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Abstract

Genomic information for lepidopteran insects, mantrly agricultural pest species, is
very limited but urgently needed due to their ecomoimportance and biodiversity. The huge
economic losses ($ 1-2 billons / year) caused byEilwropean corn boreDétrinia nubilalis
Hubner, ECB) makes this insect species one of dgempests of corn in the United States and
western world. Management of ECB by conventionahmes is limited but has had a great
success by transgenic Bdcillus thuringiensiscorn, which targets insect gut. However, the
widespread use of Bt corn may lead to the developwieBt resistance in ECB. Knowledge of
genes expressed in the insect gut is consideretatfar understanding basic physiology of
food digestion, their interactions with Bt toxinsdgpathogens, and for discovering new targets
for pest management.

A large database of 15,000 expressed sequencéd8gs) was established from the
ECB larval gut. To our knowledge, this databaseasgnts the largest gut-specific EST database
from a lepidopteran pest. Analysis of 10 aminopmise-like genes between CrylAb-resistant
and —susceptible ECB larvae revealed that aminajzegat P-like QnAPP gene is a strong
candidate for its role in Bt toxicity and resistandhe RNA interference mediated reduction in
the transcript level cDnAPPgene in ECB larvae resulted in their reduced figuby to
CrylAb.

Analysis of the chitinase-like gen®rCh) revealed its essential role in regulating chitin
content of peritrophic membrane (PM). Our resuliggest thaOnChtmay influence food
digestion, nutrient absorption or movement of digesenzymes through the PM and can be an

important target for insect management. We alsotified and characterized six genes involved



in the innate immune defense response in ECB andeshthat the expression of these genes
were induced when challenged with bacteria.

In addition to these results, this research geeérsiggnificant genomic information for
the development of microarray from the larval guEGB. The establishment of the feeding-
based RNA interference technique could potentiadlip in delivering dsRNA orally to ECB for

high throughput screening of effective genes ttebgeted for insect pest management.
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signal peptide sequences for all the sequencasdexline. The predicted active site for
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cunea (Hc); Aedes aegypti(Aa); Drosophila melarstga(Dm); Anopheles gambiae (AQ);
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CHAPTER 1 - Introduction

The genomic information on insects has increasaddndously during last several years.
Lepidoptera, the second most biodiverse groupsddanspecies after Coleoptera, represents
more than 160,000 species including many of thet mh@gstating pests of crops, forests and
stored products (Pierce 1995). However, genomarmétion for lepidopteran insects,
particularly agricultural pest species is limitad brgently needed due to their economic
importance and biodiversity. Availability and idéitiation of the DNA sequences for an
organism is essential for understanding the genetifuns and their involvement in various
biological processes.

Corn or maizedea mayd..) is a widely grown crop in the world with anmyaoduction
of 790 million metric tons in 2007-2008 (Corn Refia Association 2008) and grown on more
than 148 million hectares worldwide (USDA, NASS ZR0The huge economic losses ($ 1-2
billons -/- year) caused by the European corn b@strinia nubilalis Hibner, ECB) makes this
insect species one of the major pests of cornarlihited States and western world (Lauer and
Wedberg 1999, Hyde et al. 1999). Management of B Bonventional methods has been
limited but management by transgenic B&illus thuringiensiscorn has been very successful
(Walker et al. 2000). The main target for thedtin is the insect midgut, where it is solubilized
and cleaved by gut protease to produce activated, tewhich then binds with the specific
receptor to produce toxicity (Gill et al.1992). Dwethe widespread use of Bt corn, there are
concerns regarding the development of Bt resistantield populations of ECB. Therefore,

identification and characterization of the genes teir products involved in the toxin-target



interactions is fundamental in sustaining the ddeamsgenic Bt technology in the integrated
pest management.

In addition to Bt action and resistance, the knalgkeof genes expressed in the insect gut
is also considered crucial for understanding bplysiology of food digestion, its molecular
composition, its interaction with pathogens, anddigcovering new targets for novel toxins to

be used in pest management.

The European corn borer Ostrinia nubilalis Hibner)

Distribution, biology, and economic importance of Ostrinia nubilalis

The European corn borer (ECBstrinia nubilalisHubner) is widely distributed across
central and southern Europe, throughout North Acagisiberia, northern India, and western
China (Caffrey and Worthley 1927, Showers 1993}hinUnited States, ECBas first reported
in 1917 (Vinal 1917). However, it is thought to ledwveen introduced multiple times to North
America in shipments of broom corn imported froalyitand Hungry to eastern United States
and Canada between 1909 to 1914 (Caffrey and Veégrt927). The life cycle of ECB
composed of four developmental stages: egg, |@waa, and adult. The EQBrva passes
through five instars and they are the most impoigage that causes major physiological and
economically damage to corn. The EBnale lays eggs on corn leaves, and young laeec f
in the whorl and move to leaf sheath and midribis the third instar which bores into the stalk,
ear, and shank (Mason et al. 1996). The injury eduy larval feeding and boring disrupts the
translocation of essential nutrients and water eéddr proper plant development (VanDyk
1996, Witkowski and Wright 1997). Starting in lst@emmer or early autumn and ending late the
next spring in the Midwest region of the Unitedt8a ECB larvae over-winter in the stalks of

their host plants as diapausing fifth instars (&gfland Worthley 1927). The number of



generations of ECih United States increases from one to four froenrtbrth to the south and
there is considerable local adaptation to climateddions. Most parts of the Corn Belt have two
generations (Mason et al. 1996). In Kansas, theréna but occasionally three generations per
year (Showers et al. 1989).

ECBis a polyphagous insect and can develop on 223 gfaties (both monocotyledon
and dicotyledon) (Lewis 1975). EAB one of the major damaging pests of corn in thadd
States. The other crops attacked by ECB inclutlgobpper Capsicum annuujnoats Avena
sativg), barley Hordeum vulgarg artichoke Cynara scolymys soybeanG@lycine ma,
sunflower Helianthus annuys and Solanaceous crops. Damaged plants are sixdedp
breakage, ear drop, and secondary infections byusffusariumspecies (VanDyk 1996).
Fusarium species which develop on the larval wowaaisproduces mycotoxins, such as
zearalenone, fumonisin, and trichothecium, whiehtarmful to humans and livestock and as a
consequence, silage containing contaminated corbeaendered unusable (Marasas et al.

