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Abstract (Un ﬁ'ﬂ&ia)

Project Code: RSA5880026

(sWala39n3)

Project Title: Identification and epitope mapping of a specific binding protein of the Bacillus
thuringiensis Cry4Ba toxin from the Aedes aegypti larval peritrophic membrane

@alasesns) miﬁgaﬁtané’nmﬂuasmsmu%nmﬁﬁ'u (epitope) BavGIIUT NNz lTAK
&5\ Bacillus thuringiensis ity Cry4Ba 91n peritrophic membrane wadfg‘l'n‘lfi"l

89818l Aedes aegypti

Investigator: Dr.Somphob Leetachewa, Institute of Molecular Biosciences, Mahidol University

(BawnIDe) Av.aNAN Anzdaz aanduleddngmaaslaana awiIngnagaing
E-mail Address: somphob.lee@mabhidol.ac.th

Project Period: 3 1l (N5N)1A% 2558 N9 WML 2561
9

(szaznailasenis)

Insect resistance to Bacillus thuringiensis Cry toxins has been contributed by loss of
receptor binding and lytic pore formation at insect gut epithelium. Here, we found that
calcofluor, which binds to the Aedes aegypti mosquito larvae peritrophic membrane (PM),
expressed an extremely enhancing effect when co-fed with Cry4Ba toxin and appeared to
have a reversible binding manner on the larval PM. Calcofluor also showed an utmost
enhancing effect on the inactive Cry4Ba mutant E417A/Y455A implying the involvement of
these amino acids for the PM binding. The destruction of PM by calcofluor and the toxin was
also clearly observed. Interestingly, the enhancing effect of calcofluor on Cry4Ba toxin
susceptibility was found for the non-susceptible Culex quinquefasciatus larvae; however,
calcofluor alone or in combination with the toxin showed no mortality effect on fresh-water
fleas; Moina macrocopa. Shotgun liquid chromatography tandem mass spectrometry
approach was applied to investigate its protein composition of PM, showing chitinase could
be a significant protein for PM permeability alteration. Quantitative analysis of chitinase
MRNA showed expression level of chitinase is in the same manner of mass analysis. Protein
overlaying assay of Cry4Ba binding protein from PM demonstrated no specific binding
protein of Cry4Ba on the PM protein. In summary, our current results strongly suggested the

PM as a possible factor that contributing to the insect resistance of Cry4Ba toxin. The PM-



permeability alternating calcofluor might be a promising candidate for enhancing insect

susceptibility, which will consequently improve Cry4Ba efficacy in field settings in the future.

ANNAUM UV ILIRIGalUIAUE1IRY Bacillus thuringiensis Cry 1#a9N191ANNIN
@ @ @ o o ' ] Y A < X {
Cry gufzanumunInlumtuiumiuiuwizusslimansaneldifayniuimadnazing
a v g 1 A o @ gj
a3 lunnsdnwidplassnstinud caleofluor $93uldriu PM wasgningeats  Aedes
. A I A x> A A A ' = [
aegypti sunIniinaNuduRslinLlUERa RS Cry4Ba uszqunlanirazliquansmcas
reversible binding l@TU PM a3 calcofluor Teaiuauulasiiuanudunuliny Cry4Ba
nauWUiTla Cry4Ba-E417A/Y455A (EY) Miduiisddagnings navild PM 1&uann

@ @ 4 o A2 o = o A X
@8 calcofluor ﬂl]aﬂuﬂU\‘ii’]ﬂ’]fﬂusﬁ\‘l@]aﬂauﬂﬂ@n@aIﬂi@u Cry4Ba Na@]i’]ﬂqiﬁqﬂ‘ﬂiﬁﬂm%

2
Y

unslivnlifeRwdodatingnatnats 1991 Moina  macrocopa  elailgaatidu
\hasngwas CrydBa n133as1e mass pa9ldsduain PM wuldséin chiinase Gsaraiiln
nyuadAgaasmsluns lianumansalumsdwdeidendiuues PM waswly Gedays
ﬁaﬁfnaguﬁaﬂmﬁmﬁ:ﬁlﬁaﬂ%mmmaomia%“n chitinase @78 real-ime PCR fiu/Sunmas
chitinase mRNA Lﬁumﬂ%uslugﬂﬁﬁq\iﬁwﬁ calcofluor 88n9137@ luwy binding protein a3
Cry4Ba id1wnzanldsiuves PM Tapagy lusudsufegiumivayusunigmuiin PM 1w
TaspwiteftislwuuafnanudunmudelUsduamsne  CryaBa winnnududhmanelna

nazilgnsdiudysdsedninwanuduiisaas CrysBa ludszyndlglumeaauwinda’ly

Keywords : Bacillus thuringiensis, Calcofluor, Peritrophic membrane, Permeability, Insect
susceptibility
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ls@uansfie Cry toxins wAanuuafiiSusfia Bacillus thuringiensis (Bt) lannyinanlanu
< ) ' A Aa o A Ada A A o
mlanlugiuwsdussshuwssiinmuidenudinzdofsdfiadmanowimy  Glsaanadann
o & A a 3 a a . s oA v A o 6 o [ A
dad A uszfanadan 3nnsldldsdumnsiie Cry toxin wazmidadewdnghonusaaduis
Bt NuadIdUNIRANL(Zhang et al., 2011) gmﬁa‘mf’lLﬂumiﬂi:@jﬂﬁﬁ@mmﬁmmu@iaTﬂiﬁu

a . a £ il o ' ' o

gIWe Cry toxins iWnTuaEITIAEY uaziluganuieniodeWswug (Tetreau et al., 2012;
Zhang et al., 2012) andymAisihldganuneeuiazdivdyadszdniawes Cry toxins lay
AUsudyeiugneI Mmadinasusiulassaiisvaslusduansfie Cry toxins

AR MMTENYNANEU9 Cry toxins LBITBIALUATZLIUMTAMLIUALY bAUWA NNTRSA1VDS
protoxin n13nszguliidfsuidu toxin Avineuld drodrdesntslunszinizaauuag
(Angsuthanasombat et al., 2004; Hofte et al., 1986) ANMNBUIHIWT Y peritrophic membrane (PM)
Vl,ﬁJﬁTuﬂ”ﬂé’ﬁ'ﬁ'ﬂﬁhl,wwuuwﬁamaaLﬁnaﬁlﬁaq e Inuanwdunguses toxin LazMIWNIALTNFHIS
vadiftaiioyinesinegi iunaldifian1izauqaninudi osmotic WAnuUUas aINBRBNLSE
mulwdeanmasibayldadnedas: danariliioadioyaisuazdrdouvasuaasansluiiga
(Knowles, 1994; Whalon and Wingerd, 2003) PM 13asanagiluumiszninaaibaynszinizainis
WA TBIDIAITVBIEN MninneesUntasauasnoanndusinarnisnnuidn i tlueinsasznsenns

A A v & A A ' A A

uwazfudlandaenfazdhfiadeynzimizenmadudugiufiagues receptor va4lddin Cry (Tellam
et al., 1999, Rees et al., 2009)

ECM

Gut lumen

AINA 1 ATNaELERLEAI PM Sl%nszmna’mwmaagnwfﬁqamﬂ A. aegypti
(aaulasann Peters, 1992) NwunLaadsnwlsznaunslunsziwizeinis dsznau 'y
@8 cardia (CA), caeca (C), midgut (MG), trachea (T), hindgut (HG), malpighian tubules
(MG), rectal pad (R), respiratory siphon (RS), anal papillae (AP). ATWR1ILFAIATN
YUY PM ’J’N@T’Jagljizwj'm‘ﬁaaa'lwm,l,azl,ﬁaﬁuLﬁnaﬁmaaﬂiuw*}:mmi.



PM 'm@Taa;js:m'lo‘ﬁao’mm:wazmmmazLﬁaqLSﬁaﬁﬂﬁ:waza’]ms (i 1) iduen
niadaunalin 9 sasanisligadalilslunisidulavesunasdidan (Edwards and Jacobs-
Lorena, 2000) LLa:zTaLﬂu@huﬁm@ﬁmzvl;ﬂﬁﬁaLmﬂ'ﬁ'L%'w%avb'%”mﬁ’]ﬁaLﬁ'ayuﬁaﬂﬁdwﬂ (Fang et
al., 2009; Rao et al., 2004) N3&34 PM lildiAadwanaaiian LL@iLﬁ@mnm‘sgﬂm:@ju@T’aUmmiﬁ
Qﬂﬁﬁqaﬁum‘fﬂﬂ Usznav'ludan chitin DoiduansUsznaunsnassaniaasnIsinIze I mI IR
Lﬂu@n"ﬂwﬁﬁm’mmuhUﬁiﬂiﬁuﬁﬁﬁ"aaanmam micro-apocrine 4950 1@1 chitin RERELHIRE
(peritrophin) wana niudsSTds6ua3We Cry figw1309URL brush border membrane receptors
(Hernandez-Rodriguez et al., 2008; Moonsom, 2007) 8n@ag 11w CrydBa uaz Cry1A lus@unssas
sfiafitdouineuleny Py (Leetachewa et al., 2014; Rees et al., 2009) 431891%731 arginine
Gty 158 va4lU3du CryaBa orniduuSinadranylun13sudy PM Aieadeeiunis
oligomerization Gaganaliminfilunsdwdaiiondruves PM wavwly vewld crysBa rnluds
NﬁfdLﬁ'aﬁwLmaﬁﬂsmwn@m{ﬁqmﬁaﬁﬂmﬁﬂg{ﬁmamﬁfﬂﬁ mmsﬁiﬂsﬁuﬂmyw"uﬁf Cry4Ba-R158A
sonansznudannus I lumsdudodentin (wd 2) vl lisansasiin PM 1y levin
fshNaT,@U@mﬁamwLﬂuﬁmaﬂﬂsﬁu@iagﬂﬁwqdmm (Leetachewa et al., 2014) aiwonana e
FAUILNIG A Iv9lUsAuaINe Cry4Ba Lﬂumu%ﬁwaaﬂavlﬂmaomwmﬂuﬁwiagﬂﬁﬂqdmm
uazel PM Laﬁama:lﬂmﬂmmﬂﬁm‘”mu5ﬂ<§'hmeﬁﬁﬂumiﬁa:ﬂ%’uﬂ@amwLﬂuﬁmaﬂﬁiau

Cry

PM-permeability

PM binding it i ., . alteration activity
lumen l
/PM i 50
» rr“{'ﬂ, ¥ 40 |
BBM £

WT-Cry4Ba - :

