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ABSTRACT OF THE DISSERTATION

Toxin Binding Receptors and the Mode of ActiorBafillus thuringiensis subsp.
israelensis Cry Toxins

by
Su Bum Lee
Doctor of Philosophy Graduate Program in Environtakhoxicology
University of California, Riverside, December 2013
Dr. Sarjeet S. Gill, Chairperson

Cadherins play pivotal roles in the toxicity®dcillus thuringiensis Cry proteins.
Here | tested and showed thatAstes cadherin (AAELO07478) and an N-cadherin
(AAEL0O00597) are involved in thie vivo toxicity of Cry11A toxin toAedes aegypti.
Aedes cadherin was stably expressed in a mosquitoigelldnd these cells showed
increased sensitivity (37% death) to Cryl1Aa toXinese results shoedes cadherin
mediates Cryl1Aa toxicity, but since high toxioigs not obtained, an additional
secondary receptor may be needed for manifestafituil toxicity. Using a whole
genome screen to identify genes that are alteradglGryl11Aa intoxication, |
identified an N-cadherin gene (AAEL000597) that wagificantly down-regulated. An
EGF-LamG fragment from this N-cadherin bound CryaMith high affinity and
competed with Cryl1Aa binding to mosquito midguinnbbeanes. Moreover, N-
cadherin-silenced mosquitoes showed toleranceybl@a, implying that this cadherin
is involved in mediating Cryl1Aa toxicity. | alsh@ved that this N-cadherin interacts

with an amino acid on loog@-8 of Cryl1Aa, which is different from that whichtéracts
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with the Aedes cadherin binding region. These data suggest thdtl@a probably has
two different pathogenic pathways that act throtvgh different cadherins iAe. aegypti.

| also established a Cryl1A-resistant strain temheine which mode of action is
involved inAedes Cryl1Aa resistance. Brush border membranes fragrsthain (G30)
bound Cryl1lAa less compared to the binding in the type (WT), implying Cryl1Aa
resistance resulted from altered receptor bindffigity, but not proteolytic activity
since no change in the latter was observed. Uslg-Beq analyses, immunoblot assays
and mass spectrometry, we found the N-cadherin (X®B597) and an alkaline
phosphatase (ALP, AAEL003298) were down-regulate@nryl11A-resistant larvae
midgut. These results strongly suggest that N-cadllaed ALP are associated with
CryllAa resistance iAe. aegypti.

In summary, based on data in the literature anavork, | demonstrate that two
different pathways of Cryl1Aa toxicity are possjliae involving an N-cadherin and
the other a combination ékdes cadherin and an ALP iAe. aegypti. Moreover, N-
cadherin and ALP not only mediate Cryl1Aa toxiciiyf they were appear to be
associated with Cryl1Aa resistance. ALP has beepggsed as a secondary receptor
mediating Cryl11Aa toxicity witihedes cadherin, and hence attenuation of its expression

can lead to Cryl1A resistance.
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Chapter 1

General Background

1. Introduction to Aedes aegypti

Mosquitoes are major pests in human health bedhegdransmit pathogens,
such as viruses and parasites through blood feedinging serious human disease
including malaria, filariasis, West Nile fever, adengue fever. These disease outbreaks
are very frequent in tropical and subtropical regiovhere environmental conditions are
ideal for mosquito breeding, and result in billimidisease cases and millions of deaths
worldwide annually.

Among mosquitoesiedes aegypti is a primary disease vector in urban areas
transmitting viruses that cause chikungunya, yeliever, and dengue fever (WHO, 2002,
Tomori, 2004; Ligon, 2006). Yellow fever, for exalapis a serious disease in Africa and
South America: 200,000 infections annually resgliim 30,000 deaths in spite of
vaccine usage (WHO, 1998). Dengue fever is a seadooviral disease of the Americas,
Asia, and Africa (Figure 1) and causes 1,000 nmiliimfections and 25,000 deaths
worldwide annually (WHO, 1997). Moreover, theregseffective vaccine for dengue
fever and the incidence of dengue fever is onrtbeease (Figure 2). Therefore, control
of their vector Ae. aegypti, is the only reasonable preventive option.

For a long time, attempts to mana&geles mosquitoes have used chemical,

biological, and physical methods. Chemical insé&i¢is such as DDT, malathion, or



pyrethroids have been used worldwide since the 4980ysical methods were also
attempted in many sites, where breeding sites elerenated or predators were added to
remove larvae. This strategy, a combination ofdtisgle treatment and breeding site
elimination, seemed to contribute to the successintrol ofAe. aegypti (Gomez-Dantes
et al., 2009). Unfortunately, the widespread usesécticide has resulted in outbreaks of
resistantAedes mosquitoes to insecticides in the Americas (Haatial., 2010; Rodriguez
et al., 2007). Insecticides are often toxic to tanget organisms and contribute to
environmental contamination, while physical methbdse limitations in their
application. Therefore, biological methods are abered an alternative, including the
introduction of parasites and predators, or ugeatifiogens to target mosquitoes. Among
the pathogens used to control mosquito larvae aiews bacterial strains, including
Bacillus thuringiensis andLysinibacillus sphaericus. B. thuringiensis subspecies have
high insecticidal activity, low toxicity to otherganisms, and a lack of resistance
development to this bacterium in the field. Thhis bacteria strain has been used

worldwide for the control ofe. aegypti as well as other mosquito species.

2. Bacillusthuringiensis

Bacillus thuringiensis (Bt) is a Gram-positive bacterium, which was diszred
and isolated by Ishiwata Shigetane in 1901 asdheeof the disease that was killing the
silkworm populations (Luthy et al., 1981). This t@m was nameB. thuringiensis by
Berliner in 1911 and classified as a member oBhel|us cereus group in the

Bacillaceae family, which contain®. anthracis, B. cereus, Bacillus mycoides, Bacillus



pseudomycoides andBacillus weihenstephanensis (Rasko et al., 2005). Bt has a notable
property — it is pathogenic to insects. In 195@, ¢rystal protein inclusions that are
produced during sporulation were associated wighiribecticidal activity (Angus, 1956)
and their expression was shown to be encoded bgrigsible plasmids (Gonzalez et al.,
1982). These inclusions contain one or more preteatled Cry and Cyt toxins (Hofte et
al., 1989). These proteins are highly selectivihéotarget insect, but are harmless to
humans and vertebrates such that they have bedriausentrol lepidopteran, dipteran

and coleopteran insect pests in agriculture andighbalth (Crickmore et al., 1998).

2.1. Bacillusthuringiensis strains and crystal proteins

A large number of Bt strains were isolated fromedse environments including
soil, insects, stored-product dust, or coniferaavés (Bernharda et al., 1997; Martin et
al., 1989). Identified Bt strains from many couesgriwvere classified primarily based on
serotype according to their H flagella antigenitedminants (de Barjac et al., 1990;
Lecadet et al., 1999). A total 69 serotypes andé8@vars were defined and named as
subspecies in Bt. However, serotyping with Bt flegdid not reflect their insecticidal
activity. For example, thBacillus thuringiensis subspmorrisoni is toxic against insects
from the orders Lepidoptera, Coleoptera, and Dgt€&herefore, the prediction of
insecticidal activity was based on individual CndaCyt toxins encoded by Bt plasmids.
Individual Bt toxins have insecticidal activity thia limited to a few species in one

particular order of Lepidoptera, Diptera, Coleopteand Hymenoptera, although a few



toxins have been shown to be toxic to two or tloekers (de Maagd et al., 2001,
Guerchicoff et al., 2001).

Numerous crystal proteins were isolated and flestsified according to their
insecticidal activities (Hofte et al., 1989). Ctgkins were toxic to lepidopteran insects;
Cryll toxic to lepidopteran and dipteran insectsyl toxic to coleopteran insects;
CrylV toxic to dipteran insects. However, the CndaCyt toxin nomenclature was
subsequently changed and is now based on theimaacid sequence (Crickmore et al.,
1998). Thus, the first number means that toxingHhess than 45% sequence identity
(Cry1, Cry2, etc), the subsequent capital letteamsehere is less than 78% sequence
identity (Cryl1A, Cry1B, etc), and finally a lowesmletter means less than 95%
sequence identity (CrylAa, CrylAb, etc). Even thotlgs classification based on amino
acid sequence did not correspond exactly to aflatisidal activity of toxins, some Cry
toxin groups showed toxicity to similar insect aigld~or instance, Cryl toxins are toxic

to Lepidoptera, while Cry3 toxins are toxic to Gupéera.

2.2. Mosquitocidal Bt strains and Bti

To find more potent bacterial strains that affecsquitoes, many Bt strains as
well as other bacterial speciés,sphaericus or Clostridium bifermentans subsp.
malaysia, were discovered and assayed for bioactivity. SBisrains, including Bt
serovarssraelens's, jegathesan, medellin andmorrisoni, were found to be highly toxic to
mosquito larvae and contained mosquitocidal crystateins (Table 1). Among them,

Bacillus thuringiensis subspisraelensis (Bti) was one of the most highly toxic strains to



mosquitoes, particularly tde. aegypti (Ragni et al., 1996). Bti was isolated by Goldberg
and Margalit in 1977 (Goldberg et al., 1977) and high toxicity to Dipteran insects,
primarily mosquito and black fly larvae (Mittal, @8; Lacey, 2007). Accordingly, Bti
was applied for control of mosquitoes, particuldmyman disease vectors suchhas
aegypti (the vector of dengue feve&mulium damnosum (the vector of onchocerciasis)
andCulex species (vectors of filariasis and West Nile f¢vBtutant screening of this
bacterium showed that Bti toxicity depended ongtesence of a megaplasmid (Faust et
al., 1983), later called pBtoxis. Complete sequemaif this pBtoxis plasmid was
performed and four Cry toxins and three Cyt toxans encoded by this plasmid: Cry4Aa,
Cry4Ba, Cryl0Aa, Cryl1lAa, CytlAa, CytlCa and CytZBan-Dov et al., 1999; Berry

et al., 2002; Guerchicoff et al., 1997).

2.3. Bti crystal proteins

Individual Cry and Cyt toxins or their combinationsre previously tested to
estimate their mosquitocidal activity against sespeacies of mosquitoes that belong to
three genera includingedes, Anopheles, andCulex mosquitoes (Angsuthanasombat et
al., 1992; Delecluse et al., 1993; Abdullah et2003; Boonserm et al., 2003; Poncet et
al., 1995). LG values of each toxin were summarized and showad tthxicity to
mosquito species (Otieno-Ayayo et al., 2008). Retance, Cry4Aa has high toxicity to
Culex pipiens, but low toxicity toAe. aegypti, while Cry4Ba has high toxicity tAe.
aegypti andAnopheles mosquitoes but low toxicity tGulex mosquitoes. CryllAa is

highly toxic toAe. aegypti andCu. pipiens. However, Cyt1Aa has low toxicity to three



mosquito genera. Evaluating only the toxicity todsake. aeypti, Cryl1Aa was found to
be the most active toxin in the Bti crystal inctuss (Crickmore et al., 1995; Delecluse et
al., 1993).

The structures of the Cry4Aa and Cry4Ba toxins Haeen determined by X-ray
crystallography or computational modeling (Boonsetral., 2005; Fernandez et al.,
2005; Boonserm et al., 2006). These structuresiargar and composed of three
structural domains like previously analyzed othey ©xins (Li et al., 1991; Grochulski
et al., 1995). Based on these, the Cryl1Aa stredtas been modeled (Fernandez et al.,
2005). The N-terminal Domain | is composed of sex4relices implicating its role in
membrane insertion and pore formation (Parker.ei@89). Domain Il is formed by
three antiparallgb-sheets with exposed loop regions and is the nastble of part of
the toxin structure (de Maagd et al., 2001). Tiveiity in Domain Il is suggested to be
involved in receptor binding (Li et al., 1991). Dam IIl in the C-terminal region is
composed of #-sandwich with two antiparall@-sheets indicating involvement in insect
selectivity and receptor binding (Schwartz et E97). The structures of the Cyt toxins
was also determined by X-ray crystallography. Th&28a toxin is composed of a single
a-f domain composed of two outer layersudielix hairpins wrapped arounddesheet
(Li et al., 1996). The CytlAa structure has a tgprytolysin fold that allows the-
helical layers to swing away, exposing flisheet to insert into the membrane (Cohen et

al., 2011).



3. Mechanism of Bt toxicity in Lepidoptera

3.1. Mode of action

The toxins are ingested by susceptible larvae @msiocated to the midgut. The
crystal inclusions are dissolved in the alkalineiemment of insect midgut, and the
protoxins are cleaved by midgut proteases at thand-C-terminal ends to yield
activated monomeric toxin (Choma et al., 1990)aéel toxins then bind to primary
receptors such as a cadherin protein located ibriingh border membrane of target insect
midguts (Schnepf et al., 1998; de Maagd et al.12@ll et al., 1992).

Two models of the mode of action of solubilized actlvated Cry toxin have
been proposed in Lepidoptera (Figure 3). The firsposed mechanism is the pore-
forming model (Soberon et al., 2009). This moddlased on the cell-swelling and
bursting symptom in Cry toxin-treated Lepidoptenaywhich the Cry toxin undergoes
oligomerization before insertion of the oligome@cy toxin into the membrane (Bravo et
al., 2004; Schnepf et al., 1998). Toxin bindinggers additional protease cleavages by
eliminating helixa-1 and facilitating formation of oligomers (Gomdzé, 2002;
Jimenez-Juarez et al., 2007). The toxin oligomard to the secondary receptors,
glycosylphosphatidyl-inositol (GPI)-anchored protelike aminopeptidase and alkaline
phosphatases (Bravo et al., 2004; Jurat-Fuentds @004). Finally, this binding triggers
membrane insertion of oligomers and formation @tlgores which kill cells and

ultimately the insect (Schnepf et al., 1998; Aransbal., 2001).



The signal-cascade model, on the other hand, reasreposed as another
mechanism (Zhang et al., 2006; Zhang et al., 2008) toxins bind to a cadherin protein
from Lepidoptera, which is expressed in the aptellmembrane and triggers a signal
cascade pathway. This interaction activates a @jpprand then adenylyl cyclase,
thereby increasing the amount of cAMP. The incréaeVIP turns on protein kinase A,
which finally causes cell death. In addition, thiedel suggests that toxin binding
actuates exocytosis of the cadherin receptor frdnagellular vesicles to the cytoplasmic
membrane.

The models mentioned above show that toxin bintbrgceptor is a key point in
toxicity. Also interaction between receptor progeand toxins determines Cry toxin
selectivity (Jenkins et al., 2000). Therefore,ittentification of receptors that interact
with Cry toxin is important for understanding thelecular basis of insect selectivity.
Many putative Cry toxin receptors have been reploated their function has been studied
in lepidopteran insects - cadherin proteins, amgptidases N (APN), alkaline
phosphatases (ALP) and glycolipids (Gill et al.939Griffitts et al., 2005; McNall et al.,
2003; Vadlamudi et al., 1993; Gahan et al., 200dga&natsu et al., 1998; Knight et al.,

1995; Jurat-Fuentes et al., 2004; Sangadala €t98l4).

3.2. Cadherin
The cadherin protein is important since it is tingt fevent in the interaction of
Cry toxins with the brush border membrane of tgetinsect midgut (Bravo et al.,

2005). Several cadherins have been identified g2d®m binding proteins and shown to



be involved in Cry toxin toxicity in Lepidopter&e Manduca sexta, Bombyx mori,
Heliothis virescens, Helicoverpa armigera, Pectinophora gossypiella, andOstrinia
nubilalis (Vadlamudi et al., 1995; Nagamatsu et al., 19%hdh et al., 2001; Xu et al.,
2005; Morin et al., 2003; Flannagan et al., 208&)ding regions were mapped with
CrylAb toxin and Bt-R cadherin receptor fromd. sexta. Two loop regions, loop-8

and loop 2 on domain Il, in CrylAb were involvedti interaction between Cry toxin
and Bt-R (Gomez et al., 2003). Correspondingly, cadhenreae 7 {**HITDTNNK 879
and cadherin repeat 1*¢ IPLPASILTVTV*** in Bt-R, were mapped as Cry1Ab toxin
binding region (Gomez et al., 2001; Dorsch et21Q2). Toxin binding cadherin
mutations have resulted in the development of taasisepidopteran insects. A

virescens population selected in the laboratory containeekti@transposon insertion that
disrupted expression of the full-length cadheringgéGahan et al., 2001). i

gossypiella, a resistant population was obtained from cotteld$ in Arizona that
revealed cadherin deletion mutations (Morin et200Q3).H. armigera populations were
obtained from a selected population in the laboyaand a field population crossed and
selected with offspring. Their resistance was aased with retrotransposon insertions
and a stop codon mutation in the extracellular dor(u et al., 2005; Yang et al., 2007).
Recently, a field-selected resist&htarmigera population was reported that had a

deletion in the intracellular domain of cadherim@g et al., 2012).



3.3. GPI-anchored receptors

GPIl-anchored proteins such as aminopeptidase N JAaRdl alkaline phosphatase
(ALP) were identified as Cry toxin-binding recegan Lepidoptera. While many GPI-
anchored receptors were identified in Lepidopteaay they bind the toxin is still not
clear. However, resistant Lepidopteran species@tipipe fact that GPIl-anchored
receptors are involved in Cry toxin toxicity. As mi@ned above, H. virescens
population selected in the laboratory showed a tdekLP (Jurat-Fuentes et al., 2003). A
Spodoptera exigua resistant strain to CrylCa andiachoplusia ni to CrylAc also
showed reduced APN transcripts (Herrero et al.520wsiri et al., 2011). A
laboratory-selecteH. armigera with CrylAc contained a deletion mutation in APN
(Zhang et al., 2009). GPl-anchored receptors playeidhportant role in membrane
insertion and pore formation (Zhuang et al., 2Q@#tence et al., 1997). Cry toxin
binding to GPIl-anchored receptorshih sexta actuated the localization of APN and ALP
in lipid rafts microdomains where Cry toxin insegtsd forms pores (Chen et al., 2005;

Zhuang et al., 2002).

3.4. ABC transporter

The most recently identified protein involved irsistance is an ATP-binding
cassette transporter (ABC transporter). H. &irescens resistant strain that was
separated from the cadherin mutation, an ABC trarepmutation in an ABCC2 was
linked to CrylAc resistance and caused the logapIAc binding on brush border

membrane vesicles (Gahan et al., 2010). In addiiatrain oB. mori that was resistant
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to CrylAb toxin also revealed a mutation in a hamgolus ABC transporter. In this case,
a single amino acid insertion in an outer loophef transmembrane region caused
resistance and introduction of a susceptible getreresistant strain rescued toxin

susceptibility (Atsumi et al., 2012).

4. M echanism of Bti toxin in Aedes aegypti

As mentioned in section 2.2 aboBdj has been used for decades for the control
of mosquitoes includinge. aegypti, an important disease vector. Despite long-term
usage of Bti, resistant development to BtAm aegypti has not been reported yet from
mosquitoes in the field (Mittal, 2003). Bti prodsamosquitocidal crystalline inclusions
during sporulation. Ingested crystalline inclusiémmsn Bti are solubilized in the alkaline
midgut environment of the mosquito and releasetogio (Knowles et al., 1989). The
protoxins are proteolytically activated by midgubiease and result in the formation of
active toxins. Activated toxins then bind recepimoteins on midgut epithelial cells
(Feldmann et al., 1995; Yamagiwa et al., 2002BtirtreatedAe. aegypti, epithelial cells
in midgut swell, are damaged, and finally bursh{fbi et al., 1986). This symptom is
similar to that previously reported in LepidopteBased on these symptoms, it was
suggested that Cry toxin may be involved in malangpre in the microvilli membrane
resulting in cell swelling and lysis (Knowles et, d1987). On the other hand, Bti-treated
epithelia cells also showed another symptom: eatie detached from each other and

cell arrangement was disrupted (Singh et al., 19B@is result suggests that it is possible
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that Cry toxin or other virulence factor may intravith proteins related to cell-cell
junction.

Many putative Cry toxin receptors have been idexdiin mosquitoes. APNs
from Anopheles quadrimaculatus andAe. aegypti were identified and bound Cryl1Ba
from Bacillus thuringiensis subspjegathesan (Btj), and a cadherin receptor from
Anopheles gambiae was identified and bound Cry4Ba (Abdullah et2006; Hua et al.,
2008; Zhang et al., 2008). Ae. aegypti, Cryl1Aa bound four proteins (200, 100, 65 and
62 kDa) in brush border membrane vesicles (BBM@hTAe. aegypti midgut epithelia
(Fernandez et al., 2006). Among them, the 65 kd&epr was identified as a GPI-
anchored ALP and a functional receptor of Cryl1iAae. aegypti midgut cells
(Fernandez et al., 2006). Biotin-labeled CryllAsodiound three different proteins
which had molecular masses of 140, 95, and 44 k2apull-down assay withe.
aegypti larval midgut (Chen et al., 2009). MS-MS mass spetetry identified the 140
and 95 kDa proteins as APNs. Cry4Ba toxicity wasliated by GPl-anchored proteins.
ALP (AAEL015070) bound Cry4BA with high affinity ffammasittirong et al., 2011)
and Sf9 cells expressing ALP were more sensitiv@rigiBa and undergo cell lysis
(Dechklar et al., 2011). Moreover, APNs-silencagda showed an increase in resistance

to Cry4Ba toxicity (Saengwiman et al., 2011).

4.1. Cadherin in mosquitoes
The cadherin proteins have been known to be timegoyi receptors of Cry toxins

in Lepidoptera as well as in Coleoptera (Vadlaneidil., 1993; Nagamatsu et al., 1998;
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Fabrick et al., 2009). Mosquito cadherins homolageith Bt-R mediating CrylAb
toxicity in Lepidoptera were also identified as étional receptors ide. aegypti andAn.
gambiae (Chen et al., 2009; Hua et al., 2013; Hua e28108).

Aedes cadherin was immunolocalized on the apical mendbistal and
proximal caeca and posterior midgut epithelials;édut not on the apical membrane of
anterior midgut, in an identical fashion to Cryl1iading. Toxin binding regions were
mapped with partial fragments Aédes cadherin containing cadherin repeats. The
cadherin repeats (CR7-CR11) nearest the membramemal extracellular domain
bound Cryl1Aa with high affinityd = 16.7 nM). Further, this fragment interacted with
loop -8 and loop 2 in Cryl1Aa domain Il. Binding Aedes cadherin is associated with
the toxicity of Cry toxin. Cadherin-silenced larvsteowed increased tolerance for
Cryl1A, but not for Cry 4Ba, which does not bouadtte cadherin repeats (CR7-CR11)
(Rodriguez-Almazan et al., 2012; Chen et al., 2083)ytotoxicity test, determined with
mosquito cells expressing the full-length cadhstably, showed Cryl1Aa killed 37% of
cells expressing the cadherin compared to congltd expressing only GFP (Chapter 2).