1984, Munkvold and Desjardins, 1997).

Management of ECB

Conventional control measures

The conventional methods to manage E@BIlve the combination of the resistant
varieties of corn, insecticide applications, biatad control agents, and seasonal cultural
practices (Showers et al. 1989). The strategytwase natural resistance in varieties such as
DIMBOA, and then use economic thresholds (ET) wigecticides to manage first generation
larvae (Pilcher and Rice 2001). Lot of effort lhe@&n devoted to develop resistant varieties
against leaf feeding by first and second generadsiorae in the past decades (Showers et al.

1989). However, these resistant varieties werahlgt to protect the corn plant from the stalk



tunneling by late larvae. Management for seconetgdion larvae was more limited. The typical
recommendation for management of E®@8s the timely application of insecticides, such as
bifenthrin, carbofuran, or permethrin (Mason etl®96). The main reason for ineffectiveness of
the insecticide applications was the difficultygetting proper timing of the spray application to
obtain an economic benefit (Heinemann et al. 19Bi¥)ing of the insecticide spray was critical,
So intensive scouting efforts were needed to deterthe best time for insecticide applications
that would kill the early stage larvae before theye into the stalk (Sloderbeck et al. 1984,
Mason et al. 1996). Rice and Ostlie (1997) suggktitat growers were reluctant to scout,
and/or had concerns regarding the use of multiidedticide applications and this led to the
difficulty in managing the larvae with insecticid€3ther control measures, such as cultural
control and conservation of natural enemies (ssdDraus insidious Chrysoperlaspp, several
ladybird beetled,.ydella thompsoni, Eriborus terebrans, Simpiesigluia, Macrocentris

grandii andBeauveria bassiananly play a limited role in the management of EGEson et

al. 1996).

Transgenic Bt corn

Bacillus thuringiensigBt) is a naturally occurring gram-positive, agamlimotile,
endospore forming bacteria (Lacey and Kaya 2008i¢hvhas been found worldwide with at
least 82 different serovars (Lecadet et al. 1988tillus thuringiensiproduces crystalline
inclusions of entomocidal protein protoxins (Pigantd Ellar 2007), which are active on insects
in the orders of Lepidoptera, Diptera, and Cole@{&chnepf et al. 1998). The spores and
crystals of Bt have been used as a biopesticidalfoost 60 years in forestry management,
agriculture, and vector-born disease control (Sphatal. 1998, Federici 2005). However, Bt

commercial products have several limitations sucteggradation with sunlight, being washed



away with rain, and it is not penetrating so insexchich enters the plants are not affected. The
importance of Bt toxins in the management of inpests has increased dramatically with the
developmental of transgenic plants with the abtlitgxpress the Bt toxin proteins (Valaitis et al.
2001, Shelton et al. 2002). The first geneticatigiaeered crop plants containing a gene f&am
thuringiensisvarietyKurstaki(Berliner) were commercially produced and harvestetie

United States during 1996 (Hilbeck et al.1998).nBgenic corn expressing Bt toxins have been
very effective against the ECBliggins et al. (1996) reported that during fieléls, Bt corn
hybrids showed more than 99% control of the fiestegration of the ECB in whorl-stage corn.
Several Bt commercial corn hybrids are availablBanth America to control ECB. Agrisure CB
(Synenta) and YeildGard Corn Borer (Monsanto) haté the CrylAb gene whereas Herculex |
(Pioneer Hi-Bred/DowAgroSciences) uses CrylF gémeECB control. Also corn hybrids such
as HerculexXTRA (Pioneer Hi-Bred/DowAgroScience&®ildGardPlus (Monsanto), and
YeildGard VT Triple (Monsanto) contains more thare@ene to control both corn borer and
corn rootworm (Sloderbeck and Whitworth 2009). &leeeage under the genetically modified
(GM) crops has been increasing since 1996, an00&,280 % of the total corn planted in the
U.S. was GM corn, which includes 18 % for insesis&ance (expressing Bt toxin), 40 % with
stacked genes for both insect and herbicide resistand 23% for herbicide resistance (USDA-

NASS 2008).

Mode of action of Bt toxin

The mode of action of Bt toxin changes relativelgrt crystalline protoxin form into the
cytotoxic form and involves several steps (Schre¢af. 1998). After being ingested by the
insect, Bt crystals were solubilized by gut proesasnder alkaline and reducing condition of

insect midgut (Huber et al. 1981). Gut proteasesgrize cleavage sites on the protoxin and



cuts it to produce active toxin (Chestukhina eflB2, Choma et al. 1990), which then binds to
specific receptors on the midgut epithelium. Biggdat the activated Bt-toxin to midgut-specific
receptors causes a toxin conformation changectratllow for the insertion and formation of
ion channels or pores in the midgut apical membréna leads to osmotic imbalance and
eventually death of the insect (Gill et 8292, Schnepf et al. 1998).

Two models have been proposed to explain the mbdetion of Bt toxins with the
presence or absence of oligomerization of the@xyntmonomers (Pigott and Ellar 2007). The
Bravo Model (Bravo et al. 2004) proposes oligonaran steps and suggests that both cadherin-
like protein (Bt-R) and aminopeptidase N (APN) receptors are es$émti@ryl toxicity. In this
model, the crystalline toxin is solubilized andtopsan is converted into activated toxin by gut
proteases. The activated toxin then binds to BtsRindergo conformational change that
facilitates cleavage of helix-1 by membrane bound proteases (Gomez et al. 2008).
resultant form of toxin oligomerizes to form tetrame pre-pores which has increased affinity for
APN and binds to it. The oligomeric pre-pore stuoe is then directed by the APN to detergent-
resistant membranes (DRMSs), or lipid rafts, whiabilitates membrane insertion to form a lytic
pore. These pores causes osmotic imbalance withimsect gut and this leads to insect death.
The second model (Zhang et al. 2005) involves aadiigg cascade and challenges that CrylAb
kills cell exclusively by osmotic lysis (Pigott aidlar 2007). This model proposes that
monomeric Cry1Ab binds to BT-Rundinitiates an M§*—dependant signaling pathway that
promotes cell death. Zhang et al. (2006) suggehkteadinding of the CrylAb with the receptor
activates the signaling pathway which involves station of G protein, adenylyl cyclase,
increased cyclic AMP levels, and activation of protkinase A, which leads to the

destabilization of the cytoskeleton and ion chasia@ld subsequent cell death. Pigott and Ellar



(2007) suggested a caution in assessing the Zhadglmas further work is needed to establish
the connection between toxicity and the rise in dAMvel. However, all of this work has been
done using a cell line and it will be interestingsee if the work can be replicated unidevivo

conditions.