< 50 18
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AN 2 uaaenissuzasllsanasReNuSIa PM uaznisidaaninanain
L’E'imﬁanN"mvié’amnﬁu‘[ﬂsﬁumsﬁmnmﬂﬁuﬁ: Cry4Ba-R158A g uny
Cry4Ba-wildtype (Leetachewa et al., 2014). AWTIHUURAILTLY mﬁﬁ’umaﬂﬂiﬁu
FIRBNABWUTUAT wildtype (Firaadn) nasanlwAnldsdwasimanly 1
F2lus mmfuﬁ@muiﬂiauﬁaU?%ﬁwguiuiﬁsiﬂﬁLLauauaaﬁﬁmwwz@ia Cry4Ba 1w
m']LLa@mmﬂﬁgﬂﬁﬁﬁuiﬂsﬁuaﬁiﬁwiauﬁumi.mw 2000-kDa dextran-FITC Wazih
i’hmugﬂﬁwﬁwumn‘%amm FITC USIMAaNNTENNZOMTRAIA IR a Nt uen
wasifudvasmaudsanumusnlunmadwiadonsiu + sudsnvuanagu

PM is peritrophic membrane and BBM is brush border membrane.
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Information, 2004) a#n4lsfidaulaaaibfazls calcofiuor Arug lufulusduansfsaiia Cry
ganadasiniTadsdaldluszozenn lulassnisisaniiulunisduunsiavasld s@wun PM 71
N150unuUsAuaINETiia Cry4Ba LasruSimaunuIzninlUsaunizasviie ﬁagaﬁvlﬁma
o v § o Qs a a | =) U, &/
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1. AnsMIEsNgNIVas calcofluor MITInwuelUsduanIRBoia CrydBa

2. wununandunuvedldsdum il Cry4Ba nulusdufiagun PM
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fudgun19idulysdu Cry4Ba er8nsUENLY 12%-gel SDS-PAGE maaumwmﬂuw“ﬂmgﬂﬁw

BI81BUAZEIINAN (Culex quinquefasciatus) 5282 4 a18lUsana1IRNENIFaIlIzIANGI8AIN
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TNTUAN 9 NWAILG 0.125 19 200 pg/ml WIBLWIAINAL 0.1% calcofluor NMInagaurnluaasia

6 ﬁﬁgnﬁ,wqm: 25 @1 TINNIANG 100 A6a 1 NINARDU mnmﬂuﬁngnﬁuﬁn%é’amn
A a

o & . . - py .
24 Taluafiguann @ 25 °C MnuwzgniandwIsiaNIduAY LCs uaz LCq S3gnilazanmuen
@28737% probit analysis
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¥ 4 o o - o
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@ﬂﬁﬁﬂqamaﬁgmrﬁayﬂu 0.1% calcofluor 88n9Le87 AUlUTAURITABaLEN AT BIaTINAY
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buffer (pH 7.4) NU 5% glucose (fixing solution) ﬁqm%qﬁ 4 °C w1 2 T2l %aI9IN§19En 3 R3S
9 8z 10 W17 1 fixing solution Lf':aLﬁaﬂi:wasﬁ";aﬂﬂaa:gﬂﬁdﬁ'}aanﬁauﬁwa”umaa ethanol 71§
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fNag 10 kV

NN3ILATIZHA mass 2a9li56n profile 2ad PM mngmi'lﬁgn treat @28 calcofluor

Qﬂﬁ’]qdmyﬁlvlaigﬂLLﬁLLa:gmLf*ﬁaglu 0.1% calcofluor Wi 1 Falag LONUUNLDIRIUYDY
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WK 2 Wl ﬁauﬁiazgﬂﬁﬂﬂﬁuﬁ' 95 °C W1 5 Wl ¥3aeh profile 1UsAudr1839% SDS-PAGE
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RNA gnaﬁ'@mnﬁﬂﬁ@nmqamﬂﬁumazvl,ajmaglu 0.1% calcofluor lae/ld RNAqueouse™
kit (Life Technologies, USA) #1838 AUSENULUeIN 1A BLANAIUITUT D89 RNA UPLERREELLVE
ANNUFTENANILNNTAIDANAZNAWLH 3 M sodium acetate W& 100% isopropanol RNAﬁ"L@Tﬂ:gﬂéTN
%8 70% ethanol Wazazaesgtinfiaen RNase m’mLm”um”uuazm'mu%qﬂ%%aa RNA 9z0M@af1
EOTIGERR NanoDrop® ND-100 las@d1aa3ndI% A260/280 Laz A260/230 ITDYITNIN 1.9 UL 2.5
A1UR1AU RNA ﬁu%qﬂi?{%gﬂﬁ'lﬁ'@ DNA @28Nn17 treated @78 TURBO DNA-free™ kit (Life
Technologies, USA) 9MN%i39¥ reverse transcribed #2833 AUS N UU11 cDNA ﬁ"l,@i”%gm%aa’m

10 wihAawin lls3asziluawna b

MINATIERIBIUINN AT real-time PCR

NCBI protein blast Qﬂl“ﬂ%ﬂﬁﬁﬂ coding sequences &1%3u8% chitinase lag primer ‘ﬁl
31LW1e @ achitinase (forward primer: 5-AGGGGAAGCCATTCTCTTGC-3’ ILa¢ reverse primer: 5'-
GAGGAGGGTGCGCAAGTTAT-3 3 ¢ anaanuuy 1a o l9 Primer3Plus online (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) L8z QN3 1A31E Ausednsninlaslsd
OligoAnalyzer 3.1 (https://eu.idtdna.com/calc/analyzer) & 7 % reference gene 14 actin gene
Use&NBA1WVS primer ﬁ]:gﬂi’ﬂ@iﬂmmiﬁﬂ series dilution 289670¢19714150106 CDNA FiLrinmis
MyieNzAEIun e real-time PCR gnvitlu g6-well plate Tumnits amplification reaction 935
2 ul Y83 cDNA ‘ﬁl dilute L&7 forward WAz reverse primer (100 nM), Fast SYBR® Green Master Mix
(Applied Biosystems) LLG&‘&’]U%E\!‘Y]%;I@ aﬂ%mmq‘n“ﬁﬁa 10 ul condition 284 PCR {633 1) Sudn
denaturation 20 317l 1 95 °C 2) $1WIUTAU 40 38U V89 denaturation (3 W17 7 95 °C)
annealing LLa¢ elongation (30 AN ‘ﬁ 60 °C) lumgumauq@ﬁﬁﬂﬁﬂmﬁmsﬂzﬁ melting curve Lﬁa

ATIIRAUANNINLNIZUD amplification reaction

Pull down assay L‘ﬁ'am@:ﬁ'mi’ﬁ lW1£2@9 Cry4Ba uazlds@nuw PM

pull-down assay fﬂzgﬂﬁ’ﬂu 96-well plate 1a8nn3 coat anti-mouse antibody VL’S"’I?%E]"]GQ@"UE}G
wau AUAY mouse antibody ﬁlfﬁ’]LW’lzﬁ'U Cry4Ba LLa:'*ﬁguuuq@ coat #281U56u Cry4Ba ANEAY
ARINNAIUTAUEIRAUBENANALEITIVINANT overlay delUsAnain PM Lﬂué’ﬁ@”u"ﬁzuq@ﬁmuaz
“?T\ivl,’i’ﬁqm%nuﬁ s°c unan 16 32lus nsiuiedalusdusiniineansnsauuas elute protein
YIRUAGIY 2X protein sample buffer Iﬂiﬁuﬁvlﬁﬁ]:Qﬂﬁﬂﬂ’?ms’lzﬁ@hsJ SDS-PAGE LazIlaingwt
mass 284lUsGudaly

Toxin overlay assay 2a9lisAn PM ’q)'mgﬂﬁa'] guang
lds@uaa9 PM azgn?mswzﬁuu 10% gel SDS-PAGE mﬂﬁuazgﬂ transfer 84U WLN %

nitrocellulose #2833 electroblotting LLazﬁlzgﬂﬁ’m’lLLﬂu blocking solution (5% skim milk) TR

=

lis@u Cry4Ba 1 pg 929n3i1an overlay UKL membrane W1t 1 Tl 71 4 °C uda3adnslysdu
grwfinean uazdaaiuldsdin Cry4Ba dr8358uyululfuaudvad@anaain HRP da specific

antibody @8 Cry4Ba WaQWae? 835 enhanced chemiluminescence #1%35N13@a@1W Cry4Ba 31



[
o v

asarirlalasnisuania PM 284gn¥ingdalsaanananialn 1x PBS (pH 7.4) ua233 overlay 6
1156 Cry4Ba 1 ug 1 T34 71 4 °C ua3eanalusdndiuiinaan uazdaa1ulusédn CryaBa eae
ﬁﬁwuiﬂﬁuau@uaﬁﬁ@amn FITC dia specific antibody ¢ia Cry4Ba Waz@HAGIBNRBI9aNTIAN

fluorescence

NAN1INA[DY
Calcofluor Z28anA" lethal concentration LaZLIATNITANNE VD Cry4Ba-wildtype
HANIENUYa4 calcofluor Nfidanuiduisuas CrydBa gniad1lasn1sli Cry4Ba nia
calcofluor nIandgasatITINABIUANINgIADIzes 4 LHwan 24 77194 lasSouisununy
nguf lifl calcofluor wafalungufilasulusfiuansfssauny calcofluor 8afN LCso a4 lalszanm 20
Win (310 6.27 + 0.66 pg/ml tJ% 0.29 + 0.03 pg/ml) WAz aAAT LCqu A4 b@LT=N T 50 L¥i1 (37N
57.71 £ 11.63 pg/ml 1w 1.78 £ 0.24 pg/ml) ANUEIA (m‘wﬁ 3a) calcofluor RINITDAALIAIUAT
o & A ' & a @ v @ a A A
ssvanuduisdagningaasveslsdu CrydBa lavlsanuidutuveslysduansiisfen Loy
Waz LCqy 3INNL calcofluor 1ilalw Cry4Ba atnsidain3asiuny calcofluor MLIan 3, 4, 6 Lag 12
Tlu9 (MW 3b) alw Cry4Ba atnaidivamiaisvasgniigssnef 3 TaluaAuan 7% (u 60%
wazneluian 12 33lud MIaeNaIn 80% Lu 100% arudrau gnigeaefiugadlu
81382A18 0.1% calcofluor ARGS9 A 0.25, 0.5, 1, 1.5 WAz 2 T2Lud uar3edhwaanlulnig
Cry4Ba 1A 1NITNTUBIAT LCy WUNITATBANITUT 1 Uaz 2 Talud §9gada 80 UAZ 90%
o [ ,:i % oq: 1 1 A o = A ﬂq// ' di
AURIAL(NNA 3¢) AIRUNIIUT calcofluor audl 2 TalusdagnifanldlFlunisnasastudallina
¢ = & A < N & A A
widasidudnisansd 3, 6, uaz 12 Talus wumsemaRuaINNIuamuaNEwllgegadanns 90%
a1 12 Tl (M 3d) wananitlariinmatianzieanuuandssainmauggninluasazan
0.1% calcofluor aginddatitaduaz bidatitad (W7 2 T3L39) WUINTANVLANGIIENININTAIET 3 LA

o N o ' oA o M ' A o A
6 THlu9 Aefug lidarilasdinin 14 W1 Man 6 TH1u9 we BILANAIALIAT 12 TN (NWA 3e)

calcofluor Tagfiananainiivvasllsfuashis CrydBa na1aWns (Cry4Ba-E417AIY455A,
EY)

