional up regulation (10.91-folds up
in Cayman and 7.91-folds up in Cuba strain) seem to be comparable to the gene copy
numbers observed, 9.5-folds up in Cayman and 8.1 folds up in Cuba respectively.

It is clear that these two copies found in different genetic regions (supercontigs) must be the
result of a duplication event. Gene amplification is probably the molecular cause for the
transcriptional upregulation of this gene. None of the other genes showed any differences in
copy numbers between resistant and susceptible populations. Gene amplification is not
observed in any of the other six genes, which implies that another mechanism, such as RNA
stability or transcriptional regulation might be responsible.

3.4 Tissue specific expression of lipid metabolism genes

We decided to proceed with functional validation of two genes that showed the highest
upregulation amongst the group of lipid metabolism genes, ApoD and LIPA, and a
cytochrome P450, CYP9J26 previously shown to be upregulated (§2.2.4).

Insect P450s are known to be expressed in various tissues in response to diverse
physiological and environmental stimuli (Feyereisen, 2005). They show diverse expression
patterns related to life stages, sexes and tissues. In resistant insects, high monooxygenase
activity has been found in many tissues such as fat body, midgut, Malpighian tubules (Scott,
1999) and nervous system (Korytko and Scott, 1998; Zhou et al., 2008) with the highest
activity usually associated with the midgut (Feyereisen, 1999).
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Figure 3-4: Relative fold change in gene copy number for the group of lipid metabolism genes.

Genomic DNA was extracted from three batches of 10
female mosquitoes for both resistant (Cayman and Cuba) and susceptible (N. Orleans) strains respectively. Quantitative Real-Time PCR reactions were carried
out as described in Materials and Methods. For each target gene two different primer pairs were used and the normalization was done against RPS7 and Actl
(Table S3-1). Here the average fold upregulation for both primer pairs is depicted, for each of the genes. The relative copy number fold change was calculated
using the 2 “*" method (Pfaffl et al., 2002). The blue bars represent the transcriptional upregulation and the red bars the respective gene copy numbers of the
resistant strains, in comparison to the susceptible laboratory strain.
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On the other hand the orthologues of AeApoD in Drosophila (NLaz and Glaz) has been
shown to be expressed in glial cells and a subset of neuronal precursors in the developing
CNS during embryonic development and in the adult body (Sanchez et al., 2000). They are
also known to be induced upon oxidative stress and upon overexpression were found to
protect against neuronal apoptosis as a function of both age and extrinsic oxidative stress
(Hull-Thompson et al., 2009a; Sanchez et al., 2006). At a physiological level, GLaz and NLaz
mutant flies display decreased fat content, thus highlighting their putative role of both in
lipid metabolism.

Before proceeding with functional validation of our candidate genes we wanted to obtain a
rough idea on their tissue expression both in order to properly select drivers to guide the
transgenes expression with the UAS-GAL4 system and to check whether ApoD upregulation
is potentially related to neurodegenerative effects due to pyrethroid exposure.

A more punctual way to decipher on tissue specific expression of these genes would be via
immune-staining on dissected parts of the mosquito body and head. In lack of sufficient
materials and biological samples we decided to employ Real Time PCR to check for
expression of these genes on roughly dissected mosquito heads and bodies. We compared
RNA levels between heads and bodies of resistant versus susceptible mosquitoes. ApoD,
LIPA, StDh, SREBP and P450s (CYP9J26, CYP9J28) levels of transcription were measured
between bodies and heads. The color-code for each of the different genes is shown on the
right of the diagram.

In this experiment the expression of each of the genes, in the head and body of the
susceptible New Orleans strain was set as 1. In all cases higher expression of these genes
could be seen in the insects body (Figure 3-5).This observation was surprising given that
both in humans and in Drosophila, the role of ApoD has been correlated with protection
against neurodegenerative damage and its expression in the CNS and glial cells (Ganfornina
et al., 2005; Navarro et al., 2004; Sanchez et al., 2002). The result shown below suggest that
if ApoD and LIPA are involved in resistance that does not imply neuron specific expression,
since we do not see enhanced expression of these genes in the resistant mosquito heads.
On the other hand both ApoD and LIPA are secreted proteins, circulating via the hemolymph
in various organ tissues.

Nevertheless we rational that body tissue specific expression of these genes could
potentially confer resistance when expressed in a heterologous system.

3.5 Using Drosophila melanogaster as a model insect to study insecticide resistance.
Insecticide resistance is a genetic phenomenon, with mutations rendering insecticide target
proteins insensitive to insecticides and metabolism making sure less insecticide molecules
reach the target site of action (Ffrench-Constant et al., 2004; Li et al., 2007b).

Studying the molecular basis of metabolic-based insecticide resistance offers valuable
insights into how insecticides are putatively inactivated before reaching their molecular
target within the insect and creates perspective for improving future pest control.

Over the years geneticists have used Drosophila melanogaster as a model system to
approach complex biological processes. It has been characterized an optimal model system
to study insecticide resistance as well (Morgan, 1915;Beckingham et al., 2005 (Wilson, 1988).


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beckingham%20KM%22%5BAuthor%5D
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Figure 3-5: Expression of lipid metabolism genes is mainly found in the insect body. Rough dissections separating body from head of resistant and
susceptible mosquitoes. P450s (CYP9J26 and CYP9J28 expression is targeted in the insect body and the same is seen for both apolipoproteins D and Lysosomal
acid lipase. Mean values from two different primer pairs are shown and standard deviations. Two tailed t-tests were performed, **p<0.05 and ***p<0.01
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Although D. melanogaster is generally not considered an insect pest, it is exposed to
insecticides and known to develop resistance (Daborn et al., 2002; ffrench-Constant et al.,
1993; Wilson and Cain, 1997). The ease of lab culture, rapid life cycle and easy rearing and
maintenance, the availability of an ever accumulating array of genetic resources assembled
through over a century of research by a large global community of researchers (Drysdale,
2008), a complete genome sequence (Adams et al.,, 2000; Tweedie et al., 2009) and the
capacity to precisely manipulate the genome (Rubin and Spradling, 1982; Spradling and
Rubin, 1982) represent key advantages of using D. melanogaster as a model.

3.6 In vivo functional validation of genes potentially involved in resistance by heterologous
overexpression in Drosophila.

Whether all constitutively overexpressing genes in resistant insects such as our upregulated
cytochrome P450 genes and lipid metabolism genes actually do contribute to insecticide
resistance is questionable. Experiments to demonstrate individual genes contributing to
insecticide resistance are often difficult, and it is currently not possible to predict the
substrate specificity of either P450s or lipid metabolism proteins based on amino acid
sequence.

One approach that has been widely used would be to knock down expression by RNA
interference in the resistant mosquito population followed by insecticide metabolism studies
(bioassays) (Bautista et al., 2009; Lumjuan et al., 2011; Mao et al., 2007; Zhu et al., 2010b).
Another approach that has been little tried is create null mutants (Hardstone, 2006) of the
genes of interest and look for increased insecticide sensitivity. But the maintenance of a non
endemic mosquito species such as Aedes aegypti, resistant to insecticides would require
time consuming legal procedures.

Heterologous overexpression of candidate genes of interest in Drosophila melanogaster has
been widely used in order to verify their potential role of these genes in conferring
resistance (Daborn et al., 2007; Daborn et al., 2012; Riveron et al., 2013; Zhu et al., 2010b).

A good system for doing this in D. melanogaster is to use the GAL4/UAS system (Brand and
Perrimon, 1993). The GAL4/UAS system is a two-component system, used for targeted gene
expression in Drosophila (Duffy, 2002). GAL4 is a transcriptional regulator protein from the
yeast Saccharomyces cerevisiae. GAL4 directly activates gene expression by binding to 17
base pair recognition sites located adjacent to the gene of interest. These sites are known as
upstream activation sites (UAS sites). In the Drosophila GAL4/UAS system, GAL4 can be
produced in a transgenic fly in a temporal and spatial manner, by cloning the regulatory
region of a gene upstream of GAL4.

In this study, we use the regulatory region of Cyp6gl from the insecticide resistant Hikone-R
strain, which results in GAL4 being produced in the larval midgut, Malpighian tubules and fat
body (Chung et al., 2007). When crossed to transgenic flies carrying a UAS-target gene
construct, the progeny will express the target gene in tissues where GAL4 is present (i.e. the
larval midgut, Malpighian tubules and fat body). We also use a ubiquitous driver da-GAL4 to
express our transgenes in a ubiquitous expression pattern.

In order to test whether expression of either of these genes could potentially confer
resistance in the presence of pyrethroid insecticides we generated transgenic Drosophila
lines using the GAL4/UAS expression system.
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For UAS-ApoD and UAS-CYP9J26 at least five independent transgenic lines (insertion events)
were produced and three of them were chosen for further analysis. The UAS-LIPA construct
provided only two different transgenic lines (Table S3-3). The UAS-CYP9J28 construct has
been previously described (Pavlidi N., 2012) .

Each of the transgenes UAS-ApoD, UAS-LIPA and UAS-CYP9)26 were crossed to w*; P {GAL4-
da.G32}/TM3, resulting in expression of the selected genes in a ubiquitous expression
pattern throughout development. This cross provided a viable progeny (data not shown)
indicating that over-expression of these genes does not interfere with development.

After that a tissue specific driver HR(6g1)-GAL4 was used, that drives expression in the main
detoxification organs (midgut, Malpighian tubules and fat body) and is expressed both in the
larval and adult stage (Daborn et al., 2007). For each cross mRNA levels were confirmed with
quantitative Real Time PCR.

Resistance screens for at least two independent lines of each UAS transgenic construct were
conducted for the type Il pyrethroid, deltamethrin. Expression of the respective proteins
ApoD, LIPA and CYP9J26 was achieved with a ubiquitous driver da.GAL4 and a tissue specific
driver HR (6g1)-GAL4. Another driver ey (H).GAL4/Cyo, that drives expression solely in the
eye disc of third instar larvae (Hazelett et al., 1998) was used as a control.

3.6.1 Overexpression of CYP9J26, ApoD and LIPA in Drosophila using the UAS-GAL4 system
The GAL4/UAS system (Brand and Perrimon, 1993) was used for the transgenic over-
expression of each of the genes CYP9J26, ApoD and LIPA. The ylw*; daGAL4 /CyO driver was
used to drive expression in a ubiquitous pattern, and progeny were assayed for viability as
previously described (Bogwitz et al., 2005). For each gene, viable offspring were produced
(data not shown) indicating that expression of these particular P450s does not grossly
interfere with development. The 6g1HR-GAL4 driver (Chung et al., 2007), referred to as HR-
GAL4, was used to drive the expression of each transgene in the midgut, Malpighian tubules
and fat body. This driver, constructed in the w1118 strain, is homozygous for the 6g1HR-
GAL4 construct inserted on chromosome lll. Transgenic UAS-CYP9J26, ApoD and LIPA virgin
females were crossed to HRGAL4 males, and the progeny was assayed for survival on the
presence of deltamethrin. As a control for each gene, UAS females were crossed to w1118
males and the progeny, which do not over-express any of the CYP9)26, ApoD and LIPA
transgenes, were subsequently screened for insecticide resistance. A comparison of survival
between the two crosses was used to determine the potential of each individual transgene
to confer insecticide resistance.

In the presence of both da-GAL4 and the HR-GAL4, which drive expression of each of these
genes at high levels either ubiquitously or in a tissue specific manner (6g1(HR)-GAL4 in the
midgut, Malpighian tubules and fat body), mRNA levels of each gene were measured in two
day old adult females by real-time PCR. Thus confirming that for each independent line, the
target gene was being over-expressed when compared to the control cross. As shown in
Supplemental Figures $3-1 and $3-2 the levels of expression that are achieved with HR (6g1)-
GAL4 are moderately higher compared to those achieved by the ubiquitous driver da.G32-
GAL4.

The successfully overexpressing lines were subjected to insecticide metabolism assays,
otherwise referred to as bioassays. Initially flies overexpressing CYP9J26 via a ubiquitous
da.G32-GAL4 and a tissue specific 6g1(HR)-GAL4 were screened for resistance in the
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presence of deltamethrin. Three independent transgenic strains were generated via P-
element insertions. After balancing with appropriate lines (see Materials and Methods) we
selected lines CYP9J26 (9.30) with insertion on chromosome |, CYP9J26 (17.4) with insertion
on chromosome Il and CYP9J26 (10.3) on chromosome Ill. This strains were crossed to
da.G32-GAL4 and 6g1(HR)-GAL4 drivers respectively. At the same time the yw''®
where the injections took place were backcrossed with each of the drivers. Each of the UAS
(CYP9J26 9.30, 17.4, 10.3) were crossed to the genetic background of each one of the drivers
w1118.

strain

Driver Cross LD50 (pg/vial)| RR | RR*

da.GAL4

ubiquitous expression
UAS-CYP9J26 x daGAL4 153.85 431 3.16
UAS-CYP9)26 x will8 48.55 1.37
UAS-ApoD x daGAL4 109.95 3.09 2.74
UAS-ApoD x wil118R 40 1.13
UAS-LIPA x daGAL4 111.85 3.15 2.52
UAS-LIPA x willl8 44.65 1.25
UAS-ApoD;UAS-LIPA x daGAL4 113.7 3.19 3.04
UAS-ApoD;UAS-LIPA x w1118 37.4 1.05
UAS-ApoD;UAS-CYP9)26 x daGAL4 287.2 8.07 5.12
UAS-ApoD;UAS-CYPSJ26 x wlll8 56.1 1.58
UAS-LIPA;UAS-CYP9)26 x daGAL4 286.5 8.05 5.60
UAS-LIPA;UAS-CYP2J26 x w1118 51.2 1.44
yw x daGAL4 35.6 1.00
yw x wlll8 34

RR* resistance ratio
Table 3-1: Insecticide resistance levels achieved in Drosophila transgenic levels
upon ubiquitous overexpression of CYP9]26, ApoD and LIPA. In the table above we
can see the average resistance obtained from three different transgenic lines tested for each
construct (details in appendix Table S3-4).

Two to three day old female flies from each cross were selected and subjected to a range of
concentrations of deltamethrin coated vials. Deltamethrin contact bioassays were
conducted in 4-5 groups of female flies. At least five concentrations of deltamethrin causing
mortality in the range of 5-95% were used. After exposure for 90 minutes, flies were
returned to control vials and mortality was scored. At least two different lines were included
in the analysis. Care was taken to keep genetic backgrounds of fly strains consistent, so that
survival differences after insecticide treatment can be directly attributed to individual P450
genes being over-expressed.

The bioassay results extracted from averages of three different lines for each construct are
summarized in Tables 3-1 and 3-2 for each of the da.G32-Gal4 and 6g1(HR)-GAL4 driver
respectively. The last two lines in each table are the control crosses of the yw background. N
describes the number of flies assayed in total, while next to that is the defined LD50 for each
cross and its confidence limits. The insecticide resistance ratio of each overexpressing
Drosophila line was estimated by dividing each of the UAS-GAL4 and UAS w1118 LD50 to the
LD50 of the control yw daGAL4 cross. These values were divided and the normalized
resistance (R*) was obtained.
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As shown in Table 3-2 flies overexpressing CYP9J26 under the control of HRGAL4 are
approximately 3.3-3.8 folds more resistant compared to the respective isogenic control
cross. Little difference is observed when expression is driven ubiquitously by da.G32-GAL4
driver (Table 3-1). Resistance screens for three independent lines of each UAS-ApoD (69.7,
10.5, and 50.6) construct were conducted for deltamethrin using the UAS-GAL4 system and
drivers da.G32-Gal4, 6g1(HR) GAL4. Results are presented in detail in Appendix Tables $3-4
and S3-5.