In An. gambiae, two Anopheles cadherins (AgCadl and AgCad?2) were identified
as putative receptors for Cry4Ba and Cryll1Ba (Hud.£2013; Hua et al., 2008).
AgCadl was localized on the microvilli in postenoidgut and its cadherin repeat (CR9-
CR11) and membrane proximal extracellular domaumldoCry toxin. However, this
AgCad1l had high affinity for Cry4B&¢ = 13-23 nM) whileAedes cadherin did not
bind Cry4Ba. Moreover, AgCadl fragments synergiZegiBa toxicity inAn. gambiae

as well aste. aegypti (Park et al., 2009). AgCad2 which shares 14% itdettt AgCadl
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showed high affinityKd = 11.8 nM) with Cryl11Ba from Btj (Hua et al., 2Q13his
AgCad2 fragment also inhibited Cry11Ba binding todh border vesicles and decreased

Cryl1Ba toxicity in larvae.

4.2. GPl-anchor ed receptor in mosqguitoes

As previously mentioned, Bti toxicity in mosquitosas mediated by GPI-
anchored proteins including APN, ALP andmlyase (Chen et al., 2009; Fernandez et
al., 2006; Fernandez-Luna et al., 2010)Ahopheles mosquitoes, APN and ALP have
not yet been identified as receptors for Bti-toxXwus have been shown to be receptors for
a Btj toxin. APN and ALP fronAn. gambiae were identified as functional receptors of
mosquitocidal Cryl1Ba toxin from Btj (Hua et alQ@®; Zhang et al., 2008). A 106-kDa
Anopheles APN was localized on the microvilli of the posterand a truncated fragment
bound Cry11Ba with high affinitykd = 6.4 nM) and inhibited Cry11Ba toxicity fn.
gambiae larvae. Mapping regions mediating toxicity ideieif two regions which
oppositely affected toxicity: one region prevent@gll1Ba from binding to brush border
membrane vesicle and another region increased Bgybinding and toxicity to
Anopheles larvae (Zhang et al., 2010). Anothfropheles ALP was also isolated that
bound Cry 11Ba with high affinityd = 23.9 nM), and inhibited Cryl11Ba toxicity (Hua
et al., 2009). A new type of GPIl-anchored recepias identified as a receptor of Cry4Ba
and Cryl1Aa imrAnopheles albimanus, the disease vector for malaria (Fernandez-Luna et
al., 2010). Ligand blot assays found a 70 kDa Gfehared protein which was

determined to be amamylase by mass spectrometry. Recentgmylase (AgAmy1)
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anda-glucosidase (Agm3) were identified as a functiaeakptor of Cryl1Ba iAn.
gambiae. AgAmy1 localized in salivary gland and postemaidgut microvilli and Agm3
was observed in posterior midgut microvilli. Botig#Amyl1 and Agm3 bound Cryl1Ba
with high affinity (Kd = 37.6, 21.1 nM) and feeding with a mixture of thaclusion
bodies and Cryl1Ba reduced Cryl1Ba toxicity (Zhaingl., 2013).

In Ae. aegypti, APN and ALPs were identified as functional recepbof Bti
toxins, Cry4Ba and Cryl1Aa (Chen et al., 2009; kedez et al., 2006; Jiménez et al.,
2012). A 140-kDaredes APN (AAEL012778) was identified as a putative r@oe of
Cryl1Aa by pull-down assay and mass spectrometngii@t al., 2009). This APN was
immunolocalized on the apical membrane of postenioigut epithelial cells and bound
Cryl1Aa with high affinity Kd = 8.5 nM). Interestingly, botAedes cadherin and\edes
APN showed high affinity for the same Cryl1Aa tgxirhile Lepidoptera APN had low
affinity for CrylA toxin. These results suggestttBa toxicity in mosquitoes probably
has a different mechanistic pathway from that ipideptera. OtheAedes APNs
(AAELO05808, AAEL012778, and AAEL012783) have bestiown to be receptors for
Cry4Ba. Individually these APN-silenced larvae skdvolerance to Cry4Ba toxicity
(Saengwiman et al., 2011).

Aedes ALP was further investigated as a functional récepf Cry4Ba and
Cryl1Aa toxinsAedes ALP (AAEL009077) was first observed in ligand b&stsays with
Cryl1lAa and localized in the same regions as tly& IZxa toxin binding sites, the
microvilli membranes of caeca and the posteriorguidFurthermore, mapping of

binding regions irAedes ALP determined that two regions (R59-F102 and N2Z%Bb)
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interacted with Cryl11Aa domain Il loap8 and domain Il looj318419, respectively
(Fernandez et al., 2009). Silencingfafles ALP in the midgut resulted in reduced
Cryl1Aa toxicity (Jiménez et al., 2012). Otiedes ALPs also interacted with Cry4Ba
toxin. Proteomic analysis showed Cry4Ba was loedlin lipid rafts from brush border
membrane vesicle of larvae and bound three ALPHA003298, AAEL003313, and
AAEL015070) (Bayyareddy et al., 2012; Bayyareddglet2009). Moreoveredes ALP
(AAEL015070) bound Cry4Ba with high affinity)K¢l = 14 nM) and mediated Cry4Ba
toxicity in Sf9 cells expressingedes ALP (AAEL015070) (Dechklar et al., 2011;
Thammasittirong et al., 2011 edes ALP (AAEL009077) binding Cryl1Aa also
interacted with Cry4Ba domain Il loop 2 and wasolwed in Cry4Ba toxicity tcAedes

larvae (Jiménez et al., 2012).

4.3. Cytolytic endotoxin

Cyt toxins are found in dipteran-active Bt straamsl synergized the toxic effect
of Cry toxins (Wu et al., 1994). Furthermore, Cy#l¥educed resistance in CryllAa-
resistantCu. quinquefasciatus from greater than 1,000 fold to less than 8 foltirth et
al., 1997). Later, Cyt1Aa was revealed to funcasra membrane-bound receptor of
CryllAa inAe. aegypti (Perez et al., 2005). Cyt1Aa bound BBMV, enhanced CAa
binding to BBMV, interacted with Cryl1Aa and fatalie the formation of oligomeric
structure (Perez et al., 2007). Cyt2Aa frBacillus thuringiensis subsp darmstadiensis
(Btd) also synergized Cry4Ba toxicity agaiAgt aegypti andCu. quinquefasciatus

(Promdonkoy et al., 2005). Further analysis ofithieraction between Cry4Ba and
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Cyt1Aa showed loop2-p3 andp4-B5 of Cry4Ba, particularly Tyr?and Ph&* are

involved in synergistic interactions with Cyt2Aagflak et al., 2013).

5. Mosquito resistance against Bti

Insect resistance is a major issue for pest coniitbl chemical or biological
pesticide. However, while Bti has been used forartban three decades for mosquito
control, no resistance has been detected in tltk frecontrast, resistance has been
observed from the use of lepidopteran-active Cxynoin a variety of insects (Tabashnik
et al., 2008). Therefore, some mosquito straingwlereloped in laboratories to

elucidate the mechanism of Bti toxins.

5.1. Bt resistance in Culex mosqguitoes

Early research tried to develop resistant mosgsivaéh Bti producing diverse
Cry toxins. These laboratory selections wA# aegypti andCu. pipiens evolved
resistance slowly and to lower levels (Goldmanl ¢t1l&86; Saleh et al., 2003). However,
resistance development was more rapid to a subsatinos found in Bti. For example,
Culex quinquefasciatus selected with the different number of Cry toxinenf Bti: one
(CryllAa), two (Cry4Aa and Cry4Ba), three (Cry4&ay4Ba, and Cryl1Aa), and four
(Cry4Aa, Cry4Ba, CryllAa, and CytlAa) toxins (Gdooy et al., 1997) leading to
different rates of insect resistance. A 28-timesibn with a single Cryl1Aa showed the
highest resistance ratio (900 fold), but selectuath four toxins resulted in the lowest

resistance level (3.2 fold). Two toxins and thr@dris reached high resistance ratio (120
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fold and 91 fold). The cross-resistance patterrithe@se strains were observed with
combinations of mosquitocidal Cry toxins and alifstrains showed the cross resistance
to Bti toxins as well as Cryl1Ba from BGheong et al., 1997; Wirth et al., 1998). For
example, CryllAa-resistant strains revealed higlstance ratio to Cry4Aa and Cry4Ba
(41.6 fold), to Cry4Aa, Cry4Ba, and Cryll1lAa (130kd), and Cryll1Ba (53.1 fold).
However, all strains showed very low resistancelléw Bti (1.1 fold) and Btj (2.8 fold)
strains. Since mosquitoes selected with Cyt1Aa slddaw resistance, mosquitoes were
selected with Cryl1Aa, CytlAa, or a mixture of Cbh and CytlAa (Wirth et al., 2005;
Wirth et al., 1997). One strain selected with d@lyl11Aa achieved high resistance in 18
generations, but the strains selected by Cyt1A&l(&y or a mixture of Cryl1lAa and

Cyt1Aa) did not develop resistance.

5.2. Bt resistance in Aedes mosqguitoes

As a laboratory-selected mosquitcd@ aegypti resistant strain (LITOX strain)
was developed with toxic leaf litter containing Bikins. After 18-time selection, this
strain obtained 3.4-fold resistance ratio agaimsictleaf litter and showed different
resistance ratios for Cry4Aa, Cry4Ba, CryllAa, @ytllAa toxin (Paris et al., 2011).
Cry4Aa- or Cry4Ba-treatede. aegypti had 30-fold and 13-fold resistance compared to
susceptibléde. aegypti. However, LITOX strain showed 6-fold and 3-folgistance for
Cryl1lAa and CytlAa toxins. To find the loci showihg highest inter-strain genetic
differentiation, the genome of LITOX and suscemibirains were mapped and compared

(Bonin et al., 2009). Two genes, a cadherin (AAELD®6) and a leucine aminopeptidase
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(AAELO07892), contained high nucleotide polymorphssand were significantly down-
regulated. Another genome scan with LITOX strairs \warformed using amplified
fragment length polymorphism (AFLP) and 454 pyraseting. This scan identified 11
outliers located on different supercontigs contagraminopeptidase (AAEL012918) and
trypsin (AAEL004543) (Paris et al., 2012). This OX strain was further selected until
30 generations finally obtained 67-fold, 9-foldda@fold resistance ratio for Cry4Aa,
Cry4Ba, and Cryll1Aa (Tetreau et al., 2012). Enzwctevity test with midgut showed
metalloproteinase activity was significantly reddice LiTOX strain. Furthermore,
transcription changes and differentially expregsedeins were investigated using DNA
microarray and differential in gel electrophord&4GE). Moreover, the expression of
previously identified receptors (cadherin, APN, #&idP) for Bti toxins was analyzed in
RT-gPCR. This combined analysis showed ALP (AAELZER receptor for Cry4Ba)
was consistently down-regulated in all assays aAdN FAAEL012774, receptor for

Cryl1Aa) was up-regulated in all assays.

6. Specific objectives of this study

Bti has high activity against disease vector masesi such ade. aegypti and
has been used for mosquito control. However, itshaeism is still poorly understood
unlike the mechanism of Cry toxins in Lepidoptéfra.elucidate a toxic mechanism of
Bti in mosquito, many putative receptors for Biitts were tested and laboratory-
selectedAe. aegypti were analyzed. However, these results imply thea@&ion may

involve more than one mechanism or one receptaetaroteins of Cry toxins may be
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different or shared, and some toxins may bind toentivgan one receptor. For instance,
the LITOX strain shows different resistance ratmsindividual toxins (Paris et al., 2012;
Tetreau et al., 2012) and a cadherin and APMsimegypti binds Cryl1Aa with very
high affinity (Chen et al., 2009; Chen et al., 2D0oreover, two cadherins #n.

gambiae are involved in Bti toxicity (Park et al., 2009u&i et al., 2013). Therefore, to
understand Bti toxicity in mosquitoes, further sésdare needed to identify the receptors
involved in toxicity and additional pathways for Bixicity should be examined ie.
aegypti. This dissertation focuses on finding a receptotgin for Cryl1Aa in CryllAa-
resistantAe. aegypti. Moreover, | attempt to show that a novel cadhadis as a receptor
for Cryl1lAa and investigate whether this novel @ahis associated with Cryl1Aa

resistance in mosquitoes.

Hypothesis: Receptor proteins may beinvolved in CryllAatoxicity in Aedes aegypti.

Hypothesis 1: The Aedes cadherin may mediate thein vivo toxicity of Cryl1Aa.

Our lab previously cloned a full-lengfedes cadherin fromAe. aegypti larvae
and reported this protein binds Cryl1Aa with hiffimay (Kd = 16.7 nM) (Chen et al.,
2009). Binding toAedes cadherin is associated with the toxicity of Cryito Cadherin-
silenced larvae shows increased tolerance for Gyt not for Cry 4Ba, which does
not bind to cadherin repeats (CR7-CR11) (Rodrighlezazan et al., 2012; Chen et al.,
2009). Based on these results, | investigated shaddes cadherin mediates the

cytotoxicity of Cryl1Aa with cell line expressimgedes cadherinManduca cadherin was
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expressed in High Five cells and showed the higltity of Cry1Ab without a secondary
receptor (Zhang et al., 2005). In contrast, APN suaggested as a secondary receptor
triggering membrane insertion and pore formatiora(® et al., 2004; Jurat-Fuentes et al.,
2004). Therefore, | tested whethfgades cadherin could mediated Cryl1Aa toxicity

without a secondary receptor.

Aim 1.1: Determineif Aedes cadherin mediatesthe cytotoxicity of Cryl1Aa with cell

line expressing Aedes cadherin.

Hypothesis 2: N-cadherin protein may beinvolved in Cryl1Aa toxicity.

As mentioned above, Bti action may involve morentbae mechanism or one
receptor. To find more functional receptors of Btins, | further investigated all
cadherin proteins that are in tAedes genome. Based on previous research and our
microarray data, | found the N-cadherins (AAELOOD3®d AAEL001196) were
significantly altered in Cryl1Aa-treated larvae gut Therefore, | investigated whether
N-cadherin is involved in Cryl1Aa toxicity. | firseésted whether N-cadherins bind
Cryl1lAa and N-cadherin-silenced larvae obtain &wlee to Cryl1Aa toxicity. Moreover,

| investigated which regions are interacted betw@grilAa and N-cadherin.
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Aim 2.1: Test whether Cryl1Aa bindsto N-cadherin since Cryl11Aa bindsto normal
cadherin proteins.

Aim 2.2: Examinethe hypothesisthat N-cadherinsareinvolved in Cryl1Aa toxicity
in vivo.

Aim 2.3: Investigate regionsinteracting between Cryl1Aa and N-cadherin.

Hypothesis 3: Receptor proteins may play an important rolein CryllAa-resistant
mosquitoes.

To investigate the mechanism of Bti actiorAm aegypti, we selected mosquitoes
with only Cry11Aa, the most active toxin in Bti anbdtained a CryllAa-resistafvdes
mosquito strain. Since resistancd mechanisms iddggeran insects are linked to a
change in Cry toxin receptors, | expected a fumetioeceptor of Cryl1Aa would be
significantly altered, for example in a mutationaochange in transcript levels in
CryllAa-resistant mosquitoes. Therefore, transchpnges of all genes in CryllAa-
resistant larvae midgut were analyzed using lllarsaquencing. Previously identified
receptors were further investigated to determiranif of the known receptors contain
any mutations or the receptor expression levelsigraficantly altered using Sanger

sequencing and RT-gPCR.

Aim 3.1: Develop a Cry11A resistant Ae. aegypti strain.
Aim 3.2: Investigate an important receptor protein mediating a resistance.

Aim 3.3: Identify geneswhich are altered in expression or contain sequence variants.
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southem hemispheres for year-round survival of Aedes aegypti. the principal mosquito vector of dengue viruses.
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Figure 11. Dengue fever occurs in subtropical and tropieglons in the world. Dat

from WHO.
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Figure 1.2. Dengue fever and dengue hemorrhager fecidents are increasing. Data

from WHO.
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oligomerization ~ GPI- anchored

Cadherin
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Figure 1.3. Two models are suggested for the mbdetmn of Cry toxin in Lepidoptera.
On binding to cadherin, the Cry toxin oligomerizieserts into membranes, and forms
pores (pore formation model) or alternatively afisrding to cadherin, it activates a G
protein, adenylyl cyclase, and protein kinase Ailtesy in cell death (signal transduction

model). Figure from Soberon et al, 2009.
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Table 1.1. Summary of Cry and Cyt toxin specifiday Diptera, Figure from Natural Resources Can@oaw.nrcan-
rncan.gc.ca). Toxins are indicated as act@g, (not active (O) or possibly active (?).

2LE8BE632233880228833328288

Genus Species dTd dd ddd 7T dNNOSSTooo I3 333585323J
Aedes aegypti ° o ° ? ?2 0o 0 e e O ? e e ¢ O ® O O e O o
Aedes triseriatus °
Anopheles stephensi ° o o o e e e O e O o
Anopheles gambiae ° ° o o

Culex pipiens o 0O 0 e e e O o o o
Culex fatigans °

Culex pervigalans o

Culex guinquefasciatus ° ? o o e o o

Culex tritaeniorhynchus

Anopheles  quadrimaculatus °

Anopheles albimanus e o o
Chironomus tepperi o e o e
Chironomus riparius

Tipula paludosa o

Tipula oleracae o

Lucilia cuprina °

Lucilia sericata

Calliphora stygia

Glossina mortisans °

Musca domestica e o © o o o o

Drosophila melanogaster o

Clogmia albipunctata

Liriomyza trifoli
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Table 1.1. Continued.
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Liriomyza trifoli °




Chapter 2

Aedes cadherin mediatesin vivo toxicity of Bacillusthuringiensis

Cry11A toxin to Aedes aegypti

Abstract

Cadherin plays an important role in the toxicityBacillus thuringiensis Cry
proteins. We previously cloned a full-lengildes cadherin fromAedes aegypti larvae
and reported this protein binds Cryl1Aa toxin frBatillus thuringiensis subsp.
israelensis with high affinity,~ 16.7 nM. We also have data showing that a cadherin
fragment synergizes Cryl11A toxicity to mosquitovkee by 2-3 fold. Based on these
results, we investigated Medes cadherin is involved im vivo toxicity of Cry11A toxin
to Ae aegypti. We established a mosquito cell line stably exgingsthe full-lengthAedes
cadherin. We investigated receptor expression lstewe blotting with a cadherin-
specific antibody and by immunofluorescence stgnising confocal microscopy. The
toxicity of Cry11A to these cells was analyzed ioyéotoxicity assay using activated
Cryl1A toxin at final concentrations up to 400 nG&lls expressing th&edes cadherin
showed sensitivity to the toxin. Cry11A toxin at040M killed approximately 37% of the
cells in 3 h. These results show tegles cadherin plays a pivotal role in Cry11A-
mediated toxicity tdAe. aegypti larvae, but since high toxicity was not obtaineal,
additional receptor may be needed for manifestadfdnll toxicity.
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Introduction

Bacillus thuringiensis, is a member of thBacillus cereus group in the
Bacillaceae family, which also containB. anthracis, B. cereus, B. mycoides, B.
pseudomycoides andB. weihenstephanensis (Rasko et al., 2005). Unlike the other
bacillus specieB. thuringiensis is pathogenic to insects by producing insecticidal
proteins, which consists of one or more proteiaied Cry or Cyt toxins (Gill et al.,
1992). Because these proteins are highly seletdittee target insect and harmless to
humans and vertebrates, they have been used foottel of lepidopteran, dipteran and
coleopteran insect pests in agriculture and putgealth (Crickmore et al., 1998).

B. thuringiensis subspisraelensis (Bti) has been used for the control of
mosquitoes, likéedes aegypti, an important vector of human diseases such aguéen
fever, chikungunya and yellow fever. Bti also hagh toxicity to other human disease
vectors likeSmulium damnosum (the vector of onchocerciase€ylex species (vectors
of filariasis and West Nile fever) and to a lesteak someAnopheles species (vectors of
malaria) (Margalith et al., 2000). The controlA#. aegypti andCulex species has been
attempted by eliminating breeding sites, using ate and by using chemical
insecticides. However, this control is still diffiit because of limitations in application or
the development of insect resistance. BecauseaBthigh insecticidal activity and the
low toxicity to other organisms, it is used as Haraative and environmental friendly

method for control of mosquito and black fly popidas.
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The mode of action of Cry toxins is fairly welldgrstood in Lepidoptera. The
toxins are ingested by susceptible larvae and piated to midgut. The crystal inclusions
dissolve in the alkaline environment of midgut &inel protoxins are cleaved by midgut
proteases (Choma et al., 1990). Cleaved toxinshihehspecific protein receptors
located in the brush border membrane of targettnmealguts (Schnepf et al., 1998; de
Maagd et al., 2001). Toxin binding triggers formatof lytic pores, which kill midgut
cells and ultimately the insect (Schnepf et al98Aronson et al., 2001). Interaction
between receptor proteins and toxins determinegdig selectivity (Jenkins et al.,
2000). Therefore, the identification of receptdrattinteract with Cry toxin is important
to understand the molecular basis of insect selgcti

Many putative Cry toxin receptors have been reguband their function has been
studied in lepidopteran insects — cadherins, AB@@sporters, aminopeptidases (APN),
alkaline phosphatases (ALP) and glycolipids (Gildle, 1995; Griffitts et al., 2005;
McNall et al., 2003; Vadlamudi et al., 1993; Atsushial., 2012; Sangadala et al., 1994).
The cadherins represent a large family of glycapnstthat are classically responsible for
intercellular contact. An insect cadherin is impaittsince it is the first event in the
interaction of Cry toxins with the brush border nmame of target insect midgut (Bravo
et al., 2005). In Lepidoptera, binding of Cry taxito cadherin causes a mild denaturation
of Cry toxin and proteolytic cleavage of hetixL. Cleavage of this helix results in a
conformational change and the formation of a modfi@bule state of the monomer
exposing hydrophobic regions (Gomez et al., 200&js conformational change is

thought to result in the formation of oligomerstthand to a second protein, which is
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thought to be APN or ALP anchored to the membrana 6PI anchor (Bravo et al.,
2004; Fernandez et al., 2006). APN facilitatesarhigr insertion into membranes of
midgut epithelial cells, through lipid rafts (Braebal., 2004). Inserted oligomers form a
lytic pore, which leads to cell death and ultimgtislat of the insect.

As previously mentioned, Bti has high activity exga disease vector mosquitoes
like Ae. aegypti and has been used for mosquito control. Howetgemechanism in
mosquitoes is still largely unknown unlike the maaism of Cry toxins in Lepidoptera.
This bacterium has a megaplasmid, pBtoxis, whictodas a number of toxins (Cry4Aa,
Cry4Ba, Cryl0Aa, CryllAa, CytlAa, CytlCa and CytR@Eerry et al., 2002). Among
them, Cryl1Aa is probably the most active toxid&aegypti (Chilcott et al., 1988).
Fernandez et al. (2005) reported domain Il of CAd iis important in receptor
recognition and binding. Domain Il contains foutadive loop regionsy-8, 1, 2 and 3. It
was revealed that loap8 in Cryl1Aa was involved in toxicity and recepbanding by
competitive binding assay, peptide-displaying plsaged mutagenesis (Fernandez et al.,
2005).