Wi bid calcofluor m’]mﬂuw“wiaQﬂﬁ’]qamwaa Cry4Ba-wildtype L 47%, 74%, 97%
waz 74% WaliAulusanfinnuutu 5, 25, 50 pg/ml uaz 10° 289 E. coli Aafralusenasnuit
aud1ay dulddunanowug EY ﬁm’mLﬂuﬁmiaﬁﬂﬁ’]qamw‘hﬂ’j']mﬂ (MNT 4a) Aavinld
anusannlumadwdodendiuuas PM 1Fe'lY 50% LﬁaLﬁmun”uw”uﬁf wildtype waziialilisin
SIUAUEI8TAY 0.1% calcofiuor AwENTn M ldiFoanuduidadandiusas PM 1iia
andn 1Ju 95% uaz 77% 1 wildtype Waz EY &9 U 2819 13A01NANNRINITAMANTILAY
brush border membrane /microvilli (BBMV)ﬂ'\‘imvl,aJ'LﬂﬁiﬂuLLﬂm (mwﬁ 4 b LAz c) LLazLﬁiaﬁ’]mmm

Rt

AN LCy 4T LCyp VadlU36u EY 1flalhany calcofluor 32 ldHaAINTWT 4d fa A1 LCy, kas LCqp

u

dadtd 1 ez 5 pg/ml aUSIAU



(-) calcofluor (+) calcofluor

LCSD LCQU LCSU LCQO
Cry4Ba-WT 6.27 £ 066 57.71+11.63 0.29+0.03 1.78+0.24
C 1004
80 1
2
= 601
h =
=
40 A
=X
20 A1
0 T T T T 1 0 T T T T
0 5 10 15 20 25 0.0 05 1.0 1.5 2.0
Time (h) Calcofluor exposure time (h)
d 100 - e 60 7 C— untreated larvae
L 2-hours calcofluor-treated larvae
80 50 { BB continuously calcofluor-treated larvae
=
> ‘c 40
< 601 E
5 %5 30 1
S 40! 2
=S 5 204
[
20 T 10 1
0 0

3 6 12
Time (h)

{ a a a (< a a
nni 3 nsiadsEansananawisaasldsAnansie CrydBa a9 calcofluor

@iagnmfmamn Ae. aegypti

(a) 1% Cry4Ba ﬁugﬂﬁwﬁmwmfuﬁu@m g nuluaniizfidnielid calcofiuor wiw 24
72139 uazUsz1Suen LCq uaz LCop

(b) Qﬂﬁ’]ﬁu Cry4Ba fIuLTuTUIza U LCy, (1611/5%) Uay Cry4Ba 329nD calcofluor
(Euiiu) Tufinesisudnsansd 3, 4, 6 uas 12 $alug

(c) LLﬁgnﬁﬂu 0.1% calcofluor W1t 0.25, 0.5, 1, 1.5 waz 2 T21u9 w2391 Cry4Ba 7i
ANUTUTUIZOU LCqy Tnfinilosiiudmimenasann 24 $alug

(d) Ltﬁgﬂﬁﬂu 0.1% calcofluor w1 2 Falus udashelUlaluingid cryaBa Aenududu

320U LGy Uniinitafidudnmsansf 3, 6 uaz 12 12lud

(% ]
o 1 s 1 = 1

e) WIsunaus wInvinesaNduiNwuad CrydBa daaninaslunaualaganu
ry 3

] q

' oA oA
calcofluor QEIWGGIE’JL%BGLLEWVLNGIE’JL%FN



s 4 95
a 100 . 5ug/ml b 100 *
25 pg/ml 77
B 50 pg/ml ]
80 [ E. coli cells (~10° cells/ml) > &8 - calcofluor
. expressing Cry4Ba o 56 3 + calcofluor
= 60 [ puC12 o 60 -
© o
5 = &
= 40 & 40 30
E X
20 A 20
0 % ¥ 0 - | —
Cry4Ba-WT E417A/Y455A %'a’\N" bbc_)P* 613‘430
Qﬂb‘ Al <O
?/b« <\
C e £ L |
PEP , \ Se
J BBMV BBMV p M ¢ e Y
Cry4Ba Control "E417A/Y455A
40 ym
(-) calcofluor (+) calcofluor
LC50 LC90 LC50 LCg0
E417A / Y455A >200 ND 1.04 £+ 0.08 5.93+0.81

i 4 anadnfisuazuansznun1edrIngnvaslilsiiu CryBa nanenkg EY u
amwﬁﬁw‘%ahiﬁ calcofluor

(a) lﬁgﬂﬁﬂﬂqqmﬂﬁu Cry4Ba uaz EY fianaitudu 5, 25, 50 ug/ml uaz 10° 188 284
E. coli fig313 Cry4Ba landl E. coli fiiwaafia pUC12 Junguaugu

(b) NMITLNIUIZUY PM 284 Cry4Ba 1iuuny EY laun13iuayni1aliaduad dextran
U1 2000 kDa 320U IUSA U1 TR BRI UTUTUVDI LCq Ivan nfidnselaid

calcofluor LUa3LFua PM permeability LNua28N1333 0898153 09LRIDENUONNTILNE

21113

Aa

¢) section WaLi i ko n Taua87 mouse anti- a ¥
t VBILWaLINIZLN mmi‘ngnﬂaumm EJ%JH‘LLI% t Cry4B LR

HRP-linked anti-mouse immunoglobulins

(d) LCso Uz LCqo a3lUl36% Cry4Ba nanuwus EY gnusziliunadlaiulsduduian

24 1139 Iwgnwnansalis calcofluor



calcofluor i lamgiuwIngnvas PM iasuuilas

d'l ni = [ Aa 2’ d' s = a A

\WaNIANINFTATIWING 1B PM 2893n10 qamw"lmu“[ﬂwumsww Cry4Ba %3891nM3
wil&1382a18 0.1% calcofluor WIBTINAUNIFDIBLI ﬂﬁaaﬁ;amiﬂﬁﬁmﬂmamﬁﬂdaaﬂsmﬁagﬂ
ianlfinagauiazes PM Midsululasifisuiunguildldiuasla 9 (nwi sa) Tu PM Und
NN3IALSBIAIVAI micro-fibril FAMNLTUITLTHUAIAK LAIINLFUAUINAINNIWLT LK WUTDLLAN
& o AN ve a a A ' a A = Yo
wnaslunguldsulysdussfiunia 0.1% calcofluor atnaldsn sasuannafLAnlaTaiduum
AIUNILIVBILUUTUIAUY N300 HEE UniitaldanIzin1zaniigda s wungy BBMV 289
niziwnzNgningnugl 0.1% calcofluor G3nslianiwauysalinilauiunguaiuqu (WA sb)
Yzl BBMV maagﬂﬁ']ﬁﬁﬂﬂiﬁumsﬁmmaLﬁmua:ﬁm”mﬁummm calcofluor wmﬁaqmuwn:
m‘msmugmmaﬁﬁiamwﬂm’%amaﬁ;mmmwm oeslafd lagsnusnnamgIningiadeneny

283 PM Wlauananuuandisazlsuinin

calcofluor TAefinANNTwAN2DI CrydBa Giagmi'\qa%"lmiy Culex quinquefasciatus a&N9&
nad1An

augldiumnesauanaiduisuas CrysBa dagans laiinmmeseuanuduiseors
Sy wazdafihawldun e delilsdafirfiseunade Cry4Ba lagldanuidutuil LCoo 3
calcofluor wiasauruarasatnaidwam 24 Talus wullesidudniansvasgeiingda 2.5% uaz
13% 1ilouzlu 0.1% calcofiuor w3a Cry4Ba atnain? audIAL (MW 6) ‘Lumjwﬁlﬁmsmﬁwg\mm
aamwuiwLﬂaﬁ%uﬁmimwmgﬂﬁﬂﬂqd%ﬁmtyLﬁwﬁuasml,ﬁuvlﬁf@ﬁa 70% ogdlanawlanuns

:/ a et = A o A o v
a1 U“llﬂdvli%WLNﬂvLﬂi‘]JﬁqiLﬂNL‘ﬁﬁJauG] ﬂ‘]_I‘YIEJGT]ﬂ']Eva@T]J

1156w profile LazN19LAIIZY mass Va9 PM ﬁﬁ'amngn{”nqaawmiaéslu calcofluor
LﬁiaﬁazmmﬁammLmﬂ@has:%dwmjwaagﬂﬁ’lﬁiwﬂu 0.1% calcofluor LaNENAILAW
TUs6uan PM maagﬂﬁwqﬁogﬂ’?mm:ﬁuu 10% gel SDS-PAGE wuldsfiufidanuuansnsszning
nauaglugag 50-130 kDa (NWT 7) udaz band maﬂﬂiﬁuﬁaglmmuﬁmﬁu (@NATALAY) VDI
1136%a1n treatment ﬁ?\‘iaadLtuugﬂﬁﬂﬂﬁmﬁzﬁwwﬁlEJLﬂ%Iad mass spectrometer (ESI-QUAD-
TOF) W‘]ij;&liﬂiau@'in 9 'leuA chitinase, transcription factor, transmembrane protein (@1314 1)
Selusenfinazddufsrtesnuanusuisalunisiduiield anduses PM @a chitinase Tas

WU 1un@;wmaagnﬁwqaﬁLL°ﬂu calcofluor §¢in protein score gindnguaugulizm 2 1

SLAUNTS expression 283 chitinase maoqammﬁaﬁuﬁa calcofluor

Lﬁaﬁﬂmﬂ?mmms expression U84 chitinase maagnﬁwqamm@wﬁuﬂu calcofluor e
NyuAILAN qRT-PCR Qﬂﬁmﬂ‘ﬁ”luﬂ'rsmsmywaa transcription a4 chitinase ‘luﬁﬂm{’]qa NAWLIN
J2@AUN"T expression Va4 chitinase lugﬂﬁwqamﬂuﬂ@;uﬁ' treat @28 calcofluor gINIINFUAIVAY
1.25 141 8819 lsA@y chitinase mRNA °nadﬂ%aaanéjﬂajﬁmmLmn@mﬁ'umaaﬁa (P>0.01) (mwﬁ
8)



untreated larva
e
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&

n# 5 NN topographies 2asgngsaTfiugWse laluzasazaiy calcofluor
(a) 4un PM 88n3NgNIINGNAIUAN NYNUT calcofluor mjuﬁu Cry4Ba LLaznéjmTaLLﬁ
calcofluor Lzt Cry4Ba uazIiaTzia 8 SEM