Driver Cross LD50 (pg/vial)| RR | RR*

HRGAL4

midgut, fat body, Malpighian tubules
UAS-CYP9J26 x HRGAL4 115.73 3.59 3.56
UAS-CYP9J26 x w1118 34.10 1.01
UAS-ApoD x HRGAL4 87.90 2.70 2.70
UAS-ApoD x wlll8 32.57 1.00
UAS-LIPA x HRGAL4 83.70 2.57 2.36
UAS-LIPA x w1118 35.50 1.09
UAS-ApoD;UAS-LIPA x HRGAL4 99.50 3.06 3.18
UAS-ApoD;UAS-LIPA x w1118 31.20 0.96
UAS-ApoD;UAS-CYP9J26 x HRGAL4 228.00 7.00 6.87
UAS-ApoD;UAS-CYP9)26 x w1118 33.25 1.02
UAS-LIPA;UAS-CYP9J26 x HRGAL4 226.80 6.96 7.18
UAS-LIPA;UAS-CYP9)26 x w1118 31.70 0.97
UAS-(ApoD;LIPA;CYP9126) x HRGAL4 398 12.21 10.8
UAS-(ApoD;LIPA;CYP9)26) x w1118 36.9 1.13
yw x HRGAL4 32.60 1.00
yw x willl8 31.93

RR* resistance ratio
Table 3-2: Insecticide resistance levels achieved in Drosophila transgenic levels
upon overexpression of CYP9J26, ApoD and LIPA in the main detoxification
organs. In the table above we can see the average resistance obtained from three different
transgenic lines tested for each construct (details in appendix Table S3-5).

Surprisingly when ApoD is overexpressed with HR (6g1)-GAL4 increased survival is observed
compared to control flies in the range of 2.5-2.8 folds. Here as well comparable results are
obtained with da.G32-GAL4 driven expression. In the case of UAS-LIPA overexpressing flies
marginally lower levels of resistance are described, 2.35-2.36 with HR (6g1)-GAL4 and 2.44-
2.61 with da.G32-GAL4.

We conclude from these experiments that tissue specific expression of CYP9J26, ApoD and
LIPA is sufficient to confer resistance to pyrethroids when overexpressed in Drosophila. This
is consistent with the upregulated levels of these genes observed in field resistant mosquito
populations.

3.6.2. Co-expression of CYP9J26 and ApoD

Given that both CYP9J26, ApoD and LIPA were all upregulated in the deltamethrin resistant
strains we rational that co-expression of more than one protein in flies would confer higher
levels of resistance.
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Drosophila strains carrying different transgenes were crossed and balanced accordingly in an
attempt to generate strains with combinations of two or more of the genes mentioned in
supplemental Table $3-3. Initially a combined UAS strain was generated, one carrying the
known to metabolize CYP9J26 on the 2" chromosome and Apolipoprotein D on third
chromosome (9J26 (17.4); ApoD (10.5)/Cyo; TM6Tb). Same combination was achieved by
balancing one UAS-CYP9J26 line with insertion on the first chromosome and ApoD on the
second chromosome (9J26 (7.30); ApoD (69.7)/FM7; Cyo).

The double UAS lines have been tested for deltamethrin resistance following the same
methodology mentioned above. As seen on bioassay Tables 3-1 and 3-2 the combination of
a detoxification enzyme CYP9J26 with Apolipoprotein D for both generated lines and under
the control of a tissue specific driver 6g1(HR)-GAL4 achieved higher levels of resistance, in
the range of ~6.5-7.2 folds more resistant compared to the control cross.

These levels of resistance correspond to the combined effect of the individual genes. When
crossed with the ubiquitously expressed da.G32-GAL4 the flies showed slightly lower levels
of resistance, approximately ~5 folds. Dosage mortality analyses were performed on the
transgenic strains mentioned above, confirming that each one individually, as well as the
combination of CYP9J26 and ApoD, confer resistance in the presence of deltamethrin.

This finding implies that CYP9J26 and ApoD acting by distinct molecular mechanisms might
contribute in an additive manner to the development of resistance.

3.6.3 Co-expression of CYP9J26 and LIPA

Another protein that captured our attention LIPA had also been commonly up in both
resistant populations and more interestingly it showed increased copy numbers in the
resistant compared to the susceptible strain. Lipases belong to the superfamily of esterases
containing the conserved a/b hydrolase domain. Lipases hydrolyze ester linkages found in
triglycerides and convert them to monoglycerides and fatty acids. It has been known that
esterases play a major role in carbamate catabolism and are less frequently the major cause
of pyrethroid resistance. Nevertheless they have been seen to act cooperatively with P450s
to further process pyrethroid metabolites. We hypothesized that LIPA might unspecifically
hydrolyze pyrethroid ester bonds and contribute to resistance. A ubiquitous and a tissue
specific driver again were used to drive expression of LIPA. Bioassays showed that LIPA
overexpressing flies were approximately 2.5 folds more resistant compared to control
flies(Tables 3-1 and 3-2).

In a similar approach, as shown before, we decided to test resistance levels in flies that
combined high levels of both a known to metabolize P450, CYP9J26 (Stevenson et al., 2012)
and of LIPA. UAS-CYP9J26 lines with insertions on either the first chromosome UAS-
CYP9J26(7.30) or on the second chromosome UAS-CYP9J26(17.4) were balanced along with
fly strains bearing insertions of LIPA on the second UAS-LIPA(1s) and third chromosome UAS-
LIPA(24.8) respectively, resulting in strains described in Table S3-1 as UAS-
CYP9J26(7.30);UAS-LIPA(1s)/FM7;CyO and UAS-CYP9J26(17.4);UAS-LIPA(24.8)/CyO;TM6Tb.
Male adults of the combined UAS lines mentioned above were crossed to virgin females of
either 6g1(HR)GAL4 and da.G32-GAL4. Two to three day old female adults from each cross
were assayed for survival in the presence of deltamethrin. When expressed under the
control of 6g1(HR)-GAL4 the P450-LIPA double UAS line exhibited a strong resistance
phenotype of 7.0-7.3 folds compared to the control cross. In a similar way when expressed
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under the control of the ubiquitous da.G32-GAL4 driver, the co-expression of P450 and LIPA
conferred lower levels of resistance in the order of ~5.6 folds up.

The results encompassing the higher resistance observed upon co-expression of an
established to metabolize P450, CYP9J26 (Stevenson et al., 2012) and that of a lysosomal
acid lipase LIPA, suggest synergism between CYP9J26 and LIPA as well.

Previous studies have shown lipases to metabolize pyrethroids (Anand et al., 2006b; Li et al.,
2008) but whether or not LIPA is capable of catabolizing pyrethroids or potentiates higher
resistance levels indirectly, requires further investigation.

3.6.4 Co-expression of ApoD and LIPA

In order to test whether the above hypothesis is true, we decided to co-express two proteins
that do not have a known metabolic function regarding insecticides. In this frame of work we
combined UAS-ApoD (10.5) line whose insertion mapped on the second chromosome with
UAS-LIPA (24.8) inserted on the third chromosome. Same was done with UAS-ApoD (50.6) on
the first and UAS-LIPA (1s) on the second chromosome. From the crosses above two
different lines were established shown in Table S3-1, UAS-ApoD(10.5);UAS-
LIPA(24.8)/CyO;TM6Tb and UAS-ApoD(50.6); UAS-LIPA(1s)/FM7;CyO. Young males of the pre-
mentioned lines were crossed with virgin females of HR-GAL4 and da-GAL4 drivers. Groups
of two to three day old females were selected and subjected to a defined range of
deltamethrin concentration that was coated in glass vials (as described in Materials and
Methods).

When tested individually, and under the control of the ubiquitous da.G32-GAL4 driver each
one of the ApoD and LIPA UASs, provide ~2.7-2.8 folds of resistance and ~2.4-2.6 folds
resistance respectively. Under the control of a tissue specific 6g1(HR)-GAI4 driver the levels
of resistance acquired were ~2.5-2.8 folds for overexpression of UAS-ApoD and ~2.35-2.36
folds upon UAS-LIPA overexpression. Combination of UAS-ApoD and UAS-LIPA in the lines
shown in Table S$3-1, produced a progeny that when crossed with a ubiquitously expressing
driver showed ~3.04 folds of resistance. Similarly as before when crossed with the tissue
specific driver 6g1(HR)-GAl4 combined expression of ApoD and LIPA gave comparable levels
of resistance approximately ~3.16-3.21 folds.

In this particular case the combined expression of two lipid metabolism associated genes,
does not provide further enhancement in resistance levels.

3.6.5 Co-expression of CYP9J26, ApoD and LIPA

The provoking convenience that Drosophila undoubtedly offers when it comes to genetic
manipulation led us to further examine the combination of as many genes combined as
possible.

Analogous to the previous attempts, this time we combined the expression of all three
genes, CYP9J26 and ApoD and LIPA. We need to remind that these genes were found
transcriptionally upregulated in two deltamethrin resistant populations, with CYP9J26 and
LIPA showing more copy numbers in the resistant mosquito strains (Bariami et al., 2012;
Pavlidi N., 2012; Stevenson et al., 2012). We combined UAS-9J26 (7.30) line whose insertion
mapped on the first chromosome with UAS-LIPA_1s inserted on the second chromosome.
Females from the first UAS line as shown in Table 3-1 were crossed with tubGal80"; CyO/Sc
males and homozygous UAS-LIPA males were crossed with tubGal80®/FM7;Cy0/Sc females,
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in order to obtain a combined UAS line baring CYP9J26 in the first chromosome and LIPA1s
in the second chromosome 9J26(7.30)U/FM7;LIPA(1s)U/CyO (Table S$3-1). The RNA levels of
both CYP9J26 and LIPA in the combined UAS line were measured with quantitative Real Time
PCR as previously done (Figure S$S3-3). Since Ubiquitous and tissue specific expression
provided comparable results in our previously shown comparisons and since for each gene
tested it has been established that after ubiquitously expressed in Drosophila the progeny is
viable and healthy, we only proceeded with tissue specific expression of the genes of
interest.

Further on we crossed the CYP9J26/FM7;LIPA (1s)/CyO double UAS female flies with the
stably overexpressing ApoD(69.7)/CyO;HRGAL4/TM6Tb line. In the progeny of this cross we
selected against CyO for females alone. These females are expected to express under the
control of the 6g1(HR) enhancer all three selected transgenes CYP9J26, LIPA and ApoD. The
control cross were the double 9J (7.30); LIPA UAS and the ApoD UAS alone. RNA levels of
each of the transgenes were determined with Real Time PCR to confirm validity of crosses
(Figure S3-3). Another batch of females was subjected to insecticide metabolism assays as
described in Materials and Methods. Bioassays carried out with deltamethrin on the
transgenic line overexpressing all three genes indicated an even more increased resistance
in these flies that reached ~10 folds up (Table 3-2). Altogether, these results indicate that
both CYP9J26, ApoD and LIPA genes are able to independently confer deltamethrin
resistance. When combined the levels of resistance are further enhanced.

Finally in an attempt to examine the importance of the tissue specific expression of our
transgenes we used a driver that does not express in any of the main detoxification organs.
The eyeless-gene is expressed in moderate levels in the adult CNS and in low levels in the
adult eye. When overexpressed under the control of ey-Gal4 no significant levels of
resistance are observed. Nevertheless it has to be noted that the mRNA levels measured in
the flies tested were much lower (approximately 5 times) compared to the previously used
drivers. Bioassays conducted in the eyGAL4 overexpressing transgenes did not give any
significant levels of resistance (Appendix Figure S3-4, Table S3-6).

3.7 Discussion

Pyrethroid resistance is spreading across the world but little is known about the molecular
forces driving it in natural populations. So far efforts have been mainly invested in
deciphering the roles of target site mutations and proteins belonging to the three main
families of detoxification enzymes. Only limited research has been aimed at elucidating the
direct or indirect roles of novel genes in the manifestation of resistance. Yet this could
provide important information both on the initial steps during the process of resistance
development, and on auxiliary mechanism (pathways) that are severely affected when trying
to overcome the selection pressure and meeting the metabolic demands of resistance.

Transcriptional Analysis Revealed A Group of Lipid Metabolism Genes. Re-assessment of
microarray data derived from the comparison of two Aedes deltamethrin resistant
populations from the Caribbean to a susceptible mosquito population pointed our attention
towards a group of lipid metabolism genes. Real Time PCR validation confirmed, with the
exception of SREBP, transcriptional upregulation for six of these genes (Figure 3-3). In both
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deltamethrin resistant mosquito populations we show the lipase to be highly upregulated
compared to the susceptible New Orleans strain.

Gene amplification as a molecular mechanism of transcriptional amplification. We
employed quantitative Real Time PCR to check for copy number polymorphisms between
resistant and susceptible mosquitoes, for our genes of interest. As previously mentioned
gene amplification has been proven the molecular mechanism underlying increased
expression of all metabolic enzymes, P450s (Bariami et al., 2012; Itokawa et al., 2011;
Puinean et al., 2010b), esterases (Gullemaud et al., 1997; Karunaratne et al., 1998; Mouches
et al., 1986) and GSTs (David et al., 2005; Ortelli et al., 2003; Syvanen et al., 1994).

After Real time PCR in genomic DNA that confirmed higher copy numbers of the LIPA gene in
both Cayman and Cuba resistant populations it appears that gene amplification mechanism
is at least in part responsible for their high expression levels. The two lipase genes initially
appearing in the microarray analysis share 99% sequence identity, have been mapped in the
different genomic regions and are probably the result of a recent duplication event,
therefore we were not able to distinguish between transcripts.

Regarding the rest of the genes tested, their upregulation does not seem to be caused by
gene amplification, as no significant copy number variation was observed compared to the
susceptible mosquitoes (Figure 3-4). This leads us to believe that over-transcription of these
genes is attributed to distinct molecular mechanisms such as transcriptional disregulation
RNA stability, mutations in cis-acting promoter sequences and/or trans acting regulatory
loci.

Tissue specific expression of selected genes. In rough dissection of mosquitoes separating
the main body and the head CYP9J26, ApoD and LIPA mRNAs were detected predominantly
in the body of both insecticide resistant populations. There have been many instances of
P450s overexpressed in the brain and implicated in drug metabolism (Meyer et al., 2007). In
insects there are two characteristic examples one is that of CYP6D1, a house fly P450 shown
to metabolize cypermethrin in the thoracic ganglia (Korytko and Scott, 1998), and another
recently recorded example of a brain specific P450 in Tribolium castaneum that has been
sown to metabolize deltamethrin (Zhu et al., 2010a). Our results excluded the possibility of
P450s, CYP9J26 and CYP9J28, to be specifically expressed in the head of mosquitoes.

ApoD and LIPA mRNA levels where higher on the resistant insect body as well. This
observation was surprising regarding ApoD, given that both in humans and in Drosophila,
the role of ApoD has been correlated with protection against neurodegenerative damage
and its expression in the CNS and glial cells.

Because midgut and/or fat body tissues have been suggested as the primary detoxification
organs and since expression of our candidate genes was higher in the body part we decided
to use a ubiquitous driver (da.G32.GAL4) and a fat body, midgut and Malpighian tubules
specific driver 6g1(HR)GAL4 for overexpression in Drosophila.

Functional Analysis of CYP9J26, ApoD and LIPA in Drosophila. In order to examine a
potential association of the highly upregulated genes with resistance, we decided to over
express them in Drosophila melanogaster and check for changes upon exposure to
deltamethrin.
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The genes that were examined were CYP9J26, one of two cytochrome P450 that show high
expression in both our resistant mosquito populations and have been shown to metabolize
pyrethroids in vitro (Stevenson et al., 2012), LIPA that showed the highest upregulation
among the group of lipid metabolism genes and ApoD.

The role likely played by CYP9J26 in deltamethrin résistance in field populations of Aedes
aegypti (Saavedra-Rodriguez et al., 2012; Stevenson et al., 2012; Strode et al., 2008b) was
well supported by transgenic overexpression in Drosophila. CYP9J26 when overexpressed in
Drosophila melanogaster under the control of a ubiquitous driver da.G32-GAL4 raises the
insecticide tolerance of the fly by approximately 3-3.3 folds. This resistance phenotype
becomes even stronger when expression of the protein is driven in the main detoxification
organs (fat body, midgut, Malpighian tubules) and reaches 3.9 folds (Table 3.2). The higher
level of expression of CYP9J26 observed by gRT-PCR in progeny from the 6g1(HRGAL4)
driver compared to the one with the da.G32.GAL4 could explain the slightly higher
resistance level conferred by the tissue specific driver (Figures $S3-1, $3-2).

When overexpressed in Drosophila LIPA shows levels of resistance in the range of 2.44-2.61
folds up and quite similar to the ones obtained when expressing the transgene in the main
detoxification organs (midgut, fat body, with the 6g1(HR) GAL4 driver (2.35-2.36 folds up). In
this case the mRNA levels of the LIPA transgene are comparable in both progenies derived
from crosses with da.G32.GAL4 and 6g1(HR) GAL4.