Many putative Cry toxin receptors were identifiednosquitoes
(Likirvivatanavong et al., 2011). An APN froAnophel es quadrimaculatus bound
Cry1l1Ba, and a cadherin receptor frém gambiae was identified and bound Cry4Ba
(Abdullah et al., 2006; Hua et al., 2008; Zhanglet2008). InAe. aegypti, Cryl1Aa
bound four proteins (200, 100, 65 and 62 kDa) ushrborder membrane vesicles
(BBMV) isolated fromAe. aegypti midgut epithelia (Fernandez et al., 2006). Among

them, a 65kDa protein was identified as a GPl-arethdLP and a functional receptor of
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Cryl1Aa toxin inAe. aegypti midgut cells. In addition, no APN activity was ebged
among GPIl-anchored proteins that bound CryllAatdria previous study, we showed
that theAedes cadherin bound Cryl1Aa with high affinity (Cherakét 2009). We cloned
anAedes cadherin cDNA (AAEL0O07478 and AAEL0O07488), whichhomologous to the
lepidopteran Bt-Rthat mediates CrylA toxicity in Lepidoptera. Arjpa fragment of

the Aedes cadherin bound Cryl11Aa with high affinity. Thisdiing suggests that the
cadherin is associated with the insecticidal agtiof this Cry toxin. Some ALPs were
suggested as a receptor of Bti toxins. ALP (AAELODB) bound Cryl1Aa and mediated
CryllAa as well as Cry4Ba toxicity (Fernandez et2009; Rodriguez-Almazan et al.,
2012). AAEL003298, AALE003313, and AAEL015070 wéoeated in lipid rafts and
bound Cry4Ba (Bayyareddy et al., 2012; Bayyareddl.e2009). Moreoveredes ALP
(AAEL015070) bound Cry4Ba with high affinity and dhated Cry4Ba toxicity in Sf9
cells expressingedes ALP (AAEL015070) (Dechklar et al., 2011; Thammasing et

al., 2011).

Based on these results, we investigated furthetivemAedes cadherin mediates
Cryl1A toxicityin vivo. Aedes cadherin cDNA was cloned into a pACTIN.SV expressi
vector and expressed in the C6/36 mosquito cellftin stable expression cell line. We
determined the ability of the Cry11A protein to sawytotoxicity with cells expressing

Aedes cadherin.
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Materials and M ethods

Cdll culture

C6/36 Qedes albopictus) cells were grown and maintained in L15 medium
(Gibco, Grand Island, NY) supplemented with 10% KB#co), 1% L-Glutamine
(Gibco) and 1% Penicillin-Streptomycin (Gibco) &@. The cells were grown as a
monolayer in T-25 culture flasks (BD Falcdiranklin Lakes, NJ) or 6-well tissue culture

plate (Corning, Tewksbury, MA).

Construction of cadherinin pACTIN.SV

A full-length Aedes cadherin cDNA (AaeCad) cloned into pCR2.1 vectasw
obtained from Jianwu Chen, Department of Cell Bjgland Neuroscience, University of
California, Riverside, CA. To remove the 5" andBI'Rs, partial AaeCad fragments
(5EM and 3EM) were prepared with a set of primé&eab{e 2.1). The 5’ end modified
fragment (5EM) was amplified using a sense prirb&M-S), which has restriction
enzyme sites (Notl and Stul), a Kozak sequence (CC)rand a start codon, and an
antisense primer (5EM-A), which has a restrictioayene site (Bstz171). The 3’ end
modified fragment (3EM) was constructed from twagiments (3EM1 and 3EM2). The
3EML1 fragment was amplified using a sense primeEM3-S), which has a Blpl
restriction enzyme site and an antisense primeM@BB), which has a HA-tag
(TACCCATACGACGTCCCAGACTACGCT). To insert the enhadcGFP gene, the

3EM2 was amplified from the pHyperD9a vector usangense primer (3EM2-S), which
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has a partial HA-tag and an antisense primer (3&Y)2vhich has a stop codon and
restriction sites (Nhel, Pmel and Sacl). To cordtBEM, the 3EM1 fragment was
cloned into pCR2.1 vector (Invitrogen, Grand IslaNY) and subsequently digested in a
solution (20 pl) containing 1 pg sample, 1 x bovseeum albumin (BSA), 1 x NEB
buffer, and 1 pl each restriction enzymes (Zral 8adl) for 6 h at 3C. After the
reaction mixture was separated in a DNA gel, thgetaband was cut and purified from
the gel with Gel DNA Recovery kit (Zymo researatvjie, CA). The amplified 3EM2
was also digested with Zral and Sacl and similpdsified. The digested 3EM1 and
3EM2 were ligated in 20 pul ligation solution comtiaig 5 pl samples, 1X T4 DNA
Ligase Reaction Buffer, and T4 DNA ligase (New Emgl Biolabs, Ipswich, MA)
overnight at 16C. All PCR products were cloned into the pCR2.lteefinvitrogen,
Grand Island, NY) and fully sequenced (Institutelfdegrative Genome Biology,
University of California, Riverside, CA). To constt the modified AaeCad, the 5EM
and AaeCad were separately digested with Notl astd1B1, run in DNA gel, purified,
ligated like above. Next, this construct and th&I3kere digested with Blp | and Sac |,
run in DNA gel, purified, and ligated like aboveo Tonstruct an expression vector, the
modified AaeCad in pCR2.1 vector and pACTIN.SV weatere separately digested
with Xba | and Sac | overnight at 37, run in DNA gel, purified with Gel DNA
Recovery kit, and ligated with T4 DNA ligase foday at 4C (Figure 2.1A).

The blasticidin-resistance sequence from pCoBfastior (Invitrogen) was
amplified using a sense primer (BLA-S), which hasstriction enzyme site (Bglll), a

Kozak sequence, and a start codon, and an antipansar (BLA-A), which has a
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restriction enzyme site (Pmll). To construct a vetd be used for co-expression, Bla
gene and pIE1.SV were separately digested withl BRgd Pmll, run in DNA gel,
purified, and ligated like above (Figure 2.1C).

The pACTIN.SV, pIE1.SV, and pACTIN.SV vectors inding enhanced GFP
gene ORFEGFP) (Figure 2.1B) were obtained from Huynh and Zi€Mhational

Institutes of Health, Bethesda, MD) (Chen et aibrsitted).

Cdll transfection

To construct a stable cell line expressiegles cadherin, pACTIN.SV containing
the cloned AaeCad (5 pg) together with pIE1.SV ammg a blasticidin-resistance gene
(1 ng) used for selection, were co-transfected @86 cells using the FUGENEG6
transfection reagent (Roche Applied Science, Mai¥dl) following the manufacturer’s
protocol. Another stable C6/36 cell line expresssfegP was made using pACTIN.SV
containing an enhanced GFP gene ORF (5 pug) togeitteplE1.SV containing a
blasticidin gene (1 pg), using identical conditi@ssdescribed above. In brief, 1.5 X 10
C6/36 cells were plated in 6-well plate and incedatvernight at 2C. Plasmid
transfection mixtures were prepared by mixing éfiglasmids and 9 ul FUGENE 6
transfection reagent with 91 pl L15 medium. Thagfaction mixture was incubated for
15 min at room temperature before use and add#teells in a drop-wise manner. The
cells were further incubated at*7for 3 days. The media was removed and replaced
with the fresh medium containing blasticidin (15 @ne week later, the media was

replaced with the media containing 7.5 pg blastici@ihe selecting media was replaced
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every 3-4 days until cell colonies were observealo@ies expressing green fluorescent
protein were picked under an inverted fluorescenmeoscope (Nikon ECLIPSE
TE2000-S) and transferred to 24-well plate. Homegers cells were grown and

maintained in the fresh medium containing blasirc{d.5 pg) at 27C.

Western blotting with cells

Cells expressing AaeCad or EGFP were harvestedhedasith phosphate
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI, 1MmMla,HPO4, 2 mM KHPQ,,
pH7.4) 2 times and resuspended in SDS-PAGE sanufilerbThe collected cells were
boiled for 10 min and centrifuged at 10,8@0or 10 min to remove insoluble material.
The supernatants were loaded in SDS polyacrylageti€8%), and the electrotransferred
to nitrocellulose membrane. The membrane was btbekith blocking solution (PBS, 5%
Skim milk and 0.1% Tween-20) for 1 h at room tenapere washed with PBST (PBS
and 0.1% Tween-20). The blocked membrane was itedléth an anti-HA antibody (a
rabbit polyclonal IgG, Santa Cruz Biotechnology]lBs TX) or an anti-cadherin
fragment antibody detecting AaeCad CR7-11 or anrfaeCad peptide antibody
(CISYSIDESTLETHGENLPTT) (Chen et al., 2009) fronadwu Chen, Department of
Cell Biology and Neuroscience, University of Catifi@, Riverside, CA (1:3,000)
overnight at 4°C. The membrane was washed with PB8d then subsequently
incubated with anti-rabbit horseradish peroxid&$eR, 1:5,000) secondary antibody

(Sigma, St. Louis, MO) for 1 h at room temperatdtieer washing with PBST, the HRP

49



activity was revealed with a luminal substrate {hn@ Scientific, Lafayette, CO) and

exposed to an X-ray film in a darkroom.

Immunolocalization of AaeCad

C6/36 cells (1 x 10cells) were plated in a slide chamber (Fisher, ptam, NH)
and incubated overnight at Z7. The cells were washed three times with PBS laed t
fixed in 4% paraformaldehyde in PBS for 1 h at raemperature. The fixed cells were
blocked with blocking solution (PBS, 2% BSA) fohlat room temperature. The cells
were then incubated with anti-cadherin fragmenibaxly (1:100 dilution) in PBS
including 1% BSA for 1 h at room temperature, walstigee times with washing buffer
(PBS, 0.1% BSA, and 2% Goat Serum) and incubatéu@y3-conjugated goat anti-
rabbit IgG (1:1000, Jackson Immuno Research, Weste&; PA) in PBS including 0.1%
BSA and 2% Goat Serum for 1 h at room temperatudark condition. The fluorescence
was observed using Zeiss 510 confocal microscoystitiite for Integrative Genome

Biology).

Purification of Cry11A toxin

B. thuringiensis strains expressing Cryl1Aa (Chang et al., 1993Fwrown in
nutrient broth sporulation medium containing 25migérythromycin at 30°C for 4-5
days (Lereclus et al., 1995). The inclusion boftieCryl11Aa were isolated as previous
reported (Cowles et al., 1995). Briefly, after aalkolysis, the spores and crystal

inclusions were harvested by centrifugation at @0x@ for 10 min at 4 °C, and washed
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three times with 1 M NaCl, 10 mM EDTA, pH 8.0. Tsgore and crystal mixture was
resuspended in the same buffer and then centrifag#8,000xg for 2 h on a
discontinuous NaBr gradient (42%, 45%, 49%, 52°%, 26P6) in SW28 swing rotor. The
purified Cry11A inclusions were washed, solubilizedb0 mM NaCO; pH 10.5 buffer,

and then activated by trypsin (1:10 w/w) at 37°@] atored at -80°C until needed.

Cytotoxicity test

The toxicity of Cry11A to C6/36 cells expressingefCad or EGFP was analyzed
by using a MTT (3-[4,5-dimethylthiazol-2-yl]-2,5qhenyltetrazolium bromide)
cytotoxicity assay (Chow et al., 1989). In briefs 60" cells were plated in each well of a
96-well cell culture dish and incubated overnigh2Z2C. The plate was centrifuged at
1,000xg for 5 min. The medium was removed and osglavith the fresh medium
containing the activated Cry11A toxin (finally 534860 nM) and the cells were incubated
for 3 h at 27C. After centrifugation at 1,000xg for 5 min, thedum was removed and
replaced with a mixture of 200 pl fresh medium a0dul MTT solution (5 mg/ml MTT
in PBS) and the cells were incubated 2 h &2 The plate was centrifuged at 1,000xg
for 5 min and the medium was removed. Isopropar@I-6DS solution (120 pl) was
added to each well and the absorbance was rea@atrd with a microplate reader

(Molecular Devices, Sunnyvale, CA).
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Results

Construction of expression vectors

To construct a clone that would express AaeCadnosquito cell line, the
AaeCad cDNA was slightly modified (Figure 2.1). THi®&ITR was removed and a Kozak
sequence was added at the 5’end of AaeCad. Als®theR was removed and an HA-
Tag and EGFP was added at the 3’end of AaeCadilddte detection of expression.
The modified AaeCad of approximately 6021 bp irgkdrnwas cloned into pACTIN.SV
vector. To facilitate the selection of cell linéggsticidin-resistance sequence was cloned
into the plE1.SV vector (Figure 2.1C). This vecot@s co-transfected with pACTIN.SV-
AaeCad to develop stable cell lines. After seleditor two weeks, cells formed colonies
and colonies expressing green fluorescent protene wicked up and subsequently

grown to analyze the AaeCad expression.

AaeCad are stably expressed in cells

To determine the expression of AaeCad clonedpAGTIN.SV, non-soluble
proteins were extracted and detected with an aAtahktibody, an anti-cadherin fragment
antibody or an anti-cadherin peptide antibody. Wedied a band around 250 kDa in
AaeCad-transfected cells that was not detectedniral cells expressing only EGFP
(Figure 2.3). Hence the full length cadherin isresged in these cells as a 250kDa

protein.
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To determine the sub-cellular location of AaeCatnunolocalization of AaeCad
in cells was analyzed using an anti-cadherin fragraatibody and a secondary antibody
conjugated red fluorescence. Cells expressing Ad@@d control cells expressing only
EGFP were stained without permeabilization to ded@@Cad localized in the plasma
membrane and analyzed under confocal microscopefRer expression was also
determined by detecting the fluorescence from EGFtrol cells expressed EGFP
(Figure 2.4A) and did not have specific immunofksrence staining (Figure 2.4B).
AaeCad was expressed and localized mostly in tteptasm, in addition to the plasma
membrane (Figure 2.3C). Red immunofluorescencaistawithout cell
permeabilization showed clearly that AaeCad was lalsalized in the plasma membrane

(Figure 2.4D).

Cellsexpressing AaeCad are more sensitive to CryllAatoxin

The toxicity of Cryl1Aa to these cells was analybgdh MTT cytotoxicity assay
using activated Cryl11A toxin at final concentrati@f 50 - 400 nM. After cells were
incubated with activated Cryl1Aa for 3 h, live sellere analyzed by measuring reduced
MTT. Control cells expressing the EGFP protein wasensitive to Cryl1Aa toxin even
at concentrations up to 400 nM. However, cells egping AaeCad showed significant
sensitivity to the toxin from 200 nM (29% deathyyC1A toxin at 400 nM killed

approximately 37% of the cells in 3 h (Figure 2.5).
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Discussion

The cadherin receptor plays an important role i tGxin toxicity in lepidopteran
insects (Bravo et al., 2005). Therefore, an Aaeiatiwas the most homologous to
cadherin of Lepidoptera was identified and investeg to determine if it is a functional
receptor of Cryl1Aa toxin iAe. aegypti. Previous research reported that a partial
fragment of AaeCad bound Cryl1Aa with high affini@hen et al., 2009). Further,
silencing of AaeCad expressiamvivo lead to increased tolerance against Cryll1Aa
toxicity (Rodriguez-Almazan et al., 2012).

Based on these results, we tested whether AaeCdichtee Cryl1Aa toxicity in a
mosquito cell line, C6/36 expressing AaeCad. Tottescytotoxicity of Cryl1Aa, we
established a stable cell line expressing AaeCuad.similar approacHeliothis and
Manduca cadherins were transiently expressedinsophila S2 cells. These cell lines
showed maximum 20% and 5% mortality for CrylAc &rglAb, respectively at 330
nM (Jurat-Fuentes et al., 2006). In contrdanduca cadherin was stably expressed in
Trichoplusia High Five cells and showed 80% mortality for Crydléat 180 nM (Zhang et
al., 2005). Previous higher cytotoxicity test résdlfrom cell lines, which stably
expressed co-ordinal cadherins. Therefore, westatfiressed thAedes cadherin in the
mosquito cell line, C6/36 fromedes albopictus by co-transfecting blasticidin-resistance
gene and selecting with blasticidin.

AaeCad expression in the C6/36 cell line was datexdhwith three different

antibodies. The immunoblotting showed only the RB@ band was observed in cell
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extracts and AaeCad degradation products wereatetigd showing the full length
cadherin was stably expressed. Furthermore, latadiz of AaeCad in cells was
determined with EGFP fluorescence and an anti-cadfragment antibody detecting
CR7-11. EGFP fluorescence showed the AaeCad wasssqu and localized in the
cytoplasm as well as the plasma membrane. Expressite cytoplasm is likely due to
overexpression of AaeCad. In previous binding ags@yy11Aa bound to only CR7-11
of AaeCad with high affinity (Chen et al., 2009n& the antibody was directed to this
fragment, the red immunofluorescence staining abtaiwithout cell permeabilization
shows that the CR7-110f AaeCad is localized onroelinbrane, and is accessible to
extracellular toxins.

The cell line expressing AaeCad showed increasesitsaty to Cryl1Aa. The
cytotoxicity test showed 29 and 37% cell death 2@ and 400 nM of activated
Cryl1Aa toxin, respectively. In contrast, Cryl1®ain did not kill control cells
expressing EGFP. The level of mortality obtainebvger than the cytotoxicity obtained
with High Five cell line stably expressibganduca cadherin although the toxicity is
higher than that obtained from transient expresseilg (Zhang et al., 2005; Jurat-
Fuentes et al., 2006). These results suggest getandary receptor may be required for
full toxicity of the Cryl1Aa to be manifest. Thextoity of Cry toxin in Lepidoptera
requires secondary receptors like APN or ALP (Brawal., 2004; Jurat-Fuentes et al.,
2004). InAe. aegypti, two APNs were identified as a Cryl1Aa receptdidet al.,
2009). However, these APNs bind monomer Cryl1A&a Wwigh affinity, while

lepidopteran APN showed low affinity for monomeddngh affinity for oligomer
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(Bravo et al., 2004; Fernandez et al., 208&les ALPs were localized in caeca and
posterior mdigut oAedes larvae. These are the same regions which Cry $dxam Bii
bound (Ravoahangimalala et al., 1995; Chen e2@09). This result suggests that an
ALP possibly functions as a secondary receptoCigrl 1A toxicity. Previously three
ALPs were tested and the ALP (AAEL009077) boundl@Aa and Cry4Ba (Fernandez
et al., 2009). However, this ALP was involved irttb€@€ryl1Aa and Cry4Ba toxicity
(Jiménez et al., 2012). Therefore, future researchquired whether the other ALP
actually mediates Cryl1Aa toxicity as a secondacgptor.

Consequently, Cryl1Aa killed cells stably expreg#aeCad while Cryl1Aa did
not kill control cells expressing EGFP. However aaiditional receptor may be required
for full toxicity and Aedes ALP is proposed as an additional receptor. Theegfoiture

research aimed to investigate the role of ALP ipl@Aa toxicity is needed.
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Table 2.1. Primers used for cloning of AaeCad.

Primers Sequences (5'-3")

5EM-S GCGGCCGC AGGCCT CCACC ATG GATATGATAATGTG

5EM-A GTATAC TTTCCTTCTATTTCATTGG

3EM1-S GCTTAGC CCCGCTATGATGGAGCACATC

3EM1-A AGCGTAGTCTGGGACGTCGTATGGGTA GAATCGATGTGTCAGTTCATCG
3EM2-S GACGTC CCAGACTACGCT ATGGTGAGCAAGGGCGAGGA

3EM2-A GAGCTC TTA CTTGTACAGCTCGTCCATGC

BLA-S AGATCT CCACCATGGCCAAGCCTTTG

BLA-A CACGTG TTAGCCCTCCCACAC
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Figure 2.1 Aedes cadherin (AaeCad) is modified and cloned into pACEV expression
vector. (A) 5EM was amplified with a sense prim&E-S) which has restriction
enzyme sites (Notl and Stul), a Kozak sequence (CC)Aand a start codon and an
antisense primer (5EM-A) which has a restrictionyene site (Bstz171). (B) 3EM1 was
amplified witha sense primer (3EM1-S) which has a Blpl restncgazyme site and an
antisense primer (3EM1-A) which has a HA-tag
(TACCCATACGACGTCCCAGACTACGCT). (C) 3EM2 was ampéfil from
pHyperD9a vector with a sense primer (3EM2-S) wihiah a partial HA-tag and an
antisense primer (3EM2-A) which has a stop codahrastriction sites (Nhel, Pmel and
Sacl). (D) 3EM was constructed from 3EM1 and 3EMIhg restriction sites (Zral and
Sacl). (E) 5EM was cloned into AaeCad in pCR2. hwibtl and Bstz171, subsequently
3EM was cloned into Blpl and Sacl. The modified 8ad was cloned into pACTIN.SV

using restriction sites (Xbal and Sacl).
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Figure 2.2. Construction of expression vectors.ALTIN.SV-AaeCad. Modified
Aedes cadherin (AaeCad) fromhe. aegypti larvae of approximately 6021 bp in length
was cloned into pACTIN.SV vector. (B) pACTIN.SV-EBFThe pACTIN.SV vector
including theEGFP gene was used for a control cell line. (C) pIELXE4. A blasticidin-
resistance sequendad gene) from the pCoBlast vector was cloned intalpgi¥ vector.
To make a stable cell line, pACTIN.SV-AaeCad an81pSV-Bla / pACTIN.SV-EGFP
and plE1.SV-Bla were co-transfected into C6/8édgs albopictus) cells and then cells

were grown and maintained in fresh medium contgibilasticidin.
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A

250 kDa

Figure 2.3. AaeCad is stably expressed in AaeGatstected cells. To determine the
expression ofedes cadherin cloned into pACTIN.SV, non-soluble protewere

extracted and detected with an anti-HA antibody, @) anti-cadherin fragment antibody
(B) or an anti-cadherin peptide antibody (C). lihcakes, we detected a band around 250
kDa in AaeCad-transfected cells. The 250 kDa pnatepresents the full-length cadherin.