. & A A a [ v (% a (2
(b) sections VadLibaLdanIzINNZNYN treat LULLADINY URITBNGAIY HEE LaLILATIZA LA
napIYanTIad

Qﬂm‘fj microvilli 289NIZLWIZANTNENANE ﬁ'agnm% PM $#83991n8a8@28 H&E



100 1 (™) [ 2 ug/ml toxin with 0.1% calcofluor
] vz 2 pg/ml toxin
] I 0.1 % calcofluor
80 ] [ untreated
= ] ]
T 60 -
e ]
o
=
X 40 A
20 1 7
0 4 —— % — 7

A. aegypli C. quinquefasciatus M. macrocopa

a & A ' & ° 13 A a
ATNN 6 ﬂ')']“tﬂ%ﬂﬂ?]a\i Cry4Ba ma@ﬂ%"lﬂl\ia’\ﬂ quqﬂqiy Llag‘ls%'\ Sl%mmgﬂ&l

#3alaidl calcofluor
1#lu3du Cry4Ba atnaidien n3a calcofluor atnaldied wia TinAunIzatatng Augnin
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n’mﬁ 7 protein profiles 283 PM ﬁlﬁ%’mmzlﬂﬁ%’ums calcofluor
LLﬁgnﬁﬂumiazmﬂ 0.1% calcofluor 1waan 1 Falag 3 NiKLEN PM aaﬂmﬂgﬂﬁ']
paaevinlalu 2x Laemmli sample buffer 1#11313LAT12%U% 10% gel SDS-PAGE udafa
@18 Coomassie blue lagifinuriungw control LLnuTUiﬁuﬁLmﬂ@mn”ﬂuaaamjug}ﬂﬁnm
AT AaAI8 mass spectroscopy
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M13197 1 waaaldsfiwann PM 229gnih1gan treat A28 calcofluor LAZILAIIZTHALEY

ESI-QUAD-TOF

¥

Accession Description Scores (%) Sequence coverage/
Identity (%)

PM proteins of calcofluor-treated larvae

XP_001653248.2  probable chitinase 10 68 100/100

XP_001651644.2  transcription factor SOX-3 28 100/100

XP_001648667.1  thioredoxin-related transmembrane 26 100/100
protein 1lisoform X1

XP_001657247.2  hexamerin-1.1 22 78/86

XP_021697332.1  arginine kinaseisoform X1 22 100/100

PM proteins of non-treated larvae

XP_021704129.1  dynein heavy chain 3, axonemal 30 83/100
isoform X1

XP_001653248.2  probable chitinase 10 26 100/100

XP_001653662.2  spermine oxidase 26 100/89

XP_021706153.1  protein mstaisoform X1 24 93/57

XP_021702999.1  protein Wnt-1 22 100/91

XP_021707687.1  transcription elongation factor SPT6 21 91/100

isoform X1
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1 & A o o @ [~ 1o o
Tainulus@iuan PM zasgnihashidinasraalunsiilugaudnnizaess CrysBa

W& pull-down assay §1%3iUm1lUsAUgILIUNIZIN PM 284 Cry4Ba wuldsdunianadndu

o

ddudszanm 4 lsdiu lasdauwnaaglugai 30-80 kDa 1MNMTAATEANAGI8IT mass analysis 1Wa

A Lo 1 aa

fuguriievaslis@unatsnginlsdudrulngniinnevilans trypsin

2

Cry4Ba aunulilséin PM aghelaisninng

myngandnmizlysduves PM uazluséiu Cry4Ba 35 toxin overlaying assay gninanld
lunsmidiuainand wadangdnluséiu Cry4Ba awnsnduniulus@iuvas PM uw nitrocellulose
membrane 88191431 N12L31239 NENIA8 Cry4Ba ann13adu banuldsdu PM auia 25 kDa 11
aufe 130 kDa (MWA 9 918 tRaTwnsEwiuaL lais1mNzdl direct toxin binding assay 111 PM
maagﬂﬁwqagnﬁwm’lﬁ‘lumiﬁﬂm ann3iusnana i ldannisaeldndas fluorescence

microscope WU signal 184 Cry4Ba e lduniwuiinas PM (mwﬁ 9 2171)

X (&) .
R QO O
@ $ > b(&\'b*

Non calcofluor treated PM Calcofluor treated PM

130
100

50

40

25

18

AINH 10 N139UNWITKI91UAN Crydba uazlisfinun PM

W1y Western blot analysis 18103@nun PM gansasulednulysin CryaBa
AAAUA7 U%%SNHquI@ 814 mouse anti-Cry4Ba (1:1000) L&z HRP-linked anti-mouse
immunoglobulin (1:6000) ¢ signal @28 chemiluminescence

NINVUIN toxin overlaying assay 2183 PM Tadaﬂﬁ’lq\imﬁl PM QﬂLLUﬂﬂﬂﬂﬁ]’]ﬂﬂi:Lqu
gm‘zﬁq\nm:gﬂ overlay @el 1 pg Cry4Ba %agﬂﬁﬂmw specific antibody @8 Cry4Ba Lag

FITC-linked anti-mouse immunoglobulin LLangalﬁ/ﬂﬁadﬁlaﬂ‘iiﬂﬁ fluorescence



unIsab
v " 4 9.
PM va3uuaddsenaualaldsdu proteoglycans Wae chitin network G9lgUnilaanszinne

2IMTNENITWIATENNBUAN LU auN1ABad81MT hnunulfidudiundaniasansanis
goruting oot lunTHNALaImITUaTR1TREAN8EN 9 (Terra W.R., 2001) 1 aldTUsdussie
Cry4Ba ﬁu§ﬂﬁf1qamm lisénazaas 9 ﬂa@ﬂa'aUmwLﬂuﬁmmﬁﬂﬁwqomﬂamoimﬁ'gmafl,u,
1 3 Talus uazazday 9 Taadenan s Talusluudmssannsin lumsisoreunthiinoam
41 Cry1Ac uae Cry4Ba aa13090 lany PM waddganualad (Rees et al., 2009, Leetachewa et al.,
2014) N7 form complex 184 Cry4Ba-PM a1anszguliifianisaau auasdntalUsosniearaiia
signaling transduction é'famUgnLaua"l,’ﬁ"l,usﬁmnm’%‘aanavlnmil,iﬁﬁﬁmmJ 84 Cry toxin (Zang et al.,
2005, Jurat-Fuentes & Adang, 2006) G4azvinlwiianisfaszaziiaranuduiweanly dwsu
Cry4Ba 4 lduaasliifiudouniniinamunsa douanuaansalumsdwdaidaniiuaas PM 4
famam&aNﬁuIﬂsﬁuaﬁiﬁwﬁLﬁﬁ"Lﬂc;h,snaa(ﬂizl,wﬁ:mmiaﬂﬁmqamU (Leetachewa et al., 2014) 1w
Ltdquﬁu nmidaszuznananuiduisvaslisdusenldansgnimualasszauanuaiuninuas PM
slunsiazrzaannuduisues CryaBa sanld nmsvharslassai1sves PM uazassdsznaud
2% PM ao1awlosl chitinase (Rao et at., 2004) L&z bel protein M§$1991n Bt WWWUINT
goasuanuduAuldnn cry1A ﬁﬁ@ia%uauﬁ‘@lgﬁm Tumsisuassil Wald calcofluor 1Tlwaagas
La?mmﬁiuad Cry4Ba IiRuunduas 50 i1 9nn3iluaadn LCgo HamInaaesitldsnuiy
n1Inanadnauniniii calcofiuor naluifeuantu cryica TuduRenunueaunsznanlng
Mamestra brassicae (Rees et al., 2009) uazn17 infect 843 baculovirus luruaudunszn 51
Trichoplusia ni (Wang & Granados, 2000, Martinez & Caballero, 2004, Zhu et al., 2007) N1361 8
maagﬂﬁwqamaﬁmﬂﬁa 60% U8z 90% Ll Cry4Ba 32umU calcofluor luszataan 12 Talug 1
AMULTUTU LCy VD9 CrydBa WAREILBNAITZAUNNTIUVDS calcofluor Ut PM S9gnunsarinly
@ﬂﬁmmvl,@”l,unm 3 7ala9 lun13§uRE calcofluor Taas18819%0y 15 wifinauinaz lasulysein
Cry4Ba figswafiaziiuanuduinld Cry4Ba adhelsfianunsduri calcofluor aghadatilasana
ldanuduisgindy Fadulylé9n calcofiuor anasuniy PM uuufeligounay Tusesnian
wihil PM °uawuauﬁﬁagﬂﬁﬂmmmumﬂaamﬂwﬁuﬁ’mmi treat 68 calcofluor LALNNLALE
gnwiUn@iflasuaanainnissuda (Wang & Granados, 2000, Rees et al., 2009) usi1U5unmuas
calcofluor waziaanlumssudmaziasnifinenulinewntifinunueniide salulszduiidas
vnmsanudelyl asinluns@nuasiileuanfsuuinnsmg thermodynamic 284 calcofluor 7idl
doadanuuaInga dipteran UANENIIINWINEHARELRE wananmMaAnYszEnEn T waasA
uNsuaIn1sle calcofluor S38NY Cry1Ac w38 CryiCa wmfﬂﬂ'umzammtﬂuﬁmiaﬁuaumqu

A a a VA
Manduca sexta (Rees et al., 2009) luasdidsznauvas PM 98 Tus@uuaz glycoproteins Haaif

@
]

chitin network (37 38) 8814 bIAANNFAFINYBILUTAUUAZ chitin A19AKIUANTRAVILUAS A%
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Abstract

of this agent on the toxicity of the Cry4Ba toxin.

Background: Mosquitoes transmit many vector-borne infectious diseases including malaria, dengue, chikungunya,
yellow fever, filariasis, and Japanese encephalitis. The insecticidal &-endotoxins Cry4, Cry11, and Cyt produced from
Bacillus thuringiensis have been used for bio-control of mosquito larvae. Cry 6-endotoxins are synthesised as inactive
protoxins in the form of crystalline inclusions in which they are processed to active toxins in larval midgut lumen.
Previously, we demonstrated that the activated Cry4Ba toxin has to alter the permeability of the peritrophic
membrane (PM), allowing toxin passage across PM to reach specific receptors on microvilli of larval midgut
epithelial cells, where the toxin undergoes conformational changes, followed by membrane insertion and pore
formation, resulting in larval death. A peritrophic membrane (PM)-binding calcofluor has been proposed to inhibit
chitin formation and enhance baculovirus infection of lepidopteran Trichoplusia ni.

Methods: In this study, Aedes aegypti larvae were fed with the calcofluor and Cry4Ba toxin to investigate the effect

Results: Calcofluor displayed an enhancing effect when co-fed with the Cry4Ba wild-type toxin. The agent could
restore the killing activity of the partially active Cry4Ba mutant E417A/Y455A toward Ae. aegypti larvae. PM destruction
was observed after larval challenge with calcofluor together with the toxin. Interestingly, calcofluor increased Cry4Ba
toxin susceptibility toward semi-susceptible Culex quinquefasciatus larvae. However, calcofluor alone or in combination
with the toxin showed no mortality effect on non-susceptible fresh-water fleas, Moina macrocopa.