Resistance mechanisms to Bt toxins

According to the mode of action for Bt toxin, agetrinsect could potentially develop
resistance to Bt protoxins or toxins via one or encianges in the Bt-receptor interaction
pathway. The two most commonly identified Bt remiste mechanisms are protease-mediated

and receptor-mediated resistance.

Changesin the proteolytic activation of Bt toxins

As discussed above, midgut proteases play an iaptoible in the solubilization and
activation of Bt protoxins. In some insects, chanigedigestive protienases were found to be
associated with resistance to Bt toxins (Oppeal.€1994, Oppert et al. 1996, Oppert 1999).
interpunctelladisplay resistance to Bt subspt@nocidudHD-198 and this resistance is
associated with the absence of a major gut prateittzat activates Bt protoxins (Oppert et al.
1997). InSpodoptera littoralisanincrease in protease specific activity was foundeo
associated with an increase in toxin degradatianrttay account for loss of sensitivity of larvae
to Crylc (Keller et al. 1996). In ECB, reduced pase activity in a strain of Dipel-resistant
larvae was associated with reduced activation atiopgin (Huang et al. 1999, ket al. 2004).
However, transgenic Bt corn expresses the Bt tagiactived trypsin resistant core protein, so

this mechanism may not be an important resistarexghamism against Bt corn (Li et al. 2004).



Receptor mediated Bt resistance

The activated toxins bind readily to specific redoep on the apical brush border of
midgut microvillae of susceptible insects (Hofmaatral. 1988). Therefore, receptors on the
brush border membrane are key factors in determisypecificity of Cry toxins. Many receptors
for cry toxin have been reported in the midguttepfdopteran insects. A cadherin-like protein
has been reported from the midgut of EGBanngan et aR005),Manduca sext§vVadlamudi et
al. 1993) Bombyx mor(Nagamatsu et al. 199®ectinophora gossypiell@iorin et al. 2003),
andHeliothis armigeraXu et al. 2005), which acts as receptor to a cxyrt. Aminopeptidase N
has been identified as Cry toxin receptor figimsexta(Knight et al. 1994)Heliothis virescens
(Luo et al. 1997)Bombyx mor{Yaoi et al. 1997)H. armigera(Rajagopal et al. 2003Plutella
xylostella(Nakanishi et al. 2002andLymantria dispar(Valaitis et al. 1997)Glycolipids from
the midgut of thél. sextahave also been reported to bind with CrylAa, Ciyland CrylAc
(Griffitts et al 2005) Also, alkaline phosphatases have been reportadttas a CrylAc receptor
in M. sexta(McNall et al. 2003, Sangadala et al. 1994) HndirescengEnglish and Readdy
1989, Jurat-Fuentes and Adang 2004) and as a Ceylddeptor irAedes aegypliFernandez et
al. 2006). Some preliminary results show that ©xyrt can also bind to two new receptors. A
receptor called BTR-270 which is a 270-kDa glycqugate was isolated froin disparand
binds strongly to CrylAa, CrylAb, and CrylBa, weakl CrylAc, and not at all to Cryl1Ca,
Cry2Aa, Cry2Ba, and Cry3Aa (Valaitis et al. 200Bnother receptor which has a molecular
mass of 252 kDa and is called as P252 was isofedatB. moribrush border membrane
vesicles (BBMV) (Hossain et al. 2004). This receptas able to bind to CrylAa, CrylAb, and

CrylAc.



Alteration of the binding site is the best charazesel mechanism of resistance to Cry
toxins and generally confers high resistance leffedsré and VanRie 2002). A decrease in Cry
toxin binding ability to midgut receptors has atsen reported in resistant straingof
xylostella(Ferré et al. 1991, Tabashnik etE94 , Masson et al. 1995, Eschriche et al. 1995,
Tang et al. 1996}. virescengMacintosh et al. 1991, Lee et al. 1995podoptera exigua
(Moar et al. 1995) andeptinotarsa decemlineafgoseva et al2002). In ECBbinding analysis
indicated that resistance to CrylAb and CrylAc Bt-@esistant strain was not associated with a
loss of toxin binding (Li et al. 2004). Gunningadt (2005) reported that esterases in the gut of
H. armigeraare responsible for its resistance to transgentor@ontaining a CrylAc gene. The
level of esterases was higher in the gut of thistaa# strain than in the susceptible strain. They
also showed that esterases could bind to CrylAyiroand activated toxin, and therefore

could help detoxify Bt toxins.

Insect functional genomics

The genomic information for insects has increaseahéndously during last several
years. Whole genomes have been sequenced for begeret species, including the fruit fly
(Drosophila melanogastgfAdams et al. 2000), African malaria mosqui#mépheles gambide
(Holt et al. 2002), yellow fever mosquitd.(aegypll (Nene et al. 2007), honey be¥&p(s
melliferg) (Weinstock et al. 2006.), silkwormB ( nori) (Mita et al. 2004, Xia et al. 2004), red
flour beetle Tribolium castaneuin(Richards et al. 2008), and 11 otibeosophilaspecies
(Crosby et al. 2007, Lin et al. 2007). Genome seqging of other insect species, including pea
aphid(Acyrthosiphon pisumnorthern house mosquitGilex pipiens)three species of
parasitoid waspNasoniasp.), Hessian flyNlayetiola destructgr blood sucking bugRhodnius

prolixus), and body louseRediculus humangisare currently in progress (Deng et al. 2006,



Grimmelikhuijzen et al. 2007, Sattelle et al. 2Q0/t)e red flour beetle is the only agricultural
insect pest whose whole genome sequence has bes@ireble to date.