Lane 1: EGFP-transfected cells, 2: AaeCad-transfiectlls.
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Figure 2.4. AaeCad is localized in the plasma mamdrTo determine the sub-cellular
location of AaeCad, receptor expression was detexdhby immunofluorescence staining
under confocal microscopy or by detecting fluoreseefrom EGFP. EGFP fluorescence
showed AaeCad was expressed and localized modtig iaytoplasm, in addition to the
plasma membrane (C). Red immunofluorescence stpimithout permeabilization
showed clearly that AaeCad were localized in tlasmpla membrane (D). (A)
Fluorescence from control cells expressing only EGB) Immunostaining of control
cells using anti-cadherin fragment antibody. (G)dféscence from cells expressing
AaeCad-EGFP. (D) Immunostaining of cells expressiagCad-EGFP using anti-

cadherin fragment antibody.
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Figure 2.5. Cells expressing AaeCad are more $ems$it Cryl1Aa toxin. The toxicity of
Cryl1A to these cells was analyzed in a MTT cytaibyx assay using activated Cry11A
toxin at final concentrations of 50 - 400 nM. Aftdlls were incubated with activated
Cryl11A for 3 hours, live cells were analyzed by sweag reduced MTT. Control cells
expressing the EGFP protein (black) were insersttvCry11A toxin up to 400 nM.
However, cells expressing AaeCad (red) showed tatsto the toxin and Cry11A

toxin at 400 nM killed approximately 37% of thelseh 3 hours (n=3, t-test, p < 0.05).
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Chapter 3

A novel Aedes aegypti cadherin isafunctional receptor of the CryllAatoxin from

Bacillus thuringiensis subsp. israelensis

Abstract

Bacillus thuringiensis subspisraelensis (Bti) has been used to contrddes
aegypti for more than three decades. However, its mechmaisistill unclear because Bti
produces at least three mosquitocidal toxins (Ce42ry4Ba, and Cryl1Aa), and these
toxins bind multiple proteinsdedes cadherin, alkaline phosphatase, and aminopeptidase
N) that appear to be involved in toxicity. Usingvhole genome screen to identify genes
that are altered during Cryl1Aa intoxication, wentified two cadherin genes that were
significantly down-regulated: AAELO00597 and AAELTIB6. To further characterize
the role of the two cadherins in Cryl1lAa toxicitye cloned separately, expressed and
purified the two functional domains (cadherin reapamains and EGF-LamG domains)
from AAELO00597 and AAEL001196. The binding affnibf Cryl1Aa to these
fragments was analyzed by ELISA, and we showe&®E-LamG fragment from
AAEL000597 bound Cryl11Aa with high affinit)k{ = 12.0 nM). Furthermore, this
domain competed with Cryl1Aa binding to mosquitagoit membranes. To show if the
cadherin is involved in modulating Cryl1Aa toxicityvivo, we used dsRNA to silence
the expression of the AAELO00597 cadherin in lamalgut. At doses that killed 50% of
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control mosquitoes only 30% of the AAEL000597-stledAedes mosquitoes died.
These data suggest that AAELO00597-silenced masegiltas tolerance to Cryl1Aa,
implying that this cadherin is involved in medigti€ryl1Aa toxicity. We further
investigated the binding regions of EGF-LamG donfisom AAEL000597 and loop
regions from Cryl1Aa toxin. We found two separatglons of EGF-LamG domain
interacted with Cryl1lAa toxin and, correspondinglyo loops of Cryl1Aa toxin are

involved in toxin binding.

Introduction

Bacillusthuringiensis, a spore forming bacterium, produces during sptara
insecticidal crystalline inclusions consisting obeins known as Cry and Cyt toxins
(Gill et al., 1992). One of the subspedighuringiensis subspisraelensis (Bti)
produces toxins that are highly selective to dgmeansects, particularly mosquitoes and
black flies (Margalith et al., 2000). Hence Bti leesen used largely for control of these
insects, including\edes aegypti, an important disease vector for a long time (kace
2007). However, despite long-term usage of Btigmechanism in mosquitoes is still
poorly understood.

A proposed mechanism of Cry toxin in Lepidopterthes pore-forming model
(Soberon et al., 2009). This model is based on symg observed in Cry toxin-treated
Lepidoptera, and on the structure of Cry toxin.e Tinodel proposes the toxin undergoes

oligomerization and then inserts into the membileading to pore formation that causes
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cell-swelling and bursting (Bravo et al., 2004; 8epf et al., 1998). Binding to
membrane proteins, including cadherin (Gahan g2@01; Nagamatsu et al., 1998;
Vadlamudi et al., 1993), aminopeptidase N (APN)I(@ial., 1995; Knight et al., 1995),
and alkaline phosphatase (ALP) (Jurat-Fuentes,e2@04; Sangadala et al., 1994) is
necessary to trigger activation, oligomerizatiod amembrane insertion of the Cry toxin.
The most recently identified protein is an ATP-binglcassette transporter (ABC
transporter). A mutation in a homologous ABC tramsgr inHeliothis virescens was
linked to CrylAc resistance as wellBambyx mori resistance to CrylAb (Gahan et al.,
2010; Atsumi et al., 2012). Another proposed meidmans the signal-cascade model that
is based on cell cultures that express the lepataptcadherin protein (Zhang et al., 2005;
Zhang et al., 2006). After the Cry toxin binds cawih, the cell line initiates a cell death
program that occurs via activation of adenylyl egd and protein kinase A. In addition, a
number of lepidopteran insects have shown pregly hesistance to several Cry toxins
that have been used for their control (Bravo et28l08). The resistance mechanisms
were observed in these insects involving mutat@mmdeletions on receptor proteins,
defects in receptor binding, or lack of receptateins (Bravo et al., 2008). Based on
these results, receptor proteins play a pivota molCry toxin toxicity in Lepidoptera.
Based on the proposed mechanisms in Lepidoptadhecins are important
receptors mediating Cry toxin toxicity. Ae. aegypti, a 200 kDaledes cadherin
(combined sequences of AAELO07478 and AAELO074883 wlentified as a Cryl1lAa
receptor (Chen et al., 2009Bedes cadherin has high affinity to Cry1l1AKd = 16.7 nM),

substantially lower affinity to Cry4Aa, but did nioind Cry4BaAedes cadherin also
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bound Cry11Ba, a homologous toxin producedbgillus thuringiensis subsp.
jegathesan (Chen et al., 2009; Likitvivatanavong S, 2011)tHa case oAn. gambiae,
two Anopheles cadherins (AgCadl and AgCad2) were identifiedwatpve receptors for
Cry4Ba and Cryl1Ba (Hua et al., 2013; Hua et @l08. AgCad1 had high affinity with
Cry4Ba and AgCad1l fragment synergized Cry4Ba toxiai An. gambiae as well ashe.
aegypti (Park et al., 2009). AgCad2 which shares 14% itettt AgCadl showed high
affinity (Kd = 11.8 nM) with Cryl1Ba (Hua et al., 2013). AgCddfyment inhibited
Cryl1Ba binding to brush border vesicles and dse@&ryl1Ba toxicity in larvae.
The different affinities of Cry toxins of iden&ftl receptor proteins between Cry
toxins suggest that the target proteins of Cryrtexnay be different and at least two
mechanisms are likely involved in Bti toxicity &. aegypti (Likirvivatanavong et al.,
2011; Rodriguez-Almazan et al., 2012). Based osethesults, we screened all cadherin
proteins inAe. aegypti and analyzed them according to molecular weigttexpression.
Using a whole genome screen to identify genesatealtered during CryllAa
intoxication, we identified two cadherin genes (AABO0597 and AAEL001196), which
encode proteins of around 200 kDa, were signifigaddwn-regulated. Phylogenetic
analysis showed they were homologous to N-cadheiihgrefore, we hypothesize that
N-cadherins are involved in Cryl1Aa toxicityAe. aegypti. To test this hypothesis, we
examined whether Cryl1Aa binds N-cadherins, ahdeadherin silencing influences

Cryl1Aa toxicity. We also investigated binding i@ of N-cadherin and Cryl1Aa.
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Materials and Methods

Cry 11Aatoxin preparation and loop peptides

B. thuringiensis strains expressing Cryl1Aa (Chang et al., 1988)rgl1Aa
loop a-8 mutant proteins (Fernandez et al., 2005) wesevgrin nutrient broth
sporulation medium containing 25 pg/ml erythromya&ir80°C for 4-5 days (Lereclus et
al., 1995). The inclusion bodies for Cryl1Aa wesalated as previous reported (Cowles
et al., 1995). Briefly, after cell autolysis, thigores and crystal inclusions were harvested
by centrifugation at 10,000xg for 10 min at 4 *@gdavashed three times with 1 M NaCl,
10 mM EDTA, pH 8.0. The spore and crystal mixtwaes resuspended in the same
buffer and then centrifuged at 15,000xg for 2 hraahiscontinuous NaBr gradient (42%,
45%, 49%, 52%, and 56%) in SW28 swing rotor. Thefied Cry11A inclusions were
washed, solubilized in 50 mM MaO; pH 10.5 buffer, and then activated by trypsin
(1:10 w/w) at 37°C, and stored at -80°C until needéryl1Aa loom-8 mutant proteins,
E266A and V262A, were prepared in a similar manRer.biotin-labeled Cry11Aa, the
purified and activated Cryl1Aa was biotinylated aadfied using a Sephadex G25
column following the manufacturer’s protocol (GEdthcare Life Scienc®ittsburgh,
PA). The loop-8, 1, 2, and 3 sequences in Domain Il were obtbirem Cryll1Aa
model analysis (Fernandez et al., 2005). The lagiiges were synthesized, lyophilized,

and stored at -20°C until needed (GenScript, Paseay, NJ; Table 3.3).
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Expression and sequence analysis of cadherin proteins

Early fourth-instaAe. aegypti larvae were treated with Cryl1Aa at the;bC
concentration level for 24 h. Total RNA were thettracted from dissected midguts of
surviving larvae using TRIzol. RNA was also pregghfrom midguts ofe. aegypti
larvae that were untreated. These RNA samples theresent to Roche NimbleGen
(Madison, WI) for probing microarrays prepared bg tompany using data obtained
from theAe. aegypti genome (Nene et al., 2007). The expression data m@malized
and the transcript expression levels in the midduintreated and Cryl1Aa-treatéd.
aegypti larvae were analyzed using jagtio. Data of cadherin expression level in a
population ofAe. aegypti larvae that were exposed to Bti in the field {®at al., 2012)
were obtained from VectorBase (http://www.vectoghas)).

A set of cadherin sequences frémm aegypti, Drosophila melanogaster and
Bombyx mori, and Bt-R-homologous cadherin sequences franopheles gambiae,
Heliothis virescens andManduca sexta were obtained from VectorBase, FlyBase
(http://flybase.org/), SilkDB (http://silkworm.genocs.org.cn), and NCBI
(http://www.ncbi.nlm.nih.gov). The protein sequeseeere aligned using ClustalX and a
phylogenetic tree was then produced by maximuntiied in the Mega 5 program.
Cadherin sequences were analyzed by Lasergene (@NAsr molecular weight,
HMMTORP (http://www.enzim.hu/hmmtop) to identify theansmembrane domains, and
MyHits (http://myhits.isb-sib.ch/cgi-bin/index) amtosite

(http://prosite.expasy.org/scanprosite/) to idgnpifotein motifs and domains.

74



Cloning and expression of partial cadherin fragments

Two functional domain regions, a cadherin repedtamEGF-LamG domain,
were identified in each of the two cadherins oérast, namely AAEL001196 and
AAELO000597. These domains, the cadherin repeat&sig-LamG domain of
AAEL001196 (here named 1196CR and 1196EGF) andA&L£000597 (named 597CR,
and 597EGF) were amplified frofe. aegypti larvae midgut cDNA using primers based
on theAe. aegypti genome (Table 3.3) (Nene et al., 2007). The amredliPCR products
were cloned into a pCR2.1 vector and fully sequér{testitute for Integrative Genome
Biology, University of California, Riverside, CA).

To express protein domains, each fragment was dlote the pQE30 series
expression vector (Qiagen) and transformed intdvthé (pREP4) strain. The bacterial
strains were individually grown at 37°C and thed¥atinal His-tagged recombinant
proteins were induced by adding 1 mM isopropyd-thiogalactoside (IPTG) for 5 h at
37°C. The bacteria were then lysed and the pratelnsion bodies were harvested using
a B-PER Bacterial Protein extraction reagent (RieRockford, IL). The lysates were
centrifuged at 15,000xg for 15 min and the pelleé&n dissolved in 0.1 M NaOH and
dialyzed in PBS pH 7.4 overnight at 4°C. The crpd#ein concentrations were
guantified using the BCA assay (Pierce). This nmxtwas separated by 10% SDS-PAGE
gel and the percent of the recombinant proteitécdrude mixture was assessed by
guantification of scanned images of the gel usmgde J software (NIH). The

solubilized proteins were stored at -80°C untilduse
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Five overlapping fragments (Table 3.3) from the H®&E and Laminin G domain
of AAELO00597 (namely, 597EGFa, b, c, d, and e)enaanplified from 597EGF, cloned
into the pQE30 expression vector as described addeeprotein fragments were
expressed in M15 cells, purified by lysis, dissdlwe 0.1 M NaOH, and dialyzed in PBS

for use in competition binding assays.

Binding assays

ELISA binding assay was performed as previouslydesd (Perez et al., 2005)
using purified domain fragments (597CR, 597EGF50R, 1196EGF, 597EGFa-e)
from the AAEL001196 and AAEL000597, and a cadhegjmeat domain (CR7-11) from
Aedes cadherin (AaeCad, AAEL0O07478) (Chen et al., 2009hrief, 0.4 pg CryllAain
50 mM NaHCQ pH 9.6 coating buffer was added to each well @&-avell microtiter
plate. After an overnight incubation at 4°C, thatps were washed three times with
PBST buffer (PBS, 0.1% Tween 20), then treated bliticking buffer (PBS, 0.5%
gelatin, 0.1% Tween 20) for 1 h at 37°C. After wagtthree times with PBST, 0.01 —
1,000 nM protein solutions in PBST and 0.1% gelatane transferred to the coated wells
and incubated for 2 h at 37°C. The protein sohgieere discarded and the plates were
washed three times with PBST. To detect proteinsiddo Cryl1Aa, anti-His antibody
(1:5,000) was added to each well and incubate@ foat 37°C and then washed three
times with PBST. Subsequently, goat-anti mouseklakghosphatase antibody (1:1,500)
was incubated in each well for 1 h at 37°C. Afteee-time washing with PBST, the

phosphatase activity in each well was determineddung freshly prepared substrate (3
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mM nitrophenyl phosphate) and the absorbance re4@d5anm with a microplate reader
(Molecular Devices, Sunnyvale, CA).

A modified competitive binding assay was performagtth loop peptides of
Cryl1Aa or CryllAa mutant proteins. Briefly, 0.4 pugrified 597EGF in 50 mM
NaHCG; pH 9.6 coating buffer was coated in 96-well platernight at 4°C, washed
three times with PBST, and blocked with PBST fdr at 37°C. Biotin-labeled Cryl1Aa
(10 nM) was mixed with 0.01 — 1,000 nM of the Iqmgptides (loo@-8, 1, 2, and 3),
activated Cryl1Aa mutant proteins (E266A and V262k)activated CryllAa as a
control. The mixtures were pre-incubated in PBSd@ @1% bovine serum albumin (BSA)
for 1 h at room temperature, transferred into gladé@d then incubated for 2 h at 37°C.
After three-time washing with PBST, a streptavitiorseradish peroxidase (HRP)
conjugate (1:1,500) was incubated into each wellLfb at 37°C and washed three times
with PBST. The HRP activity was revealed addingraihol substrate (Thermo
Scientific, Lafayette, CO). An X-ray film was platever the microplate and the spot
densities were measured and quantified by Imagé&ware and Origin (Origin Lab,

Northampton, MA).

Preparation of Brush Border Membrane Vesicles(BBMV).

BBMV were isolated from dissected midguts of edolyrth-instarAe. aegypti
larvae as reported (Nielsen-Leroux et al., 1992eff, midguts were resuspended and
homogenized in ice-cold buffer A (0.3 M mannito5 M EGTA, 20 mM Tris-ClI, pH

7.4) including protease inhibitor cocktail (Roclaed 1 mM phenylmethylsulfonyl
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fluoride (PMSF). The homogenate was added with M¢@ially 12 mM) and kept on
ice for 20 min. The mixture was centrifuged at 8x§for 15 min at 4°C and the
supernatant was collected and kept on ice. Thetpe#s resuspended in ice-cold buffer
A and retreated as above for the first homogermpaii he collected supernatant was
centrifuged at 14,000xg for 60 min at 4°C. ThegteNas resuspended in buffer A and
protein concentration was quantified using the B&3&ay. The freshly prepared BBMV

was immediately used for binding assay.

Competition of cadherin fragmentsto Cry11A bindingto BBMV

Competitive binding assays were performed with BBptépared above in a 96
well format as previously described (Likitvivatamang S, 2011). Briefly, 4 ug BBMVs
in 50 mM NaHCQ pH 9.6 coating buffer were added to each well 86avell plate and
incubated overnight at 4°C. The plate was washextttimes with PBST and blocked
with PBST for 1 h at 37°C. Biotin-labeled Cryl11A#(nM) was mixed with 0.01 —
1,000 nM protein solutions including 597CR, 597EGE5CR, 1196EGF, AaeCad, or
597EGFa-e and pre-incubated in PBST and 0.1% B$A foat room temperature. The
mixtures were transferred into each well and intedbdor 2 h at 37°C. After three-time
washing with PBST, a streptavidin-HRP conjugaté&,800) was incubated into each
well for 1 h at 37°C and washed three times wittsPBThe HRP activity was revealed
adding a luminol substrate (Thermo Scientific) #meh exposing an X-ray film over
plate. The spot densities were measured and gigahtiy Image J software and Origin

(Origin Lab).
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Genesilencing of AAEL 000597 and AAEL 001196 cadherins

Specific ~500 bp regions from the EGF and LamG dosnaf AAELO00597 or
AAEL001196 were amplified and cloned into LITMUSIi 2&luding T7 promoters.
dsRNAs were synthesized using the HiScribe T7 tnoViransciption kit (NEB, Ipswich,
MA) following the manufacturer’s protocol and stdri@ -20°C until used. LacZ dsRNA
were similarly prepared for use as controls.

Cadherin silencing iRe. aegypti larvae midgut was performed as described
previously (Cancino-Rodezno et al., 2010). In hr2€f0 pg dsRNAs were diluted in the
DNA-condensation buffer to a final volume of 4 mixed with 0.8 ml Enhancer buffer
by vortexing for 1 sec, and then incubated for B miom temperature. The samples were
mixed with Effectene (1.3 ml) by vortexing for 1€csand then incubated for 10 min at
room temperature to allow transfection-complex fation. These mixtures were added
to dechlorinated water (final volume 10 ml) contagn200 first-instaAe. aegypti larvae.
After 16 h, the dsRNA-fed larvae were transferieér¢sh water and the larvae fed dog
food and yeast (3:1), and then reared under stdrugrditions (29°C, 8:12 h light:dark)
until they were early fourth instar. These larvasrevthen used for bioassays or dissected
to determine the expression of target genes. e@sbays, 25 early fourth-instar larvae
were transferred into plastic cups containing 20@resh tap water and incubated with
CryllAa at a dose that gives ansg@t 24 h. The L&y values were determined with
wild-type larvae using different Cryl1Aa conceritras before bioassays with dsRNA-
treated larvae were performed. Larval mortalityanfae treated with dsRNA was then

determined.
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Quantitative Real-time PCR (qPCR)

Total RNA was extracted from Cryl1Aa- or dsRNAate larvae midgut using
TRIzol reagent. The cDNA was synthesized from tBidlA of each sample using
SuperScript Il (Invitrogen), diluted, and then bagliquots were used as the templates for
gPCR. Primers were designed that were specificARl1£000597, AAEL001196, and
actin (AAEL011197) as a reference gene for quaraiion. Our microarray data showed
the actin expression (AAEL011197) was not change®$, -0.06, or -0.07 fold) in
CryllAa-treated larvae midgut at L§-LCsp, or LCyo compared to untreated larvae
midgut. The primers were designed to give prodtiashave similar properties in terms
of nucleotide length and %GC content. PCR conditiomcluding the template cDNA,
primer concentrations and annealing temperaturese adjusted for amplification
efficiencies (Efficiency 90 — 110%) for all gen€ptimized PCR master mix (20 pl)
contained the following components: 10 pl iQ SYBR& supermix (Bio-Rad), 5 ul
cDNA and 10 pM each primer. The qPCR was perforosg CFX Real-time PCR
(Bio-Rad). The optimized thermal program consisieane cycle of 95°C/1 min and 40
cycles of 95°C/1 min, 62°C/1 min, and 72°C/1 molldwed by a final extension of one
cycle 72°C/5 min. Following gPCR, the homogeneit}he PCR product was confirmed
by melting curve analysis (Ririe et al., 1997). Quifecation of the transcript level or
relative copy number of the gene was conductedrdowpto the Pfaffl method (Pfaffl,
2001). The gPCR was repeated with Cryl1Aa- or dsiigAted larvae midguts to give

three biological replicates.
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I mmunolocalization of AAEL 000597 cadherin in Aedes aegypti larval midguts.

Peptide (Table 3.3, -CPQTEEVCSQSEQTS-) was comaiBreynthesized
(Genscript) from AAEL000597 sequence and conjugtdeximaleimide-activated KLH
carrier protein (Pierce) via the cysteine introadliaethe NH-terminal according to the
manufacturer’s protocol. The conjugated peptide uwgesl to immunize rabbits five times
for antibody development and serum from the thlesding was used for
immunohistochemistry.

AAELO000597 cadherin localization was detectedanval guts as previously
reported (Chen et al., 2009). Briefly, whole fouiristar larvae were fixed in 4%
paraformaldehyde (PFA) overnight at 4°C, washe@Bi$Tx (PBS and 0.1% Triton X-
100), and dehydrated in a 20, 40, 70, 96, and 1€nol series. The tissues were
incubated in ethanol/xylene mixtures (70/30, 30t/én 0/100) and placed in 100%
paraffin for 24 h at 55°C. The tissues were embddd@araffin blocks, 8-1Qm thick
sections cut, placed on to poly-L-lysine slideswili®o gelatin, and the slides dried for 1-
2 days at 40°C.

For immunolocalization, the tissue sections weastved with 100% xylene,
rehydrated in 100, 70, 40, and 20% ethanol anedims deionized water and PBSTX.
After blocking with 2% BSA and PBSTX, the tissuetsmns were incubated overnight at
4°C with anti-N-cadherin antibody diluted 1:20 #%BSA and PBSTx. After washing
with 0.1% BSA, 2% goat serum, and PBSTX, the tisaations were incubated for 1 h in
the dark with secondary antibodies, Cy3-conjuggteat-anti-rabbit (1:100) for the

cadherin and Phalloidin-Alexa 488 (1:100) for adiinrhe images were obtained with
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laser-scanning confocal Zeiss Axioplan microscdj®M Zeiss 510, Institute of

Integrative Genome Biology, University of CalifoaniRiverside).

Results

Cadherinsin Aedes aegypti

Because two cadherins have been implicated in ntosgual toxicity of Cry
toxins, in particular Cry11 proteins (Hua et aD13; Hua et al., 2008), we screened all
putative cadherin genes in tAedes genome (Nene et al., 2007). We found a total of 18
cadherin genes in the genome (Table 3.1). Alldeatified cadherins were analyzed for
changes in transcript expression in CryllAa-treltace midgut using whole genome
microarrays or the LITOX strain (Tetreau et al.12] In larvae surviving Cryl1Aa-
treatment at the L{g for 24 h, seven of the cadherin transcripts wapeifscantly altered
(P <0.05) (Table 3.1). Four of these showed irsmdaxpression (AAEL000246,
006955, 007299, and 011166), while three were dagualated (000597, 001074, and
001196). Of these the 001074, 001196, 007299 ahtl@Blwere also significantly
altered in the LITOX strain (Tetreau et al., 2012).

Since we pulled down proteins of around 200kDagislnyl1Aa as a bait
(Fernandez et al., 2006), we focused on cadhdratputatively are approximately 200
kDa in molecular weight. Eight cadherins were idfiestt as proteins of this size (Table
3.1). Of the seven transcripts that had significdr@nges in expression, only four of the

transcripts encode for proteins of about 200 kD7, 001074, 001196, and 006955)

82



(Table 3.1). Of these four the most significantraly we observed with 001196 (P =
0.0001). Hence, further work was done with thisegand a closely related gene 000597.
Quantitative real-time PCR confirmed that the egpi@n of these two transcripts was
suppressed in CryllAa-treated larvae midgut - AAEISD7 (-61.9%) and

AAEL001196 (-70.1%) (Table 3.2). Interesting irthTOX strain (Tetreau et al.,

2012), AAEL001196, was also significant suppreq3eadble 3.1).