Conclusions: Our results suggest that PM may contribute to the resistance of the mosquito larvae to Cry4Ba toxin. The
PM-permeability alternating calcofluor might be a promising candidate for enhancing insect susceptibility, which will
consequently improve Cry4Ba efficacy in field settings in the future.

Keywords: Bacillus thuringiensis, Calcofluor, Peritrophic membrane, Permeability, Insect susceptibility

Background

Cry toxins have been used worldwide as bio-insecticide
and genetically modified crops because of their
environment-friendly properties and killing specificity
toward a narrow spectrum of insect larvae. For example,
CrylA and Cry2A are toxic to lepidopterans, Cry3 is
noxious to coleopterans, whereas Cry4 and Cryll are
specifically lethal to Aedes, Anopheles and Culex larvae
in the family Culicidae [1]. These toxins are produced as
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parasporal inclusions of 130-kDa protoxins in Bacillus
thuringiensis (Bt) bacteria. The protoxins are processed
by midgut proteases of insect larvae, resulting in active
toxins [2, 3]. The active toxins, comprising of three
structural domains, pass through the peritrophic mem-
brane (PM), bind to their receptor on the midgut epithe-
lial cell membranes of susceptible insect via domain II,
oligomerize, and insert domain I into the membrane to
create lytic pores, resulting in death of insect larvae by
osmotic cell lysis [4—6].

Due to increased planting of Bt transgenic crops
around the world [7], insect resistance to Cry toxins has
increased, leading to insufficient toxicity of the Cry
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toxins in the field [8, 9]. Attempts to improve the
efficacy of the Cry toxins have been made by toxin com-
bination, genetic modification, and protein engineering
[10, 11]. Mutagenesis in the receptor binding domains of
CrylAb and Cry3A has resulted in significant increase
in their toxicities toward lepidopteran and coleopteran
insect larvae [12, 13]. Attempts to enhance the toxicity
of Cry toxins by focusing on the insect host have been
investigated in several insect species. For instance, the
introduction of CrylAb together with a fragment of the
cadherin receptor, CR12-MPED peptide, was found to
improve CrylAb toxicity toward tobacco hornworm lar-
vae, Maduca sexta [14]. Likewise, a 28-kDa APN frag-
ment, AgAPN2tb, showed significant enhancement
effect on Cryl1Ba toxicity to Anopheles gambiae [15].

The PM lining between the midgut epithelial mem-
brane and lumen serves as a protective barrier of the in-
sect larvae from invaders such as bacteria and viruses
[16, 17]. Chitin, the major PM component, is secreted by
midgut cells to form fibre networks linked by PM pro-
teins secreted from microapocrines [18—20]. Pathogens
able to overcome protection of the PM barrier or digest
the PM proteins were found to invade the insect hosts
successfully. For instance, Plasmodium gallinaceum
ookinetes produce chitinase enzymes to penetrate the
PM to infect midgut cell membrane of Ae. aegypti [21].
Combinational treatment of CrylC toxin and Serratia
marcescens endochitinase was reported to enhance the
activity of the toxin toward Spodoptera littoralis larvae
[22]. Constitutive expression of chitinase in the CrylAC
producing Bt cells showed an enhancing effect of the
CrylAc insecticidal activity toward Sp. exigua and
Helicoverpa armigera larvae [23]. The brightening agent,
calcofluor, has been utilized for solubilization of proteins
from PMs [24]. This chemical has also been shown to in-
hibit chitin formation and is proposed as an anti-fungal
agent [25, 26]. In vivo, calcofluor was found to enhance
baculovirus infection in T. ni [24]. However, there was no
synergistic effect of calcofluor on the biological activity of
CrylAc toward susceptible lepidopteran larvae [27].

We previously reported that PM permeability alter-
ation by Cry4Ba was required for toxin passage across
PM of Ae. aegypti larvae [28]. Here, we report the en-
hancing effect of PM solubilizing agent, calcofluor, on
Cry4Ba efficacy toward larvae of the susceptible Ae.
aegypti and the semi-susceptible Cx. quinquefasciatus.
Our results demonstrated that calcofluor not only in-
creased PM permeability to Cry4Ba toxin but also al-
tered the gross morphology of the PM. However, no
mortality effect was observed when calcofluor was tested
against non-susceptible insect, water fleas (Moina
macrocopa). Thus, PM-permeability alteration capability
appears to be a critical factor for Cry4Ba toxicity, and
calcofluor could be a potential agent to improve the
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efficacy of Cry4Ba toxin for bio-control of mosquito lar-
vae, which in turn aids to the prevention of vector-borne
diseases in the future.

Methods

Cry4Ba larvicidal activity assays

Cry4Ba was expressed as previously described [29]. Toxin
inclusions were harvested from Escherichia coli expressing
Cry4Ba. The inclusions were washed, protein concentra-
tions were determined using Bradford’s assays and con-
firmed by 12%-gel sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The larvicidal activity
was determined by feeding fourth-instar larvae of Ae.
aegypti or Cx. quinquefasciatus with 0.125-200 pg/ml of
wild-type or mutant Cry4B-toxin inclusions alone or to-
gether with 0.1% calcofluor (Sigma-Aldrich, St. Louis,
MO, USA). The assay was performed in a 6-well flat bot-
tom plate containing 25 larvae per well, with 100 larvae/
assay. The mortality was recorded after a 24 h incubation
period at 25 °C. Larvicidal activity of Cry4Ba was repre-
sented as either percent mortality or 50% (LCso) and 90%
(LCgp) lethal concentrations. The LCsy and LCyo were esti-
mated by Probit analysis [30].

To determine the minimum exposure time of calcofluor
that caused 90% mortality, the fourth-instar larvae of Ae.
aegypti were pre-incubated with 0.1% calcofluor for 0.25
h, 0.5 h, 1 h, 1.5 h and 2 h. After pre-incubation, the solu-
tion was replaced by the toxin solution at LCyg Larval
death was recorded after 24 h of toxin incubation. Like-
wise, the minimal incubation time for LCqy, toxin after lar-
val pre-treatment with calcofluor was also examined.
Larvae were incubated with 0.1% calcofluor for 2 h, and
then the solution was replaced with the toxin at LCy,. Lar-
val mortality was recorded at 3 h, 4 h, 6 h and 12 h after
toxin incubation. All of the biological assays were per-
formed in triplicates.

Toxicity testing of calcofluor and Cry4Ba toxin with M.
macrocopa

Moina macrocopa were reared in the laboratory using the
modified batch method as described elsewhere [31]. In
brief, 30 neonate M. macrocopa, which are less than 24
hours-old, were put in an aquarium tank (20 x 15 x 15 cm)
containing 3 | of aged tap water. The water fleas were fed
with algae suspension (Chlorella vulgaris) of 2 x 10 cells
per 11 of water every 48 h. The culture was carried out at
room temperature (25 + 1 °C) with a 16 h photoperiod and
gentle aeration of the oxygenated pool water in climatic
chamber conditions.

To determine the toxicity of Cry4Ba, the water fleas
were tested with 0.1% calcofluor, LCyy of Cry4Ba, or in a
combination of 0.1% calcofluor and Cry4Ba at LCyg in
aged tap water containing algae suspension at the same
condition as the culture, and compared to untreated
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fleas. One hundred fleas were used for each condition in
a 100 ml beaker containing 50 ml of the treatment solu-
tion. The experiment was performed in triplicate and
percent mortality was recorded after 24 h.

PM permeability and immunohistochemistry assays of
toxin fed larvae

The fourth-instar larvae of Ae. aegypti were fed with
2000 kDa FITC-dextran particles alone or together with
wild-type or mutant Cry4Ba toxins at their LCqy for 1 h.
The PM-permeability alteration by the toxin was mea-
sured and indicated by the appearance of 2000 kDa
FITC-dextrans, the PM impermeable particles, outside
the gut lumen of mosquito larvae, and observed under
the fluorescent microscope [28, 32]. To observe the ef-
fect of calcofluor on PM permeability, the experiment
was performed in the presence of 0.1% calcofluor.
Results were analyzed using Student’s t-test and P-values
less than 0.05 were considered significant.

To determine the binding ability of the mutant toxin,
larvae were fed with wild-type or mutant Cry4Ba at LCyq
for 1 h. Immunohistochemistry assay was performed
using HRP-labeled anti-Cry4Ba monoclonal antibody.
Colourimetric detection observed signal with 3,3"-diami-
nobenzidine (DAB) substrate, following manufacturer’s
instructions (Sigma Aldrich). The pictures were recorded
using a light microscope.

Hematoxylin and eosin staining of the Ae. aegypti larval gut
Larvae were pre-treated with 0.1% calcofluor for 2 h
followed by incubation with LCyy of the toxin for 1 h.
Head and eighth segment were removed from larvae.
The dissected larvae were fixed in phosphate-buffered
saline (PBS, pH 7.4) containing 4% paraformaldehyde
and 4% sucrose for 1 h, and then placed in 4% parafor-
maldehyde solution containing 10% sucrose overnight at
4 °C. Next, larvae were incubated in a series of ethanol
at room temperature for 20 min each; 30%, 50%, 70%,
95%, and twice in absolute ethanol. The section was
placed twice in xylene solution for 30 min/each and in-
cubated twice in xylene-paraffin (1:1 v/v) for 1 h/each,
before being changed to 100% paraffin (2 x 1 h). The
paraffinized section was horizontally sliced, embedded
onto a glass slide, and incubated at 37 °C overnight. The
tissue slide was rehydrated in PBS for 30 min, before
staining with hematoxylin and eosin. The tissue section
was washed with PBS 3 times (30 min each). The whole
gut and the peritrophic membrane were observed and
imaged using a light microscope (Olympus, Tokyo,
Japan) or fluorescent microscopes (Carl Zeiss, Jena,
Germany). Larvae fed with toxin alone and of the un-
treated larvae were used as positive and negative con-
trols, respectively.
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Determination of larval PM structure using scanning
electron microscopy (SEM)

Aedes aegypti larvae were fed for 1 h with 0.1% calcofluor
alone, LCq of Cry4Ba inclusions, and the combination of
toxin and calcofluor. Fifty of the dissected PMs were
washed in distilled water. The PMs were fixed in 2.5% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.4) containing
5% glucose (fixing solution) at 4 °C for 2 h. After three
washes (10 min each) in fixing solution, the PM samples
were dehydrated in a series of ethanol concentrations and
finally dried by a critical point drying using Hitachi
HCP-2 dryer (Hitachi Koki, Ibaraki, Japan). The dried
samples were mounted onto the aluminium stubs, coated
with gold particles using an ion coater (K 500, Emitech
Ltd., England), and observed at 10 kV on the electron mi-
croscopy (JSM-6610LV, JELO Ltd., Japan).