Sequencing of the expressed sequence tags (ESSbeba recognized as an economical
approach to identify a large number of expresseggé¢hat can be used in gene expression and
other genomic studies (Gerhold et al. 1996, Dimégoat al. 2000, Porcel et al. 2000). Indeed,
ESTs have been generated from several lepidopiesants including the silkworm (Mita et al.
2003), spruce budworigChoristoneura fumiferangLi et al. 2003), cotton bollworr(H.
armigerg (Dong et al. 2007), diamondback m¢kh xylostelld (Eum et al. 2004 obacco
hawkmoth(M. sextd (Robertson et al. 1999, Zou et al. 2008), andafiaiyworm §. frugiperda
(Deng et al. 2006, Negre et al. 2006).

The advent of transgenic crops shifted the focugdientifying insecticide targets from
the nervous system to the midgut (Siegfried e2@0D5). The gut of major agricultural insect
pests can be a target for pesticide developmesdyiece of transgenic resistance (Li et al. 2004)
and can influence the durability of host plantstsice (Koiwa et al. 2000). Insect gut proteins
are involved in various functions including foodéstion, detoxification, and developmental
regulation. The high throughput genomic projectsu®d on characterizing the gene expression
profiles from the cell or tissues have been exmettaincover the fundamental insights into the
biological process (Swaroop and Zack 2002). In orolédentify cellular pathways and genes
that are selectively turned on or off in respormsextrinsic factors or intrinsic genetic programs,
it is important to deduce the catalogue of mRNAregped in the specific cell or tissue types at
various stages of development, aging and diseasei(&l. 2003).

It has been long recognized that the insect gam isnportant target for developing new

strategies for insect pest management. Until n@wgver, only a few studies have focused on
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the development of gut-specific EST libraries ghidl®pterans as a tool to identify candidate
genes involved in the toxicity of insecticides @hd development of insecticide resistance. Gut-
specific EST libraries were reported for light broapple mothEpiphyaspostvittana (6,416
ESTs) (Simpson et al. 2007), bertha armywokarfestra configurafa(30 serine protease-
related sequences) (Hegedus et al. 2003)Camdibilalis(1,745 ESTs) (Coates et al. 2008). The
generation and identification of large numbersrahs$criptomes from the insect gut will provide
the better understanding of its molecular compasiéind it will provide tools to elucidate the

various biological processes as well as identifyahdargets for insect control.

RNA interference technology

The potential function of gene in an organism camétermined by disrupting the gene
and observing the effect of this loss on the ogranjWaterhouse and Helliwell 2002). One
method to cause gene disruption is to down-regtitetgene expression. Several techniques has
been attempted to target specific RNAs for degradauch as use of anti-sense
oligonucleotides and ribozymes (Bantounas et &42®ut the discovery that double-stranded
RNA (dsRNA) can trigger silencing of the homolog@enes has provided a new very
promising tool for studying gene function (Hannd@®2). This process is called as RNA
interference in animals (Hannon 2002) and poststtaptional gene silencing in plants
(Baulcombe 2004). In animals, RNAI was first disemd inCaenorhabditis elegans) which
MRNA or antisense RNA injections had no effect ootgin production, but double-stranded
RNA successfully silenced the targeted gene (Rieg. 998). The main steps involved in the
RNAI mechanism are as follows: 1) dsRNA typicallgma than 200 bp is delivered into the
body of organism. Upon entering into the cellpitdws a cellular pathway called RNAI

pathway. 2) dsRNA is recognized by RNaselll-likeyne called dicer and brake down the
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dsRNA to small 21-23 nucleotide long fragmentsezhlhs siRNA. This process occurs in the
presence of ATP (Bernstein et al. 2001). 3) siRi&then incorporated into the endonuclease
containing complex called RNA-induced silencing pdexes (RISCs). RISC undergo ATP
dependent process to unwind the double strandédi’siR) siRNA strand guide the RISC to its
complementary RNA molecule and binds with it (Hanmehe@t al. 2000, Nykanen et al. 2001 5)
Endonuclease then cleaves the RNA molecule angedidaNA fragments are then degraded by
exonucleases. In insects, RNAI has been succhssidd inD. melanogastefMisquitta and
Paterson 1999, Dzitoyeva et al. 20(Mysca domesticéStaubelet al.2000),B. mori(Dai et al.
2007),S. litura(Rajagopal et al. 2002, postvittangTurner et al. 2006A. pisum(Jaubert-
Possamai et al. 2007, Multti et al. 20@Blgttella germanicgCruz et al. 2006, Martin et al.
2006),Periplaneta AmericanéMarie et al. 2000)A. albopictugCaplen et al. 2002Bemisia
tabaci(Ghanim et al. 2007), a culture cell line fréirgambiagLevashina et al. 2001A\.
mellifera(Amdam et al. 20035 chistocerca gregari@Dong and Friedrich 2005Rhodnius
prolixus (Araujo et al. 2006)Diabrotica virgifera(Baum et al. 2007), antribolium castaneum
(Bucher et al. 2002, Tomoyastial.2004). Mostly, the preferred dsRNA delivery method
insects is microinjection oh vitro synthesized dsRNA into the insect haemoceol (Deita et

al. 2001) but in some cases oral feeding of dsRBE#diso been effective (Turner et al. 2006,

Araujo et al. 2006, Baum et al. 2007).

RNAI for pest management

RNAI technique can be used in developing the tranggplants which cause the down
regulation of essential genes in the insect ans tlusing insect death (Price and Gatehouse
2008). Baum et al. (2007) reported a significamel®f protection by the transgenic corn which

is engineered to express dsRNA directed ag@instrgiferaV-ATPase A gene. Another
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approach used by Mao et al. (2007) also demondttheesuccessful delivery of the dsRNA
targeted against the cotton bollworm through thaggenic tobacco and Arabidopsis plants.
Here, the authors first identified a cytochrome ®45YP6AE14) gene from the midgut of the
cotton bollworm, whose expression is related togih&sypol (cotton secondary metabolite)
tolerance. The transgenic plants expressing dsRinat CYP6AE14 were developed and
were fed to cotton bollworm. These insects showedstlencing of the CYP6AE14 gene and
when transferred to the artificial diet containgmmssypol, they became more sensitive to
gossypol. RNAI technology has the advantage tonide range of targets that can be exploited
to suppress the pest population but there is a teegcteen and identify the effective target
genes. Another key to the success of this apprisadéveloping a transgenic plant capable of
continuous delivery of sufficient amount of intalstRNA for uptake by insects (Price and

Gatehouse 2008).