To further characterize these cadherins, aminoseggiences of all the cadherins
were aligned with other cadherin sequences hmaphele gambiae, Drosophila
melanogaster, Bombyx mori, Heliothis virescens, andManduca sexta by clustalX and
analyzed using the maximum likelihood method (FegBil). The phylogenetic tree
showed AAEL000597 and AAEL001196 were highly hongolos with the classical
cadherin, N-cadherin d. melanogaster, which mediates cell-cell junctions between
epithelial cells.

The putative functional and structural domainshef N-cadherins were analyzed
by HMMTOP, Prosite, and MyHits. The putati®edes N-cadherins have two large
domains in the extracellular region. One domainaos six (AAEL0O01196) or eight
(AAELO00597) cadherin repeats (CR) in the N-terrhnegion of both proteins. The
other domain contains three or four EGF-like dors&nd two LamininG domains.

(Figure 3.2).
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Cryl1Aabinds N-cadherin, particularly the EGF-like and LamG domain

To investigate if Cry11A binds the two N-cadheritiee CR domain and the EGF-
LamG domains from AAEL000597, namely 597CR (92 kB&7EGF (67 kDa), and
those from AAEL001196, namely 1196CR (75 kDa), 4h86EGF (70 kDa), were
individually cloned into the pQE30 series expressiector, expressed, and purified for
binding assays (Figure 3.2, Table 3.3). Dose-depatndLISA binding assays
demonstrated Cryl1Aa binds the 597EGF fragment bastess so the 597CR, 1196CR,
and 1196EGF fragments (Figure 3.3A). AaeCad CRifdrh Aedes cadherin, which
binds with high affinity to Cryl1Aa, was used gsositive control.

Furthermore, each fragment was tested for comypetitinding affinity with brush
border membrane vesicles (BBMV) frohe. aegypti midgut to determine which
fragment has the highest affinity for the Cryl1Aaih. Competitive binding assays
showed the 597EGF domain had the highest appadifentyato Cryl1Aa toxin
compared to other fragments (Figure 3.3B). Khéor 597EGF was 12.0 nM compared
to 30.2 nM for AaeCad CR7-11 (Table 3.5). Hievalues for 597CR, 1196CR and

1196EGF were substantially higher.

N-cadherin mediates mosquitocidal CryllAa toxicity

To test if either of the two N-cadherins are inwam\n Cryl1Aa toxicityn vivo,
the expression of N-cadherins (AAEL001196 and AAII0597) was silenced in larval
midgut using dsRNA (Cancino-Rodezno et al., 20E0¥t instar larvae were fed with

effectene-coated dsRNA (Table 3.3) obtained framfAAELO00597 (597dsRNA),
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AAEL001196 (1196dsRNA), or LacZ (LacZdsRNA) as atrol for 16 h and then reared
until the fourth instar. Quantitative real-time PGRowed significantly reduced transcript
changes of AAELO00597 (-66%) or AAEL001196 (-81% 6O 7dsRNA- or
1196dsRNA-treated larvae midgut compared to lacRtsfReated larvae midgut (Table
3.4). Cryl1lAa treatment of dsRNA-treated larvathatLGplevels showed that this dose
killed 50% of the lacZ-silenced larvae, but only@0f AAELO00597-silencededes
larvae (Figure 3.4). AAEL001196 also showed low taldy (33%), but due to large
variability in the bioassays the values are ndistteally significant. These results imply
that the AAELO00597 N-cadherin and likely AAELOOXKLAre indeed involved in

mediating Cryl1Aa toxicity.

CryllAatoxin bindstwo regionsin the EGF-like and LamG domain

Since the AAEL000597 attenuates CryllAa toxicitgl &#a EGF-like and LamG
domain binds the Cry11A toxin, we investigated \iahiegion of this AAELO00597
domain interacts with Cryl1Aa. Five overlapping-tfigged fragments from the EGF-
LamG domain of AAEL0O00597 (named as 597EGFa, O, and e) were cloned,
expressed, and the proteins purified for ELISA bigchssay (Table 3.3, Figure 3.5A).
The five fragments were incubated with immobiliZ&xy11Aa toxin and the bound
fragments were detected by anti-His antibody. Tiofebe fragments, 597EGFa,
597EGFb, and 597EGFe, bound Cryl11Aa, but not 59¢EBHE 597EGFd (Figure 3.5B).
To determine if any of these fragments competet @ityl1Aa binding taA\edes larval

midgut BBMV, competitive binding assay were perfedwsing the five overlapping
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fragments with BBMV. Each fragment was incubatethwbiotin-labeled Cryl1Aa in
BBMV-coated well. Not surprisingly all fragmentsrapeted with Cryl1Aa binding to
BBMV, but the 597EGFb and 597EGFe fragments coatdpete the best with Cry11A
binding, giving relatively lovKi values; 597EGFIK(, 5 nM) and 597EGF&K(, 12.6
nM). These values are very similar to that obtawéd full length 597EGF fragmenkK({|,

12 nM).

Two loopsin Cryl1Aadomain Il bindsto AAEL 000597

Previous analyses of Cryl1Aa identified four loegions of domain Il (loop-8,
loop 1, loop 2, loop 3) may be related to toxinding to BBMV (Fernandez et al., 2005)
(Table 3.3). To analyze if any of these loop regiare also involved in Cryl1Aa binding
the EGF-LamG domain, synthetic peptides correspanth these four putative loop
regions were synthesized and used for competiingdiriy assays. These binding assays
showed that primarily loop-8 and to some extent loop 2 bound 597EGF and ctatpe
with Cryl1Aa toxin binding, but not loops 1 andRdure 3.6A). To identify specific
amino acids involved in the loap8, which had bound with greatest affinity, loo{®
toxin mutants were analyzed. The mutant E266A gfLCAa competed with biotin-
labeled Cryl1lAa binding to 597EGF, but mutant V26#ACry11Aa did not compete
(Figure 3.6B). Interestingly, V262 and not E26@olved in binding to théedes
cadherin (AAELO0O7478). Therefore, different amamds in the same loap8 are

involved in binding to two different cadherinsAe. aegypti.
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N-cadherins arelocalized on the apical membrane epithelial cells

To determine the localization of N-cadherins, &mtadherin antibody was
developed with AAEL000597 peptide (-CPQTEEVCSQSEQTEhe anti-N-cadherin
antibody detected proteins on the apical membrapesierior midgut (Figure 3.7D, E,
F). However, immunofluorescence was not observegiasiric caeca, anterior midgut,
and Malpighian tubules (Figure 3.7A, B, C). The Tlrpa toxin also binds the posterior

midgut (Charles et al., 1983; Chen et al., 2009).

Discussion

Previous studies with lepidopteran insects dematestrthat cadherins are
important receptor proteins mediating Cry toxiniedy (Gahan et al., 2001; Vadlamudi
et al., 1993; Vadlamudi et al., 1995; Yang et2007; Zhang et al., 2006). Based on
these results, we and others showed that cadreeraso involved in mediating Cry
toxicity in mosquitoes. In the caseAf. gambiae, two Anopheles cadherins (AgCadl
and AgCad?2) were identified as putative receptor<iy4Ba and Cryl1Ba (Hua et al.,
2013; Hua et al., 2008). AgCad1 is the most honmlsgcadherin ttManduca cadherin,
and AgCad?2 shares 14% identity to AgCadlAdnaegypti, anAedes cadherin that was
the most homologous cadherinMi@anduca cadherin was identified as a functional
receptor for Cryl1Aa. Because two cadherins haea baplicated in mosquitocidal

toxicity of Cry toxins, in particular Cryl1 protarfChen et al., 2009; Hua et al., 2013;
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Hua et al., 2008), it is possible cadherins othantthat those previously reported may
mediate the toxicity of Bti toxins.

Hence we screened all putative cadherin gene<iAdties genome (Nene et al.,
2007). Of the 18 cadherin genes identified in teeagne, a number showed altered
expression patterns upon exposure tgolévels of CryllAa (Table 3.1). One of these
cadherins (AAEL001196) was very significantly adtéy as was a related cadherin
(AAELO00597). Both were approximately 200 kDa inlewular weight, a size we
previously identified as Cryl1Aa interacting prote{Fernandez et al., 2006).
Phylogenetic analysis showed these were N-cadhevimish are present in cell-cell
junctions between epithelial cells. Based on tipeséminary results, we hypothesized
that N-cadherins are involved in the toxicity ofyCtAa inAe. aegypti.

To prove this hypothesis, the structure of N-camlisewas analyzed. Each of the
cadherin had two functional domains; cadherin redemains (CR) and EGF-LamG
domains (EGF). Based on previous data, which shdkegtdn both lepidopteran and
mosquito cadherins the Cry toxins all interact wita CR domains, we expected the
Cryl1Aa toxin would bind to the CR domains of b&#EL000597 and AAEL001196.
However, surprisingly it is the EGF-LamG domainAEL000597 that binds Cryl1A
with the greatest affinity and not the CR domamy ¢his domain is important in
Cryl1Aa toxin binding tAedes midgut BBMV. Further, while both the AAELO00597
and AAEL001196 transcripts are suppressed uponl&gExposure, it is the

AAEL000597 cadherin that apparently plays a moitecat role, since the EGF-like and
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LamG domain of AAELO00597 has the highest affirfky = 12.0 nM), which is lower
than that for AaeCad (AAEL0O07478) (30.2 nM) (Chemle 2009).

These results further suggest that Cry toxins pteféind protein regions that are
near the membrane. Similarly Aedes cadherin Cryl1Aa binds the proximal CR7-11
regions (Chen et al., 2009); the most proximahtdell membrane (CR12-MPED) of
Manduca cadherin mediates cytotoxicity with CrylAb (Huaaét 2004); and CR11-
MPED of Anopheles cadherin synergizes Cry4Ba toxicity (Hua et 800&). According
to these results, it appears that Cry toxins prteféind to the close to transmembrane
domain regardless of the type of binding domairteRmally this binding to membrane
proximal domains is critical for subsequent int@tion processes, such as membrane
insertion and pore formation or cell signaling.

To determine if N-cadherins mediate Cryl1Aa toyiaitvivo, the N-cadherins
were silenced in larvae midgut. AAELO00597-silentastae had tolerance for Cryl1Aa
toxicity and finally showed only 30% death while?s®f control larvae were killed at
same concentration. This mortality (30%) is the s@® that obtained frodedes
cadherin (AAELO07478) silencing in larvae midgAédes cadherin-silenced larvae
showed 30% mortality at Cryl1Aa k§concentration while 50% of control larvae were
killed at the same concentration (Rodriguez-Almaataal., 2012). Moreover, this result
is consistent with the binding assay data obtawigd the N-cadherin fragments.
Silencing of N-cadherin (AAEL0O00597), which bindsyC1Aa with good affinity,

resulted in larvae that are more tolerant agaimgt TAa, while silencing of N-cadherin
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(AAEL001196), which has low-binding affinity for €t1Aa, showed non-significant
mortality changes. Therefore, receptor binding ke step in the toxicity of Cry toxin.

Furthermore, we tested which region of EGF-LamG aions involved in
Cryl1Aa binding. Among five-overlapping regionsptgeparated regions, 597EGFb and
597EGFe, bound Cryl1Aa. In tanduca cadherin three CR repeats, CR7, CR11, and
CR12 were identified as CrylAb binding regions (&aret al., 2001; Dorsch et al., 2002;
Hua et al., 2004). In contragtedes cadherin showed CRS, 9, 10, 11 bound Cryl1lAain
ELISA assay (Chen et al., 2009). However, this imgassay withAedes cadherin was
performed without a competitor, thus a competibueding assay might provide more
specific binding regions. Also iAedes ALP (AAEL009077) two regions interacted with
CryllAa (Fernandez et al., 2009). These resultgesighat Cryl1Aa needs to interact
with two at least distinct receptor domains pogsiatilitating a conformation change in
the toxin that is likely need for membrane insertio

Correspondingly, two Cryl1Aa loops bind the EGFeldnd LamG domain of N-
cadherin (AAEL0O00597), and were identified as lee® and 2 in Cryl1Aa domain II.
Manduca cadherin interacted with loap8, 2, and 3 in Cry1Ab toxin domain Il and
Aedes cadherin bound loog-8 and 2 in Cryl1Aa toxin domain Il (Chen et aD09;
Gomez et al., 2003). In additiofedes ALP (AAELO09077) interacted with loop-8 of
Cryl1Aa domain Il and loop1819 of Cryl1Aa domain Il (Fernandez et al., 2009).
Thus the same Cryl1Aa loops biAddes cadherin as well as N-cadherin (AAEL000597).

However, different amino acids on loag8 are involved; the Cryl1Aa mutant E266A
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lost binding withAedes cadherin, while the mutant V262A lost binding wiNkkcadherin.
Hence, the two cadherins Ag. aegypti have distinct Cryl1Aa binding epitopes

In immunolocalization in larval gut, N-cadherin wa@etected on the apical
membrane of posterior midgut. This result indicakes N-cadherin may mediate
Cry11A toxicity following previously suggested pdoeming or signal cascade models.
However, previous reports also suggest possibldvamsm with N-cadherin. In Bti-fed
larvae guts, epithelia cells were detached fronh edlcer and cell arrangement was
disrupted implying Cry toxins disrupted adhesionigit junction (Singh et al., 1986). N-
cadherin basically mediates cell-cell junction betw epithelial cells. Therefore, it is still
needed to determine if N-cadherin localizes betwagsthelial cells and Cry toxin causes
unstable structure of N-cadherin.

In summary, we isolated a novel cadherin that mesdi€ryl1Aa toxicity irAe.
aegypti. This N-cadherin (AAEL000597) bound Cryl1Aa witiglh affinity and was
involved in Cryl1Aa toxicity. Moreover, two bindinggions in N-cadherin interacted
with two loops of Cryl1Aa. Currently, five differeproteins have been identified as
Cryl1Aa receptors; cadherin (AAELO07478), APNs(AAHR778 and AAELO08155),
ALP (AAEL009077), and N-cadherin (AAELO00597) (Chetnal., 2009; Chen et al.,
2009; Fernandez et al., 2009). Silencing recepolivae midgut revealed these
receptors mediate CryllAa toxicityvivo (Rodriguez-Almazan et al., 2012). However,
receptor binding regions on Cryl1Aa were slighiffedent for each receptor. These

results implicate that Cryl1Aa may involve morertlose mechanism or one receptor.
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Here we propose that Cryl1Aa takes pathogenic @gthiroughAedes cadherin as well

as N-cadherin.
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Table 3.1. The N-cadherins (AAELO00597 and AAELO®8)Lhave significantly reduced
expression in CryllAa-treated larvae midgut. Cadhgroteins inAedes aegypti were
analyzed in molecular weight and gene expressio@ryilAa-treated larvae midgut or
LiTOX strain. Eight cadherin proteins were arour XDa and four of these cadherins
showed significant transcript expression change<ipllAa-treated larvae at L§

(underlined).

LCyo LITOX

Gene ID MW (kDa) Fold P-value Fold P-value  Description
AAEL000246 389 0.98 0.02 - - Stan
AAEL000597 197 -0.77 0.005 1.2 0.58 N-cadherin
AAEL000700 343 0.39 0.35 1.0 0.75 Dachsous (Ds)
AAEL000717  66.5 0.16 0.69 1.0 0.38  Dachsous (Ds)
AAEL001074 197 -1.01 0.001 1.8 0.02 Cad89D
AAELO001196 187 -1.03 0.0001 -1.0 0.03 N-cadherin
AAEL006534 181 -0.37 0.25 1.6 0.16 Fat like
AAEL006955 193 0.69 0.02 1.2 0.55 Cad88D
AAEL007299 74.9 1.39 0.0001 -1.3 0.04 Cad96Cb
AAELO007478 198 0.34 0.59 -1.2 0.31 Bt-R;
AAEL008314 40.6 0.26 0.55 1.3 0.39 Calsyntenin
AAEL008318 151 0.20 0.70 1.1 0.35 Calsyntenin
AAEL008421 191 0.04 0.86 1.2 0.13 Cad99C
AAEL009616 202 0.57 0.06 1.2 0.58 Cad74A
AAELO011164 268 0.61 0.09 1.1 0.45 Fat2
AAEL011166 121 1.43 0.0001 1.2 0.04 Fat2
AAEL012421 159 0.0006 0.99 1.7 0.02 DE-cadherin
AAEL013873 99.1 0.42 0.48 - - DE-cadherin
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Table 3.2. The N-cadherin (AAELO00597 and AAELOO@&J9ranscripts are down-

regulated in CryllAa-treated larvae midgut compéaodtiat in untreated larvae midgut.

LCio
Gene ID MW (kDa) Fold P value gPCR (%)
AAELO000597 197 -0.77 0.005 -62+10
AAEL001196 187 -1.03 0.0001 -70+21

100



Table 3.3. Sequences of partial N-cadherin fragsjetdop peptide sequences of

Cryl1Aa toxin and N-cadherin dsRNA sequences.

Protein Sequence Molecular mass (kDa) Amllgg acid
597CR IRIGIAD - IAGITDE 89.3 48-845
597EGF KAESCRS - QEGQTLK 65.5 991-1561
1196CR IRYKITS - VWYNYQG 72.1 8-653
1196EGF CMCNARE - ALKFSTS 66.4 890-1474
597a KAESCRS - FYREQFD 22.7 991-1190
597b RGYPRLL - TFKQQSY 22.7 1091-1290
597¢ PTHYRWN - LDGGEGR 22.9 1191-1390
597d VKYALSF - DPFECVD 23.1 1291-1490
597e AVDDGQW - QEGQTLK 22.4 1362-1561
Loop a-8 GVSIPVNYNEWY 14 257-268
Loop 1 DIPARENRGVH 14 298-309
Loop 2 FTQWFQSTLYG 14 386-396
Loop 3 LTYNRIEYDSPTTEN 1.8 447-461
(fof;?tti'gg 3) CPQTEEVCSQSEQTS 1.7 1234-1248
Nucleotide Sequence Length bp No.
597dsRNA  AAGGCGGAAT - GATGCGACTT 508 bp 2971-3478
1196dsRNA  AAGGGTATCC - ATTGGCAATT 507 bp 2999-3505
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Table 3.4. N-cadherin (AAELO00597 and AAELOO0119@)niscripts are down-regulated
in the midgut of dsRNA-treated larvae. AAELO005%pression in 597dsRNA-treated
larvae midgut was 64% down-regulated compared ®inrLacZdsRNA-treated larvae
midgut. AAEL0O01196 expression in 1196dsRNA-tredtastae midgut was 64% down-

regulated compared to one in Lac dsRNA-treatechklamidgut

Gene ID Transcript change, % of dsRNA-treated larvae midgut
AAEL000597 -64+15
AAEL001196 -81+16
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Table 3.5. N-cadherin, particularly the EGF-likedramG domain of AAELO00597,
binds Cryl11Aa with high affinity. Specifically tt#07EGFb and e fragments interact

with Cryl1lAa.

Cadherin Fragments Ki (nM, average)®

Aedes Cadherin CR7-11 30.2
1196CR 159
1196EGF 79.4
597CR 100
597EGF 12.0
597EGFa 21.9
597EGFb 5.0
597EGFc 27.5
597EGFd 27.5
597EGFe 12.6

®i values were obtained from the concentration comeding to half the saturation
response of specific binding.
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BGIBMGAQ10453
AAELO00700
BGIBMGAO010597
CG3352
AAEL006534
AAELO11164
CGIT49
AAEL011166
cGegr7
CG6445
AAEL0D9616
BGIBMGAQ10874
AGAP001591
CG3389
AAEL006955

Ij CG14900
AAEL001074

E CG31009
AAEL008421

CG13664

—|:AAEL007299

CG10244

CG143%

CG11059

CG42601
AAEL008314

|— AAFEL008318
BGIBMGA010266
CG11895

AAELOD0246

BGIBMGA002951
AAELO12421
AAEL013873
CG3722
BGIBMGAO010267
CG7100
BGIBMGA002950
BGIBMGA002952
AAELO00S97
AAEL001196
CG42829
CGT527
BGIBMGA002949

BGIBMGAQ10599

N-cadherins

—E AGAP002828
AAELO07478

Bt-R; homologous cadherin

05

BGIBMGA013619

AAKS85198
BGIBMGAQ013616
AAG3TN2
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Figure 3.1. AAELO00597 and AAEL001196 are classlifés N-cadherins in

phylogenetic analysis with mosquito and lepidopteradherins. The phylogenetic tree
was obtained from ClustalX alignment followed byngsthe maximum likelihood

method with mosquito and lepidopteran cadherin seges. Cadherin sequences of
Aedes aegypti andAnopheles gambiae were obtained from Vectorbase (sequences have
the prefix AAEL and AGAP). Cadherin sequences gitleptera were obtained from
NCBI and SilkDB (AAK:Heliothis virescens, AAG: Manduca sexta and BGIBMGA:

Bombyx mori).
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CR1 CR2 CR3 CR4 CR5 CR6 CR7 CR8 EGF LamG EGF LamG EGF  TM
597CR ) 597EGF
597dsRNA

CR1 CR2 CR3 CR4 CR5 CR6 EGF LamG EGF LamG EGF EGF TM

1196CR 4mmm) 1196EGF

1196dsRNA

Figure 3.2. N-cadherins contain two functional doreacadherin repeat domain and
EGF-like and LamG domain. Full amino acid sequenga® analyzed by MyHits to
identify functional domains and motifs in the N-badns. Each N-cadherin contains six
or eight cadherin repeats domains (CR), three ur E6sF-like domains (EGF), two
Laminin G domains (LamG) and a Transmembrane doffat). Two fragments from
each N-cadherin (597CR, 597EGF, 1196CR, and 119pl@Fe amplified fromAedes
midgut cDNA and used for binding assay (yellow aacfles). Approximately 500 bp
dsRNAs (arrows) were synthesized from 597EGF o6ETF to silence N-cadherin

expression. (A) AAEL0O00597. (B) AAEL001196.
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Figure 3.3. Cryl1Aa binds to AAELO00597, particlyahe EGF-LamG domain, but not
AAEL001196. (A) Each fragment (0.01 — 1000 nM) wasubated with Cryl1Aa and
then the bound protein was detected by ELISA. T9#ESF fragment showed the best
dose-dependent binding to immobilized Cryl1Aa, 4h96CR, 1196EGF, 597CR bound
less. (B) Each fragment (0.01 — 1000 nM) was coatgpetith Cryl1Aa binding téedes

BBMV. In competitive binding assays, 597EGF showagher affinity compared to

other fragmentsii = 12.0 nM).Aedes cadherin CR7-11x), 597CR(¥ ), 597EGF¢),

1196CR¢), and 1196EGFK).
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Figure 3.4. AAEL0O00597-silenced larvae have incedaslerance for Cryl1Aa implying
that N-cadherin (AAELO00597) mediates mosquitocidail1Aa toxicityin vivo. First-
instar larvae were fed effectene-coated dsRNAlémse N-cadherins. At doses that
killed 50% of control mosquitoes (lacZ dsRNA) o8I§% of AAEL0O00597-silenced
Aedes mosquitoes (597dsRNA) died, suggesting N-cadi@&#AEL000597) is involved

in toxicity. The 597 transcript of AAELO00597-silead larvae was significantly reduced