Results

Calcofluor reduced the lethal concentrations and
exposure time of wild-type Cry4Ba toxin

The effect of calcofluor on Cry4Ba toxicity was deter-
mined by feeding the fourth-instar larvae of Ae. aegypti
with Cry4Ba-toxin inclusions alone or in combination
with calcofluor for 24 h. Compared to those without cal-
cofluor, the co-feeding of wild-type toxin with calcofluor
reduced toxin concentrations needed for LCsq by 6 folds
(from 6.27 + 0.66 pg/ml to 0.29 + 0.03 pg/ml) and concen-
tration required for LCyq by 50 folds (from 57.71 + 11.63
pg/ml to 1.78 + 0.24 pg/ml), respectively. The effect of cal-
cofluor was further determined as the function of time by
feeding the larvae with calcofluor and Cry4Ba-toxin inclu-
sions at ¢.2 pg/ml or toxin alone at ca. 60 pg/ml according
to the LCy of calcofluor-treated and untreated conditions
in Fig. 1a. Larvae fed with toxin alone for 3 h, 4 h, 6 h and
12 h demonstrated mortality as mean + SD of 6.7 + 2.5%,
48.2 + 4.6%, 77.2 £ 8.5% and 79.2 + 7.3%, and nearly 90%
after 24 h, respectively (Fig. 1b, dashed line). By co-feeding
with 0.1% calcofluor, larval mortality was 61.0 + 8.4%
within 3 h, increased sharply to 82.0 + 6.6% and 90.3
+ 6.6% after 4 h and 6 h, respectively, and gradually
rose to 99.5 + 0.5% within 12 h (Fig. 1b, solid line).
Larvae were pre-challenged with calcofluor at various
time points before the toxin feeding at LCqy. Larvae
pre-challenged with calcofluor for 0.25 h, 0.5 h, 1 h,
1.5 h and 2 h, showed mortality of 41.6 + 8.2%, 56.0
+ 8.0%, 704 + 2.0%, 84.0 + 4.4% and 94.4 + 4.1%
after 24 h of toxin feeding, respectively (Fig. 1c). Lar-
vae pre-challenged with calcofluor for 2 h and then
fed with LCyy of Cry4Ba for 3 h, 6 h and 12 h
showed mortality of 16.0 + 3.0%, 54.0 + 6.6% and
90.0 + 6.6%, respectively (Fig. 1d). Enhancement of
Cry4Ba toxicity by calcofluor was investigated further
in untreated larvae in comparison to those temporar-
ily exposed with the calcofluor for 2 h before toxin
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Fig. 1 Enhancing effect of calcofluor on the toxicity of wild-type Cry4Ba toward Ae. aegypti larvae. Larvae were fed with various concentrations of
wild-type Cry4Ba toxin in the presence (+) or absence (-) of calcofluor for 24 h, LCso and LCqo were estimated (a). The larvae were fed with toxin at
LCqo alone (dash line), and toxin with calcofluor (solid line) and percent mortality was recorded after 3 h, 4 h, 6 h, 12 h and 24 h incubation period (b).
Larvae were pre-incubated with 0.1% calcofluor for 0.25 h, 0.5 h, 1 h, 1.5 h and 2 h before 24 h feeding with toxin at LCqo, and percent mortality was
then recorded (). Larvae were pre-exposed with 0.1% calcofluor for 2 h, and then the solution was replaced with toxin inclusion at LCoq. Percent
mortality was recorded after 3 h, 6 h and 12 h and presented as percent mortality + SEM (as T-bars) (d). Comparison of toxicity of Cry4Ba toxin toward
larvae, which were 2 h pre-exposed with 0.1% calcofluor and continuously fed with the calcofluor together with LCq of the toxin for 3 h, 6 h, and 12
h, and represented as folds of toxicity compared to calcofluor untreated larvae (e). Abbreviations: SEM, standard error of the mean

feeding, and continuously treated with calcofluor and
toxin (Fig. le). After 3 h of toxin treatment, the continu-
ously calcofluor-treated and the 2 h calcofluor-exposed
larvae exhibited 46- and 12-fold higher mortality than the
calcofluor untreated group, respectively. At 6 h of toxin
incubation, mortality of the 2 h calcofluor exposed larvae
was 21-fold higher than the calcofluor untreated larvae.
However, this mortality was 14-fold lower than the
larvae that were continuously fed with the combin-
ation of calcofluor and toxin. At 12 h of toxin treat-
ment, mortality of 2 h calcofluor exposed larvae were
close to those continuously fed with calcofluor and
toxin, but 8- and 9-fold higher than non-treated lar-
vae, respectively.

Calcofluor restored the toxicity of the partially active
E417A/Y455A (EY)-mutant Cry4Ba toxin

In the absence of calcofluor, Ae. aegypti larvae exhibited
mortality of about 47%, 74%, 97% and 74% upon feeding
with wild-type Cry4Ba at concentrations 5, 25, and 50
ug/ml, and 10°® of toxin-expressing E. coli cells, respect-
ively (Fig. 2a). EY mutant toxin showed very low toxicity
to the larvae compared to wild-type Cry4Ba (Fig. 2a).
The mutant toxin also exhibited approximately 50% in
perturbation ability of PM permeability compared to
wild-type Cry4Ba (Fig. 2b). However, it exhibited the
similar binding ability to the brush border membrane of
the larval midgut as the wild-type Cry4Ba (Fig. 2c).
When co-fed with calcofluor, PM perturbation ability of
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Fig. 2 Toxicity and biological activities of EY mutant toxin in the presence and absence of calcofluor. Larvae were fed with toxin inclusion bodies
of wild-type Cry4Ba and EY mutant toxin at 5, 25 and 50 pg/ml, E. coli cells expressing Cry4Ba, and E. coli cells harbouring expressing plasmid
pUC12. Percent mortality was represented as the mean + SEM (a). PM perturbation ability of Cry4Ba toxin was evaluated by feeding the larvae
with PM impermeable 2000 kDa dextran (conjugated with FITC) alone or in combination with wild-type Cry4Ba and EY mutant toxin at their LCq
concentrations. Percent PM permeability was represented as % of larvae with fluorescent signal outside the gut lumen after one h treatment (b).
The tissue sections of treated larvae were immuno-stained with mouse anti-Cry4Ba monoclonal antibody and HRP-linked anti-mouse
immunoglobulins (). LCsg and LCyo of EY mutant toxin were determined after 24 h treatment in the presence or absence of calcofluor and
presented as pg/ml + SEM (d). The lines point out the BBMV that are positively stained with wild-type Cry4Ba and EY mutant toxins. Control is
untreated larval gut tissue. Abbreviations: L, lumen; BBMV, brush border microvilli

the EY mutant and wild-type Cry4Ba rose to 95% and
77%, respectively (Fig. 2b). Furthermore, the LCs, and
LCyp of the EY mutant toxin were significantly decreased
from > 200 pg/ml to 1.04 + 0.08 pg/ml (t-test: t) = 9.127,
P = 0.0004) and 5.93 + 0.81 ug/ml, respectively (Fig. 2d).

Calcofluor induced morphological changes of PM

The scanning electron microscopy (SEM) demonstrated
smooth surface of the PM with well-organised micro-fibril
observed as thick lines in untreated larva (Fig. 3a). Slight
cracks were observed in the PM of larvae treated with cal-
cofluor or with Cry4Ba alone. These cracks were visible
along a thick-line component of the PM in larvae
treated with toxin together with calcofluor (Fig. 3a).
The H&E stained gut tissues showed that gross morph-
ology of the midgut-brush border microvilli (BBMV) of
calcofluor-treated larvae remained intact as of

untreated larvae (Fig. 3b), whereas BBMVs of the larvae
treated with toxin alone, and toxin together with calco-
fluor presented mild (epithelial cells and BBBV were
swollen and basolateral cell junctions were separated)
to severe (epithelial cells and BBMV were disrupted en-
tirely) damage of the BBMVs and midgut cells, respect-
ively (Fig. 3b). However, gross morphology of the PMs
was not different among H&E stained tissue samples.

Calcofluor significantly improved susceptibility of Cx.
quinquefasciatus larvae to the Cry4Ba toxin

Along with Ae. aegypti larvae, the fourth-instar larvae of
Cx. quinquefasciatus and the non-susceptible water flea M.
macrocopa were fed with Cry4Ba toxin at LCy, calcofluor
and LCyq of the Cry4Ba toxin together with calcofluor for
24 h. The percent mortality of Cx. quinquefasciatus larvae
were 2.5 + 0.14% and 135 + 0.62% when fed 0.1%
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Fig. 3 PM topographies of calcofluor and non-calcofluor treated Ae.
aegypti larvae. PMs isolated from untreated larvae, calcofluor-treated
larvae, Cry4Ba-treated larvae, and toxin and calcofluor co-fed larvae
were analyzed with SEM (a). Tissue sections of treated larvae were
stained with H&E and examined under a light microscope (b). Asterisks
mark cracks along thick lines of PMs. Arrows indicate microvilli of the
midgut epithelial cells and arrowheads present PM after staining with
H&E. Abbreviations: L, lumen; EC, epithelial cells of the midgut

calcofluor and with toxin alone, respectively (Fig. 4). In
the toxin combination with calcofluor, there was a
sharp increase in mortality of Cx. quinquefasciatus lar-
vae to 69.1 + 0.78%. However, there was no mortality
effect of calcofluor and the calcofluor-Cry4Ba toxin
combination to non-susceptible water fleas (Fig. 4).