Role of peritrophic membrane in food digestion

Peritrophic membrane (PM) consists of chitin anggproteins and is an important
physical barrier between the food bolus and theegithelial cells. It is also an attractive target
for insect pest management strategies (Hegedus209). Most insects have PM but it is
generally absent in the insect orders, Hemiptengsdnoptera, and adult Lepidopera (Lehane
1997). Lepidoteran larvae have type 1 PM, that3s100um thick and is formed by midgut
epithelial cells along the entire length of midguercer and Day 1952). Type Il PM is found in
the dipteran larvae, some lepidoptera, embiodakpamitive orders (e.g., Dermaptera and
Isoptera) and is formed from special tissues caldia located anterior to the midgut
(Binnington 1988, Peters et al. 1979, Hegedus. &(419). PM protects insect midgut epithelial

cells from abrasive food particles, digestive eneggnand pathogens and plays an important role
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in the digestive process by compartmentalizingninggut to make nutrient acquisition more
effective. However, one of the significant mecharggegarding PM that is still poorly
understood is how digestive enzymes pass througRlh and reach endoperitrophic space
(Hegedus et al. 2009). Several mechanisms havedreponsed by which digestive enzymes
secreted from midgut epithelium penetrate the Pkéézh the food bolus: 1) secretion of
digestive enzymes from the epithelial cells inamnéerior region of midgut where the PM may
not be fully formed (Caldeira et al. 2007, Cristett et al. 2001, Neira et al. 2008); 2) special
pores in the PM to allow the enzymes to pass (Faret¢ al. 1994, Ferreira et al. 1999, Santos
and Terra 1986); 3) release of enzymes before MhesFPormed (Villalon et al. 2003); and 4)
formation of temparory pores to allow the enzymevement (Shen and Jacobs-Lorena 2003,
Toprak et al. 2008). Temperory pore formation hesnbsuggested ilh. gambiaewhich is
achevied by gut chitinase enzyme by partially deigigathe chitin in the PM (Shen and Jacobs-
Lorena 2003). Understanding the movement of nugiand enzymes through the PM also has
implications for insect pest management. For exangartain genes involved in this process
could be targeted to disrupt the function of PMyréioy decreasing the efficiency of the digestive

process hindering the movement of enzymes andemtiuptake.

Immune defense response

Insects are continuously exposed to potentiallp@genic microorganisms and
eukaryotic parasites, but only a few encounterglras infection (Gillespie et al. 1997). Insects
possess a complex and efficient system of biolbgieBense against pathogens and parasites
which include: 1) the integument and gut as phydieaiers to infection; 2) coordinated
responses of several subpopulations of hemocytes wiese barriers are breached; 3) the

induced synthesis of antimicrobial peptides andgins, primarily by the fat body (Gillespie et
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al. 1997). Innate immune system recognizes miceousgns through a series of pattern
recognition receptors that are highly conserveevmlution (Hoffmann et al. 1999, Janeway and
Medzhitov 2002). Components of the insect innat@ime system include antimicrobial
peptides, macrophage-like hemocytes, melanizatvonnd healing and complement-like
thioester proteins in the hemolymph (Ip 2006). Eniesect antimicrobial mechanisms are
effective against bacteria, parasites and funge iflduction of the immune related proteins for
defense requires the host to recognize the invaslaon-self (Hashimoto et al. 2007, Schmid-
Hempel 2005). Several families of the proteinsraported to be involved in the recognition of
the surface characteristics of microbes such asdogiycan recognition proteins (PGRPS),

gram negative binding proteins (GNBPs)et-3 glucan recognition proteins ,
lipoploysaccharides, and mannans (Medzhitov €t397). PGRP genes have been reported from
D. (Werner et al. 2000, Dziarski and Gupta 2006)sexta(Yu et al. 2002)B. mori(Ochiai and
Ashida 1999)Samia cynthia ricin(Hashimoto et al. 2007, Onoe et al. 200#)¢choplusia ni

(Kang et al. 1998), anél. gambiagChristophides et al. 2002). GNBP genes have fmerd in

B. mori(Ochiai and Ashida 2000)). sexta(Ma et al. 2000), anB. interpunctellaFabrick et al.
2003). After the pathogen infects the insect haemlpthe defense response causes the synthesis
of a battery of antifungal/antibacterial peptideeffu et al. 1998, Lamberty et al. 1999). Most of
the antimicrobial peptides, such as lysozyme, avdyred in the fat body or haemocytes and
then released into the haemolymph of insects, wiieh damages the microbial cell membranes
(Dimarcq et al. 1998, Lamberty et al. 1999, Lopeale2003). Research in insect immunity can
be expected to result in improved use of entomajggeths in biological control, in discovery of
antimicrobial molecules that can be exploited bgnhuas, and in new strategies for management

of insect vectors of human and animal diseased§jile et al. 1997). Identification and
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expressional analysis of antibacterial geneS.mubilaliswill provide new insights and better

understanding of the immune defense respon€enuabilalis.
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Objectives

General goal of this study was to generate largemec database from the gut of the

ECB to be used for better understanding of gut johygy and its interaction with Bt toxins and

pathogens. The specific objectives of this studyevaitlined as follows:

1.

ol

Establish and analyze expressed sequence tag (la&ase from the gut of the ECB
larvae;

Establish feeding-based RNA interference techntquee used for gene functional
analysis in ECBarvae;

Identify and characterize aminopeptidase-like gdras the ECBarvae and determine
their involement in Bt toxicity and resistance;

Identify and characterize chitinase-like gene fitthwn gut of ECBarvae and determine

its involvement in the chitin regulation in the pephic membrane; and

. Identify and characterize antibacterial responseegdrom the ECHBarvae.
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CHAPTER 2 - Expressed Sequence Tags from Larval Gudf the
European Corn Borer (Ostrinia nubilalis): Exploring Candidate
Genes Potentially Involved inBacillus thuringiensis Toxicity and

Resistance

BMC Genomics 2009, 10: 286

Abstract

Background: Lepidoptera represents more than 160,000 insectesperhich include some of
the most devastating pests of crops, forests, @mmddsproducts. However, the genomic
information on lepidopteran insects is very limit€hly a few studies have focused on
developing expressed sequence tag (EST) librawes the guts of lepidopteran larvae.
Knowledge of the genes that are expressed in Hezirgut are crucial for understanding basic
physiology of food digestion, their interactiongmBacillus thuringiensi¢Bt) toxins, and for
discovering new targets for novel toxins for us@@st management. This study analyzed the
ESTs generated from the larval gut of the Europeain borer (ECBQstrinia nubilalig, one of
the most destructive pests of corn in North Amead the western world. Our goals were to
establish an ECB larval gut-specific EST databasa genomic resource for future research and
to explore candidate genes potentially involvethgect-Bt interactions and Bt resistance in
ECB.