(-66%) when compared to control (lacZ-silenceddaiv
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Figure 3.5. Cryl1Aa binds two regions in the EGFalGadomain of AAELO00597. (A)
Five overlapping fragments were cloned from lamagut cDNA and expressed to
analyze binding with Cryl1Aa. (B) Each fragmen0{31000 nM) was incubated with
Cryl1Aa and then the bound protein concentratios dedected by ELISA. The
597EGFa ), 597EGFb ¢), and 597EGFe+] fragments showed dose-dependent
binding to immobilized Cry11A, but not 597EGFA& Y and 597EGFdY). (C) Each
fragment was incubated with biotin-labeled CrylIA&8BMV-coated wells. All

fragments competed with BBMV to bind Cryl1Aa, b@7&GFb ¢) and 597EGFe-]

showed the highest affinity for Cryl1Aa (Table X5~ 5.0, 12.6 nM).
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Figure 3.6. Two loops of Cryl1Aa domain Il bind 88 F-LamG domain of
AAEL000597. (A) Loop peptides competed with Cryllgmimmobilized 597EGF
fragments. Loop.-8 and loop 2 peptides competed with biotin-labéegil 1Aa, but not
the loop 1 and loop 3 pepides. Cryl14, (oopa-8 (e), loop 1 (A), Loop 2 (¥), and
loop 3 ¢). (B) Cryl1lAa mutants were competed with CryllAdaramobilized 597EGF.
The Cryl1lAa mutant E266A4) competed with biotin-labeled Cryl1Aa like Cryll1Aa

(m), but the mutant V262A of Cryl1Aa) did not compete.
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Figure 3.7. N-cadherins are localized on the api@nbrane of posterior midgut. N-
cadherin localization was determined with anti-NHoerin antibody and subsequently
Cy3-linked secondary antibody (red). The cell d@asiue structures were visualized by
phalloidin (green). Red immunofluorescence showezhiherins are localized on the
apical side of the posterior midgut (PMG, D, E, &)dN-cadherin was not detected in

anterior midgut (AMG, A), gastric caeca (GC, B)danalpighian tubules (MT, C).
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Chapter 4

I nvestigation of areceptor associated with Cryl1Aa resistance in Aedes aegypti

Abstract

Bacillus thuringiensis subspisraelensis (Bti) has been widely used as an
alternative method for the control of mosquito pagans. However, the mechanism of
Bti toxins is still not fully understood. To eluate the mechanism of Bti toxins, we
selected aredes aegypti population that shows high level resistance talCAa toxin.
After 30 selections with Cryl11Aa toxin, the lanste®wed a 124-fold resistance ratio for
CryllAa (Strain G30). G30 larvae showed strongscresistance with Cry4Aa (66 fold
resistance), but weaker cross resistance to Cry#Béold) and Cryl1Ba (2 fold).
Moreover, removing Cryl1Aa selection pressure nradistant larvae more susceptible
quite quickly (G25-5, 20 fold resistance). G30 &smidgut did not show any difference
in protease activity compared to susceptible la(Vd&). However, G30 brush border
membrane vesicles (BBMV) bound Cryl1lAa less conpaneNT and G25-5 BBMV
implying receptor proteins mediate Cryl1Aa resisgaimAe. aegypti. To identify
receptor proteins associated with Cry11A resistamaascript changes of all genes in the
larval midgut were analyzed using lllumina sequegcilhe transcripts of 23 genes were
significantly increased and 115 genes were downlaged in G30 larvae midgut
compared to WT and G25-5. However, no known recegeaes identified as receptors
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of Cryl1Aa (cadherin, alkaline phosphatase, anchap@ptidase N) were not altered
found in this analysis. The genes for the iderdifienctional receptorsAgédes cadherin,
ALP1, APN1, and APN2) in G30 larvae midgut did nohtain any mutation in their
sequences nor was there any change in their expmdssels compared to WT. N-
cadherin (AAEL0O00597), a novel receptor of Cryl14@ not contain any mutation in
G30 larvae gDNA. However, the N-cadherin transanp®30 larvae midgut was
expressed at lower levels compared to WT larvagutidrhese results were consistent
with immunoblot assays using BBMV, where N-cadh@raotein levels were reduced (-
38%) in G30 larvae midgut, while tiAedes cadherin (AAELO07478) levels were
unchanged. In addition, the ALP (AAEL003298) proteias expressed at reduced levels
(-40%) in the G30 strain as analyzed by immunoatat mass spectrometry. These
results strongly suggest that N-cadherin and AlBsaasociated with CryllAa

resistance ire. aegypti.

Introduction

Aedes aegypti is an important vector of human diseases suclerguet fever,
chikungunya, yellow fever that are transmitted tigio blood feeding by the mosquito
(WHO, 2002; Tomori, 2004, Ligon, 2006). One apptoaxdecrease the prevalence of
these diseases has been to cotedes mosquitoes. One of the agents used for this
control isBacillus thuringiensis subspisraelensis (Bti). Bti also has high toxicity to

other human disease vectors, includihgex (the vector of West Nile virus and
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filariasis), Simulium (the vector for onchocercgsiand to a less exteAaopheles spp
(vectors for malaria) (Margalith et al., 2000). Tiigh insecticidal activity and the low
toxicity to other organisms has resulted in thedaige of Bti for control of mosquito and
black fly populations for more than three decathsvever, its mechanism is still
unclear because Bti produces a number of mosqdébtoxins.

This bacterium contains a megaplasmid, pBtoxisctviencodes the proteins
Cry4Aa, Cry4Ba, Cryl0Aa, CryllAa, CytlAa, CytlCal &yt2Ba (Berry et al., 2002).
Of the principal Bti proteins, Cry4Aa, Cry4Ba andyClAa, have been identified as he
major active toxins against mosquitoes (Chilcotlet1988), while CytlAa has low
mosquitocidal activity. However, CytlA is a synst@f the active Cry toxins, acting as
a surrogate receptor for these toxins in the mesaunidgut (Perez et al., 2005; Perez et
al., 2007). The biological activity of many of th&her proteins is still unknown.

Among the toxins in Bti, Cryl1Aa is important fdretcontrol ofAe. aegypti
because it is the most active toxin (Chilcott et H988) and shows high affinitiKd ~
28.9 nM) to the brush border membranéefaegypti (Chen et al., submitted). Cryl1Aa
bound to four proteins of 62, 65, 100 and 200 kbbarush border membrane vesicles
(BBMV) from Ae. aegypti midgut epithelia (Fernandez et al., 2006). Amdregt, the
65kDa protein was identified as a GPl-anchored AAREL009077) and a functional
receptor of Cryl1lAa ie. aegypti midgut cells, and localizes to the gastric caexh a
posterior midgut (Fernandez et al., 2006). The KIDQ protein was expected to be a
cadherin proteinAedes cadherin (AAELO07478 and AAEL007488), which is

homologous with Bt-Rthat mediates CrylA toxicity in Lepidoptera, wésned and a
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partial cadherin fragment bound the Cryl1Aa toxithvaigh affinity (Chen et al., 2009).
Moreover, cadherin-silenced mosquitoes had inccettderance for Cryl1Aa toxicity
(Rodriguez-Almazan et al., 2012). Additionally Ctya pull-down assays coupled with
mass spectrometry identified 95 and 140-kDa pret@ithen et al., 2009). The 140-kDa
protein was identified as an APN (AAEL012778) (Cle¢ral., 2009). This APN
immunolocalizes to the apical membrane of posteniglgut epithelial cells and bound
Cry1l1Aa with high affinity Kd = 8.5 nM). Interestingly, botAedes cadherin and APN
showed high affinity for the same Cryl1Aa. The Talprotein is also an APN
(AAELO08155) (Chen et al., submitted). This APN innmolocalizes to the apical
membrane of gastric caeca.

Interestingly resistance to Bti has not been requbyet in the field, while some
lepidopteran insects have developed field resistam other Bt toxins (Mittal, 2003).
Therefore, to elucidate toxin mechanisms of actiesistant lab strains have been
developed. As a laboratory-selected mosq@téex quinquefasciatus was selected with
single or multiple toxins from Bti (Georghiou et,a997). After 28 generations, the
selected strain with a single Cryl1Aa showed tighést resistance ratio (at least 1,000
fold), but selection with four toxins including Qyia resulted in the lowest resistance
level (3.2 fold). The cross-resistance patternthes$e strains were observed with
combinations of mosquitocidal Cry toxins and alifstrains showed the cross resistance
to Bti toxins as well as Cryl11Ba froBacillus thuringiensis subsp jegathesan (Btj)
(Cheong et al., 1997; Wirth et al., 1998). For egeanCryl1Aa-resistant strains revealed

a high resistance ratio to Cry4Aa and Cry4Ba (4dl@), but very low resistance to Bti
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(1.1 fold) and Btj (2.8 fold) strains. These resultiggest that single Cry toxins trigger
the development of more rapid resistance, but Catavevents resistant development
because CytlAa functions as a surrogate membramaedlyeceptor for Bti Cry toxins in
mosquitoegPerez et al., 2005). Withe. aegypti, a field collected strain that was
selected with toxic leaf litter containing Bti toxs for 30 generations (LITOX strain)
showed low resistance ratio (3.5 fold) to a Bti tare (Tetreau et al., 2012). But this
strain showed 67-fold, 9-fold, and 9-fold resis&amnatio for Cry4Aa, Cry4Ba, and
Cryl1Aa compared to susceptilfle. aegypti . Transcript changes and differential
protein expression analyses with LITOX showed ABREL003298) and APN
(AAEL012776) in LITOX larvae midgut were down-regted. These results imply that
ALP and APN are possible receptors mediating Cxintoesistance in mosquitoes.
Based on these results we developed resiseties aegypti with the Cryl1Aa
toxin, the most active toxin in Bti to this specigselucidate the molecular mechanisms
of its action. The CryllAa-resistafé. aegypti was analyzed to determine if protease or
other enzyme activities were involved in Cryl1Asiseance. To find a link to Cryl1Aa
resistance, midgut transcript changes were analyged) RNA-seq. Furthermore,
transcript and protein expression levels of prestpidentified receptor proteins for

Cryl1Aa were investigated using gPCR and immunaidety.
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Materials and Methods

Rearing CryllAa-treated Aedes aegypti

Adult Ae. aegypti were reared at 2€, 8:12 h light:dark, and 50% humidity and
fed 10% sugar water or blood fed once a week, ggd eollected on moist filter paper.
Larvae were reared in deoxygenated tap water ataime photoperiod and fed a mixture

of dog food and yeast (3:1).

Selection of a Cry11A resistant mosquito colony and bioassays

EMS (ethyl methansulfonate) mutagenesis was usedbtton resistanhedes
mosquitoes. Adult males of a highly heterogeneeaes aegypti colony were fed sugar
water for 24 h containing 10 mM EMS to cause randoutations. EMS-treated male
adults were mated with untreated virgin femalesctvlafter mating were allowed to
blood feed and lay eggs. To monitor the developroérgsistance to Cryl1Aa and
determine Cryl1Aa concentrations needed for selectioassays were performed for
each generation. In brief, 25 of early fourth-ingtéavae were transferred to plastic cups
containing 200 ml tap water and then fed Cryl1Adifférent concentration for 24 h.
Bioassay results were analyzed by Probit (EPA) rgi® program (Origin Lab,
Northampton, MA). Then early fourth-instar larvaggroximately 2000 larvae) were
treated with Cryl1Aa at the lggor LCqyo for 24 h. Surviving larvae were transferred to

fresh water and reared until the next generatitwe. 25-5 strain was constructed as a
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control to determine reversion of resistance. B#$ strain that had 77-fold resistance

ratio for Cryl1Aa was reared without toxin treatmfem five generations.

Cry toxins preparation

For crude Cry toxin productiol. thuringiensis strains producing Cry4Aa,
Cry4Ba, Cryl1Aa, or CryllBa (Chang et al., 1993 eDleise et al., 1995), were grown
in nutrient broth sporulation medium containingl&¥ml erythromycin at 3@ for 4-5
days for cell autolysis to occur (Lereclus et B995). Spores and crystal inclusions were
harvested 10,000xg for 10 min &C4 washed twice with sterilized water, and stored i
water at -80C until used.

The inclusion bodies for Cryl1Aa were isolated @vijously reported using
NaBr gradients (Cowles et al., 1995). In brief, tia@vested spores and crystal inclusions
were washed 3 times with 1 M NaCl, 10 nM EDTA pla.8 his mixture was
resuspended in the same buffer and then centrifag&8,000xg for 2 h on a
discontinuous NaBr gradient (42%, 45%, 49%, 52%, 26P6) in SW28 swing rotor. The
purified Cryl11A inclusions were washed, solubilizede0 mM NaCO; pH 10.5 buffer,
activated by trypsin (1:10 w/w) at 37°C, and staaed80°C until needed. For biotin-
labeled Cryl1Aa, the purified and activated Crylives biotinylated and purified using
a Sephadex G25 column following the manufactunaridocol (GE Healthcare Life

Science, Pittsburgh, PA).
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Preparation of Brush Border Membrane Vesicles(BBMV)

BBMYV were isolated from dissected midguts of edolyrth-instarAe. aegypti
larvae as reported (Nielsen-Leroux et al., 1992, frozen midguts were
resuspended and homogenized in ice-cold buffer.2NDmannitol, 0.5 M EGTA, 20
mM Tris-Cl, pH 7.4) including a protease inhibitarcktail (Roche, Madison, WI) and 1
mM phenylmethylsulfonyl fluoride (PMSF). Mg&ffinally concentration 12 mM) was
added to the homogenate and then kept on ice fari@0The mixture was centrifuged at
3,000xg for 15 min at 4°C and the supernatant wdseated and kept on ice. The pellet
was resuspended in ice-cold buffer A and treatezbase for the first homogenization.
The combined supernatants were then centrifugéd,800xg for 60 min at 4°C. The
pellet was resuspended in buffer A and protein entration was quantified using the

BCA assay. BBMV were used fresh.

Alkaline phosphatase and Aminopeptidase assay

ALP and APN enzymatic activities were measuredgiginitrophenyl phosphate
and leucings-nitroanilide (Sigma, St.Louis, MO) as a substrdté®wing previous
methods (Jurat-Fuentes et al., 2004; Chen et@9;Fernandez et al., 2006). Freshly
prepared BBMVs (5 pg) were mixed with ALP buffe@QImM Tris/HCI, pH 9.5, 100
mM NaCl, 5 mM MgCI2, 1.25 mMp-nitrophenyl phosphate) or APN buffer (20 mM
Tricine, pH 8.0, 0.4% methanol, 0.005% bovine sealibnmin, 0.18 mM leucing-
nitroanilide) in a final volume of 200 ul. The sas@ncentration of bovine serum

albumin (BSA) in ALP or APN buffer was used as akgaound control. Enzymatic
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activities were monitored as changes in the absasbat 405 nm for 5 min at room

temperature in a microplate reader (Molecular DesiGSunnyvale, CA).

Protease activity test

Total protease activity in wild-type and the G3@sts was analyzed as published
(Forcada et al., 1996). Dissected midguts were ¢davwesuspended, and homogenized in
ice-cold extraction buffer (50 mM Tris-Cl, pH 7.4fter centrifugation at 12,000xg for
15 min at 4°C, the supernatant was transferreteghftube and quantified using the
BCA assay (Pierce, Rockford, IL). The CryllAa prato(10 pg) was mixed with 0.1 pg
midgut extraction in 50 mM N&QO;s, pH 10 including 10 mM dithiothreitol (DTT) and
incubated for 5, 10, 15, 20 min at 37°C. A conwak incubated with only buffer for 20
min at 37°C. Protease activity was stopped by agdaemmli sample buffer and heating
the samples for 5 min at 100°C. Digested samplas @ealyzed in SDS polyacrylamide
gel (10%). SDS polyacrylamide gel was stained inr@assie stain solution (0.1%
Coomassie brilliant blue, 10% acetic acid, and 40&thanol) and subsequently
destained in destain solution (10% acetic acid20%d methanol). The stained band
densities were measured and quantified with Imaggtware (NIH) and analyzed with

Origin program (Origin Lab).

Binding assay
The kinetics of Cryl1Aa binding were performed wBBBMV prepared above in

a 96-well format as previously described (Likiti@aavong S, 2011). In brief, 4 pg
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BBMVs in 50 mM NaHCQ pH 9.6 coating buffer were added into each wel 66-

well plate and incubated overnight at 4°C. Theelaas then washed three times with
PBST (PBS pH 7.4 and 0.1% Tween 20) and blockel RBST for 1 h at 37°C. For
total binding, biotin-labeled Cryl1Aa (0.1 — 100 hiv 100 pul binding buffer (PBST pH
7.4, 0.1% Tween 20, and 0.1% bovine serum albumwéng added into the BBMV-
coated plates and incubated for 2 h at 37°C. Fospecific binding, parallel wells were
incubated under identical conditions, except ingtesence of 10 uM cold Cryl1lAa. The
plate was washed with PBST three times and tharbated with streptavidin-
horseradish peroxidase (HRP) conjugate (1:1,500) foat 37°C. After washing three
times with PBST, HRP activity was detected witluainol substrate (Thermo Scientific,
Lafayette, CO) and the plated exposed to an Xitayih a darkroom. The spot densities
were measured and quantified with Image J soft@dhd) and analyzed with Origin
program (Origin Lab). Specific binding was obtairsedtotal binding minus nonspecific
binding and the dissociation constalitl was obtained from the concentration

corresponding to half the saturation response e¢ifip binding.

Transcriptome sequencing and bioinformatics

Midgut transcript changes in the wild-type, G305&2strains were analyzed by
RNA-seq (BGI Americas, Cambridge, MA). Total RNA svaxtracted from dissected
midguts and mRNA was isolated with magnetic bedtle. MRNA is fragmented into
short fragments, then cDNA is synthesized usingiRNA fragments as templates. The

cDNA was purified, resolved for end repair and Bngucleotide A (adenine) addition,
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and connected with adapters. Suitable cDNA werecssd for the PCR amplification as
templates. The samples were quantified and assasseglAgilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA) and ABIf&eePlus Real-Time PCR System
(Invitrogen, Grand Island, NY). The library was geqced using lllumina HiSeq™ 2000
for 30 million paired-end reads (~100 bp each emd)gach sample. Three biological
repeats were performed for each of the three stratdl sequence reads were assembled
usingde novo transcriptome assembly (Grabherr et al., 2011)thaddentified genes
were functionally annotated using blastX (Evalu@.8001) with a variety of databases
including Gene Ontology, Nr, KeGG, SwissProt, CGGnhall as théde. aegypti genome,
Aedes-aegypti-Liverpool TRANSCRIPTS_ Aaegl1.3.falogizps://www.vectorbase.org)
(Nene et al., 2007). Gene expression levels wdoeleded using the FPKM method
(Fragments Per kb per Million fragments) (Mortazetval., 2008) and differential gene
expression were analyzed with significantly expeesgenes (Qvalue > 0.8) between
each groups using NOISeq method (Tarazona etCdl1)2In order to avoid library size
bias, NOISeq method corrects the counts by a fatbsely related to the sequencing
depth (SD); the number of counts per million re@ide number of read counts for each
gene x 1&/SD). To screen gene mutations, the identified gevere clustered and
aligned to other similar genes (more than 70% itigrand the number of gaps was

guantified.
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M utation screening with direct sequencing

Four genes were selected to screen for mutatisues cadherin (AAELO07478,
AAEL007488), N-cadherin (AAEL000597), and alkalipeosphatase (ALP,
AAELO009077). Primers were designed based on geddranscript sequences of the.
aegypti genome (http://www.vectorbase.org). gDNA was estead from G30 larvae with
DNAzol (Molecular Research Center, Cincinnati, Gél)owing the manufacture’s
protocol. Exons regions of N-cadherin and ALP irDG&re amplified and sequenced for
comparison of WT and G30 midgut genes. Becaus@dties cadherin gene sequence is
not complete, mutation screening of texles cadherin was performed with cDNA
prepared from fourth-instar larvae midgut using Zdkland SuperScript 11l (Invitrogen).
Five fragments covering the wholedes cadherin sequence were amplified, sequenced

and compared.

Quantitative Real-time PCR (qPCR)

Total RNA was extracted from WT and G30 larvae ratdgsing TRIzol. cDNA
was synthesized from total RNA of each sample BilperScript Il (Invitrogen), diluted,
and 5-ul aliquots were used as template for gP@&3p&ctive primers specific to the
target genesAedes cadherin, N-cadherin, alkaline phosphatase, amejpiigiase Ns) and
actin (AAEL011197) as a reference gene for quanaiion were designed to have similar
properties in terms of nucleotide length and %G@teat. Our microarray data showed
the actin expression (AAEL011197) was not change®$, -0.06. or -0.07 fold) in

CryllAa-treated larvae midgut at L£-LCso, LCoo compared to untreated larvae midgut.
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PCR conditions, including the template cDNA, primencentrations and annealing
temperatures, were adjusted for amplification efficies (Efficiency 90 — 110%) for all
genes. Optimized PCR master mix (20 pl) contaiheddllowing components: 10 pl iQ
SYBR Green supermix (Bio-Rad), 5 pul cDNA and 10 path primer. The gPCR was
performed using CFX Real-time PCR (Bio-Rad). Optieai thermal program consisted
of: one cycle of 95°C/1 min and 40 cycles of 95°@ih, 62°C/1 min, and 72°C/1 min,
followed by a final extension of one cycle 72°C/mntollowing gPCR, the
homogeneity of the PCR product was confirmed bytimgecurve analysis.
Quantification of the transcript levels or relate@y number of the genes was
conducted according to the Pfaffl method (Pfaffi02). Quantitative PCR was

performed three times using independently prepameldut cDNA.

Western blotting and mass spectrometry

Peptide (-CPQTEEVCSQSEQTS-) was commercially sgitleel (GenScript,
Piscataway, NJ) from the AAEL000597 sequence amjugated to a maleimide-
activated KLH carrier protein according to the miacturer’s protocol (Pierce) via the
cysteine introduced at the Mterminal. The conjugated peptide was used to imeeun
rabbits five times for antibody development. Semas pre-adsorbed with the expressed
fragment of AAEL001196 (EGF-like and LamG domaimyémove nonspecific binding
to AAEL0O01196. The anti-cadherin peptide antibodlgdes cadherin-specific antibody),
anti-ALP polyclonal antibody, and anti-APN polyckirantibody were obtained from

Jianwu Chen, Department of Cell Biology and Neuersme, University of California,
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Riverside, CA. Freshly prepared BBMVs from WT an8i0Gnidgut were quantified by
BCA protein assay kit (Pierce). The same amouBRi¥1Vs (10 pg) were heated at
70°C for 5 min, separated by SDS polyacrylamids geld electrotransferred to
nitrocellulose membranes. The membranes were bdoakin blocking solution (PBS, 5%
Skim milk and 0.1% Tween-20) for 1 h at room tenap@re and then washed with PBST
(PBS and 0.1% Tween-20). The blocked membranes wenbated overnight at 4°C
with primary antibody (1:3,000), washed with PB&mgd then subsequently incubated
with anti-rabbit horseradish peroxidase (HRP, D6)Gecondary antibody (Sigma) for 1
h at room temperature. After washing with PBST,HfRP activity was revealed with a
luminol substrate (Thermo Scientific) and exposedrt X-ray film in a darkroom. The
band densities of target proteins were measuredjaadtified using Image J software
(NIH) and analyzed with Origin program (Origin Lab)

Freshly prepared BBMVs (10 pg) from WT and G30 midgere separated by
SDS polyacrylamide gels. SDS polyacrylamide gel stagied in coomassie stain
solution (0.1% Coomassie brilliant blue, 10% acatixl, and 40% methanol) and
subsequently destained in destain solution (10%caaeid and 20% methanol).
Approximately 65 kDa protein bands from WT and Gaffe excised from the gel ,
digested by trypsin, and analyzed by TOF mass spaetry (Institute for Integrative

Genome Biology, University of California, RiversjdeA)
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Results

Ae. aegypti develops high level resistanceto Cry11A

A heterogeneouBe. aegypti lab colony that was occasionally supplemented with
field collected mosquitoes were further treatechi@MS to increase heterogeneity. Early
fourth-instarAe. aegypti larvae of this colony were then selected with QAA toxin at
the LG levels with GO and then the k§&concentration level during 30 generations. For
each generation, a bioassay was performed witreptibte and resistant larvae to
determine the L& and LGo values. After 20 generations, resistant larvaeslbged at
least a 30-fold resistance ratio compared to stiddeparvae (WT) at the L& level
(Table 4.1). A few of the generations (G17, G22 &2®) were not selected to maintain
a robust population. After 30 generations, a 12d-fesistance ratio compared to WT at
LCso was obtained (Figure 4.1, 4.4A).