ApoD is particularly interesting since its orthologues in both mouse and fly have been
shown to protect against almost all kinds of oxidative stress, modulate lifespan and decrease
lipid peroxides in membranes upon overexpression (Ganfornina et al., 2008; Muffat et al.,
2008b). Flies overexpressing ApoD in a ubiquitous manner become 2.7-3.3 times more
resistant, and once more the resistance levels are increased upon expression with the tissue
specific driver HRGAL4 (~3.35-3.9 folds up).

Combined expression of transgenes and effect in resistance phenotype. In our attempt to
reconstitute in flies the resistance phenotype observed in mosquito field populations, we
decided to combine expression of separate transgenes and see whether we can achieve
higher levels of resistance.

The combination of a detoxification enzyme CYP9J26 with Apolipoprotein D (CYP9J26; ApoD)
UAS/Cyo; TM6Tb did achieve higher levels of resistance, when ubiquitously overexpressed
(5.11 folds up) and even higher approximately 7-7.28 folds when expressed tissue
specifically.

In a similar way when co-expressing both CYP9J26 and LIPA flies showed increased tolerance
in the presence of deltamethrin (5.59 folds up and 7.27 folds up respectively). Co-expression
of ApoD and LIPA however did not show any additive effect in the resistance folds, showing
levels comparable to the ones achieved by overexpression of each gene alone (3.04 folds up
with da.G.32-GAL4 and ~3.2folds up with HRGAL4). Our findings imply that CYP9J26 when
combined with each of the ApoD and LIPA, and acting by distinct molecular mechanisms,
contribute to resistance development in an additive manner.

The highest resistance levels achieved were upon combination of the three genes. In this
case we crossed a stably overexpressing UAS-ApoD; HRGAL4 line with a double UAS line
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baring both CYP9J26 and LIPA. The females of the progeny baring one copy of each
transgene under the control of HRGAL4, showed significantly higher levels of resistance, at
the range of 10 folds up compared to the control crosses.

In conclusion we have established an association between the constitutive upregulation of a
CYP9J26, ApoD and LIPA in field populations of Aedes and insecticide resistance. By
overexpressing combinations of these genes we have managed to approach at least in half
the levels of deltamethrin resistance observed for mosquito field populations (~20 folds
resistant compared to the susceptible strain) and state the significance of genes other than
the once established to metabolize in the manifestation of resistance . Finally, we have only
barely met the inexhaustible potential that Drosophila melanogaster offers for validating
and further examining the potential roles of genes in insecticide resistance.
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CHAPTER 4

Insect cell lines as a tool for investigating
insecticide resistance
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High-throughput protein expression is an essential tool for the development of multiple
research and biotechnological applications in the post-genomic era. Most of the times
characterization of novel genes is accompanied by overexpression of the protein in order to
proceed with functional analysis or structural characterization.

The high levels of protein production that several insect cell line systems provide combined
with the ability to high throughput screen a vast number of insecticides in cells
overexpressing proteins of interest, offers a valuable tool.

In vitro insecticide metabolism studies so far have been relying on bacteria or yeast for
recombinant protein expression, which comes with advantages and disadvantages.
Mosquito protein expression in bacteria can achieve very high levels of expression, however
in many cases correct folding and biological activity of the proteins produced in bacteria are
not achieved (Baneyx and Mujacic, 2004). Another issue is that bacteria lack the complex
posttranslational modifications that take place in eukaryotic cells.

In industry cell culture based high-throughput screening are used quite commonly to
examine the properties of a vast number of compounds of natural or synthetic origin.
Metabolically active CYP-expressing cells are being used in the drug, agrochemical industry
for high throughput screening, investigation and toxicological characterization (Landsiedel et
al., 2011).

Ectopic expression of proteins in insect cell lines as a method to examine their roles in
insecticide resistance is becoming more and more popular (Duangkaew et al., 2011;
Pornpimol Rongnoparut et al., 2012).

We aspired to establish a cell line based assay that would combine the advantage of high
levels of protein expression and that of the fast and simple screening of many proteins for
insecticide metabolism or cytoprotection.

Insect cell-based expression systems so far have been making use of the baculovirus
expression system, the transiently transfected insect cells and the stably transformed insect
cell lines. The baculovirus expression system and the insect cells have been extensively used
in a wide range of applications (Farrell et al., 2005; Kost et al., 2005) successfully. However
one of the main drawbacks presented in this approach is that its time effective.

Transiently transfected insect cell lines represent the most attractive alternative to the
baculovirus expression system and are especially suited for the production of proteins and
the development of cytoprotection assays.

A series of expression vectors for lepidopteran and dipteran cell lines has been developed
that enable high-level protein production without the disadvantages associated with
baculovirus infection.

In this chapter we try to establish a cell line based cytoprotection assay that will allow
efficient screening of large numbers of candidate proteins that may be implicated in
resistance. In addition to that overexpression of candidate genes in mosquito cell lines will
provide an in vitro adjunct to our previous whole organism genetic approach in Drosophila
melanogaster.
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4.1 Cytoprotection ability of CYP9J26, CYP9]J28 and ApoD overexpressing
mosquito cells

As a paradigm in which the beneficial effects of P450 and ApoD could be monitored more
closely, at the cellular level, the effects of transient overexpression of the respective
proteins in Aag2 and SUA4.0 cell cultures were examined.

We employed two different mosquito cell lines Aag2 and SUA 4.0. The Aag2 mosquito cell
line is derived from Aedes aegypti embryos (Lan and Fallon, 1990; Peleg, 1968; Singh) and
the SUA 4.0 mosquito cell line was established from neonatal larvae of the Suakoko
mosquito strain, as described (Muller et al., 1999; Singh).

Two different plasmid based expression systems have been used for each of the cell lines
mentioned above (Supplement Table S4-1). The Lethal Doses (LD50) of each cell line has
been established and survival of cells in the presence of insecticides has been measured.

In this study cytotoxicity of insecticides was examined in SUA4.0 mosquito cells
overexpressing two known to metabolize cytochrome P450s, CYP9J26, CYP9J28 and a
lipocalin suspected to (sequester) protect from oxidative stress ApoD using MTT and Presto
Blue Cytotoxicity assays.

4.1.1 Cell Treatments and Presto Blue Cytotoxicity assays
Cytotoxicity effect of insecticides evaluated by Presto Blue assays was performed prior to
cytoprotection experiments.

Insecticides used in this study included permethrin which is a type | pyrethroid and
deltamethrin and cypermethrin that belong to type Il pyrethroid class. For each of the cell
lines Aag2 and SUA 4.0 the lethal concentration in which approximately 50% of the cells
were viable (LCsp) had to be defined.

Cells were set in 24-well plates and transfected with control RFP reporter plasmids under the
control of actin transactivator. After 24h cells were provided with fresh medium and added
serial concentrations of the permethrin, cypermethrin and deltamethrin insecticides ranging
from 0-300uM. The next day insecticide was removed and cells were added fresh serum
before measuring cell viability using the Presto blue assay kit. Presto Blue reagent is a
resazurin based solution that functions as a cell viability indicator by using the reducing
power of living cells to quantitatively measure the proliferation of cells. It contains a cell
permeate compound that is blue in color and virtually non fluorescent. When added to cells,
the PrestoBlue reagent is modified by the reducing environment of the viable cell; it turns
red in color and becomes highly fluorescent. Conversion is proportional to the number of
metabolically active cells and therefore can be measured quantitatively.

The absorbance of Presto Blue was measured at 570nm and normalized to 600nm values
using a micro titer plate reader. Cell viability upon incubation with each insecticide was
expressed as percentage of viable cells relative to cells treated to the solvent of the
insecticide alone, which was assigned as 100% viability. The value of 50% lethal
concentrations (LCsq) derived from the plot of percentage of cell viability against different
concentrations of each insecticide (Figure 4-1).
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Figure 4-1: Cytotoxicity effect of insecticide was assessed for pyrethroids. Aag2 and
Sua 4.0 cells were seeded in 24 well-plates and in a concentration of 10° 2X10° cells/ml.
Cells were left to grow for 24 h (appropriate cell number) and then treated with a-Cyp and
permethrin and doses ranging from 0-300uM. Cell viability was measured using Presto Blue
at 24h and 48 hours. LD50 was defined for both cell lines. The values depicted here are a
result of triplicates. The same experiment was done using Trypan Blue and measuring dead
cells. The results were reproducible so for the following experiments only Presto Blue assay
was used to account for cell viability.

4.1.2 Transient transfection of SUA 4.0 cells with genes potentially involved in

resistance

To drive expression of CYP9)26, CYP9J28 and ApoD we used a Tet-Off expression system
(Gossen and Bujard, 1992; Lycett et al., 2004). In the Tet-Off expression system, a
tetracycline-controlled transactivator protein (tTA), which is composed of the Tet repressor
DNA binding protein (TetR) from the Tc resistance operon of Escherichia coli transposon
Tn10 fused to the strong transactivating domain of VP16 from Herpes simplex virus,
regulates expression of a target gene that is under transcriptional control of a tetracycline-
responsive promoter element (TRE). The TRE is made up of Tet operator (TetO) sequence
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concatemers fused to a minimal promoter (adeno-associated virus (AAV) P5 promoter). In
the absence of doxycycline the transactivator (actin-tTA and serpin-tTA) is induced and
activates transcription of the cloned genes.

SUA4.0 cells were grown in Schneider’s medium at 28°C and was transiently transfected with
plasmids baring our CYP9J26, CYP9J28 and ApoD coding sequence. As reported by a co-
transfected RFP (red fluorescent protein) accordingly, the transfection efficiency reached 15-
20%. These cells were subsequently (48h post transfection) placed on fresh serum media
and treated with the defined LC50 for each insecticide. After 24hours cell viability was
measured as described before.

Cells transfected with control plasmid pTetoRFP showed low survival when exposed to
pyrethroids; 38-42%. The results revealed higher cell viability, in the order of 10%, against
cytotoxic effects of permethrin, cypermethrin and deltamethrin in CYP9J28 and CYP9)26
overexpressing cells, while no significant rescue was observed for ApoD overexpressing cells
(4%) (Figure 4-2). Upon combined overexpression of CYP9J28 and ApoD cells showed
increased viability, but not significantly above the already observed protection of CYP9)28
overexpressing cells.

4.1.3 Transient transfection of Aag2 cells with genes potentially involved in
resistance

In order to improve transfection efficiency and further examine cyto protective properties of
our candidate proteins we made use of a different cell line (Aag2) and another protein
expression system.

Proteins were cloned in the plE vectors that are designed for rapid, high-yield protein
expression in insect cells. The vectors feature the hr5 enhancer and the iel (immediate
early) promoter to direct expression in insect cells using endogenous insect cell transcription
machinery. Transfection efficiency was significantly increased (30-40%) under according to
the plE eGFP transfected reporter. Cells transfected with control plasmid plE eGFP showed
low survival when exposed to pyrethroids 28-33%. Cells were treated with insecticides (as
described in Materials and Methods). We can see (Figure 4-2) that upon CYP9J28 expression
cells show increased viability, in the order of 30%. Approximately the same levels of
protection (28%) are shown with CYP9J26 overexpression and 6-10% when overexpressing
ApoD. When both proteins CYP9J28 and ApoD were co transfected in Aag2 cells, marginally
higher levels of % cell viability were observed (~4%) compared to the mere overexpression
of CYP9J28. RNA levels for plE overexpressing cells are shown in supplementary data (Figure
S4-1).
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Figure 4-2: Viability of CYP9]J26, CYP9J28 and ApoD overexpressing cells. CYP9)28
and CYP9J26 protect Aag2 and SUA4.0 cells against death induced by high pyrethroid
concentrations. Aag2 and SUA4.0 cells were transiently transfected with CYP9J26, CYP9)28
and ApoD proteins for 48h and then exposed to concentrations of pyrethroids flanking the
LC50 of the cells. Two tailed t-test was performed for each separate protection assay.

4.1.4 Response of mosquito cells to exposure in pyrethroids and paraquat.
The levels of certain P450s can be induced upon exposure to drugs and xenobiotics and
plant toxins (Conney, 1982; Nebert et al., 1989).

In insects many inducers have been shown to alter P450 expression (Agosin, 1985; Hodgson,
1983; Scott et al., 1998; Terriere and Yu, 1974). In 1983 Terriere proposed that “the same
regulatory genes may be involved in both induction and biochemical resistance. In
mammals, a causal link between the induction of particular detoxification enzymes by
xenobiotics and their ability to metabolize them has been demonstrated and successfully
utilized to identify drug metabolizing enzymes (Lou et al., 2004; Waxman, 1999). This
approach was also used to identify two CYP genes (CYP6B1 and CYP6B3) in the black
swallowtail Papilio polyxenes induced by and metabolizing furanocoumarins, toxins
produced by their host plant (Wen et al., 2003).

One of course should bear in mind that P450s besides being responsible for protection
against xenobiotics, are enzymes participating in many metabolic pathways and are famous
for their broad substrate selectivity. Inducers quite commonly cause upregulation of many
P450s due to common responsive elements and regulation. Very few, if any of them will be
able to metabolize the xenobiotics.



89

The question posed at this point was

3.50 4
3.00 whether any of the P450s revealed during

aan the first part of the analysis or any of the
2.00

e ——— lipid metabolism genes could be induced in
1.00 | moamv=c® | the presence of pyrethroids. It has been
0.50 - establish that human, Drosophila and
i 0 2 . 6 9 12

mouse ApoD orthologues were induced

RNA fold increase

Hours OF Yecet ment upon treatment with a ROS generator
3.50 (paraquat). Furthermore overexpression of
e ApoD in Drosophila cell lines has been
shown to protect against oxidative stress.

2.50 -
2.00 -

] g In lack of living mosquitoes we decided to

RNAfoldincrease

1.00 W 0.1mM a-CYP

_—y make use of our Aedes aegypti embryo

s | derived cell line. We treated cells with

] 2 6 9 12
Hours Of Treatment

selected concentrations of a type |l

insecticide (a-cypermethrin) and common

3.50
ROS generator paraquat. We monitored

3.00 4

hours for a total of 12 hours.
1.00 - N 0.1mM a-CYP

% 250 induction of all genes earlier mentioned
E 200 | using quantitative Real time PCR every 2
% 1.50 1 HO0.1mM PQ

=<

=

-3

0.50

0 2 6 9 12
Hours Of Treatment

Figure 4-3: Time course response of lipid metabolism genes induction and P450s
(9J26 and 9)28) in cell culture. Induction of apolipoproteins ApoD and NLaz and steroid
dehydrogenase (StDh) upon treatment of cell lines with paraquat and a type Il pyrethroid a-
cypermethrin. Cells were seeded in 12 well plates and left to recover. Upon reaching
confluency of 70-80% they were treated with a ROS generator paraquat and a type Il
pyrethroid a-cypermethin.

As shown in Figure 4-3 the ApoD showed 2.84 fold induction at 2 hours in the presence of
paraquat and 2.43 fold induction in the presence of a-cypermethrin. NLaz was approximately
2 fold induced both in the presence of paraquat and a-cypermethrin while steroid
dehydrogenase was interestingly induced 2.9 folds only in the presence of a-cypermethrin.
None of the P450s showed induction in the presence of PQ or a-cypermethrin. The rest of
the genes previously mentioned CYP9J28, CYP9J26, LIPA, SREBP, did not show any levels of
induction (data not shown).
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4.2 Discussion

The aim of this study was to establish a fast and reproducible cytoprotection assay for
screening proteins that might be implicated in resistance.

For this purpose we compared the suitability of different cell lines and the commonly used
inducible promoter systems for regulated protein expression in transiently transfected insect
cells. In addition the confirmation of cytoprotection upon overexpression of our candidate
genes would serve as supporting evidence to our previous genetic work in Drosophila.

The reverse tetracycline system Tet-Off used for expression of our candidate genes when
transfected into SUA4.0 cells did not yield high efficiency levels. Different conditions were
tested but cell transfection efficiency did not exceed 15-20% which was limiting for our
experiment. The marginal levels of protection observed with the Teto system upon
overexpression of the P450, CYP9J26 and CYP9J28 might be attributed to insecticide
metabolism. ApoD overexpression did not show any significant levels of protection neither
did the cotransfection of both ApoD and CYP9J28.