Results: We constructed two cDNA libraries from the gutgshad fifth-instar larvae of ECB and
sequenced a total of 15,000 ESTs from these ldsaA total of 12,519 ESTs (83.4%) appeared
to be high quality with an average length of 656 Tipese ESTs represented 2,895 unique

sequences, including 1,738 singletons and 1,15fgsomong the unique sequences, 62.7%
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encoded putative proteins that shared significaquence similarities (E-valye10®)with the
sequences available in GenBank. Our EST analyseahed 52 candidate genes that potentially
have roles in Bt toxicity and resistance. Theseegeancode 18 trypsin-like proteases, 18
chymotrypsin-like proteases, 13 aminopeptidasedkaéline phosphatases and 1 cadherin-like
protein. Comparisons of expression profiles of dlected candidate genes between CrylAb-
susceptible and resistant strains of ECB by RT-Bd&ved apparently decreased expressions in
2 trypsin-like and 2 chymotrypsin-like protease @grand 1 aminopeptidase genes in the
resistant strain as compared with the susceptitdensIn contrast, the expression of 3 trypsin-
like and 3 chymotrypsin-like protease genes, 2 apeptidase genes, and 2 alkaline phosphatase
genes were increased in the resistant strain. &itfelnential expressions of the candidate genes
may suggest their involvement in Cry1Ab resistahedeed, certain trypsin-like and
chymotrypsin-like proteases have previously beemdiato activate or degrade Bt protoxins and
toxins, whereas several aminopeptidases, cadhkemioteins and alkaline phosphatases have
been demonstrated to serve as Bt receptor prateotber insect species.

Conclusion: We developed a relatively large EST database dimgisf 12,519 high-quality
sequences from a total of 15,000 cDNAs from thedlagut of ECB. To our knowledge, this
database represents the largest gut-specific E&bakse from a lepidopteran pest. Our work
provides a foundation for future research to dgvelo ECB gut-specific DNA microarray which
can be used to analyze the global changes of ggmmession in response to Bt protoxins/toxins
and the genetic difference(s) between Bt- resistadtsusceptible strains. Furthermore, we
identified 52 candidate genes that may potentiadiynvolved in Bt toxicity and resistance.
Differential expressions of 15 out of the 41 seddatandidate genes examined by RT-PCR,

including 5 genes with apparently decreased exjpressd 10 with increased expression in
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CrylAb-resistant strain, may help us conclusivdnitify the candidate genes involved in Bt

resistance and provide us with new insights ineorttechanism of Cry1Ab resistance in ECB.

Background

The genomic information on insects has increasaddndously during last several years.
Whole genomes have been sequenced for several spgates, including the fruit fly
(Drosophila melanogastgfl], African malaria mosquitoXnopheles gambiag¢2], yellow fever
mosquito Aedes aegypti3], honey beeApis melliferg [4], silkworm Bombyx rori) [5, 6], red
flour beetle Tribolium castaneui7], and 11 othebrosophilaspecies [8,9]. Genome
sequencing of other insect species, including pbadgAcyrthosiphon pisumnorthern house
mosquito Culex pipien} three species of parasitoid wadfagoniasp.), Hessian flyNlayetiola
destructoy, blood sucking bugRhodnius prolixus and body lousePediculus humanigsare
currently in progress [10-12]. The red flour beesléhe only agricultural insect pest whose
whole genome sequence has become available toLegieloptera, the second most biodiverse
group of insect species after Coleoptera, represante than 160,000 species including many of
the most devastating pests of crops, forests amddsproducts [13]. The silkworm was the first
lepidopteran insect to have its complete genomaesexgd [6]. However, genomic information
for other lepidopterans, particularly agricultupaist species is limited but urgently needed due to
their economic importance and biodiversity. Sequenof the expressed sequence tags (ESTS)
has been recognized as an economical approachnbfida large number of expressed genes
that can be used in gene expression and other gestudies [14-16]. Indeed, ESTs have been
generated from several lepidopteran insects inotuthe silkworm [17], spruce budworm
(Choristoneura fumiferand18], cotton bollworm [elicoverpa armiger[19], diamondback

moth Plutella xylostella [20], tobacco hawkmotiManduca sextg[21,22], and fall armyworm
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(Spodoptera frugiperdd10,23]. It has been long recognized that theehgut is an important
target for developing new strategies for insect pgmagement. Until now, however, only a few
studies have focused on the development of gutHfsp&&ST libraries of lepidopterans as a tool

to identify candidate genes involved in the toyat insecticides and the development of
insecticide resistance. Gut-specific EST libraniese reported for light brown apple moth
(Epiphyas postvittana6,416 ESTs) [24], bertha armyworiMgmestra configurafa(30 serine
protease-related sequences) [25], and Europearbooen (ECB Ostrinia nubilalig (1,745