We also found non-selected larvae showed decré&asdd A susceptibility.
Therefore, a strain was established from G25 thatved 77-fold resistance ratio. The
G25 larvae were reared without any further selactwdh Cryl1Aa for five generations
(G25-5). The G25-5 strain showed significantly loveyl1Aa resistance, 20-fold at the

LCs level. (Figure 4.5).

The CryllAaresistance strain showscrossresistanceto Cry4Aa
To investigate if the CryllAa-resistant larvae waness resistant to the other Bti

toxins, the Cryl1A resistant larvae were in addittdoassayed with the Cry4Aa, Cry4Ba,
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and Cryl1Ba toxins (Figure 4.2, Table 4.2). WithOG&vae, the bioassay was
performed three times and dose-response valuesamatgzed by probit to determine
LCsp values (Figure 4.4, Table 4.2). G30 larvae shorgsistance ratios of 124-fold, 66-
fold, 13-fold, and 2-fold for Cryl1Aa, Cry4Aa, Cri34, and Cryl1Ba toxins (Figure 4.3).
Thus the Cryl1Aa-resistant larvae showed substamtas resistance at the ifJevel

for Cry4Aa, a lesser amount to Cry4Ba but not tpl@Ba. These results suggest that
Cryl1lAa and Cry4Aa may share some similar toxigigchanisms, but these are
different from that of Cry4Ba and Cryl1Ba. Notatig LG, values for Cry4Ba and
Cryl1Ba do not change much from generations 2913t these do change for

CryllAa and CryAa (Tables 4.1 and 4.2)

Protease activity in Cry11A resistant larval mosquito midgut

In order to test if G30 resistance is associated midgut proteolytic activity,
digestion of the Cryl1Aa protoxin with midgut prases was determined. Total protease
was extracted from WT and G30 larvae midgut andbated with Cryl1Aa protoxin for
5-20 min. The band densities of three proteins 86632 kDa) were measured using
Image J program. No difference in the digestionigoas of the Cryl1Aa toxin were
observed between WT and G30 larvae (Figure 4.68)sl#own in Figure 4.6, band
densities of the 72 kDa protoxin incubated at same were similar; Lane 1 (WT, 28)
and 5 (G30, 30) of 5 min, 2 (WT, 23) and 6 (G30, @010 min, 3 (WT, 21) and 7 (G30,

17) of 15 min, 4 (WT, 20) and 8 (G30, 18) of 20 nNMoreover, the sum of three
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proteins was similar at each lane implying CrylAatoxin degradation was not

significantly changed between WT and G30 (Figu6s4.

Cry11A binding affinity to BBMV isdlightly altered in resistant Aedes aegypti

A competitive binding assay was performed to meathug Cryl1Aa binding
affinity to the larval midgut BBMV. To determineegific binding affinity, BBMVs from
WT, G30, and G25-5 were incubated with biotin-laldeCryl11Aa in absence or presence
of unlabeled Cryl1Aa. Dissociation constafd) values were calculated as a
concentration corresponding to half the saturatane. While WT and G25-5 midgut
showed similar binding affinitiesd = 10.0 and 9.9 nM, respectively), the G30 midgut
showed reduced binding affinity for Cryl1A&d = 15.7 nM) (Figure 4.7). These data
suggest that Cryl1Aa has decreased binding to 8@en@dgut membrane and implies

that receptor alteration may contribute to Cryllésistance i\e. aegypti.

Checking for mutationsin known receptors

To analyze if any of the previously identified Ciylla receptors were mutated,
we analyzed these genes by direct sequencing artdattscripts by Illumina and Sanger
sequencing. In RNA-seq analysis, one gap (threkeatides insertion) in the G30 larval
midgut fromAedes cadherin (AaeCad) transcript was observed buthaitin APN1 and
APN2 transcripts (Table 4.4). However, Sanger seguag of G30 larval midgut cDNA
showed there was no mutation in this transcriptp@&singly, RNA-seq did not detect the

Ncad and ALP1 sequences. But Sanger sequencingo$ @f these genes did not show
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any mutation that would lead to a change in praseiquence although the Ncad gene

showed many polymorphisms.

Transcriptome analysis of Cry11A resistant Aedes

To determine if there were any specific changeasioigut transcript expression in
the resistanfedes larvae, RNA-seq was performed with the WT, G30 @2%-5 strains.
Differentially expressed genes were identified bgnparing G30 and WT, G30 and G25-
5, WT and G25-5 midgut (Figure 4.8A). From thislgses, the significantly up-regulated
or down-regulated genes in G30 larvae midgut weterchined (Figure 4.8B, C). A total
of 23 genes in G30 larvae midgut were significaopyregulated compared to WT and
G25-5, and 6 of these genes are functionally atedi@ able 4.5). Three different
enzymes were highly expressed in the G30 stragimsal 1-epimerase (AAEL010590),
acylphosphatase (AAEL001490), and serine-type egytipase (AAEL007938). A total
of 115 genes in G30 larvae midgut were signifigaddwn-regulated compared to WT
and G25-5, and 26 of these genes are functionatiptated (Table 4.6). Tubulin alpha
chain (AAEL006642) and cpg binding protein (AAEL&BB) were the most reduced in
G30 larvae midgut. Two kinases (AAELO0080 and AABQ006) and 12 other enzymes
were significantly down-regulated on G30 larvae guid However, none of the known
receptor proteins for Cryl1Aa were detected. Amihvegunannotated genes, 6 genes
from up-regulated genes and 12 genes from downatsgligenes were determined as

hypothetical proteins. The rest of genes were centtified fromAedes genome database,
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and were analyzed using Blastp and Blastx methddaever, no functional domain or

homologous gene was found.

Transcript changes of GPI-anchor ed proteins

RNA-seq analysis revealed 9 ALPs and 17 APNs wepeessed in the midgut.
Comparing the levels of these transcripts in th®,&8T, and G25-5 strains revealed that
two ALPs (AAEL013330 and AAEL015070) in G30 wergrsficantly down-regulated
compared to WT, but not G25-5 (Table 4.8). One ARREL003286) was highly up-
regulated in G30 larvae midgut, but ALP1 (AAELOO3)7a receptor protein for
CryllAa (Fernandez et al., 2009), was not signitigechanged in gPCR analysis (Table
4.7). In case of APNs, two APNs (AAEL008158 and AAB8162) were significantly
reduced in G30 compared to WT, but not G25-5 (T4l8¢. However, previously
identified APN receptors for Cryl1Aa (APN1 and ABNEhen et al., 2009) were not
significantly changed or only slightly up-regulataad this result was confirmed by
gPCR (Table 4.8). Total ALP and APN activity wascalested with WT and G30
BBMVs and both enzyme activities were not signifita changed between WT and G30
BBMVs (Table 4.3).

Immunoblot assays with anti-ALP or anti-APN polytdd antibody were
performed with WT and G30 BBMVs. A 65 kDa band, e for most ALPs, in G30
was significantly reduced (-40%) compared to WIg(fe 4.9). Therefore, the 65 kDa
bands from WT and G30 were excised and analyz&®in Mass spectrometry. Two

ALPs (AAEL003309 and AAEL003298) were identifieddaAAEL003298 ALP in G30
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was down-regulated (-44%) compared to WT (Tabl¢. A@ditionally, 140 kDa bands
with anti-APN polyclonal antibody in WT and G30 BB/ were detected and not

significantly changed (-11%).

Transcript changesin cadherin expression

Changes in cadherin transcripts were determinéaBid larvae midgut using
RNA-seq analyses and qPCR (Table 4.6, 4.7). Fallverins were analyzed, but their
expressions were not changed in G30 larvae midiguthermore, the expression of
AaeCad and Ncad were analyzed in gPCR. The expressiNcad (AAELO00597) in
G30 was highly reduced compared to WT, while Aae(@eREL007478) was not
changed (Table 4.7). These results were confirnyachimunoblot assay with antibodies
for Aedes cadherin and N-cadherin (AAEL000597) (Figure 4M)cadherin revealed 38%
reduction in G30 larvae midgut compared to WT whides cadherin was not changed

between G30 and WT (Figure 4.9B).

Discussion

After 30 generations of selection with single Criltoxin, Ae. aegypti larvae
(G30) showed a 124-fold resistance ratio compayeisceptible larvae (WT). However,
this strain had lower resistance levels to theroBtemosquitocidal Cry toxins, namely
Cry4Aa, Cry4Ba, and Cryl1Ba, a homologous Crylintéeom Btj. The resistance

levels observed were 66 fold with Cry4Aa, whileiseance levels to Cry4Ba and
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Cryl1Ba were lower or essentially absent, 13 fold 2 fold, respectively. These results
are consistent with previous research W@thex quinquefasciatus (Georghiou et al.,
1997). Cryl1Aa-resistaf@u. quinquefasciatus showed high resistance ratio to Cryl1Aa
(at least 1,000 fold), a mixture of Cry4Aa and Bg441.6 fold), but low resistance to
Cryl1Ba (6.8-9.2 fold) (Cheong et al., 1997; Wigthal., 1998; Wirth et al., 2010). These
results suggest thake. aegypti andCu. quinguefasciatus have similar pathogenic
mechanism for Cryl1Aa toxin.

To determine a resistance mechanism, proteolytigcigcand binding affinity
were determined with WT and G30 larvae middfeliothis virescens showed different
digestion patterns between susceptible and resisti@n (Forcada et al., 1996).
However, WT and G30 strain showed similar digespiatierns and protoxin activation
implying proteolytic activity was probably not inved in Cryl1Aa resistance. In
contrast, a competitive binding assay revealedtti@G30 midgut showed reduced
binding affinity for Cryl1Aa while WT and G25-5 ngdt showed similar binding
affinities. These data suggests that Cryl1Aa hasedsed binding affinity to the G30
midgut membrane and implies that receptor altemati@y contribute to Cryl1Aa
resistance ie. aegypti. The most common mechanism of resistance in Lepéla
carried changes of binding affinity of toxin receqst (Bravo et al., 2008). Cry toxin
resistance in Lepidoptera was associated with moatain receptor proteins such as
cadherin, ALP, APN or ABC transporter (Gahan et2001; Jurat-Fuentes et al., 2004;
Herrero et al., 2005; Atsumi et al., 2012). Basedh®se results, this research focused on

finding a receptor protein linked to Cryl1Aa resiste.
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Previously identified receptor proteins of Cryll#aAedes cadherin
(AAELO07478), N-cadherin (AAELO00597), APNs (AAELPZ78 and AAELO8155),
and ALP (AAEL009077) (Chen et al., 2009; Chen gt2009; Fernandez et al., 2009).
These receptors were further analyzed to deterihthere were any mutations or the
expression of receptors was altered. Moreover rqtbssible receptor proteins were
investigated with the transcriptome analysis of etgenes using RNA seq. Based on
these analyses, the expression of N-cadherin (AABEO7) and ALP (AAEL003298)
were changed but these proteins showed not toiassdenutations. Potentially such
expression changes could lead to Cryl1Aa resistance

We showed N-cadherin (AAEL0O00597) bound Cryl1Aahwhitgh affinity and
AAAELO00597-silenced larvae in midgut showed insestolerance against CryllAa
(Chapter 3). In G30 larvae midgut, both transdapels and protein expression of N-
cadherin were consistently reduced (-56%, -38%)ymg@ down-regulated N-cadherin
may be associated with Cryl1Aa resistance. Thesdtseare different from previous
research in Lepidoptera. The most frequently olesknaechanism in Lepidoptera results
from a cadherin mutation or deletion that resultpremature truncation of the protein
(Yang et al., 2007; Gahan et al., 2001). Howeesearch with the sugarcane borer
reported that reduction of cadherin expressionaggsciated with CrylAb-resistant
Diatraea saccharalis (Yang et al., 2011). Accordingly, these data ssgteat N-cadherin
could be involved in Cryl1Aa resistanceA@ aegypti.

ALP (AAEL003298) was also significantly down-regidd in G30 larvae midgut.

The 65 kDa band detected by an anti-ALP polycl@amibody was analyzed in TOF
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mass spectrometry and showed ALP (AAEL003298) esgpoa was reduced (-44%) in
G30 larvae midgut. In H. virescens resistance strain, reduced expression of ALP was
observed (Jurat-Fuentes et al., 2004). Decreaggé®ston of ALP suggests that ALP
(AAEL003298) may be linked to CryllAa resistanchafter 2 showsedes cadherin
mediates Cryl1Aa toxicity, but needs an additiseeeptor for full toxicity. We expect
this ALP (AAEL003298) possibly functions as a setany receptor witihedes cadherin.
However, more investigation is still needed. Tlamscript level of ALP was not changed
in RNA seq analyses. Moreover, this ALP (AAELO032BBds Cry4Ba and is localized
to Ae. aegypti lipid rafts (Bayyareddy et al., 2009; Bayyareddle 2012). These results
suggest this ALP (AAEL003298) is likely involved @ry11A and Cry4Ba toxicity.
However, the G30 strain showed low resistant tatiGry4Ba. Therefore, future research
aimed to determine if ALP (AAEL003298) actually negtes Cry4Ba toxicity is required.
In summary, CryllAa resistanceAr. aegypti was associated with decreased
toxin binding to larval midgut membranes. Therefoeeeptor proteins binding Cryl1lAa
were tested to see if they contain mutations ar theression is altered in CryllAa-
resistant larvae midgut. These investigations fawwalreceptor proteins, N-cadherin
(AAELO00597) and ALP (AAEL003298), which were dowegulated in G30 larvae
midgut. In Chapter 3, we mentioned Cryl1Aa toxitéles two mechanisms Ae.
aegypti. Here we propose that N-cadherin (AAELO00597)amdy is involved in
Cryl1Aa toxicity but also mediates Cryl1Aa resis&@amnrhis would be an additional

mechanism then those previously proposed. Moreswesuggest that ALP
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(AAEL003298) is involved in Cryl1Aa toxicity withedes cadherin likely involving the

pore-forming model.
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Table 4.1. Toxicity of Cry11A to resistant and sestible Aedes at each generation
during selection.

LCsq (ul/200 ml) LCgo (ul/200 ml)
G111 0.18 0.47 3 1.76 3.29 2
G12 0.09 0.67
G13 0.14 0.53 4 0.85 3.48 4
G14 0.53 3.48
G15 0.07 0.27 4 1.19 2.87 2
G16 1.51 4.46 3 12.2 46.2 4
G17
G18 2.51 52.1
G19 0.19 1.31 7 2.50 32.2 13
G20 17.3 483 28 122 11800 96
G21 305 9630
G22 1880 25300
G23 71.1 57600
G24 16.2 843 52 704 27700 39
G25 13.9 1070 77 115 96100 834
G26 195 8400
G27 173 3260
G28 5.97 455 76 40.2 6800 169
G29 7.62 719 94 67.9 16000 236
G30 6.12 758 124 32.6 30800 943
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Table 4.2. Resistance levelsAades aegypti larvae to Cry4Aa, Cry4Ba, and Cryll1Ba

and toxin concentrations at the four generatiostete

LCso (UI/ZOO ml)

LCq (U|/200 ml)

G24 122 270 22 673 7660 11
Cyana OB 442 632 14 814 8050 10
G28 415 279 67 26.4 3130 119
G30 262 174 66 115 1100 95
G24 149 106 7 175 688 4
Cyaga ©2 102 160 16 54.9 1770 32
G28  7.86 85.7 11 29.3 711 24
G30 526 69.2 13 38.2 1540 40
G24 163 278 2 114 101 2
G25 8.0 10.6 1 33.4 82.9 2
CyllBa o8 564 12.4 2 415 119 3
G30 292 6.67 2 15.2 354 2

142



Table 4.3. Total ALP and APN activities are notrdpad between susceptible larvae

midgut (WT) and G30 larvae midgut.

Strain ALP activity® APN activity®
uM x mI™* x min™ / ug uM x mI* x min™ / ug
WT 233 327
G30 224 255

*To determine ALP and APN activities, BBMVs from Vdfid G30 were determined
usingp-nitrophenyl phosphate as an ALP substrate andrnegenitroanilide as an APN
substrate. The specific activities of ALP and APBravenriched in both BBMVs, but did

not show any difference in activities between Wi &80.
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Table 4.4. Previously identified receptors do raitain any mutations in the G30 larvae.

Mutations in target genes were screened using RMpasd direct sequencing. NI: non-

identified gene in lllumina sequencing. X: no migatin screened gene. -: non-checked

gene.
Gene ID Gap in illumina sequencing  Mutation screening
AaeCad AAEL007478 1 X
Ncad AAELO000597 NI X
ALP1 AAELO09077 NI X
APN1 AAEL012778 0 -
APN2 AAEL008155 0 -
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Table 4.5. Transcript expression of a number oeges significantly up-regulated in the

midgut of the G30 strain compared to that in the &i@l G25-5 strains (Qvalue > 0.8).

Gene ID Aedes ID Description Log, Qvalue
CL1839.Contigl_All -- -- 131 0.96
CL3653.Contig2_All  AAEL002812-RA  conserved hypothetical protein 11.7 0.91

Unigene22204_All -- -- 10.8 0.84
CL1312.Contigl_All  AAEL002812-RA  conserved hypothetical protein 10.7 0.84
CL1032.Contig2_All  AAEL010590-RA aldose-1-epimerase 10.7 0.83
CL1202.Contig4d_All  AAEL002798-RA  conserved hypothetical protein 8.11 0.88

Unigene8501_All -- -- 8.03 0.87
CL3942.Contig3_All  AAEL009555-RA Niemann-Pick Type C-2 5.31 0.82
CL2413.Contigl_All -- -- 477 0.83

Unigene20178_All AAELO001490-RA acylphosphatase 4.34 0.82

Unigene5390_All AAELO07938-RA serine-type endopeptidase 4.33 0.88

Unigene9801_All AAELO04631-RA actin 413 0.87

CL78.Contig3_All AAELO07938-RA serine-type endopeptidase 4.13 0.88

Unigene5370_All AAELO001673-RA actin 4.10 0.87

CL10.Contig2_All AAELO001673-RA actin 3.91 0.87

Unigenell783_All  AAEL001673-RA actin 3.80 0.87

Unigenel5664_All -- -- 3.76 0.84

Unigenel1784_All AAELO04631-RA actin 3.75 0.87
CL690.Contig2_All  AAEL010163-RA  conserved hypothetical protein 3.74 0.84

Unigene5055_All AAELO001767-RC  conserved hypothetical protein 3.56 0.80

Unigenel1739_All AAELO04631-RA actin 3.39 0.86

Unigenel10591_All -- -- 3.00 0.80

Unigenel19449 All AAELO04157-RA hypothetical protein 2.21 0.80
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Table 4.6. Transcript expression of a number oeges significantly down-regulated in

the midgut of the G30 strain compared to that Wil and G25-5 strains (Qvalue >

0.8).

Gene ID Aedes ID Description Log, Qvalue
Unigene2241_All -- -- -13.8 0.97
Unigene2577_All -- -- -12.9 0.95
Unigene400_All -- -- -12.2 0.93

CL1091.Contigl_All - - -12.2 0.93
Unigene2591_All -- -- -12.2 0.93
Unigene2593_All -- -- -12.0 0.93
Unigene1023_All -- -- -11.8 0.92
Unigene713_All -- -- -11.6 0.90
Unigene2317_All -- -- -11.6 0.90
Unigene1911_All -- -- -11.5 0.90
Unigene1160_All -- -- -11.5 0.90
Unigenel177_All -- -- -11.5 0.90
Unigene2558_All -- -- -11.5 0.90
Unigenel1588_All -- -- -11.5 0.90
Unigene744_All -- -- -11.4 0.89
Unigene2032_All -- -- -11.3 0.89
Unigene2352_All -- -- -11.3 0.89
Unigene1152_All -- -- -11.3 0.89
Unigene1506_All -- -- -11.3 0.88

CL793.Contig2_All - - -11.2 0.88
Unigene1013_All -- -- -11.2 0.88
Unigene2484_All -- -- -11.2 0.88
Unigenel1001_All -- -- -11.2 0.88
Unigene1507_All -- -- -11.2 0.88
Unigenel1141_All -- -- -11.1 0.87
Unigene2043_All -- -- -11.1 0.87
Unigene2035_All -- -- -10.9 0.86
Unigene352_All -- -- -10.9 0.86

CL2806.Contigl_All  AAEL006642-RA tubulin alpha chain -10.9 0.85
Unigene2225_All -- -- -10.9 0.85
Unigene2036_All -- -- -10.9 0.85
Unigenel772_All -- -- -10.9 0.85
Unigene732_All -- -- -10.9 0.85
Unigene874_All -- -- -10.8 0.85
Unigene1504_All -- -- -10.8 0.84
Unigene752_All -- -- -10.8 0.84
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Table 4.6. Continued.