Sequentially proteins were sub cloned in the plE1hr5 expression system that is advertised to
tightly regulate and achieve high levels of protein expression. After standardizing conditions,
Aag?2 cells achieved 30-40% of transfection efficiency. Higher cell viability was observed
upon overexpression of both CYP9J26 and CYP9J28. Significant levels of protection were also
achieved upon overexpression of ApoD alone while cotransfection of both CYP9J28 and
ApoD achieved even higher protection of cells.

Depending on the cell type used for investigation of the (over)expressed protein, low
transfection rates and side effects of the transfection method often limit the success of
expression experiments. We believe this is the case in the first instance were very low levels
of transfection were achieved with the SUA4.0 cell line.

The use of the Aag2 cell line and the plEx expression system significantly improved the
transfection efficiency and provided as with a tool to screen our genes of interest. CYP9J26
and CYP9J28 have been shown to metabolize in vitro, with CYP9)28 having a slightly higher
turnover for deltamethrin, while CYP9J26 has a higher turnover for permethrin (Stevenson
etal., 2012).

Finally, the important limitations of transfection efficiency and the handling of a
heterogeneous cell population need to be considered. Stable transfection procedures using
selectable markers are often used to overcome these problems. The plE_DHFR plasmid was
provided that enables us to select for transfected cells and establish a stable cell line since
non-transfected ones will die in the presence of methotrexate. This would ensure a
homogeneous cell population overexpressing our genes of interest and an improved
cytoprotection assay.

Finally we treated an embryo derived Aedes aegypti cell line with a type Il pyrethroid and a
ROS generator paraquat, and examined induction of our genes of interest in a time-
dependent manner. We measured RNA levels for all of our P450s (CYP9J26, CYP9j28) and
the group of lipid metabolism genes mentioned above. We observed induction of two ApoDs
(AAELO09596 and AAEL007972) in the presence of paraquat that is a common ROS generator
and of steroid dehydrogenase only in the presence of a-cypermethrin (Figure 4-3). None of

the others genes showed any significant levels of induction (data not shown).
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Aedes aegypti, a primary vector of dengue fever and dengue hemorrhagic fever, exist mainly
in tropical areas. As no licensed vaccine or dedicated therapy exists for dengue, the most
promising strategies to control the disease involve targeting the predominant mosquito
vector. Pyrethroids are popular due to their very low toxicity in humans, and rapid killing
effect on the insect. They are also the most common option for the control of vector born
disease, so the maintenance of their efficacy is crucial.

However, repeated use of pyrethroids led to artificial selection of resistance mechanisms
that are now threatening the efficiency of vector control programs worldwide (Chang et al.,
2009b; Diabate et al., 2004; Lin, 2003; Rodriguez et al., 2001).

Insecticide resistance manifests either by increasing the metabolic capability of
detoxification systems either by reducing xenobiotics target sensitivity. In most cases
knockdown resistance (kdr) has been detected. At least four amino acid substitutions in the
sodium channel (11011M, V1016G, V1016l and F1534C) have been linked to resistance. Two
of these alleles, 1016l and 1534C, are widely distributed in the Caribbean (Davies et al.,
2007a; Dong, 2007; Harris et al., 2010; Hemingway et al., 2004; Rueda, 2001).

In many cases these kdr alleles are accompanied by detoxification enzymes, and potentially
other genes whose roles in determining the resistance phenotype is frequently disregarded.
A whole genome array provided the opportunity to go further and ask what other genes
could potentially contribute to resistance.

To answer this question, my thesis work has been divided into three main sections (chapters
2,3 and 4):

In Chapter 2 a group of detoxification genes were identified and shown to be differentially
regulated in both pyrethroid resistant mosquito populations originating in the Caribbean,
Cayman and Cuba. In this group, the monooxygenase activity GO term was significantly
represented following enrichment analysis. Seven of these genes, CYP6BB2, CYP9J9,
CYP9J10, CYP9J26, CYP9J27, CYP9J28 and CYP329B1 were up regulated in both resistant
strains. Members of the CYP6 (CYP6BB2) and CYP9 subfamily (CYP9J10, CYP9J19, CYP9J26,
CYP9J27, and CYP9J28) were selected for validation of the microarray data analysis as well as
a member of the ABC transporter family.

This work further established the role of cytochrome P450s in metabolic resistance and
more specifically the role of the CYP9 genes in Aedes aegypti metabolic resistance
(Saavedra-Rodriguez et al., 2012; Strode et al.,, 2008a). Gene amplification though not a
common mechanism underlying overexpression of cytochrome P450 enzymes, as discussed
in chapter 2 (Puinean et al.,, 2010a; Schmidt et al., 2010a; Wondji et al., 2009), has been
found responsible for at least one of the CYP9s described above, CYP9J26. Two of the CYP9
members discussed here, CYP9J26 and 28, have been heterologoulsy expressed in bacteria
and shown to metabolize pyrethroids (Stevenson et al.,, 2012), while transgenic
overexpression of CYP9J28 in Drosophila showed that the protein on its own is capable of
metabolizing deltamethrin and conferring high levels of resistance (Pavlidi, 2011).

Chapter 3 was dedicated to the study of a novel group of genes classified as lipid
metabolism genes that were commonly upregulated in both resistant mosquito populations.
This group entailed two apolipoproteins D, two lysosomal acid lipases, a fatty acid synthase,
a steroid dehydrogenase and a key transcriptional regulator of lipid homeostasis SREBP. Real
Time PCR verified the increased expression levels of all of these genes with the exception of
SREBP while increased gene copy numbers were verified once again for lysosomal acid lipase
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(LIPA), a cholesterol esterase member of the wider esterase family. Two of these genes
ApoD and LIPA were heterologoulsy expressed in Drosophila to check for potential
involvement in insecticide resistance. Another protein from a distinct functional group
known to metabolize pyrethroids, CYP9J26 was included in the analysis. Two different GAL4
lines were used to drive expression in a ubiquitous manner, and a HRGAL4 driver
traditionally used to drive expression of P450s in the main detoxification organs, midgut, and
fat body and Malpighian tubules. After conducting bioassays in the presence of
deltamethrin, ApoD, LIPA as well as CYP9J26 overexpressing flies were found to be more
resistant in the presence of deltamethrin compared to their isogenic non overexpressing
backgrounds.

Interestingly when combining expression of the cytochrome P450 metabolizing enzyme
(CYP9J26) with each one of ApoD and LIPA, higher levels of resistance were achieved, while
combination amongst ApoD and LIPA did not increase resistance any further, than each one
of the proteins did on their own. This result suggests that these genes acting from distinct
pathways contribute in an additive manner to the resistance phenotype while their
expression to the main detoxification organs via 6g1(HR) GAL4 is sufficient to confer high
levels of resistance.

Higher levels of genes involved in lipid/ carbohydrate metabolism or protein synthesis have
been reported in many cases of insecticide resistance populations. Two Drosophila
melanogaster DDT resistant strains showed increased expression of lipid metabolism genes
(Qiu et al.,, 2012). In addition an insecticide-resistant population of the maize weevil,
Sitophilus zeamais, gene expression studies revealed enhanced activity of carbohydrate- and
lipid-metabolizing enzymes (Araujo et al., 2008). The same was documented for a
permethrin resistant population of Culex Pipiens Quinquefasciatus (Hardstone et al., 2010).
The higher levels of lipid metabolism genes are suggestive of higher energy demands for the
maintenance of the resistance phenotype. At the same time a higher metabolic rate and a
faster mobilization of the energy resources might help preserve important physiological
processes. It may also be a way to mitigate the fitness cost challenges introduced with
insecticide resistance. If this energy adaptation does not occur, those physiological
processes involved with insect development, maintenance and reproduction will potentially
be compromised (Harak et al., 1999; Hostetler et al., 1994; K.J, 1999).

It is characteristic that insects showing metabolic resistance can produce up to 50 times
more detoxification enzymes compared to their susceptible counterparts (Rivero et al.,
2010). These might represent up to 3% of the total body proteins (Devonshire and Moores,
1982). As a result lipids might be victims of this large overinvestment in proteins, as they are
an important source of the acetyl groups needed to synthesize the enzyme’s constitutive
amino acids (Nijhout, 1994). This is in accordance to a well known paradigm in evolutionary
ecology which suggests that when you divert energy resources of an organism towards one
trait (e.g metabolic resistance) you automatically diminish the resources available for other
traits (such as fecundity or longevity) (Kirkwood and Rose, 1991; Remick, 1992; Stearns,
1992).

Besides their fundamental roles as lipid carriers, that circulate through the body to
redistribute energy and metabolites between sites of absorption, storage, and catabolism
ADDIN EN.CITE (, lipoproteins have been shown to be crucial in mosquitoes An. gambiae and
Aedes aegypti for oocytes maturation during oogenesis (Christophides et al., 2004); (Cheon
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et al.,, 2001). A first thought before proceeding with insecticide bioassays, connecting
lipoproteins to resistance or the fitness cost that it causes, was that increased lipoprotein
levels might try to compensate for reduced fecundity observed in insecticide resistant
populations.

In contrast to our initial thoughts ApoD is not a typical lipoprotein. It is a member of a
diverse family of proteins called lipocalins that are responsible for transporting a wide
variety of small hydrophobic ligands (Morais Cabral et al., 1995). It has first drawn attention
due to its high induction in amyloid plaques of patients with Alzheimer’s Disease (AD) and
has been since then linked with neurodegenerative disease including Parkinson’s (PD),
strokes and acute brain injury (Muffat and Walker, 2010).

Two orthologues of human ApoD have been revealed in Drosophila during genetic screens to
identify genes involved in protection against oxidative stress. Two of the hits NLaz (Neural
Lazarillo), expressed in a set of neuronal cells and the fat body, and GLaz (Glial Lazarillo)
expressed in glial cells, have been shown to protect flies during oxidative stress, hypoxia,
hyperoxia, heat and starvation stress (Hull-Thompson et al., 2009b; Muffat et al., 2008b). In
addition to that overexpression of GLaz would extent the flies lifespan by 30% compared to
normal flies (Sanchez et al., 2006); (Walker et al., 2006).

Homologues of ApoD have been studied in Drosophila, mouse and plants and have been
shown to be implicated in protection against oxidative stress, supporting a conserved
function for these lipocalins, responding to and protecting against extrinsic and intrinsic
stress (Muffat and Walker, 2010).

Both Aedes aegypti apolipoproteins D are orthologues of Drosophila melanogaster GlLaz
(Figure 5-1). Taking into account the role of AeApoD homologues in oxidative stress one
would easily argue that high expression levels might be a way to compensate for the
oxidative stress induced either by deltamethrin accumulation or by enhanced P450 activity.
Oxidative stress results from a mismatch between the production of damaging reactive
oxygen species (ROS) and the production of protective antioxidants (Monaghan et al., 2009).
All organisms produce ROS as a result of the normal metabolic functioning of their cells. The
unwanted ROS produced in such reactions exert irreversible deleterious effects in the body
(Dowling and Simmons, 2009) and have been widely proposed as a mechanism for ageing
(Monaghan et al., 2009; Ricklefs, 2008) Blood feeding insects, in particular, face a
considerable challenge from oxidative stress, because the digestion of hemoglobin results in
a large production of ROS (58,59).The increased activity of PA50 monoxygenases in resistant
insects results in an excess production of harmful ROS because the stoichiometric demands
of the enzymatic reaction are often not met (61).

Even when combining a sophisticated armory of both target site insensitivity and metabolic
resistance that ensures survival, highly resistant field mosquitoes, still have to endure the
side effects of high concentrations of the neurotoxic substance in their organism and get
away with minimum damage. One idea in agreement to ApoD’s protective roles in flies and
mice could be that it's higher expression levels help counteract the high production of
harmful ROS intermediates because of the high P450 function mediating metabolic
resistance.

Deltamethrin has been shown to have a neurotoxic affect, achieved through lipid
peroxidation that causes severe damage in rat brain and liver (Sayeed et al., 2003; Zielinski
and Sadurska 1996). Interestingly toxicology experiments in rats, rabbits and sheep revealed
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a significant increase in all lipoproteins (HDL, LDL, and VLDL) after treatment with
deltamethrin while simultaneously the liver lipoprotein lipase activity decreased (Yousef et
al., 1998; Yousef et. al., 2003b; El-Demerdash et al., 2004). One of the main characteristics
of neurodegenerative chemicals is the high degree of lipid peroxidation they cause in their
target organ, the brain. This increase of the levels of lipoproteins accompanied by an
increase in plasma cholesterol levels of rats, following deltamethrin treatment can be
attributed to the damaging of liver and brain cell membranes caused. It is tempting to
speculate that mosquitoes adapted to withstand really high levels of deltamethrin, had to
develop defenses against the damage caused. High ApoD levels might be necessary to
transfer cholesterol and make up for the cell membrane damage in a higher rate.

However all of the above fail to explain the higher resistance levels acquired in flies when
overexpressing ApoD, since this protein is not thought to directly metabolize pyrethroid
insecticides.

Taking into account the variety of ligands that ApoD binds (Morais Cabral et al., 1995; Ruiz et
al.,, 2013) it is reasonable to suggest that one of the putative molecular functions of ApoD
would be to bind pyrethroids or pyrethroid metabolites in a sequestering mechanisms,
adding to the defense of the organism either as a passive way of detoxification or as a
facilitating one. By sequestering pyrethroids ApoD will reduce their bioavailability and the
amount that reaches the target site, or it could potentially act by delivering them it to its
major sites of detoxification for P450 and/or esterase mediated catalysis.

In addition to its scavenging function ApoD might also exert its protective role against
oxidative stress similarly to the GST enzyme family that serves a dual role in resistance.
Besides their direct role in metabolic resistance via conjugating moieties such as glutathione
in pyrethroid metabolites and rendering them soluble and suitable for excretion, the
dehydrochlorination of DDT and the sequestering of insecticides (Kostaropoulos et al., 2001,
Ortelli et al., 2003), GSTs also play a pivotal role in defence against oxidative stress (Enayati
et al., 2005, Ranson & Hemingway 2005(Vontas et al., 2001)).

GSTs have been shown to protect tissues against oxidative damage by increasing their
solubility and aiding the excretion of free radicals (64—66). In addition to that a comparative
study has found a clear association between GST expression and extended lifespan in fruit
flies, nematodes, and mice (67).

In the case of the lipase LIPA, when overexpressed it can also provide sufficient folds of
resistance. Lysosomal acid lipase (LAL or LIPA) is an esterase essential for the intracellular
degradation of cholesteryl esters and triacylglycerols. Its main difference with the other
esterases is its cellular localization in the lysosomes and its substrate specificity on natural
lipids, triglycerides and cholesteryl esters. It is also secreted from cells and has extracellular
hydrolytic effects (Du and Grabowski, 2004).

Carboxylesterase-based metabolic resistance in insects generally has two origins. In one
scenario amino acid alterations result in qualitative change of enzymatic properties such as
preference of insecticides as substrates fro hydrolysis rather than lipids or cholesteryl esters.
The other is a quantitative change achieved by amplification of esterase genes, resulting in
overexpression of the proteins.
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Figure 5-1: ClustalW alignment of hApoD, the Drosophila orthologue GLaz and Aedes aegypti ApoD (AAELO09569). Both
proteins are lipocalins, lipid carriers characterized by a calyx structure formed by eight -sheets (shown here as gray arrows). These proteins
show significant homology, especially in three Structurally Conserved Regions (SCR1, SCR2, and SCR3), considered to be the backbone of the
structure. In this case, the overall identity reaches 35%, whereas the SCRs (red, green, and blue boxes) all show 50% identity. When amino acid
properties are taken into account, the SCRs display 70% similarity. The gray box represents the signal peptides (SPs), whereas the yellow box
denotes another region of significant homology not found in other lipocalins.
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There have been other occasions were lipases have been implicated in insecticide metabolism. It has been
suggested that mammalian pancreatic lipases, whose physiological role is hydrolysis of triacylglycerols (TAGs)
n and cholesteryl esters (Hui and Howles, 2002) might play an important role to pyrethroid metabolism
following oral exposures. In rats that have been exposed to high levels of pyrethroids, a pancreatic lipase
highly expressed in adipose tissue, is at least in part responsible for hydrolysis of pyrethroids, bioresmethrin
and trans-permethrin (Crow et al., 2007).