Discussion

The insect PM is comprised of proteins, proteoglycans,
and a chitin network that serves as a protective barrier
for physical damage by food particles, as well as
compartmentalization and permeability of insect-gut di-
gestive enzymes and other solutes [20]. When fed to Ae.
aegypti larvae, Cry4Ba gradually expressed its toxicity in
a sigmoidal shape three hours after feeding and plat-
eaued after six. Previously, CrylAc and Cry4Ba were re-
ported to be associated with larval PM [27, 28]. This
Cry4Ba-PM association might trigger secondary host

100 1 | [ 2 ug/ml toxin with 0.1% calcofluor
V2222 2 ug/ml toxin
I 0.1 % calcofluor
80 1 [ untreated
> —
T 60 4
b=
o
=
X 404
20 -
0 4%:' I:m

A. aegypti C. quinquefasciatus M. macrocopa

Fig. 4 Cry4Ba activity toward Ae. aegypti, Cx. quinquefasciatus and M.
macrocopa in the presence and absence of calcofluor. The larvae were
fed with 0.1% calcofluor, Cry4Ba toxin at LCy and the toxin in
combination with calcofluor. Percent mortality of mosquito larvae was
observed after 24 h and compared to untreated larvae. Results are
shown as percent mortality + SEM (T- bars) from triplicate experiments )

response or signaling transduction as proposed by the
toxicity mechanism of lepidopteran-specific Cry toxins
[33, 34], leading to delayed toxicity. Cry4Ba toxin was
previously shown to alter PM permeability to cross over
PM and bind to the midgut membrane for its toxicity to-
ward Ae. aegypti larvae [28]. Alternatively, the delayed
toxicity might be due to the protective threshold of the
larval PM for Cry4Ba toxin. Destruction of PM structure
and components by chitinase [16] and bel protein pro-
duced from Bt [17] were found to promote toxicity of
CrylA protein toward susceptible insect larvae. In this
study, when calcofluor was administered, the toxicity of
Cry4Ba was enhanced, as shown by a 50-fold decrease in
toxin dosage to achieve its LCo. This result is consistent
with the positive effect of calcofluor on CrylCa toward
Mamestra brassicae larvae [30] and baculovirus infec-
tions in 7. ni [24, 35, 36]. Aedes aegypti larval mortality
was reached 60% and 90% three and 12 hours after cal-
cofluor co-treatment with LCqy of Cry4Ba, respectively.
The result also revealed the binding threshold of calco-
fluor on PM, which can be overcome in around three
hours to set out the toxin enhancing effect. Temporary
exposure of larvae with calcofluor, for at least 15 min
(0.25 h) before toxin incubation, was also able to en-
hance Cry4Ba toxicity. However, Cry4Ba toxin continu-
ously co-fed with calcofluor exhibited significantly
higher toxicity than the brief exposure, suggesting that
calcofluor might bind to larval PM in a semi-irreversible
manner. In previous reports, PMs of lepidopteran larvae
were disrupted and fragmented upon treatment with cal-
cofluor, and completely recovered after removal of the
chemical [24, 27]. Although the amount of calcofluor
and toxin exposure time applied for Ae. aegypti larvae in
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the current study were much lower than in previous re-
ports with lepidopteran larvae, the enhancing effect of
calcofluor on Cry4Ba toxicity remained observable.
Therefore, this study reveals the thermodynamic process
of calcofluor action in dipteran larvae (semi-irreversible),
which differs from lepidopteran larvae (reversible). Be-
side the enhancing effect, a combination of calcofluor
with CrylAc or CrylCa was found to inhibit their toxic-
ities toward M. sexta larvae [27]. It is important to note
that PM is composed of proteins and glycoproteins em-
bedded in the chitin network [37, 38]. However, the pro-
portion of protein and chitin components varies in
different insect species [20, 39, 40]. Therefore, the differ-
ence in PM structure and components, as well as the
toxic mechanism of the Cry toxins, possibly result in dif-
ferent degree of calcofluor effect on the toxicity of Cry
toxins toward insect larvae.

Amino acids at positions Glu417(E) and Tyr455 (Y) of
Cry4Ba domain II were proposed to be involved in toxin
binding to BBMV of Ae. aegypti larval midgut [41], while
residue Argl58 of domain I was shown to be responsible
for toxin insertion into PM and midgut membrane [28].
Compared to the wild-type Cry4Ba, the mutant EY was
defective in PM permeability alteration, resulting in near
loss of toxicity toward Ae. aegypti larvae. When adminis-
tered with calcofluor, the mutant EY was able to recover
its toxicity, and all of the treated larvae were permeable
to the supposedly non-permeable 2000 kDa dextran par-
ticles. Thus, current results revealed the additional func-
tion of amino acids Glu417 and Tyr455 of the Cry4Ba
toxin in permeability alteration of Ae. aegypti larval PM.

We investigated further whether the increased toxicity
was due to changes in PM's gross morphology by calco-
fluor. It was found that calcofluor alone caused the degen-
eration of PM network than the epithelial membrane of
the larval midgut. This is consistent with the finding in
lepidopteran larvae, where PM was not intact after calco-
fluor incubation [27]. Fully formed PM of Ae. aegypti lar-
vae were assembled by electron-dense knots and streaks
connected by one to two electron-lucent layers formed in
honeycomb-like holes [42]. The electron-dense layers
(thick lines in SEM) are at least composed of proteoglycans
[42], while the electron-lucent layers (thin lines in SEM)
are believed to contain chitin microfibrils [43]. Electron
micrographs of calcofluor-treated larvae demonstrated the
destruction of the PM at areas of thin lines. Severe damage
was observed in PMs of larvae treated with calcofluor in
combination with Cry4Ba toxin. It was first presented here
that calcofluor was able to destroy chitin fibrils of mos-
quito larval PM. Due to binding specificity of calcofluor to
cellulose and chitin components of insect PM [38], its
binding might promote accessibility of chitin fibril for di-
gestion by gut residing chitinases or deposition of the peri-
trophins and other chitin-binding proteins. These events
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might lead to the increase in PM permeability to Cry4Ba
[28], while performing capability of Cry4Ba, and cause se-
vere damage to PM and midgut epithelium, contributing
to the death of calcofluor-toxin-treated larvae.

A hallmark of Cry toxins is their killing specificity toward
a narrow spectrum of insect hosts. Cry4Ba toxin is highly
toxic to Aedes and Anopheles [44] and partially harmful to
Culex mosquito larvae. Previous substitution of amino acid
Asp 454 on B10- B11 loops of Cry4Ba domain II with Lys
or Arg (D454K and D454R) was found to increase Cry4Ba
toxicity toward Cx. quinquefasciatus larvae [45]. In this
study, treatment of Cx. quinquefasciatus larvae with
wild-type Cry4Ba with calcofluor significantly improved
larval susceptibility to the toxin and expressed higher mor-
tality than those treated with toxin alone. However, the
toxicity of Cry4Ba toward Cx. quinquefasciatus larvae were
relatively low compared to that of Ae. aegypti larvae. Peters
[46] found that electron-dense layers at the lumen side of
Cx. pipiens larval PM is discontinuously interrupted with
fine pores, whereas those of Ae. aegypti are continuous
with a granular appearance at the midgut membrane side.
Although the chitin fibrils in electron-lucent layers of Cux.
pipiens larval PM is arranged in an orthogonal texture
similar to Ae. aegypti, those portions are much larger than
the PM of Ae. aegypti [46]. These differences in PM
ultra-structures may attribute to the degrees of larval sus-
ceptibility to Cry4Ba toxin between these two closely re-
lated mosquito species. Despite the enhancing effect of
calcofluor on Cry4Ba, it showed no mortality toward water
fleas (M. macrocopa). This result demonstrated that calco-
fluor is safe for a zooplankton M. macrocopa, which is
known as an environmental parameter as the primary level
of the food chain in the ecosystem [47-49]. Also, calco-
fluor has relatively low toxicity to fish, mammals and
humans and has not been found to be carcinogenic or mu-
tagenic to humans [50].

Conclusions

Calcofluor can function as an enhancing agent for Cry4Ba
toxicity by increasing the susceptibility of Ae. aegypti and
Cx. quinquefasciatus larvae, resulting in a reduction of
both toxin concentration and exposure time. This chem-
ical exhibited no toxicity toward non-susceptible water
fleas. Thus, this study suggested the possible field applica-
tion of Cry4Ba-toxicity enhancing calcofluor to improve
the efficacy of bio-control of mosquito vectors soon.

Abbreviations

BBMV: Brush border microvilli; Bt: Bacillus thuringiensis; CR12-MPED: 12
cadherin repeats-membrane proximal extracellular domain; DAB: 3,3"-
diaminobenzidine; FITC: Fluorescein isothiocyanate; H&E: Hematoxylin and
eosin; LCsq: Lethal concentration required to kill 50% of the population;
LCo0: Lethal concentration required to kill 90% of the population;

PBS: Phosphate-buffered saline; PM: Peritrophic membrane; SDS-

PAGE: Sodium dodecyl! sulfate-polyacrylamide gel electrophoresis;

SEM: Scanning electron microscope



Leetachewa et al. Parasites & Vectors (2018) 11:515

Acknowledgements

We would like to thank Associate Professor Urai Chaisri, Department of
Tropical Pathology, Faculty of Tropical Medicine, Mahidol University, for her
technical support in H & E staining and microscopic analysis of larval tissue
sections. We would like to acknowledge Mr Irwin F. Chavez, Department of
Tropical Hygiene, Faculty of Tropical Medicine, Mahidol University for his
editorial and English proof.

Funding
This work was supported by the grant from the Thailand Research Fund
(Grant No. RSA5880026).

Availability of data and materials

The data supporting the conclusions of this article are included within the article.

Authors’ contributions

SL and SM designed and planned the experiments. SL and NK conducted
the laboratory experiments and data analysis. SS worked with insect rearing.
SL, NK and SM constructed the manuscript. SL, NK, PW and SM revised the
manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

"Bacterial Protein Toxin Research Cluster, Institute of Molecular Biosciences,
Mahidol University, Nakorn-Pathom 73170, Thailand. *Department of
Protozoology, Faculty of Tropical Medicine, Mahidol University, Ratchadewee,
Bangkok 10400, Thailand. *Department of Entomology, New York State
Agricultural Experiment Station, Cornell University, Geneva, NY 14456, USA.

Received: 10 July 2018 Accepted: 11 September 2018
Published online: 20 September 2018

References

1. Bravo A, Gomez |, Porta H, Garcia-Gémez B, Rodriguez-Almazan C, Pardo L,
et al. Evolution of Bacillus thuringiensis Cry toxins insecticidal activity. Microb
Biotechnol. 2013,6:17-26.

2. Hofte H, de Greve H, Seurinck J, Jansens S, Mahillon J, Ampe C, et al.
Structural and functional analysis of a cloned &-endotoxin of Bacillus
thuringiensis Berliner, 1915. Eur J Biochem. 1986;161:273-80.

3. Angsuthanasombat C, Uawithya P, Leetachewa S, Pornwiroon W, Ounjai P,
Kerdcharoen T, et al. Bacillus thuringiensis Cry4A and Cry4B mosquito-
larvicidal proteins: homology-based 3D model and implications for toxin
activity. J Biochem Mol Biol. 2004;37:304-13.

4. Knowles BH. Mechanism of action of Bacillus thuringiensis insecticidal d-
endotoxins. Adv In Insect Phys. 1994;24:275-308.

5. Whalon ME, Wingerd BA. Bt: mode of action and use. Arch Insect Biochem
Physiol. 2003;54:200-11.

6. Boonserm P, Mo M, Angsuthanasombat C, Lescar J. Structure of the
functional form of the mosquito larvicidal Cry4Aa toxin from Bacillus
thuringiensis at a 2.8-A resolution. J Bacteriol. 2006;188:3391-401.

7. Zhang H, Yin W, Zhao J, Jin L, Yang Y, Wu S, et al. Early warning of cotton
bollworm resistance associated with the intensive planting of Bt cotton in
China. PLoS One. 2011;6:222874.