Gene ID Aedes ID Description Log, Qvalue
Unigene2600_All -- -- -10.7 0.84
Unigenel814_All -- -- -10.7 0.84
Unigene24398_All AAEL011688-RA cpg binding protein -10.7 0.84

CL1091.Contig2_All -- -- -10.7 0.84
Unigene670_All -- -- -10.7 0.84
Unigenel247_All -- -- -10.7 0.84

CL3007.Contigl_All -- -- -10.7 0.83
Unigene2178_All -- -- -10.7 0.83
Unigene360_All -- -- -10.7 0.83

Unigene90_All -- -- -10.7 0.83
Unigenel424_All -- -- -10.6 0.83
Unigene772_All -- -- -10.6 0.83
Unigene24252_All -- -- -10.6 0.82

CL4222.Contig2_All -- -- -10.6 0.82
Unigenel246_All -- -- -10.6 0.82
Unigene2650_All -- -- -10.6 0.82
Unigene9771_All -- -- -10.5 0.81
Unigene1908_All -- -- -10.5 0.81
Unigene2050_All -- -- -10.5 0.81
Unigene2057_All -- -- -10.5 0.80

CL1091.Contig3_All -- -- -10.4 0.80
Unigene688_All -- -- -10.4 0.80

Unigenel0724_All AAELO08467-RA cysteine synthase -6.06 0.80
Unigene2109_All -- -- -5.60 0.85
Unigenel10723_All AAELO008467-RA cysteine synthase -5.47 0.84
Unigenel79 _All -- -- -5.36 0.82
CL2032.Contigl_All  AAELO011772-RA DNA repair protein rad50 -5.36 0.81
Unigene18411_All AAELO017225-RA hypothetical protein -5.35 0.87
Unigene9736_All AAELO05159-RA latent nuclear antigen -5.07 0.89
Unigene8746_All -- -- -5.01 0.82
Unigene20083_All AAEL010656-RA leucine-rich immune protein -4.80 0.82
CL429.Contigl_All -- -- -4.73 0.81
Unigene19900_All AAELO07836-RA hypothetical protein -4.71 0.87
Unigene9777_All AAELO003589-RA transcription factor -4.67 0.88
CL2518.Contig2_All  AAEL013584-RA  conserved hypothetical protein  -4.55 0.86
Unigene20282_All -- -- -4.43 0.83
Unigene2326_All -- -- -4.33 0.85
Unigene2629 All -- -- -4.27 0.84
Unigene5412_All AAELO003589-RA transcription factor -4.18 0.87
CL212.Contigl All AAEL009124-RA cytochrome P450 -4.16 0.88
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Table 4.6. Continued.

Gene ID Aedes ID Description Log, Qvalue
CL4457.Contig10_All  AAEL001054-RA glutathione transferase -4.15 0.88
Unigenel7648_All AAELO009127-RA cytochrome P450 -4.04 0.86
Unigenel9656_All -- -- -4.04 0.84
Unigenel10506_All AAELO11167-RA cathepsin -3.85 0.85
CL3560.Contigl_All -- -- -3.80 0.85
Unigenel11811_All AAEL013845-RA ER resident protein -3.79 0.82
Unigenel13977_All AAEL012864-RA conserved hypothetical protein -3.75 0.84
CL2466.Contigl_All  AAELO05156-RA hypothetical protein -3.74 0.88
CL4918.Contig3_All  AAEL002670-RA AMP dependent ligase -3.67 0.86
Unigene12816_All AAEL010386-RA glucosyl transferases -3.63 0.85
Unigenel3553_All -- -- -3.40 0.86
CL1690.Contig2_All  AAELO00525-RA histone H2A -3.37 081
Unigene2270_All -- -- -3.30 0.85
Unigenel13339_All AAELOO07758-RA conserved hypothetical protein -3.24 0.86
CL3604.Contig2_All  AAEL0O09556-RA Niemann-Pick Type C-2 -3.19 0.85
CL2308.Contigl_All AAEL001887-RB glutamine synthetase 1, 2 -3.15 0.83
Unigene12860_All AAELO009556-RA Niemann-Pick Type C-2 -3.14 0.85
Unigene12338_All AAELO08651-RA conserved hypothetical protein -3.12 0.82
Unigenel12602_All -- -- -3.09 0.86
CL2346.Contig2_All  AAEL002495-RA conserved hypothetical protein -3.09 0.85
Unigenel19120_ All -- -- -3.03 0.82
Unigenel10043_All -- -- -3.03 0.86
Unigenel8633_All AAELO009566-RA apolipoprotein D -3.02 0.85
Unigenel4655_All AAELO010037-RA phosphoglucomutase -2.91 0.83
CL3691.Contig3_All -- -- -290 0.84
CL2855.Contigl_All  AAEL014949-RA conserved hypothetical protein -2.87 0.81
Unigenel13338_All AAELOO07758-RA conserved hypothetical protein -2.85 0.83
Unigenel16880_All AAEL001057-RA lipase -2.83 0.82
CL3569.Contigl_All  AAELO0O0080-RA  phosphoenolpyruvate carboxykinase -2.83 0.84
Unigene1196_All  AAEL005617-RA UTP-glucose-1-phosphate ;a5 (g9
uridylyltransferase 2
Unigenel4437_All AAEL010104-RA predicted protein -2.78  0.82
CL3569.Contig2_All  AAELO00006-RA  phosphoenolpyruvate carboxykinase -2.60  0.82
CL3246.Contigl_All  AAELO07951-RA glutathione transferase -2.60 0.82
Unigenel5427_All AAELO04112-RA Thioredoxin Peroxidase -252 081
Unigenel14226_All AAELO009467-RA conserved hypothetical protein -251 0.82
Unigene7070_All -- -- -2.48 0.81
Unigenel236_All -- -- -2.46  0.82
CL4663.Contigl_All  AAEL001297-RA conserved hypothetical protein -2.37  0.81
CL3754.Contig2_All  AAEL012696-RA sterol carrier protein-2 -2.21  0.80
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Table 4.7. N-cadherin (AAELO00597) transcript levate attenuated in G30 larvae

midgut, but not that of the other known receptors.

vs WT vs G25-5
gPCR (%)
Log, Qvalue Log, Qvalue
AaeCad AAEL007478 -0.61 0.41 -0.50 0.39 45+22.5
Ncad AAELO000597 - - - - -56+26.2
ALP1 AAEL009077 - - - - 23+30.6
APN1  AAEL012778 0.37 0.30 0.34 0.32 46+45.8
APN2  AAEL008155 0.58 0.40 0.31 0.29 89+35.2

Transcript changes of identified receptors for G#@a (AaeCad, Ncad, ALP1, APN1,
and APN2) were determined in G30 larvae midgutgiinmina sequencing and qPCR.

Ncad was significantly down-regulated in G30 larwaidgut compared to WT larvae
midgut.
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Table 4.8. RNA seq identified a number of cadherkids, and APNs. One ALP
(AAEL003286) was significantly up-regulated, two R& (AAEL01330 and
AAEL015070) were significantly down-regulated, ang APNs (AAEL008158 and
AAEL008162) were significantly down-regulated comgzato WT.

vs WT vs G25-5
Log, Qvalue Log, Qvalue

Cadherin

AAEL007299 -0.29 0.14 -0.01 0.07
AAEL007488 -0.61 0.41 -0.50 0.39
AAEL011164 -0.11 0.13 -0.04 0.09
AAEL012421 0.13 0.12 -1.03 0.41
ALP

AAEL003286 5.16 0.84 1.56 0.42
AAEL003289 -1.63 0.69 -0.68 0.47
AAEL003297 -1.43 0.46 -0.39 0.23
AAEL003298 0.05 0.10 -0.13 0.18
AAEL003309 0.23 0.22 -0.54 0.43
AAEL003313 -0.53 0.38 -0.17 0.20
AAEL003905 0.73 0.32 -1.11 0.39
AAEL013330 -4.23 0.86 -2.01 0.79
AAEL015070 -3.06 0.84 -2.05 0.79
APN

AAEL003227 0.71 0.40 1.36 0.66
AAEL008155 -0.07 0.11 0.27 0.27
AAEL008158 -2.33 0.81 -1.50 0.74
AAEL008162 -2.26 0.81 -1.40 0.72
AAEL008163 -0.11 0.15 0.53 0.42
AAEL009108 -0.41 0.31 -0.49 0.40
AAEL011292 0.08 0.10 -0.64 0.29
AAEL012099 0.05 0.09 0.02 0.09
AAEL012110 -2.81 0.76 -0.66 0.42
AAEL012217 2.27 0.74 0.77 0.41
AAEL012774 1.33 0.67 0.57 0.44
AAEL012776 0.24 0.22 0.21 0.23
AAEL012778 0.37 0.30 0.34 0.32
AAEL012779 0.27 0.23 0.61 0.44
AAEL012781 0.36 0.27 0.50 0.38
AAEL012783 -0.73 0.47 -0.23 0.24
AAEL013899 -0.76 0.48 -1.01 0.62
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Table 4.9. ALP (AAEL003298) is down-regulated in(GBBMV.

WT G30
Gene ID G\?\?T
TOF MS ES+ TOF MS ES+ VS
Score Score
(m/z) (m/z)
AAELO003309 260 1.54e3 251 1.57e3 102%
AAEL003298 175 1.51e3 134 848 56%

WT and G30 BBMVs were separated in SDS-PAGE gelénkiDa bands were analyzed
by TOF Mass spectrometry. Two ALPs (AAELO03309 &&kEL003298) were

identified, AAELO03309 ALP was not changed betw&¢éh and G30, and AAEL003298
ALP was lower expressed (-44%) in G30 compared To W
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Figure 4.1 Aedes aegypti develops high level Cryl1Aa resistance after tywent
generations. Early fourth-instar larvae were gelbat LG, concentration. Resistance
ratios were obtained by comparing thesb@alues to that obtained with susceptible

larvae (WT). Bioassays showed the G30 larvae Hez#iafold resistant ratio.
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Figure 4.2 Aedes larvae developed resistance against Cryl1Aa apdlA@rbut not to
CryBa and Cryl1Ba. Resistance ratios for individagins from mosquitocidaBacillus
thuringiensisisraelensis (Bti) andBacillus thruringiensis jegathesan (Btj) strains that
were tested at four generations during resistaseeldpment to Cryl1Aa. CryllAa
(m),Cry4Aa () and Cry4Ba A) from Bti, and Cry11BaY ) from Btj. Resistance ratios

for individual toxins were obtained by comparing 1tCs, to that of susceptible.
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Figure 4.3. G30 show high level resistance to CAyatd reveals cross resistance to
Cry4Aa. Resistance levels of G30 to mosquitocidgl tGxins were determined with
individual Cry toxins; Cryl1Aa, Cry4Aa, and Cry4Bam Bacillus thruringiensis
israelensis and Cryl1Ba fronBacillus thruringiensis jegathesan. G30 larvae had high
resistance levels to Cryl1Aa (124 fold) and Cry48@fold), but were relatively

susceptible to Cry4Ba (13 fold) and Cryl11Ba (2 fold
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Figure 4.4. Probit analysis of Cryl1Aa and Cry4d@sins show significant differences in

the toxicity to WT @) and G30 ¢), that were not observed with Cry4Ba and Cryl11Ba,

(A) CryllAa, (B) Cryd4Aa, (C) Cry4Ba, (D) CryllBa.
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Figure 4.5. Cryl1Aa resistant larvae show signifidass of resistance after four
generations of non-selection. G25 larvae showififpi resistance ratio were reared
without Cryl1Aa treatment for five generationseafvhich the G25-5 showed only a 20-
fold resistance ratio compared to susceptible &r(&) From G25 larvae, G30 strain was
selected by Cryl1Aa and finally had 124-fold resise ration. However, the G25-5
strain has only a 20-fold resistance ratio afteroeal of selection pressure for five

generations. (B) Probit analysis of Wl)(G30 (A ), and G25-5¢) strain with Cryl1Aa

toxin.
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Figure 4.6. Proteolytic activities of WT and G36vie midgut are unchanged. CryllAa
protoxin was incubated with midgut protein extrantincluding crude midgut protease
and then analyzed in SDS-PAGE gel. (A) SDS-PAGEspelving the results of
Cryl1Aa protoxin digested with midgut proteolytitmacts. (B) Band densities of three
band were calculated and plotted; 72 kDa (bluek3& (red), and 32 kDa (black). C:
Control, 1: 5 min with WT, 2: 10 min with WT, 3: IBin with WT, 4: 20 min with WT,

5: 5 min with G30, 6: 10 min with G30, 7: 15 mintwiG30, 8: 20 min with G30.
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Figure 4.7. Cryl1Aa has a lower affinity to midgeémbrane prepared from the G30
larvae than the affinity to membranes prepared fWdimand G25-5. Binding affinity of
WT (m), G30 @), and G25-5 A) was tested with early fourth-instar larvae midggut
Specific binding of biotin-labeled Cryl1Aa to BBMNas obtained from total binding
minus nonspecific binding. Cryl1Aa binding affinfyr G30 BBMV was slightly

reduced Kd= 10.0 nM for WT, 15.7 for G30, 9.9 nM for G25-5).

158



N = B (|
B up-reguiai = . -
B C
Down genes  Down genes Up genes Up genes

G30-vs-WT  G30-vs-G25-5 G30-vs-WT G30-vs-G25-5

93 97 . 352 19

Figure 4.8 A total of 23 genes in G30 are significantly-regulated and a total of 1:
genes in G30 are significantly do-regulated compared to WT and (-5. Transcript
changes in larvae midgwere analyzed using lllumina sequenci(®). Gene differentie
expression was analyzed by comparing to WT, and G255 each oth¢. (B) A total of
115 genes were significantly do-regulated in G30 midguwtompared to WT and G-5.

(C) A total of23 genes were significantly -regulated in G30 midgwompared to W~

and G25-5.
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Figure 4.9. N-cadherin and ALPs are significandgiuced in G30 larvae midgut
compared to WT whildedes cadherin and APNs are not changed between G3bvand
(A) To determine the expression of target protend/T and G30 larvae midgut,
BBMVs were extracted, loaded (10 pug) in SDS-PAGE tgansferred in membrane, and
incubated with the anti-AaeCad peptide antibodyi;load peptide antibody, anti-ALP
polyclonal antibody, and anti-APN polyclonal antilyo (B) The band densities of target
proteins were measured and quantified using Imagdt@ware and compared using
Origin program. The expression of N-cadherin (-38#J ALP (-40%) in G30 were
significantly reduced compared to ones in WTAddes cadherin in WT, 2Aedes
cadherin in G30, 3: AAELO00597 in WT, 4: AAELO005BVG30, 5: ALP in WT, 6:

ALP in G30, 7: APN in WT, 8: APN in G30.
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Chapter 5

General conclusions

The objective of this dissertation is to eluciddte molecular mechanisms of
Bacillus thuringiensis subspisraelensis Cry toxins. The research focused on
identification and functional characterization aflberins mediating Cryl1Aa toxicity in
Aedes aegypti.

Bacillus thuringiensis subspisraelensis (Bti) is a subspecies &acillus
thuringiensis producing crystalline inclusions known as Cry & toxins. Cry toxins
from Bti have insecticidal properties and are hygtglective to Dipteran insects,
particularly mosquitoes and black flies (Margakthal., 2000). Because of these
advantages, Bti has been largely used for contnwiasquitoes includingedes aegypti,
an important disease vector (Lacey, 2007). De#giteng-term usage in the field, the
molecular mechanisms of Bti action are not wellenstbod. Here | investigated receptor
proteins that could mediate Bti toxicity based oevpus studies and proposed models in
Lepidoptera: the pore-forming model (Soberon ¢t28109) and the signal-cascade model
(Zhang et al., 2006; Zhang et al., 2005). For ©ryrt activity, both models basically
need the first important event, that is bindingadherins in the brush border membrane
of the target insect midgut (Bravo et al., 2005%siRtance mechanisms to Cry toxins in
Lepidoptera have been reported because of a laCkyafoxin binding to cadherin

proteins caused by mutation or deletions in thénead gene. Based on these results, we
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previously cloned a full-lengtAedes cadherin, the most homologous cadherin to
Lepidoptera cadherin fromedes aegypti larvae and reported this protein binds Cryl1Aa
toxin from Bti with high affinity (Chen et al., 20)0. Furthermore, this cadherin was
silenced in larval midgut and cadherin-silenced gqudses had tolerance for Cryl1Aa
toxicity (Rodriguez-Almazan et al., 2012). On thker hand, | investigated if another
cadherin is involved in Cryl1lAa toxicity. Using d&a@le genome screen to identify genes
that are altered during Cryl1Aa intoxication, Intd&ed two cadherin genes that were
significantly down-regulated; AAELO00597 and AAELTIR6. Based on these results, |
investigated if these cadherins are involved in1dAa toxicityin vivo and which

cadherin is associated with Cryl1Aa-resistant mibses.

In the first objective of this study, | investigdti the Aedes cadherin (AaeCad)
mediates Cryl1Aa toxicity in a cell line expressikapCad. | established &edes C6/36
cell line stably expressing AaeCad. The full-lengdeCad was detected without AaeCad
degradation in immunoblotting and immunofluoreseesiaining showed AaeCad was
localized in the plasma membrane. Cells expressaefCad were significantly more
sensitive to Cryl1Aa (37% mortality at 400 nM), leheontrol cells expressing the
EGFP protein were insensitive to Cryl1Aa. This itasdicates thafedes cadherin
mediates thén vivo toxicity of Cryl1Aa. Additionally, the level of nntality is lower
compared to High Five cell line stably expresditanduca cadherin and requiring only
Manduca cadherin triggering cell death program for CryliAkicity (Zhang et al., 2005).
These results suggest that a secondary receptobenagguired for full toxicity of the

Cryl1A to be manifest. 1Ae. aegypti, alkaline phosphatases (ALP) appear to be more

162



important than aminopeptidase Ns (APN) for Crylidacity (Fernandez et al., 2006),
even though APNs bind Cryl11Aa with high affinityhh et al., 2009). Previously three
ALPs were tested and the ALP (AAEL009077) boundl@Aa and Cry4Ba (Fernandez
et al., 2009). However, this ALP was involved irttb@ryl11Aa and Cry4BA toxicity
(Jiménez et al., 2012). Therefore, it is requiefirtd an ALP as a secondary receptor for
only CryllAa.

The second objective of this research focusedrahrfg novel receptor proteins
involved in Bti toxicity. Since cadherins are ardl proteins, | focused on finding if there
are additional novel cadherinsA®. aegypti that are involved in the toxicity of Cry
proteins. | found, using whole genome microarrays, cadherin genes (AAELO00597
and AALE001196), which were significantly down-réaed during Cryl1Aa
intoxication. Cryl1Aa bound the EGF-LamG domail&EL000597 with high affinity
and AAEL0O00597-silenced larvae showed increasestdante to Cryl1Aa toxicity.
Furthermore, two regions in EGF-LamG domain of AABD597 interacted with
CryllAa. In addition, loop-8 and 2 of Cryl1Aa domain Il bound to EGF-LamG of
AAELO000597. Based on these results, | suggest smasible molecular mechanisms for
Cryl1Aa toxicity. First, Cry toxins prefer to biqotein regions near the transmembrane
region. InManduca cadherin Aedes cadherin, anédedes N-cadherin, the extracellular
region near the transmembrane domain of receplidsgd Cry toxins with high affinity,
regardless the function of receptor domain (Gomei. £2001; Hua et al., 2004). These
results imply that Cry toxins require an interastwith a component of membrane for

Cry toxicity. Second, Cryl1Aa seems to require bivaling regions of receptors.
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CryllAa interacted with two regions Aédes ALP (AAELO09077) (Fernandez et al.,
2009) and N-cadherin (AAEL000597) just like thatMianduca cadherin, in which CR7,
CR11, and CR12 were identified as binding regidrnSrg1Ab (Gomez et al., 2001;
Dorsch et al., 2002; Hua et al., 2004¢des cadherin showed CR8, 9, 10, 11 bound
CryllAa in ELISA assay (Chen et al., 2009). Howettas binding assay witAedes
cadherin was performed without a competitor, thasrapetitive binding assay might
provide more specific binding regions. Laéédes cadherin and N-cadherin bind to
different Cryl1Aa epitopes. Both cadherins showigt affinity to Cryl1Aa and bind
loop -8 and loop 2 of Cryl1lAa (Chen et al., 2009). Hogreusing Cryl1Aa mutant
proteins (E266A and V262A) we showed the mutant@®26f Cryl1Aa bound N-
cadherin (AAELO00597) but not theedes cadherin, while the mutant V262E bound the
Aedes cadherin but not N-cadherin (AAEL000597). Thesaults suggest that Cryl1Aa
has two different binding epitope in larvae midgunplying two pathogenic pathways
could be involved in Cryl1Aa toxicity. However, dilthal studies are needed to
determine how N-cadherin mediates Cryl1Aa toxicitharvae midgut. | expect
Cryl1Aa toxicity through N-cadherin may be involadcadherin stability related with
calcium ion binding (Candas et al., 2002). Collegdiy, | propose that Cryl1Aa takes at
least two toxic mechanisms by bindingAedes cadherin and N-cadheriAedes
cadherin-involved mechanism may lead to the porevfng pathway as suggested in
lepidopteran insects. However, Cryl1Aa toxicityotigh N-cadherin-mediated
mechanisms may result from an unstable structuMcddherin caused by CryllAa

binding.
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The final research investigated what mechanismsaadved in CryllAa
resistance ie. aegypti that would help further elucidation of Bti toxigimechanisms.
We established a resistakedes population against Cryl1Aa by selecting with CrAal
for 30 times. This strain (G30) showed a 124-f@sistance ratio for Cryl1Aa compared
to susceptible larvae (WT). | investigated thestsit mechanism based on previously
reported resistance mechanisms in Lepidoptera (Beaal., 2008). Total proteolytic
activity causing Cryl1Aa degradation was not chdngeVT and G30 larvae midgut.
Total ALP and APN activity also showed similar &ty between WT and G30 larvae
midgut. However, Cryl1Aa binding affinity was slthreduced in G30 larvae midgut
compared to WT larvae midgut. Therefore, | hypottessthat a Cryl1Aa receptor may
be associated with Cryl1Aa resistancAénaegypti. Based on previous researéledes
cadherin (AAELO07478), N-cadherin (AAEL000597), ABNind ALPs were examined
to detremine if they are involved in Cryl1Aa resiste. The transcript and protein
expression levels of N-cadherin (AAEL0O00597) weoevd-regulated. ALP
(AAEL003298) also revealed that its protein expi@ssvas reduced, although its
transcript levels were unchanged. As mention irptdra3, N-cadherin (AAELO00597)
binds Cryl1Aa with high affinity and mediates CrHltoxicity. Based on these results,
| propose that N-cadherin (AAELO00597) not only na¢els Cryl1Aa toxicity but also is
associated with Cryl1Aa resistance by reducingxfsession irAe. aegypti.

Additionally, ALP (AAEL003298) was also linked taryl1Aa resistance by down-
regulating its expression. However, further redeascstill required known if ALP

(AAEL003298) interacts with Cryl1Aa even thoughstAiLP bound Cry4Ba (Chen et al.,
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2009; Bayyareddy et al., 2009; Bayyareddy et &l1,22. As mentioned in chapter 2,
CryllAa require®\edes cadherin as well as an additional receptor fdrtaxicity. |
expect the identified ALP (AAEL003298) could furartias a secondary receptor for
mosquitocidal Cry toxins.

Consequently, this research demonstrated that tloke rof action of Cryl1Aa in
Ae. aegypti is complex. According to the results obtained friis research, | showed
that Aedes cadherin (AAELO07478) mediates Cryl1Aa toxicityt beeds an additional
receptor protein, as suggested an ALP, for fulidibx In research with Cryl1Aa
resistant mosquitoes, ALP (AAEL003298) was downdtatpd. Therefore, | propose that
ALP (AAEL003298) may be a secondary receptor siice is associated with Cryl1Aa
resistance. | also found a new type of cadhericabtllkerin. This N-cadherin binds
Cryl1Aa with high affinity and is involved in CryA& toxicity. Binding epitopes
suggested that N-cadherin follows a pathogenic sr@sm that is different fromAedes
cadherin. Furthermore, | found that this N-cadheriassociated with Cryl1Aa resistance

in Ae. aegypti by changing the expression of N-cadherin.
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