Another example where elevated lipase activity has been linked to insecticide resistance is in the beetle
Sitophilus zeamais. Activity levels of lipase, amongst other lipid metabolism genes, has been determined and
was higher for a permethrin resistant strain, that did not show fitness disadvantage, compared to a resistant
population that had fitness disadvantage and a susceptible laboratory population (Araujo et al., 2008).

Two Drosophila DDT resistant strains, 91R and Wisconsin show increased expression of the CG3635,
compared to a susceptible Canton-S strain. This gene is an orthologue of Lipase 3 precursor of Drosophila
and several mammalian gastric triacylglycerol lipase precursors and is predicted to have triacylglycerol lipase
activity (Qiu et al., 2012).

CYP9J26 heterologous overexpression in Drosophila resulted in a resistance phenotype consistent with
previous experiments (Pavlidi, 2011; Stevenson et al., 2012). When combined CYP9J26 with each one of the
ApoD and LIPA proteins result in higher levels of resistance. This implies that these proteins through distinct
mechanisms cooperate to establish résistance in a synergistic manner. To understand the molecular basis of
this interaction further examination will be required.

Finally in chapter 4 we employ insect cell lines to set up a methodology that will allow us fast and easy
screening of proteins either metabolizing insecticides or providing protection against them. The plEhr5
expression system transfected in the Aag2 cell line seemed to be the most efficient providing results that
were in accordance with the Drosophila experiments. Still limitations in transfection efficiency and measuring
activity of proteins in a short time window after transfection, suggests that the establishment of stably
transfected cell lines might prove more efficient in a cell protection assay.

Furthermore it has been shown that P450s can be induced following exposure to drugs and several
xenobiotics (Conney, 1982; Nebert et al., 1989). Many P450 inducers are known in insects (Agosin, 1985;
Hodgson, 1983; Scott et al., 1998; Terriere and Yu, 1974) but the most commonly used P450 inducer is
phenobarbital that has been shown to induce the expression of multiple P450s (CYP for genes) and GST
genes in adult flies including genes previously linked to insecticide resistance (Le Goff et al., 2006). In 1983
Terriere proposed that “the same regulatory genes may be involved in both induction and biochemical
resistance” and that during long-term exposure to a toxicant will eventually select for mutations causing
higher levels of induced and detoxifying proteins to be produced.

In mammals, a causal link between the induction of particular detoxification enzymes by xenobiotics and
their ability to metabolize them has been demonstrated and successfully utilized to identify drug
metabolizing enzymes (Luo et al., 2004; Waxman, 1999). This approach was also used to identify two CYP
genes (CYP6B1 and CYP6B3) in the black swallowtail Papilio polyxenes induced by and metabolizing
furanocoumarins, toxins produced by their host plant (Petersen et al., 2001;Wen et al., 2003).

In that context we tested induction of genes upon treatment with pyrethroids in the Aedes aegypti derived
cell line. Induction of both apolipoproteins D was observed along with the Aedes steroid dehydrogenase
protein. This result is in accordance with the ApoD induction observed in Drosophila S2 cells, in several
human cell lines subjected to different kinds of stress as well as in whole organisms mice, Drosophila and
plants (Do Carmo et al., 2007; Ganfornina et al., 2008; Muffat et al., 2008a).
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It is interesting to note that both DDT and its metabolites have been shown to act as estrogen receptor
agonists and thereby produce estrogen like effects in mammals (Diel et al., 2000). In addition DDT
metabolites seem to modulate among others cholesterol catabolism and stereoidogenesis pathways (Pedra
et al.,, 2004b). Some pyrethroid metabolites might have a similar affect thus causing induction of
stereoidogenesis involved enzymes. No other genes of the group of lipid metabolism genes has shown any
induction, including the P450s (CYP9J26 and CYP9)28) tested (data not shown).




CHAPTER 6
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Materials and Methods
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Materials in §2

Mosquito strains and sample collection

Three strains of Ae. aegypti were used in this study. The NEW ORLEANS (NO) strain is a laboratory strain that
is susceptible to all known insecticides and was originally colonized by the Center for Disease Control and
Prevention (CDC) Atlanta, USA. The pyrethroid resistant CAYMAN strain was colonized from larvae collected
in routine field surveillance sites in Grand Cayman in 2008 . This strain has very high levels of resistance to
DDT (>90% survival after 8 hours exposure to 4% DDT) and pyrethroids (resistance ratio of 109-fold to
permethrin and 30-fold to deltamethrin compared with the susceptible New Orleans strain (Harris et al.,
2010). The CUBA-DELTA SAN 12 strain (CUBA-DELTA) was collected in 1997 in Santiago de Cuba. It was
selected for 12 generations at the larval stage with deltamethrin at the Institute ‘Pedro Kouri’ in Havana,
Cuba. CUBA-DELTA larvae were highly resistant to this insecticide (>1000-fold) and this resistance was also
manifested at the adult stage(Rodriguez et al., 2005).

Egg papers from the CAYMAN strain and the CUBA-DELTA strain were sent to the Liverpool School of Tropical
Medicine, UK and the mosquitoes were reared under standard laboratory conditions (26°C, 80% RH) and a
12:12 hours light:dark cycle.

Detection of target site mutations

The prevalence of the 1016l and 1534C kdr mutations in the CAYMAN strain has been reported previously.
For the CUBA-DELTA strain, 38 mosquitoes were genotyped for the 1534C mutation using the tetraplex assay
described in (Harris et al., 2010) and for the 10161 mutation using the hot oligonucleotide ligation assay
(HOLA) (Rajatileka et al., 2008).

RNA extractions and labeling of cRNA

For each strain, total RNA was extracted from three pools of 30, three day old, non blood-fed females using
Pico Pure™ RNA Isolation Kit (Applied biosystems, Foster city, CA, USA). The strains were reared in parallel to
minimize variation resulting from breeding conditions. Each biological replicate consisted of mosquitoes from
distinct generations to control for stochastic variations. The quality and concentration of RNA was assessed
using a 2100 Bioanalyzer (Agilent technologies, Santa Clara, CA, USA). Then, 100 ng of total RNA were used
for RNA amplification and labeled with Cy-3 and Cy-5 fluorescent dyes using the Two Colors Low Input Quick
Amp Labeling Kit (Agilent technologies) according to manufacturer’s instructions. Labeled cRNAs were
purified with the Qiagen RNeasy spin columns (Qiagen, Hilden, Germany). Quantification and quality
assessment of labeled cRNA were performed with the Nanodrop ND-1000 (Thermo Scientific, DE, USA) and
the Agilent 2100 Bioanalyser (Agilent Technologies). Purified labeled cRNAs were stored at -80°C until
microarray hybridizations.

Hybridizations, data acquisition and statistical analysis

Hybridizations were made to the ‘Liverpool Aedes aegypti Agilent 8x15K v1’ microarray (A-MEXP-1966)
designed by the Liverpool School of Tropical Medicine. Each array contains 60mer oligo-probes representing
>14320 Aedes aegypti transcripts (93% of the putative gene count, 79% of putative transcripts —the lower
coverage of transcripts is a consequence of the multiple putative transcripts for some genes). Labeled cRNA
from CAYMAN and CUBA-DELTA were co-hybridized with age-matched NO samples, in direct pairwise
comparisons. For two out of the three biological replicates, dye swaps were performed making a total of five
hybridisations per comparison. Labeled targets were hybridized to the array for 17 h at 65°C and 10 rpm
rotation and then washed according to Agilent protocol. Slides were scanned on Agilent G2565AA/G2565BA
Microarray Scanner System using Agilent Feature extraction software (Agilent technologies). Genespring GX
11.1 software (Agilent technologies) was used for normalization and statistical analysis. To account for
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multiple testing , p-values were adjusted adopting the approach of Benjamini and Honchberg (Benjamini and
Hochberg, 1995) to control for the false positives. Transcripts showing an absolute fold change >2-fold in
either direction and a t-test P-value lower than P<0.01 after multiple testing correction were considered as
significant. Descriptions and GO-terms of transcript-IDs were extracted from VectorBase (Lawson et al.,
2009) using BIOMART (Haider et al., 2009) and completed with Blast2GO software (BioBam Bioinformatics
S.L. (Valencia, Spain) (Martins et al., 2009c). GO term Enrichment analysis was performed on the significantly
up-regulated genes (72% of transcripts present on microarray have GO-terms) using Blast2GO software with
Fisher’s exact test and false discovery rate (FDR)<0.05.

Quantitative Real-time PCR

Selected microarray data were validated using quantitative reverse transcription PCR (qRT-PCR). Primers
were designed using the Oligo7 Primer Analysis Software (Molecular Biology Insights, Cascade, CO, USA)
based on cDNA sequences retrieved from VectorBase. An aliquot of 4 ug total RNA from each of the three
biological replicates, for each strain, served as a template for cDNA synthesis with Superscript Ill (Invitrogen,
Carlsbad, CA, USA) using oligo-dT,, according to the manufacturer’s instructions. The resulting cDNAs were
diluted 20 times in ultra-high quality water for gRT-PCR reactions using a MiniOpticon System (Biorad,
Hercules, CA, USA). PCR reactions of 25 pl contained Fast Start SYBR Green Master Mix (Roche, Penzberg,
Germany), 0.3 uM of each primer (Table S2-1) and 5 pl of diluted cDNA. Melt curve analysis was performed
to test the specificity of amplicons. A serial dilution of cDNA was used to generate standard curves for each
gene in order to assess PCR efficiency and quantitative differences among samples. Primer sequences are
provided in Table S2-1. The fold-change of each target gene, normalized to the 60S ribosomal protein L8
(AAEL0O00987) and 40S ribosomal protein S7 (AAEL0O09496), and relative to NO, was calculated according to
the 27" method incorporating PCR efficiency (Schmittgen and Livak, 2008). In most cases, two independent
primer sets were used for each gene (Table S2-1).

Materials in §3

Reassessment of microarray data

Microarray data were re examined here. In this paradigm the fluorescent intensities of individual spots were
obtained using the Agilent Feature Extraction software with default Agilent parameters. Genespring GX 11.1
software (Agilent technologies) was used for normalization and statistical analysis. To account for multiple
testing , p-values were adjusted adopting the approach of Benjamini and Honchberg to control for the false
positives. Transcripts showing a fold change > 4-fold in either direction and a t-test P-value lower than P <
0.01 after multiple testing correction were flagged for further investigation.

The current analysis allows for several genes showing upregulation, that have been excluded before, to be
included in the analysis, yet many prove to be overestimated and it also allows for higher false negative
results to be included as well. Keeping that in mind we proceeded in careful validation of these genes.

Quantitative Real-time PCR

The genes encoding for lipid metabolism proteins were assessed with quantitative Real Time-PCR to validate
their expression pattern. Primers were designed using the Oligo7 Primer Analysis Software (Molecular
Biology Insights, Inc.) based on cDNA sequences retrieved from VectorBase. An aliquot of 4ug total RNA from
each of the three biological replicates, for each strain, served as a template for cDNA synthesis with
Superscript lll (Invitrogen) using oligo-dT,g, according to the manufacturer’s instructions. PCR reactions of
25ul contained Fast Start SYBR Green Master Mix (Roche), 0.3uM of each primer and 5ul of diluted cDNA.
Melting curve analysis was performed to test the specificity of amplicons. A serial dilution of cDNA was used
to generate standard curves for each gene in order to assess PCR efficiency and quantitative differences
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http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pntd.0001692#pntd.0001692.s001
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among samples. The fold-change of each target gene, normalized to the 60S ribosomal protein L8
(AAELO00987) and 40S ribosomal protein S7 (AAEL0O09496), and relative to the susceptible N.Orlean strain ,

-AACT

was calculated according to the 2 method incorporating PCR efficiency (Pfaffl, 2002) In most cases, two

independent primer sets were used for each gene (Table S3.1).

Copy number variation

gPCR was carried out to assess the contribution of gene amplification to the folds upregulation of the
respective genes .Genomic DNA (gDNA) from three batches of ten adult mosquitoes from each strain was
extracted using DNAzol (Invitrogen) according to the manufacturer’s instructions. DNA quality and quantity
was assessed by Nanodrop ND-1000 spectrophotometry and by running an aliquot on a 1.5% agarose gel.
PCR reactions were performed as described above using 150 -200 ng of gDNA as a template. The fold-change
of each target gene was normalized to the 40S ribosomal protein S7 (AAEL009496), and the Actin-1
(AAELO01928-R) protein shown in the primer table (Table S3.1).

Tissue specific expression of lipid, fatty acid and steroid metabolism genes.

Rough dissections were done to separate body from head, for both Cayman and Cuba deltamethrin resistant
strains, and from New Orleans susceptible laboratory strain. The head to body specific expression of these
group of lipid, fatty acid, steroid metabolism genes was assessed with Quantitative Real Time PCR. An aliquot
of 1.5ug total RNA for three biological replicates of each strain, served as a template for cDNA synthesis with
Superscript Il (Invitrogen) using oligo-dT,,, according to the manufacturer’s instructions. PCR reactions were
done as described above. The primers used are depicted in Table S3.1. The fold-change of each target gene,
normalized to the 60S ribosomal protein L8 (AAELO00987) and 40S ribosomal protein S7 (AAEL0O09496), and
4T method incorporating PCR efficiency (Pfaffl, 2002). The
expression values in corresponding controls(New Orleans heads and bodies) were arbitrarily set as 1. The

relative to NO, was calculated according to the 2

resistant head and bodies are expressed as a function of that. The statistical significance was determined by
using two tailed t-test.

Drosophila melanogaster strains

Drosophila stocks and strains were obtained from Bloomington stock center, Professor Delidakis Laboratory
(IMBB) , Professor Batterham Laboratory ( Bio21 Institute) and Dr. Chrysoula Pitsouli, Dr. Giorgos Apidianakis
(University of Cyprus).

The y'w™® , w'*®R and w1118 Can-S strains were a gift from Delidakis Lab (IMBB). The w;da.d32-GAL4 and
yw;ey(H).GAL4/Cyo as well as balancer lines were a gift by Delidakis Lab. The 6g1-HRGAL4 which expresses
GAL4 in the midgut, fat body and Malpighian tubules (Chung et al., 2007) was provided by Prof. Batterham
Lab. The w;collagen-GAL4/CyO and w;coll-GAL4;UAS-GFP/CyO drives expression in the adult fat body and
hemocytes. The MyolA-GAL4/CyO drives expression in the adult midgut and the yolk-GAL4 in the adult
female fat body. This drivers were provided by Dr. Pitsouli and Dr. Apidianakis (University of Cyprus).

Construction of transgenic Drosophila strains

A high-fidelity DNA polymerase (Takara PrimeStar HS DNA polymerase) was used to PCR amplify cDNA
corresponding to CYP9J26, ApoD and LIPA, from Cayman, Cuba and New Orleans strains. PCR primers used
are presented in Table S3.2. PCR products were purified using a QlAquick PCR purification kit (Qiagen), and
digested with restriction enzymes as indicated in primer names (Table S3.2). Digested PCR products were
ligated with pUAST (Sun et al.,, 2012) predigested with the same restriction enzymes and transformed in
DH5a cells. After being checked for polymorphisms or point mutations in the protein coding sequence
between resistant and susceptible strains (data not shown) the purified vectors were sequence-verified and

injected into the germ-line of y'w"**® Drosophila melanogaster embryos. Independent transformed yw" lines
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were selected, made homozygous and the inserted DNA construct was mapped to a chromosome using the
FM7, Cyo/Sc, TM3/TM6Tb strains. For double UAS transgenes the w;lf/CyO;MKRS/TM6Tb and
UASmMB;32.2GAL4 /CyO;TM6Tb strains were used as well as the tubGal80®/FM7;MKRS/TM6Tb, the
FM7/w'":Sb/TM3 and tubG80™;FM7;Sc/Cy0 in sequential crosses. Two or three independent, homozygous
lines for each of the genes mentioned above were chosen for further analysis. Stable lines of UAS-CYP9J26,
UAS-ApoD and UAS-LIPA were generated for all three lines under the control of HRGAL4 (Table 3-1).