ESTs) [26]. ECB is one of the most destructive pe$torn and can cause as much as $1 billion
of economic loss annually in the United States a@ll@7,28]. ECB also represents a complex of
stalk borers, such as the southwestern corn bDratr@ea grandiosellpand the sugarcane

borer Diatraea saccharalis These stalk borers share similar ecosystem aadecsimilar

damage to corn plants. Although ECB has been ssitdgsmanaged using transgenic Bt corn
hybrids (plants that express insecticidal toxinBa¢illus thuringiensi®r Bt), there are

increasing concerns about the potential developiwiet resistance in ECB because of the
widespread use of Bt corn [28,29]. Indeed, seMeGB colonies have developed resistance to Bt
toxins under laboratory selection conditions [3(,3he main target for Bt toxins is the insect
midgut, where Bt protoxins are activated by gut@ases to produce acti vated Bt toxins. The
activated toxins then bind to specific receptorgsjonfer toxicity [32]. This means that insect
resistance to Bt toxins could be conferred by @etemediated and receptor-mediated
mechanisms [33-37]. Because Bt toxins and insddhnggractions are determined by many gene
products in the insect gut, including many prot&ngymes involved in Bt protoxin activation,
toxin binding to receptors and toxin degradatiary, ehange in these systems has the potential to

affect a particular Bt's specificity and efficaeyd could lead to Bt resistance in insects. Our
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goals are to develop a gut-specific EST database ECB larvae and explore candidate genes
that are potentially involved in insect-Bt inteliacis and Bt resistance. In this paper, we report
the analysis and annotations of 15,000 ESTs defresd the gut of ECB larvae. We discuss the
putative identities of the ESTSs, their potentialbgical and molecular functions, and present
comparative analyses of our ESTs with sequences dtber insects. This work provides the
opportunity for developing an ECB gut-specific no@rray that can be used to study insect-Bt
interactions and genetic basis of Bt resistandeGB. Furthermore, we revealed 52 candidate
genes that could be involved in Bt toxicity andstsice. Among the 41 selected candidate
genes examined by RT-PCR, we found 5 genes withrapfly decreased expressions and 10
with increased expressions in CrylAb-resistanirstAECB as compared with the susceptible
strain of ECB. Differential expressions of thesaeagin a CrylAb-resistant strain may suggest
possible involvement of these genes in CrylAb tasce, and therefore provides us with new
insights into the mechanism of Cry1Ab resistance@B. This study may serve as a model for
studying Bt resistance mechanisms and for devedppio-pesticides for all closely related corn

stalk borers.

Results and discussion

Development and analysis of the ECB gut ESTs
We first used pPCR-XL-TOPO plasmid vector to prepacDNA library using total

RNA purified from the whole guts of fifth-instarrieae of ECB. After we sequenced a total of
1,152 cDNA clones, we found that the cDNA insentghie vector were not sufficient long
(average length: 441 bp). Therefore, we used laniyd& AP RX vector to prepare a second
cDNA library using mRNA purified from the guts afth-instar larvae of ECB. This library

provided us with much longer cDNA inserts (averkygth: 674 bp). Because of this

43



significantly improved quality of the ESTs genetateom the lambda library, we used the
lambda library for our further sequencing of ESA10ng the 15,000 random cDNA clones
sequenced, only <8% were from the plasmid libralngrgas >92% were from the lambda library
(Table 2.1). Our analysis of the 15,000 sequeresdted in 13,066 readable sequences (i.e.,
87.1% success rate). These sequences were finshéxd for removal of vector sequences and
then were subjected to filtration to exclude thgussces of <100 bp. Further analysis, using
Repeat- Masker and Organelle Masker programs [88jpved an additional 547 sequences.
Thus, the total number of high quality sequenceainbd was 12,519 (83.4%) with an average
length of 656 bp (Table 2.1). These high qualityusmces have been deposited in the EST
database (dbEST) with GenBank accession numbers@&d987145 to GH999663 at the
National Center for Biotechnology Information (NGBRedundancy and assembly analyses of
the high quality sequences using Sequencher sat{@ene Codes Corp., Ann Arbor, MIl, USA)
resulted in 2,895 unique ESTs, including 1,157 iguaus sequences (contigs) that consist of 2
or more sequences, and 1,738 singletons that exfrssgle sequences. Putative identities of
the unique sequences were determined by seardfengphredundant database in GenBank
using BLASTx. Among the 2,895 unique sequenced,6.(82.7%) showed significant matches
atE-values of10°, whereas the remaining 1,077 (37.3%) did not ekhieaningful matches
(Figure 2.1A). The majority of the contigs wereeasbled from 10 or fewer ESTs (Figure 2.1B).
On average, however, each contig was assembledlfdtohrsequences due to a few highly

redundant ESTSs.

Transcript abundance

The abundance of transcripts for a particular gdres organism can be estimated from

the corresponding EST abundance in a cDNA libragy}.[The most abundant ESTs in our
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cDNA libraries were those encoding trypsinlike pates and chymotrypsin-like proteases
(Table 2.2). As this cDNA library was constructeoini the gut of ECB, the high number of
transcripts from the digestive enzymes was expedieel most abundant contig was #0038
which consisted of 525 ESTs, and it included 4%heftotal sequences. This contig shared
maximum sequence similarity with the trypsin-liketgase, T25 precursor, characterized
previously in ECB [40]. Other abundant transcriptse contigs #0026 and #0062. Contig #0026
included 197 ESTs and encoded a putative chymatrjige protease. Contig #0062 included
137 ESTs and encoded a putative trypsin-like seotease. The highly expressed genes in
ECB larval gut may have important implications floeir growth and development. However,
care must be taken in making general conclusionsatahe redundancy of EST's because some

artifacts could also be involved [41].

| dentification of the ORF and putative secretary proteins

The 2,895 contigs and singletons were subjectéitet @ RF predictor software to
identify the open reading frame (ORF) of the segaenThis was done to identify the novel
gene candidates, which have clear coding capa@iiyng 2,895 unique ESTs, 1,119 (38.7%)
had ORFs of at least 450 bp. Among 1,119 ORFsp@gdtive protein sequences (88.8%) shared
sequence similarity (E-value10?) with known proteins in the non-redundant (NR) pirote
database in GenBank, whereas 125 (11.2%) did @oé gignificant similarity with any known
protein in the same database (Figure 2.2A). Thusaat 11.2% of the protein-coding genes in
the gut of ECB are potentially new genes. The remgil,553 contigs and singletons (53.6%)
had an ORF of <450 bp and 223 (7.7%) did not hav®@RF. Among the ESTs with ORFs of
<450 bp, 452 (29.2%) had matches in the NR pratatabase, whereas 1,011 (70.8%) did not

have matches. Many sequences did not have ORfeab&50 bp because the sequences were

45



too short (approximately 650 sequences were legs4B0 bp). The lack of the ORFs in other
sequences can be due to frame shift errors, Zdtiom of cDNA clones and the ESTs that were
not derived from mRNA [42]. To identify the secmgt@roteins, putative protein sequences were
examined to identify potential secretion signaltmbpusing SignalP software [43]. A total of

439 (15.2%) putative proteins were predicted ta@orsignal peptides (Figure 2.2B). Among
the putative secretory proteins, 298 sequence8¥®Mhad matches with known proteins in the
NR protein database, whereas 141 putative secrptotgins (32.1%) were unique, sharing no
significant sequence similarity with any known @iat This information is valuable since

secretory proteins are important components oblgiohl processes in the gut [44,45].