8. Tetreau G, Stalinski R, Kersusan D, Veyrenc S, David JP, Reynaud S, et al.
Decreased toxicity of Bacillus thuringiensis subsp. israelensis to mosquito
larvae after contact with leaf litter. Appl Environ Microbiol. 2012;78:5189-95.

9. Zhang H, Tian W, Zhao J, Jin L, Yang J, Liu C, et al. Diverse genetic basis of
field-evolved resistance to Bt cotton in cotton bollworm from China. Proc
Natl Acad Sci USA. 2012;109:10275-80.

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

Page 8 of 9

Abdullah MA, Moussa S, Taylor MD, Adang MJ. Manduca sexta (Lepidoptera:
Sphingidae) cadherin fragments function as synergists for Cry1A and Cry1C
Bacillus thuringiensis toxins against noctuid moths Helicoverpa zea, Agrotis
ipsilon and Spodoptera exigua. Pest Manag Sci. 2009;65:1097-103.
Pardo-Lopez L, Munoz-Garay C, Porta H, Rodriguez-Almazan C, Soberon M,
Bravo A. Strategies to improve the insecticidal activity of Cry toxins from
Bacillus thuringiensis. Peptides. 2009;30:589-95.

Rajamohan F, Alzate O, Cotrill JA, Curtiss A, Dean DH. Protein engineering of
Bacillus thuringiensis d-endotoxin: mutations at domain I of CrylAb enhance
receptor affinity and toxicity toward gypsy moth larvae. Proc Natl Acad Sci
USA. 1996,93:14338-43.

Wu SJ, Koller CN, Miller DL, Bauer LS, Dean DH. Enhanced toxicity of Bacillus
thuringiensis Cry3A d-endotoxin in coleopterans by mutagenesis in a
receptor binding loop. FEBS Lett. 2000,473:227-32.

Chen J, Hua G, Jurat-Fuentes JL, Abdullah MA, Adang MJ. Synergism of
Bacillus thuringiensis toxins by a fragment of a toxin-binding cadherin. Proc
Natl Acad Sci USA. 2007;104:13901-6.

Zhang R, Hua G, Urbauer JL, Adang MJ. Synergistic and inhibitory effects of
aminopeptidase peptides on Bacillus thuringiensis Cry11Ba toxicity in the
mosquito Anopheles gambiae. Biochemistry. 2010;49:8512-9.

Rao R, Fiandra L, Giordana B, de Eguileor M, Congiu T, Burlini N, et al. ACMNPV
ChiA protein disrupts the peritrophic membrane and alters midgut physiology
of Bombyx mori larvae. Insect Biochem Mol Biol. 2004;34:1205-13.

Fang S, Wang L, Guo W, Zhang X, Peng D, Luo C, et al. Bacillus thuringiensis
bel protein enhances the toxicity of Cry1Ac protein to Helicoverpa armigera
larvae by degrading insect intestinal mucin. Appl Environ Microbiol. 2009;75:
5237-43.

Richards AG, Richards PA. The peritrophic membranes of insects. Annu Rev
Entomol. 1977,22:219-40.

Bolognesi R, Ribeiro AF, Terra WR, Ferreira C. The peritrophic membrane of
Spodoptera frugiperda: secretion of peritrophins and role in immobilisation and
recycling digestive enzymes. Arch Insect Biochem Physiol. 2001;47:62-75.
Terra WR. The origin and functions of the insect peritrophic membrane and
peritrophic gel. Arch Insect Biochem Physiol. 2001,47:47-61.

Huber M, Cabib E, Miller LH. Malaria parasite chitinase and penetration of the
mosquito peritrophic membrane. Proc Natl Acad Sci USA. 1991;88:2807-10.
Regev A, Keller M, Strizhov N, Sneh B, Prudovsky E, Chet |, et al. Synergistic
activity of a Bacillus thuringiensis &-endotoxin and a bacterial endochitinase
against Spodoptera littoralis larvae. Appl Environ Microbiol. 1996;62:3581-6.
Hu SB, Liu P, Ding XZ, Yan L, Sun YJ, Zhang YM, et al. Efficient constitutive
expression of chitinase in the mother cell of Bacillus thuringiensis and its
potential to enhance the toxicity of Cry1Ac protoxin. Appl Microbiol
Biotechnol. 2009,82:1157-67.

Wang P, Granados RR. Calcofluor disrupts the midgut defence system in
insects. Insect Biochem Mol Biol. 2000;30:135-43.

Brasch J, Kreiselmaier I, Christophers E. Inhibition of dermatophytes by
optical brighteners. Mycoses. 2003;46:120-5.

Kingsbury JM, Heitman J, Pinnell SR. Calcofluor white combination
antifungal treatments for Trichophyton rubrum and Candida albicans. PLoS
One. 2012;7:e39405.

Rees JS, Jarrett P, Ellar DJ. Peritrophic membrane contribution to Bt Cry d-
endotoxin susceptibility in Lepidoptera and the effect of calcofluor. J
Invertebr Pathol. 2009;100:139-46.

Leetachewa S, Moonsom S, Chaisri U, Khomkhum N, Yoonim N, Wang P, et
al. Functional characterisations of residues Arg-158 and Tyr-170 of the
mosquito-larvicidal Bacillus thuringiensis Cry4Ba. BMB Rep. 2014;47:546-51.
Leetachewa S, Katzenmeier G, Angsuthanasombat C. Novel preparation and
characterisation of the a4-loop-a5 membrane-perturbing peptide from the
Bacillus thuringiensis Cry4Ba 6-endotoxin. J Biochem Mol Biol. 2006;39:270-7.
Finney DJ. Probit Analysis. J Pharm Sci. 1971;60:1432.

Rottmann RW, Graves JS, Watson C, Yanong RPE. Culture Techniques of
Moina: the ideal Daphnia for feeding freshwater fish fry. USA: University of
Florida (UF) and The Institute of Food and Agricultural Sciences (IFAS); 2017.
https.//edis.ifas.ufl.edu/fa024

Edwards MJ, Jacobs-Lorena M. Permeability and disruption of the
peritrophic matrix and caecal membrane from Aedes aegypti and Anopheles
gambiae mosquito larvae. J Insect Physiol. 2000;46:1313-20.

Zhang X, Candas M, Griko NB, Rose-Young L, Bulla LA Jr. Cytotoxicity of
Bacillus thuringiensis Cry1Ab toxin depends on specific binding of the toxin
to the cadherin receptor BT-R1 expressed in insect cells. Cell Death Differ.
2005;12:1407-16.


https://edis.ifas.ufl.edu/fa024

Leetachewa et al. Parasites & Vectors (2018) 11:515

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.
47.

48.

49.

50.

Jurat-Fuentes JL, Adang MJ. Cry toxin mode of action in susceptible and
resistant Heliothis virescens larvae. J Invertebr Pathol. 2006;92:166-71.
Martinez AM, Caballero P, Villanueva M, Miralles N, San Martin |, Lopez E, et
al. Formulation with an optical brightener does not increase probability of
developing resistance to Spodoptera frugiperda nucleopolyhedrovirus in the
laboratory. J Econ Entomol. 2004;97:1202-8.

Zhu R, Liu K, Peng J, Yang H, Hong H. Optical brightener M2R destroys the
peritrophic membrane of Spodoptera exigua (Lepidoptera: Noctuidae) larvae.
Pest Manag Sci. 2007;63:296-300.

Lehane MJ. Peritrophic matrix structure and function. Annu Rev Entomol.
1997:42:525-50.

Tellam RL, Wijffels G, Willadsen P. Peritrophic matrix proteins. Insect
Biochem Mol Biol. 1999,29:87-101.

Merzendorfer H. The cellular basis of chitin synthesis in fungi and insects:
common principles and differences. Eur J Cell Biol. 2011,90:759-69.

Tetreau G, Dittmer NT, Cao X, Agrawal S, Chen YR, Muthukrishnan S, et al.
Analysis of chitin-binding proteins from Manduca sexta provides new
insights into evolution of peritrophin A-type chitin-binding domains in
insects. Insect Biochem Mol Biol. 2015,62:127-41.

Khaokhiew T, Angsuthanasombat C, Promptmas C. Correlative effect on the
toxicity of three surface-exposed loops in the receptor-binding domain of
the Bacillus thuringiensis Cry4Ba toxin. FEMS Microbiol Lett. 2009;300:139-45.
Peters W. The fine structure of peritrophic membranes of mosquito and
blackfly larvae of the genera Aedes, Anopheles, Culex, and Odagmia (Diptera:
Culicidae/Simuliidae). Entomol Gen. 1979;5:289-99.

Richards AG, Richards PA. Origin and composition of the peritrophic
membrane of the mosquito, Aedes aegypti. J Insect Physiol. 1971;17:2253-75.
Ben-Dov E. Bacillus thuringiensis subsp. israelensis and its dipteran-specific
toxins. Toxins. 2014;6:1222.

Visitsattapongse S, Sakdee S, Leetacheewa S, Angsuthanasombat C. Single-
reversal charge in the 310-B11 receptor-binding loop of Bacillus
thuringiensis Cry4Aa and Cry4Ba toxins reflects their different toxicity against
Culex spp. larvae. Biochem Biophys Res Commun. 2014;450:948-52.

Peters W. Peritrophic Membranes. Berlin: Springer-Verlag; 1992.

Sarma SS, Nandini S. Review of recent ecotoxicological studies on
cladocerans. J Environ Sci Health B. 2006;41:1417-30.

Engert A, Chakrabarti S, Saul N, Bittner M, Menzel R, Steinberg CE.
Interaction of temperature and an environmental stressor: Moina macrocopa
responds with increased body size, increased lifespan, and increased
offspring numbers slightly above its temperature optimum. Chemosphere.
2013;90:2136-41.

Suhett AL, Santangelo JM, Bozelli RL, Steinberg CEW, Farjalla VF. An
overview of the contribution of studies with cladocerans to environmental
stress research. Acta Limnol Brasiliensia. 2015;27:145-59.

Miller V, Sasala K, Hogan M. Health effects of project SHAD chemical agent:
Calcofluor. Silver Spring: Institute of Medicine, the National Academies; 2004.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	final report-RSA5880026-May 2562
	output-RSA5880026
	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cry4Ba larvicidal activity assays
	Toxicity testing of calcofluor and Cry4Ba toxin with M. macrocopa
	PM permeability and immunohistochemistry assays of toxin fed larvae
	Hematoxylin and eosin staining of the Ae. aegypti larval gut
	Determination of larval PM structure using scanning electron microscopy (SEM)

	Results
	Calcofluor reduced the lethal concentrations and exposure time of wild-type Cry4Ba toxin
	Calcofluor restored the toxicity of the partially active E417A/Y455A (EY)-mutant Cry4Ba toxin
	Calcofluor induced morphological changes of PM
	Calcofluor significantly improved susceptibility of Cx. quinquefasciatus larvae to the Cry4Ba toxin

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References