Expression of Aedes genes in Drosophila melanogaster

The GAL4/UAS system (Brand and Perrimon, 1993; Sun et al.,, 2012) was used for the transgenic over-
expression of CYP9J26, ApoD and LIPA. The da.d32GAL4 (w;da.d32.GAL4) driver in the w1118 strain was
used to drive expression in a ubiquitous pattern and progeny was assayed for viability as well as for
resistance in the presence of deltamethrin. The w;6g1HR-GAL4 driver (Chung et al., 2007; Zhou et al., 2008)
drives expression of each transgene in the midgut, Malpighian tubules and fat body. Transgenic Drosophila
virgins were crossed with HR-GAL4 males and the progeny was assayed for survival in the presence of
deltamethrin. The eyeless-Gal4 (yw;ey(H).GAL4/Cyo) driver was used as a negative control, because of the
moderate levels of expression in embryonic stages and almost no expression in adult stages. It is
homozygous for ey-GAL4 on the second chromosome and it drives expression in the eye disc of third instar
larvae (Hazelett et al., 1998). As a control for each gene, each of the UASs(UAS-9J26, UAS-ApoD and UAS-

LIPA) were backcrossed to w''*®

males and the progeny was screened for insecticide resistance. The
resistance ratio of e ach of the progenies mentioned above UAS-GAL4 and UAS-w1118 were normalized to
yw-HRGAL4. The potential of each overexpressed gene in conferring resistance was expressed as the LC50

ratio between UAS-GAL4 and the UAS-w1118 progeny.

Detection of expressed transgenes by QRT- PCR.

Total RNA was isolated (TRl Reagent-Invitrogen) from adult female flies, progeny of the UAS-GAL4 cross and
from the UAS-w1118 cross. The samples were treated with Turbo-Dnase (Ambion). Reverse transcription was
then performed on 4ug of each RNA sample in a 10ul reaction using Superscript lll Reverse Transcriptase and
oligo-dT (as previously described). Real Time PCR was conducted using Fast Start SYBR-Green Master
(Roche). The housekeeping Drosophila gene RP49 was used as the reference control. Relative quantification

-AACT
2

of target genes was determined using the method. RNA from three biological replicates were used for

each cross.

Insecticide bioassays

Deltamethrin bioassays were conducted on four to five groups of 20-25 female adult flies each (2-4 day old).
A 2000ppm deltamethrin stock solution (in acetone) was used to make serial dilutions (at least five different
concentrations were used). 300ul of each concentration was coated inside glass vials until the acetone
evaporates. Groups of flies were placed inside the vials and plugged with 5% sucrose solution. After 90min
exposure, flies were transferred to control vials (acetone coated), and mortality was scored after 24h. Each
of the transgenes was considered to have insecticide resistance potential if for at least two independent
lines, increases in survival were observed between the yw;UASxGAL4 progeny and the yw;UAS x w1118
progeny of the control cross. Dose-response relationships (lethal concentrations and their 95% confidence
limits) were generated using Probit analysis (POLO; LeORa software).

Materials in §4

Constructs for cell lines
A high-fidelity DNA polymerase (Takara Prime Star HS DNA polymerase) was used to PCR amplify coding
sequences corresponding to CYP9J26, ApoD and LIPA, from previously obtained pPUAS genetic constructs.
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Appropriate primers were designed for sub cloning of coding sequences into the appropriate vectors
(Supplement Tables S4.1). PCR products were purified using a QlAquick PCR purification kit (Qiagen), and
digested with restriction enzymes as indicated in Primers Tables, in order to be subcloned in Vectors
TetopLINK and plEhr5. Digested PCR products were ligated with TetopLINK vectors and plE1hr5 vectors that
were predigested with the same restriction enzymes. Ligation reactions were transformed in DH5a cells. The
purified vectors were sequence-verified and transfected into appropriate cell lines. The TetopLINK
expression system and the SUA4.0 cell line were a gift from Thanassis Loukeris Laboratory (IMBB-Forth) and
the plEhr5 and plE_DHFR plasmid for stable line establishment was a gift from Que Lan’s laboratory in
University of Wisconsin. Aedes aegypti cell lines were a gift from Carol Blair laboratory in Colorado State
University.

Cell Culture and Transfection Conditions

Aag?2 (A. aegypti) and Sua 4.0 cells were grown in Schneider’s Drosophila medium with 10% FBS, P/S, and L-
glut at 28°C (without CO2). The species identity of each cell line has been verified by karyotype and by
profiles of small heat-shock proteins, as well as by growth patterns and morphology (Lan and Fallon, 1990).
Aag? cell transfections were done in Schneider’s Drosophila medium with 2% FBS, P/S, L-glut and NEAA(non
essential amino acids solution) at 28°C (without CO2). A. gambiae cell line, Suakoko 4 (Sua 4.0) (Muller,H.M.
et al., 1999) were grown in the same way as Aag2. The day prior to transfection, Aag2 or SUA 4.0 cells were
seeded in 12-well tissue culture plates at a density of 2x10° cells/well. For the transfections, 2pug/well of the
plE-eGFP plasmid were combined with either plE-9J28, plE-9J26 and plE-ApoD respectively. Subsequently,
the Cellfectin Transfection Reagent (Invitrogen) was added and lipid-nucleic acid complexes were allowed to
form for 15 min. at room temperature. The complexes are then mixed with 200ul growth medium and added
dropwise to the cells. The cells remained in the presence of the transfection reagent for eight hours, after
which appropriate medium for each cell line was replaced. Cell viability and transfectability was monitored
48 hours post transfection, when cell images were acquired and the cells harvested to analyze protein
expression. The cell pellets were re-suspended in 500 pl Trizol (Invitrogen) and total RNA was isolated. Real
time PCR to determine mRNA levels of transfected cell lines was done.

Cell Treatment and Presto Blue Cytotoxicity assays

Cytotoxicity effect of insecticide was assessed as described below. Aag2 and Sua 4.0 cells were seeded in 12
well-plates and in a concentration of 2X10° - 5X10° cells/ml. After transfection cells were left to grow for 24h
h and then treated with a-Cyp and permethrin and doses ranging from 0-300uM. Cell viability was measured
using presto blue at 24h and 48 hours. LD50 was defined for both cell lines. The values depicted above are a
result of triplicates . The same experiment was done using Trypan Blue to measure dead cells (data not
shown). The results were reproducible so for the following experiments only presto blue assay was used to
account for cell viability.

RNA extractions and Real Time PCR in mosquito cell lines

Aedes aegypti Aag2 cells (Muller et al., 1999; Peleg, 1968) were maintained at 28°C in Schneider’s Drosophila
media with L-glutamine supplemented with 10% FBS and 1% penicillin/streptomycin, and were passaged at a
1:10 dilution every 4-5 days. At 70-80% confluency, the cells reached a density of 2X105 cells/cm2. For
transfection Aag2 cells were seeded in 6-, 12-or 24-well plates to a confluency of 70-80%. For the
transfections, 250 ng/well of the plEeGFP plasmid were combined with either plE_9J28, 9J26 or ApoD (to a
final concentration of 50 nM), or 1 pg/well of EGFP, CYP9J28, CYP9J26 and ApoD. Subsequently, the Cellfectin
Reagent (Invitrogen) was added and lipid-nucleic acid complexes were allowed to form for 15 min at room
temperature. The medium on the cells was discarded and fresh medium was added to each well followed by
dropwise addition of 60 pl of the complexes. The cells remained in the presence of the transfection reagent
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for four hours, after which appropriate medium for each cell line was replaced. Cell viability was monitored
for 48 hours post transfection, when cell images were acquired and the cells harvested. The cell pellets were
re-suspended in 500 pl Trizol (Invitrogen) for RNA isolation and cDNA synthesis.

For the induction monitoring of the respective proteins cells were seeded in 12 well plates as mentioned
before and left to recover for 24hours, having reached a confluency of 70-80%. Cells were treated with
0.05mM, 0.1mM, 0.2mM a-Cypermethrin, and 0.1mM, 1mM, 5mM and 10mM PQ and cells were harvested
at for 2h, 6h , 9h and 12h respectively. Addition of Trizol and cDNA synthesis were done as described in
Materials and Methods §2and3. It should be noted that these values are the average of three independent
experiments and represent ratios of treated vs untreated samples and are normalized using as reference
genes ribosomal proteins RPL8 and RPS7).
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P Description Vector base B Primer Sequence (5' to 3') Transeript length

accession no. Forward Reverse (bp)

CYP9J10 cytochrome P450 moncoxygenase AAELO06798-RA cyp9j10 ATCGGTGTTGGTGAAAGTTCTGT CATGTCGTTGCGCATTATCCC 160
CYPSJ19 cytochrome P450 monooxygenase AAELO0B810-RA cyp9j19 AGTACCTCTACTTTCTGGC GAAAAGCGTAGTACAACTCGT 129
CYP9J26 cytochrome P450 moncoxygenase AAELO14609-RA cyp9j26a CCTCTCCTGCTGCGAAAGGTC CGTCTCGAACATCCCGAAAAC 93
cyp9j26b CAATGACGAAAACAAGCGGAAC GGCCCAAATTAGTGAACCCCT 200

CYPaJ27 cytochrome P450 monooxygenase AAELO14616-RA cyp9j27a GTTGTTCGATGAAGAAAGTGCTGA  GGAGGTCTTCGCCTTC ACAT 100
cyp9j27b AAAAGTTGAAGTGACGAAGCA GGATTACGAACCAGTTCGTAT 129

CYP9J28 cytochrome P450 monooxygenase AAEL014617-RA cyp9j28a CCACTGACGTACGATGCGA GCCGATCAGTGGACGGAGC 131
cyp9j28b CAATGACGAAAACAAGCGGAAC GGCCCAAATTAGTGAACCCCT 222

ABC transporter ABC transporter AAELO06717-RA abc_a GAATGGCCGCATCTGCCAG CGTTTCCTTGGGACCGAGCT 167
abc_b GAGTGTACAGCGCATATACCCT TAACGCTGTGCTTCGTATCGTTC 201

Tables S2-2, S2-3, S2-4 can be found online in

http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pntd.0001692#s5

Table S2-2: List of genes differentially expressed in both the CAYMAN and CUBA-DELTA strain compared to N.
Orleans. (XLS)
Table S2-3: List of genes differentially expressed in the CAYMAN strain compared to N. Orleans.(XLS)

Table S2-4: List of genes differentially expressed in the CUBA-DELTA strain compared to N. Orleans(XLS)

Gene Primer Pair Strain Microarray Fold-change  Transcript fold-change St.Dev Genomic fold-change St.Dev
CYP6BB2 A NO 1.00 1.00
CAY 8.45 0.99 0.47
CUBA 7.07 0.88 0.05
B NO 1.00 1.00
CAY 8.45 -1.34 0.50
CUBA 7.07 -1.02 0.19
CYP9J19 - NO 1.00 1.00 1.00
CAY 7.36 6.27 0.33 0.91 0.31
CYP9J26 A NO 1.00 1.00 1.00
CAY 5.69 6.27 0.66 7.86 118
CUBA 4.86 7.17 0.24 7.05 0.96
CYP9I26 B NO 1.00 1.00 1.00
CAY 5.69 6.31 0.85 8.11 1.16
CUBA 4.86 7.67 0.27 6.51 0.64
CYP9J27 A NO 1.00 1.00 1.00
CAY 7.67 5.62 0.34 0.78 0.20
CUBA 6.80 6.87 0.29 1.48 0.46
CYP9J27 B NO 1.00 1.00 1.00
CAY 7.67 487 0.76 116 0.29
CUBA 6.80 5.89 0.29 1.90 0.45
CYP9J28 A NO 1.00 1.00 1.00
CAY 14.21 6.15 0.60 231 0.21
CUBA 12.79 7.10 0.42 3.06 0.38
CYP9I28 B NO 1.00 1.00 1.00
CAY 14.21 8.97 2.44 1.79 0.20
CUBA 12.79 9.05 1.47 2.14 0.56
ABC A NO 1.00 1.00 1.00
CAY 2.19 6.29 0.27 6.31 0.50
ABC B NO 1.00 1.00 1.00
CAY 2.19 7.03 0.45 7.27 0.45

Table S2-5 Differential expression of genes determined in quantitative PCR experiments. Data
analysis was performed according to the AACT method taking into account PCR efficiency and
normalized with two control genes 60S ribosomal protein L8 (AAEL000987) and the 40S ribosomal
protein S7 (AAEL009496). Each experiment was analyzed separately. Results were expressed as mean

transcription

ratios

6

SD

(n=3


http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pntd.0001692#s5
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Table S3.1 Primer pairs used in Real Time validation of mosquito candidate genes and Droshophila overexpression lines

Sequence (5'-3'
Gene Name Vectorbase ID | Primer Name 9 ( ) Product length (bp)
Forward ‘ Reverse
CYP6BB2_2 ATATGAAGGAGTGACTGT CGAGAGCTAAATCCATAGAT/ 120
CYP6BB2 AAELO14893-RA
CYP6BB2_3 CTGTGTAGAGTAGCTTGCAGAG ATTGCAGCCAATCATAAAACA 132
ApoD_1 ATTGCGTCCAGGAACAGTACACC CGCAGTTCCCGTTGAGTAAAT 113
apolipoprotein D AAELO09569-RA pob_
ApoD_2 GTTGTAAAGTGGAACTAGTGCAT ATGAAGTTTTCCCTCCATTTCA 105
NLazl GCAATGCCCTTGTGAACCGATTC TGAAACTGTGTGACCGACTG( 215
apolipoprotein D AAELO07972-RA 2
NLaz2 CACCATCGGCCCAGTCGGTCA  ACGCAGTCTTCCTGGATGGTT 153
SREBP AAELO10555-RA SREBP1 CAGGCCAAGCGCGCTTTAATGAA AGCCAGTCACAGGCCAGGAG 164
SREBP2 GGCCAAGCGCGCTTTAATGAA  CCAGCATCTTGAGCTTCATCG 137
P T \J T TAC
tysasomal ackd lipase AAELO12343-RA LIPA1 CAAGCGCATACGAAGCCCGAT CCAGCAGTTCTTCGCAGATAC 177
LIPA2 AAGGTAGAGATCCATTCGGCCA( CTGATGACGAAATCTGCCGC 146
fatty acid synthase AAELO02204-RA FAS CCATTAGGGGCTCTATCTACGAT(TGCATGGATTAATACCGATTG 174
& AAELO00705-RA StDh1 ACGGTGAACGCATTGCATCCC  CGCTAAAATATTGCCCGGAAZ 199
steroid dehydrogenase
Stdh2 AACGTATCTTCCGCAAGTGGT  ATGAAAAGGTTTTGCCGAAT( 191
CYP9I26 AAELO14609-RA 9J26_A CCTCTCCTGCTGCGAAAGGTC  CGTCTCGAACATCCCGAAAAC 93
9J26_B CAATGACGAAAACAAGCGGAAC GGCCCAAATTAGTGAACCCCT 200
CYPaI28 AAELO14617-RA 9)28_A CCACTGACGTACGATGCGA GCCGATCAGTGGACGGAGC 131
9)28_B CAATGACGAAAACAAGCGGAAC GGCCCAAATTAGTGAACCCCT 222
ACT1 AAELO01928-RA Actl GACTACCTGATGAAGATCCTGAC GCACAGCTTCTCCTTAATGTC 93
40S ribosomal protein S7  AAELO09496-RA RPS7 GTTGGAGATGAACTCGGACCTG GCCTTCTTGCTGTTGAACTCG 87
60S ribosomal protein L8  AAELO00987-RA RPL8 CTGAAGGGAACCGTCAAGCAA TCGGCGGCAATGAACAACT 118
Ribosomal protein L32 FBgn0002626 RP49 TACAGGCCCAAGATCGTGAA TCTCCTTGCGCTTCTTGGA 310

Table S3.2: pP{UAST} cloned transgenes injected into Drosophila germline

pP{UAST} constructs Primer Name Primer Sequence (5'-3')

pUAST_CYP9J26

AAEL014609-RA ECORI PUAST_9J26F GGAATTCATGGAAGTGGAACTCCTACATGTGG
NOtI PUAST_9J26R AAGGAAAAAAGCGGCCGCTCACCGCAGCTTCAGCTC
pUAST_apoD1

AAEL009569-RA  EcoRI apoD1F GGAATTCATGAAGTCCCTCGCTATCGTGGCTT
Notl apoD1R AAGGAAAAAAGCGGCCGC TTACAACAGGATTTTCGC
pUAST_LIPA

AAEL012343-RA Bglli 31 PUASTLIPA_F AGATCTATGGGTTCTTTTCGGTGCTGGTGCT
Kpnl 34 pPUASTLIPA_R AAGGAAAAAAGGTACCTTACACTGGGGGGTTGTT




Table S3-3: Transgenic lines generated in Drosophila

UAS LINES Genes Vectorbase ID Mosquito strain Sequencing compared to NO Genetic construct Lines Chromosome

CYP9J26 UAS CYP9J26 AAEL014609 CAYMAN Available pUAS_CYP9126 yw;CYP9126(7.30)UAS/FM7 |
yw;CYP9I26(17.4)UAS/Cyo 1l
yw;CYP9]26(10.3)UAS/TM3 1}

CYP9J28 UAS CYP9J28 AAEL014617  |Pavlidi et al., Pest Biochem and 2011 pUAS_CYP9)28 yw;CYP9128/Cy0 1l

ApoD UAS ApoD AAELO09567 CAYMAN Available pUAS_NLaz(9567) |notinjected

ApoD UAS ApoD AAEL009569 CAYMAN Available pUAS_ApoD(9569) |yw;ApoD(10.5)UAS/TM3 1
yw;Apod(69.7)UAS/CyO 1]
yw;ApoD(50.6)UAS/FM7 |

LIPA UAS LIPA AAEL012343 CAYMAN Available pUAS_LIPA yw;LP(24.8)UAS/TM3 1
yw;LP(1su)UAS/Cyo 1]

StDh UAS StDh AAELO00705 CAYMAN Available pUAS_StDh not injected

DOUBLE UAS LINES

CYP9J26UAS;ApoDUAS CAYMAN 9J26U(17.4);ApoD(10.5)U/Cy0; TM6Th 1,11
9126U(7.30);ApoD(69.7)U/FM7;Cy0 LIl

CYP9J26UAS;LIPAUAS CAYMAN 9J26(17.4)U;LIPA(24.8)U/Cyo; TM6Tb 1,10
9126(7.30)U; LIPAL1supU/FM7 LI

ApoDUAS;LIPAUAS CAYMAN ApoD(69.7)U;LIPA(24.8)U/CyO; TM6Tb 1,10
ApoD(50.6)U;LIPA(1sup)U/CyO;TM6Th Al

CYP9J26UAS;CYP9J28UAS CAYMAN 9J26U(7.30);9]28U/FM7;CyO LIl

STABLE LINES

CYP9J26;HRGAL4 CAYMAN 9J26(17.4)UAS;HRGAL4/CyO; TM6Th 1,1
9J26(7.30)UAS;HRGAL4/FM7;TM6Th LI

ApoDUAS;HRGAL4 CAYMAN ApoD(69.7)UAS;HRGAL4/CyO; TM6Tb 1L
ApoD(50.6)UAS;HRGAL4/FM7;TM6Th L

LIPAUAS;HRGAL4 CAYMAN LP(1sup)UAS;HRGAL4/CYO;TM6Th 1,10

TRIPLE UAS;GAL4 LINE

CYP9J26UAS;CYP9J28UAS crossed with

ApoDUAS;HRGAL4

9J26(7.30)U;9J28U;+/+;ApoD69.7U;HRGAL4




Table S3-4: Insecticide resistance ratio of Aedes genes overexpressed in Drosophila melanogaster via the
daGAL#4 driver (R* is the resistance relative to the background cross)

-

CROSS n LDS0 (pg/vial) 95% CI Slope+ SE X~ dF RR 95%(Cl R*
9)26(7.30)UAS x da-GAL4 480 159.4 158.5 - 160.3 67.5£5.2 12.5 19 448 4.36-459 | 3.29
926(7.30) UASx w1118R 360 48.4 45.7-50.9 13.9+1.3 32 13 1.36  1.31-1.42
9J26(10.3)UAS x da-GAL4 480 148.3 146.8 - 149.5 425%3.5 13.8 19 414 4.02-426 | 3.02
9)26(10.3)UAS x w1118R 420 48.7 46.8 - 50.4 14+1.2 21.1 16 137 1.31-1.42
ApoD(10.5)UAS x da-GAL4 420 112.6 112-113.3 70.6+6.1 13.2 16 3.16 3.03-3.29 | 2.70
ApoD(10.5)UAS x w1118R 360 414 40.1-426 16.8+1.9 5.3 13 2 113-1.2
ApoD(50.6)UAS x da-GAL4 420 107.3 106.6 - 107.9 59.3%5.1 9.7 16 3.00  293-309 | 2.79
ApoD{50.6)UAS x w1118R 360 38.6 37.6-39.6 17.9+1.6 10 13 1.08  1.05-1.13
LIPA(24.8)UAS x da-GAL4 460 113.1 112.5-113.8 68.615.8 14 19 3.20 3.12-3.29 | 2,44
LIPA(24.8)UASX w1118R 360 46.8 45.3-48.3 13.6+1.4 9 13 131 1.26-1.37
LIPA{1s)UAS x daGAL4 480 110.6 109.9-111.3 54.244.3 11.5 19 310 3.02-319 | 2.61
LIPA({1s)UASx w1118R 420 425 40.7-44.3 9+0.9 14.3 16 119 1.07-1.31
9)26(17.4)U;ApoD(10.5)U x da-GAL4 | 480 287.2 285.1- 289.6 62.5%5.3 3.8 19 807 798-816 | 5.11
9)26(17.4)U;ApoD(10.5)U x w1118R 480 56.1 54.3-57.8 13.1%1.0 20.6 19 1.58  1.52-1.64
9)26(7.30)U;LIPA(1s)U x da-GAL4 480 286.5 284.9- 288.1 63.4£5.3 14.5 19 805 795-815 | 5.59
9)26(7.30)U;LIPA(1s)U x w1118R 540 51.2 49.5-52.9 9.9+0.8 10.9 2 144  1.37-1.51
ApoD(10.5)U;LIPA(24.8)U x da-GAL4 | 600 113.7 112.9-114.6 41.1%29 17.6 25 3.19 3.14-3.24 3.04
ApoD(10.5)U;LIPA(24.8)U x w1118R | 480 37.4 35.4-39.5 6.4+0.6 13.6 19 1.05 1.01-1.10
yw x da-GAL4 360 35.6 34.4-36.8 18.8+1.8 18.9 13 1.00
yw x w1118R 420 34 31.5-36.3 8+0.7 24.3 16
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Table S3-5: Insecticide resistance ratio of Aedes genes overexpressed in Drosophila melanogaster via the

6g1(HR)GAL4 driver (R* is the resistance relative to the background cross)

Gene n LD50 (pg/vial) 95% CI Slope = SE X df RR(95%CI) RR R*
9J26(7.30) x HRGAL4 420 117.1 115.7-118.3 325129 12.8 16 3.49-3.68 37 3.89
9J26(7.30) x w1118R 480 34.5 33.5-35.3 139113 6.5 19 1.02-1.1 0.95
9J26(10.30) x HRGAL4 600 115.4 114.2-116.5 303126 9.4 19 3.44-3.63 3.54 3.44
9J26(10.30) x w1118R 600 334 31.6-349 7.2+08 6.1 19 0.97-1.08 1.03
9J26(17.4) x HRGAL4 750 114.7 113.7-115.7 28.8+2.1 10.9 25 3.42-3.61 3552, 3.35
9J26(17.4) x w1118R 675 34.4 33.1-35.6 7.4%0.6 12.3 22 1-1.10 1.05
ApoD(10.5) x HRGAL4 606 92.2 91.1-93.5 241+1.8 25.6 25 2.75-2.91 2.83 2.77
ApoD(10.5) x w1118R 360 334 32.6-34.1 19.7+£2.03 6.6 13 0.99-1.06 1.02
ApoD(50.6) x HRGAL4 540 80.6 79.4-81.7 21.8+1.8 8.8 22 2.4-254 2.47 2.52
ApoD(50.6) x w1118R 420 32.02 30.9-32.9 13514 15.6 16 0.94-1.02 0.98
ApoD(69.7) x HRGAL4 420 90.9 90.04-91.8 35.1t34 4.01 16 2.71-2.86 2.79 2.82
ApoD(69.7) x w1118R 420 32.3 30.7-33.6 114112 23.8 16 0.95-1.03 0.99
LIPA(1s) x HRGAL4 630 84.3 83.4-85.1 343+29 10.1 16 2.52-2.66 2.59 2.35
LIPA(1s) x w1118R 690 35.9 34.8-36.9 10.1£0.8 13.9 19 1.06-1.14 1.1
LIPA(24.8) x HRGAL4 630 83.1 82.4-83.8 359128 10.8 16 2.48-2.62 ZiS5) 2.36
LIPA(24.8) x w1118R 630 35.1 33.9-36.1 10.8+0.9 15.4 16 1.04-1.12 1.08
ApoD(10.5)U_LIPA(24.8)U x HRGAL4 792 98.6 97.4-99.9 26.1+1.7 46.2 34 295-3.11 3.03 3.16
ApoD(10.5)U_LIPA(24.8)U x w1118R 540 313 29.8-325 10.01£0.9 26.9 22 0.92-1.00 0.96
ApoD(50.6)U_LIPA(1s)U x HRGAL4 660 100.4 99.3-101.5 31.8+2.2 34.2 28 3.01-3.15 3.08 3.21
ApoD(50.6)U_LIPA(1s)U x w1118R 540 31.1 29.6-32.5 9.6+0.8 30.6 22 0.92-1.00 0.96
9J26(17.4)_ApoD(10.5)U x HRGAL4 540 226.5 225.6-227.3 939173 146 22 6.84-7.09 6.95 6.56
9J26(17.4)_ApoD(10.5)U x w1118R 480 34.5 33.5-353 139113 6.5 19 1.02-1.09 1.06
9J26(7.30)_ApoD(69.7)U x HRGAL4 502 229.5 228.4-230.6 843+%75 22 16 6.92-7.13 7.04 7.18
9J26(7.30)_ApoD(69.7)U x wl118R 600 32 30.6-33.3 9.9+0.8 26.5 19 0.95-1.03 0.98
9J26(7.30)_LIPA(1s) x HRGAL4 825 227.5 226.7-228.2 84.7%5.1 18.9 28 6.92-7.04 6.98 7.27
9J26(7.30)_LIPA(1s) x w1118R 750 314 30.02-32.5 10.4+0.8 34.7 25 0.93-1.00 0.96
9J26(17.4)U_LIPA(24.8)U x HRGAL4 750 226.1 225.4-226.8 913158 15.1 25 6.89-6.99 6.94 7.08
9J26(17.4)U_LIPA(24.8)U x w1118R 675 32 30.5-33.3 12.7+1.04 43.4 22 0.95-1.02 0.98
9J26(7.30)/+;Lp(15)U/ApoD(69.7)U;+/HRGAL4 600 398 396.5-399.5 84.9t6.1 14.4 19 12.12-12.31 12.21 10.8
9J26(7.30)/+;Lp(15)U/ApoD(69.7) x wil18R 675 36.9 35.9-37.8 10.7+0.9 9.8 22 1.09-1.17 1llz)
yw x HRGAL4 420 32,6 31.6-334 16.5+1.7 11.2 16 1
yw x wll18R 420 31.93 29.9-33.8 9.210.9 33 16

111



Table S3-6: Insecticide resistance ratio of selected transgenes overexpressed in Drosophila under the control

of eyGAL4 (R* is the resistance relative to the background cross)

CROSS n LD50 (pgivial) 95% Cl1  Slope+ SE  X° dF RR 95% 1 RR*
ApoD(10.5)UAS x eyGAL4 60 289 28.2-29.7 159212 289 2 1.58 1.51-1.66 1.56
ApoD(10.5)UAS x w1118¢cs 620 18.4 174-193 75206 344 26 1.01 0.95 - 1.07
ApoD(S50.6)UAS x eyGAL4 480 251 244-258 141212 194 18 1.37 1.30- 1.44 1.34
ApoD(50.6) UAS x wil18cs 630 18.6 176-195 74206 36.4 26 1.02 0.95- 1.08
9J26(7.30)UAS x eyGALS 430 18.8 18.1-194 110209 18.2 18 1.03 0.97-1.28 1.23
9J26(7.30)UAS x wi118¢s 560 15.4 145-163 58205 20.5 2 0.84 0.78-0.91
9J26(10.3)UAS x eyGALS 4s0 20.3 196-209 135211 238 18 111 1.05-1.27 1.22
9J26{10.3)UAS x wi118cs 560 16.6 155-17.6 53205 23.2 2 0.91 0.84-0.97
UPA(24.8)UAS x eyGAL4 480 248 241-255 15.2%13 21.5 18 1.36 1.29-1.43 1.35
UPA(24.8)UAS x w1118¢s 480 15.4 143-164 57205 27.9 2 0.84 0.78-0.91
9J26(17.4)U;ApoD(10.5)U x eyGALS 560 30.5 29.8-31.2 156212 244 2 170 1.59 - 2.07 1.91
9J26(17.4)U;ApoD(10.5)Ux willscs 560 14.8 13.3-161 55205 449 2 0.81 0.75- 0.87 ’
9J26(17.4)U;UPA(24.8)U x eyGAL4 60 30.3 29.7-309 165212 19.6 26 1.66 1.58-1.74 2.00
9J26(17.4)U;UPA(24.8)Ux wll18¢cs 630 15.2 14.3-159 6012045 253 26 0.83 0.77-0.89 £
ApoD(10.5)U;UPA(24.8)U x eyGALA 60 238 23.2-244 124209 24.3 26 1.30 1.23-1.37 2.03
ApoD(10.5)U;UIPA(24.8)Ux wi118cs] 60 11.8 109-126 47203 23.9 26 0.64 0.59 - 0.70 .

x eyGAL4 640 183 17.3-192 69305 319 26 1.00
yw x will8cs 560 12.2 11.2-130 49204 23.6 2
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MRNA levels of da.G32-GAL4 overexpressing lines
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Figure S3-1: Real-time PCR of UAS overexpressing lines with the da.G32-GAL4 driver. Relative expression of the single UAS lines of CYP9J26, ApoD and
LIPA (panel A) and the combined UAS lines CYP9J26;ApoD, CYP9J26;LIPA, ApoD;LIPA (panel B) overexpressing under the control of a ubiquitous driver, with their
control strains (progeny from the cross between the UAS females and w1118 males which do not over express ). The housekeeping Drosophila gene RP49 was
used as the reference control. The data shown are mean + SD (n= 3).
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Figure S3-2: Real-time RT-PCR of overexpression lines with the HR (6g1l) GAL4 driver. The amount of transcript from the 6gl(HR) GAL4
overexpressing lines were compared to the amount of transcripts in their respective background strains (the UAS alone backcrossed with the drivers genetic

background). In all cases, the transgenes were highly overexpressed. The upper panel A shows the expression levels of the single UAS lines while in panel B the

expression levels in the combined UAS lines are shown. The relative fold change of each line normalized to the RP49 Drosophila housekeeping gene was

calculated using the 2 " method (Pfaffl et al., 2002).



115

800
=
4 700
o M ApoD
600 MCYPII26
> WLIPA(1s)
500
;, 400
300
ik
200
L
2 100
o
0 -
ApoD(69.7)U;HRGAL4 (9326(7.30)U;LIPA(15)U);HRGA 9J26(7.30)U/+;LIPA(15)U/ApoD(69.7)U;+/HRGA

Figure S3-3: RNA levels for ApoD (blue), CYP9J26 (red) and LIPA (green) in each
overexpression line compared to their respective backgrounds. From left to right
RNA levels are measured for each of the proteins 1) in a stably overexpressing line
ApoD(69.7);HRGAL4 ,2) in the progeny of a double UAS line 9J26(7.30)U/FM7;LIPA(1s)
U/CyO crossed with the HRGAL4 driver line and 3) in the progeny of the two first lines
crossed, compared to their respective isogenic backgrounds. The data shown are mean + SD
(n=2).
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Figure S$3.4: Real-time RT-PCR of overexpression lines with the eyGAL4 driver. We
decided to drive expression of the selected genes in another tissue that does not include
main detoxification organs. Eyeless is expressed in low levels in the eye and in moderate
levels in the brain, in the adult fly. The RNA levels of each transgene are expressed relative
to the proper control cross. The relative fold change (Pfaffl et al.,2002) of each line was
expressed in comparison to the control UAS cross (set as 1 in the figure above)and was
normalized to the RP49 Drosophila ribosomal protein.
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Table S3-7: Genes upregualted in both Cayman and Cuba strains

VectorBase ID Annotation Microarray fold upregulation
CAYMAN CUBA DELTASAN:12
Detoxification
AAELOOROIERA  grochrome P4SO(novel) 7702 11503
AAELDI460%-RA  crochromeP4SO(CYP9)26) 569 486
AAELDI4416RA  grrachromePaS(CYPIRT) 841 680
AAELDI441T-RA  crtechromeP430(CYPI28) 1421 1279
AAELDI4E93RA  grochromeP4SO(CYP6BBY) 845 707
AAELOOOTIERA  crrochromeP4S(CYP9)I0) 417 407
AAELOO309%-RA  gucosfdlucurencsyl Tansferases 7.45 789
AAELO02493-RA  shortchan dehydrogenase 190.31 8967
AAELOI4TIORA  sdfw reducase 7.28 5198
Redox/mitochondrial
AAELO02813-RA  couplng factor 1471 574
AAELDI2836RA  cyrochrome BS6) 2464 2230
AAELOI46TRA  NADHubiquinone dehydrogenase 125.69 7810
AAELOOOTGRA  NADHubsquinone oxsdoreductase cham 4 (EC 1 65 7255 46.01
AAELOO983 .RA  pyrraine-S<arboxylate reductse 3041 36.25
AAELOIOSIS-RA  succinate dehydrogenate a4l 3227
Protein/hormone synthesis'/metabolism
AAELOIOSI4RA amincacylRNA syrehutase duxdary promn 3044 13.60
AAELDI2TTT-RA  senne promase snake 3060 5483
AAELDI4TOSRA thionine-tRNA 5yrth 3329 7022
AAELDI5412.RA  menliopromnase 728 615
AAELOOI868RA  enclaze 839 1078
AAELOOS03ERA  WD-repeat protmn 487 451
AAELDI2625-RA  senne promase snake 2601 1093
AAELOOP406RA  nmidi<ben-nacetiglucaramnyd Hasparaprase 645 5615
AAELO0027I-RC  pmmaglvamyl hydrolase 1367 360
AAELOI0227.RA  dolicholphosphate mannosyltrans ferase 820 1093
AAELOOS3TGRA  wypun 1046 1678
AAELOI2126RA  Fbacirr proten 550 68l
AAELOOO23 LRA  digopepndate s19 598
AAELOISIOARA  mypun &89 all
AAELOO027I-RA  pmma-gluamyl hydrolase 1448 3401
AAELDISIZ&RA  Nemann-Pick Type C-2 2131 830
Lipid/carbohydrate synthesissmetabolism
AAELO09S69-RA  apclipoproten D 3880 4143
AAELOOT424RA  phospholiped scramblase 500 1743
AAELOI2I43-RA  hsosomal acd Ipase 1595 1228
AAELO02204RA  fmyaod synthase 1144 955
AAELOI491T-RA  hsosomal acud lpase 1020 723
AAELOO9246-RA  gyconde hydrolases 5954 7236
AAELOOOTOS-RA  smrond dehydrogenase 2076 4367
Transportlon transport/chaperonin
AAELOI4201.RA  chaperone protmn 4081 3058
AAELO0B299-RA  C-Typelecon (CTLL 1576 748
AAELOOSO6 1.RA  sec!O 420 428
AAELOOTOSORA  sugar vansportar 4038 4128
AAELDI2982.RA  sugar mansporter S10 701

AAELOIS4SERA  manslerrm 593 4455
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Stress response
Cell organization and biogenesis

AAELODOSE3-RB clathrin coatassembly proten apl ¥ 752 925
ASELOD5102-RA  gedsolin precursor 167.64 66.68
ASELD10781-RA GRIP and codled<od domain-conaining protan | 6.0% 455§
Signalling
AAELOI2292-RA  4-nitrophenylphosphatase 4.5 554
AAELO07875-RE  beta-| 14.18 12,08
AAELO00385-RA  developmenully regulated RNA-binding protein 1325 509
AAELOOS390-RA  guanylate cyclase 650 580
AAELO03143-RA  inositol poyphosphate S-phosphatase 10.82 26.82
AAELOI2093-RA  leucine-rich transmembrane protein 8592 24.67
AAELOO8316-RA  mitotic spindle assembly checkpoint protein mad2 1222 18.82
AAELO0S745-RA  neurokinin-3 receptor 6.45 11.45
AAELO06245-RA  poly(a) polymerase cid (pap) (caflein-induced death pr 427 14.54
AAELOI4368-RA  sapl8 2649 19.51
AAELOI0S55-RA  sterd regulatory element-binding protein 850 8.9%
AAELOI4050-RA  testosterone-regulated protan rp2 671 685
AAELOI10222-RA  transcription factor GATA-4 (GATA binding fictor) 2026 853
AAELOI0222-RE  transcription factor GATA4 (GATA binding fictor4) 2586 10.77
AAELO03798-RA  transcription factor A 667 403
Nucleobase, nucleoside, nucleotide and nucleic acid metab olism
AAELOI0787-RA  DEAD box ATP-dependent RNA hdicase 10.5¢ 8.6%
AAELOO2E00-RA  DNA polymeraze epsion 2857 23.62
AAELOI3542-RA  elongase 3068 40.78
AAELOI4715-RA  inosine-uridine preferring nucleoside hydrolase 20.8% 26.23
AAELOI10827-RA  programmed cell death proten || (pre-rRNA process 26.12 9.67
AAELO05465-RA  replication factor ¢ / DNA polymerase m gamma-tau s 4247 33.25
Other
AAELO14047-RA  predicted protein 10.11 17.16
AAELOI4048-RA  Proten naked cuticle homolog 447 1224
AAELO0OS7I-RA  smile protein 450 693
Unknown
AAELO000&5-RA  conserved hypothetical proten 8.7¢ 851
AAELO00S36-RA  conserved hypothetical protan 687 540
AAELO00%32-RA  conserved hypothetcal proten 7.33 559%
AAELO0I3%0-RA  conserved hypothetcal proten 608 687
AAELOQIS73-RA  conserved hypothetical protan 4.75 452
AAELO0ISII-RA  conserved hypothetical proten 5.1% 755
AAELO03052-RA  conserved hypothetical proten 4.4% 413
AAELO03787-RA  conserved hypothetcal proten 9.64 782
AAELO04187-RA  conserved hypothetcal proten 4.10 7.79
AAELO04355-RA  conserved hypothetical proten 1985 20.07
AAELO04376-RA  conserved hypothetcal proten 3057 27.1%9
AAELO04842-RA  conserved hypothetical protan 460 551
AAELO04543-RA  conserved hypothetical proten 1028 936
AAELOO5466-RA  conserved hypothetical proten 5.30 451
AAELOOS571-RA  conserved hypothetical proten 580 7.8
AAELO05786-RA  conserved hypothetical protan 3204 4475
AAELO0S247-RA  conserved hypothetical proten 1581 11.55
AAELO0S328-RA  conserved hypothetcal proten 15.08 16.75
AAELO06406-RE  conserved hypothetical proten 147 87 153.68
AAELO08625-RA  conserved hypothetical proten 13.71 59.61
AAEL0O07220-RA  conserved hypothetical protaén 854 15.44

AAELOO7784-RA  conserved hypothetical proten 61.03 §5.08



AAELOOTE849-RA
AAELOOTS43-RA
AAELOO9828-RA
AAELO0989 1 -RA
AAELO! 1606-RA
AAELOI | 606-RB
AAELO!1635-RA
AAELOI2300-RA
AAELOI2317-RA
AAELOI2368-RA
AAELOI2726-RA
AAELOI4645-RA
AAEL001806-RA
AAELOOO183-RA
AAELOOOGS | -RA
AAELO0I579-RA
AAELOOI983-RA
AAELO02757-RA
AAELOO3842-RA
AAELOO4101-RA
AAELOO4373-RA
AAELOO4629-RA
AAELOO4895-RA
AAELOO4909-RA
AAELOOS004-RA
AAELOO7318-RA
AAELOO737I-RA
AAELO08253-RA
AAELO0B58%-RA
AAELOI0406-RA
AAELOIQ770-RA
AAELO!1350-RA
AAELOI2163-RA
AAELOI3I101-RA
AAELOI3231-RA
AAELOI54%4-RA
AAELOI5494-RB
AAELOIS659-RA

conserved hypothetcal protein
conserved hypothencal protein
conserved hypothetcal protein
conserved hypothetcal protein
conserved hypothetcal protein
conserved hypothencal protein
conserved hypothetcal protein
conserved hypothetcal protein
conserved hypothencal protein
conserved hypothetcal protein
conserved hypothencal protein
conserved hypothetical protein
conserved hypothetical protein
hypothetcal protein
hypothetcal protein
hypothetcal protein
hypothetcal protein
hypothetcal protin
hypothetcal protein
hypothetcal prowin
hypothetcal protein
hypothencal prowin
hypothetcal protein
hypothetcal protein
hypothetcal protein
hypothetcal protein
hypothencal prowin
hypothetcal protein
hypothetcal protein
hypothetcal protein
hypothetcal protein
hypothetcal protein
hypothencal protin
hypothetcal protein
hypothetcal protein
hypothencal prowin
hypothetcal protein
hypothencal protein

808
5537
15.28
21.09
13.62
2091
10.97
5.09
35.25
948
106.94
6.19

2878
60.45
3229
439
547
25.16
549
475
15.44
17.48
1855
647
10.08
9.85
6.99
4.17
16.17
713
3883
16.77
492
546
450
4.36
50.35

S.21
32.29
31.86
2411
16.60
17.15
26.02
498
20.44
15.07
80.09
532

5058
30.21
2438
487
6.65
40.64
6.36
9.66
18.65
12.09
19.49
9.87
15.53
1579
5.96
409
10.31
848
34.29
12.87
10.32
837
1037
1055
31.27
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Table S3-8: Genes commonly downregulated in both Cayman and Cuba strains

VectorBase ID

Annotation

Microarray fold upregulaton

Detoxficaton

AAELOI4244RA

Redox/mitochondrial

AAELOOO6TORA

Pucosylglucuronosyl tran ferases

maethionine sulfoxide reductase

Protein/hormone synthesis’metabolism

AAELOO36I10RA
AAELOOS4E2RA
AAELOO02I9RA
AAELO04308RE
AAELOO4308RA
AAELOO04335RA
AAELOOSO93IRA
AAELOOBOTYRA
AAELOOIEISRA

Clip-DomanSerne Protea se
hydroxyacylighutathione hydrolase
lactoy glutathone lyase
promasomae subunk alpha type
protmasome subuni alpha type
secreted ferrion G subunit precurs
wypsin

trypsin-aipha

In¢ Cardboxypeptidase

Lipid/carbohydrate synthesivmetaboliam

AAELOISE63TRA
AAELOIISOTRA

serine Carboxypepodise
d-alanyl-d-alanine cardboxypeptida

Transportion transport/chaperonin

Stress response

Cell organization and biogenesis

Signalling

Nucleobase, nuclecside, nucleotide and nucleic acid metabolism

Unknown

AAELOO63EI RA

AAELOOB00ERA
AAELOO6I TIRA

AAELOI4S3 I RA
AAELOO 1088 RA
AAELOOFI4FRA
AAELOO I 140RA

AAELOIZ6I I RA
AAELOO 1764 RA

AAELOOTIIORA

AAELOOESISRA
AAELOI4163RA
AAELOOTISSRA
AAELOO4I&0RA
AAELOOS204RA
AAELOO2641 RA
AAELOOTé41 RA
AAELOOT608RA
AAELOI 1630RA
AAELOO IB0O6RA
AAELOI 2487 RA
AAELOI2600RA
AAELOI 3403 RA
AAELOOOO2IRA
AAELOOOSOTRA
AAELOOO72IRA
AAELOOSST4RA
AAELOO4I90RA
AAELOI2856RA
AAELOOSOT4RA
AAELOIIZFTRA

sphingomyein phosphodiesterase

culln
tubulin alpha chan

arsenite mducuble RNA Jssocated
beta-|

homeotic antennapeda procen
Mus proten homolog 4

AMP dependent lipase
histonefoid promin CHRAC subun

odorantrec eptor

conserved hypothetical proten
conjerved hypothetical proten
conserved hypothetical proten
conserved hypothetical proten
conserved hypothetcal proten
conserved hypothetcal proten
conserved hypothetical proten
conserved hypothetical procen
conserved hypothetical proten
conserved hypothetical proten
hypotheocal procein
hy pothetcal protein
hypothescal protein
hypotheocal protein
hy pothetcal protein
hypothet<al procein
hypotheocal protein
hy pothet<al protein
hypothetcal protein
hypothetcal protein
hy pothescal protein

CAYMAN

-1550

-600.15

-7.7%
£ .42
-11.40
5654
8517
-7.97
5 48
1770
£.70

-7.21
©.28

-0

1400
%.64

405
3646
5.86
-7.93

-4.50
-7.86

1621

.76
1201
5 .43
$.83
<1021
% 43
-1493
-1278
5.36

-3323
-6l
4.8
<1338
-3150
-135%
NEY Y
5.25
-3045
S.17
4.02

CUBA DELTA SAN-12

-15.71

-244.82

«12.53
.81
5.47
-5$3.90
-$7.50
-$7.89
«13.52
4.14
-7.9¢

£.55
5.92

-14.51

-18.63
-72.89

-30.27
«21.01
-12.56
-4 .00

- 44
+26.47

«13.40

£.02
-4.50
548
«10.98
-7.68
«12.23
-65.24
5.34
£.41
-26.95
-28.66
-.10
-11.83
«19.77
«24.78
-13.12
«11.%4
-5 .46
-91.32
«15.32
$.02
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Figure S4.1: RNA levels of CYP9]28, CYP9]26 and ApoD transfected Aag2 cells. Cells
were seeded in 12 well plates and left to recover for 16hours.When having reached a 70-
80% confluency cells were cotransfected with plE eGFP in combination with pIE9]28,
9]26 and ApoD respectively (as described in Materials and Methods). RNA levels for
each gene were checked 24 hours post transfection, with Real Time and were expressed
compared to control eGFP transfected cells, to account for endogenous expression of
selected genes. Ribosomal proteins RPS7 and RPL8 were used as reference genes (n=2).

Table S4.1: Genetic constructs transfected in SUA4.0 and Aag2 mosquito cell line

pTeto_9J26

EcoRl PLINK_9J26F G GAATTC ATGGAAGTGGAACTCCTACATGTGG
BamHI pLINK_SJ26R GGATCC TCACCGCAGCTTCAGCTCCACGT
pTeTo_9J28

EcoRlI pLINK_9J28F G GAATTC ATGGAGGTTAATCTGTTCTATTTCG
BamHI pLINK_9J28R GGATCC CTACTTCTTAGGTCTAGGTTTGAAC
pTeTop_apoD

EcoRlI apoD1F GGAATTC ATGAAGTCCCTCGCTATCGTGGCTT
BamHI apoDI1R GGATCC TTACAACAGGATTTTCGCCACCAA TAA AGC
plEhr_9J28

Bglll pIEHRS9J28_FW AGATCT ATGGAGGTTAATCTGTTCTATTITCG
Sall pPIEHR9J28_REV AAG CTT CTACTTCTTAGGTCTAGGTTTG
plEhr_9J26

Bglll pIEHRS9J26_FW AGATCT ATGGAAGTGGAACTCCTACATGTGGGAGTACTG
Sall pIEHRS9J26_REV AAG CTT TCACCGCAGCTTCAGCTCCACGTG CA
plEhr_ApoD

Bglll apoD1F A GATCT ATGAAGTCCCTCGCTATCGTG G

Pstl apoDI1R CTGCAG TTA AACAGGATTTTCGCCACC
plEhr_eGFP

Bglil plEeGFP_FW AGATCT ATGTCTAAAGGTGAAGAATTATTC
Pstl plEeGFP_RV CTGCAG TTATTTGTACAATTCATCCATACC
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