Comparative analyses of ECB gut ESTs

The development of EST databases has been recdgszerapid method of sampling
an organism's transcriptome and is complementaaywbole genome-sequencing project [46].
Indeed, a large number of ESTs have been gendratacbther model organisms. The 2,895
contigs and singletons obtained from the larvalaj@CB were compared with the sequences
from other organisms. The first hits (highest stofehe sequences in the NR database were
taken into account to determine the most similganism. The largest number of first hit
sequences (390; 13.5%) came up withmori(Figure 2.3). This can be explained by the fact tha
the genome dB. morihas been sequenced and partially annotated, anddtreECB and.
mori are lepidopterans. The second largest numberstfHir sequences (290; 10.0%) was with
T. castaneunfollowed byAe. aegypt{(109; 3.8%) Culex pipieng91; 3.1%) and A. gambiae
(81; 3.8%). Only 2.5% of the sequences (72) wenaddo be most similar to predicted protein
sequences from ECB. This is simply due to the gemgll number of sequences currently

available in NCBI database from ECB. In order tmpare our ECB gut ESTs with the 1,745
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ECB ESTs that are already available in NCBI datapag performed BLASTN searches.
Among our 2,895 contigs and singletons, 1,279 @4.Rad significant matches at a cutb#f
value of< 10%whereas 1,616 (55.8%) did not show any significaatches in NCBI database
using BLASTN search. We compared our ECB ESTs thi¢hECB ESTs available in NCBI
dbEST database. We found 475 sequences (16.4%)atiaignificant matches witkvalues
less tharkE-150 (Figure 2.4A). Within this category, 88 ESBLD0) had matches with-values
less thark-150, 23 (0.8%) ha#-values betweek-150 ande-100, 131 (4.5%) haB-values of
E-100 ande-50, 152 (5.2%) ha#-values ofE-50 andE-20, and 81 (2.7%) hdg-values
betweerE-20 andE-5 (Figure 2.4B). A total of 2,420 ESTs (83.6%) madhits with currently
available midgut ESTs in NCBI database. Becd&isamorigenome has not been fully annotated,
we have also compared our ESTs with all avail@lmoriESTs using BLASTN. Among the
2,895 contigs and singletons, 579 (20.0%) hadvtiits B. morisequences &-value< 10°
(Figure 2.4A). The remaining 2,316 ESTs (80.0%) it show a significant match with tBe
mori sequences. Among the 579 unique ESTs which hadhite database, 43 (7.4%) had
matches witte-value less thak&-150, 64 (11.1%) haB-values betwee&-150 ande-100, 156
(26.9%) hade-values betweeR-100 ande-50, 135 (23.3%) haH-values betweek-50 andE-

20, and 181 sequences (31.3%) Bachlues betweek-20 ande-5 (Figure 2.4B).

Gene ontology

Blast2GO software was used to obtain the gene agydiGO) terms for the unique
sequences by comparing them through the Gene @yt@lonsortium [47]. Among the 2,895
contigs and singletons, 1,815 showed blast hivalue< 10°and 1,119 ESTs of the 1,815
were mapped. A total of 120 mapped ESTs showedthetlsO terms and Enzyme Commission

(EC) numbers. Figure 2.5 shows the EST functioatdgories, where the ECB unique ESTs
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were assigned to putative biological processeseoutdr functions, and cellular components.
Within the biological process category, 24.0% bgltmcellular processes, followed by 17.0%
metabolic processes, 11.0% developmental process&80 multi-cellular processes, and 8.0%
each for biological regulation and localizationte molecular function category, the maximum
GO terms (40.0%) are included in catalytic activittlowed by binding (31.0%), transporter
activity (10.0%), and 5.0% each for enzyme regatatctivity and structural molecular activity
(9.0%). In cellular components category, cell peetl, and organelle had 27.0%, 24.0%, and
18.0% of the GO terms, respectively. They wereofeld by organelle part (13.0%),

macromolecular complex (11.0%), envelope (4.0%, membrane-enclosed lumen (3.0%).

I dentification of ESTs potentially relevant to the Bt toxicity and resistance

The mode of Bt action in insects includes the itigasof Bt protoxins, solubilization of
Bt protoxins in insect gut, proteolytic activatiohprotoxins, binding of toxins to Bt receptors,
membrane integration, pore formation, cell lysisj nsect death [48]. According to this mode
of action, a target insect could potentially depelesistance to Bt protoxins or toxins via one or
more changes in the Bt-receptor interaction pathwaleed, the two most commonly identified
Bt resistance mechanisms are protease-mediatectegpotor-mediated resistance [49]. Our
analysis of ESTs derived from the larval gut of EXeBealed a number of genes that are
potentially involved in Bt toxicity and resistanCEable 2.3). Specifically, we identified 18 ESTs
putatively encoding trypsin-like proteases and £ & putatively encoding chymotrypsin-like
proteases witlE-value ranges from 2e-26 to 3e-137 &dalue 3e-27 to 3e-149, respectively.
Changes in the proteolytic activity of digestiveymes can alter the toxicity of Bt protoxins or
toxins through effects on crystal solubilizatiordéor activation of protoxins, as well as

degradation of activated toxin [33, 50-56]. A pms study from our lab has shown that Bt
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resistance in a Dipel-resistant strain of ECB wamarily associated with reduced trypsin-like
protease activity [35,40]. These trypsin-like pestes were also revealed in our EST analysis.
Thus, our analysis of the ESTs generated from tie @f ECB larvae revealed many more
candidate genes that deserve further analysii&r itoles in Bt toxicity and resistance in ECB.
Our EST analysis also revealed 13 ESTs putativetp@ing aminopeptidaseB-yalue 1e-64 to
le-116), 1 encoding a cadherin-like protdtrv@lue 1e-35), and 2 encoding alkaline
phosphatase&{value 1e-115 to 1e-131). Aminopeptidase N, cadhiée proteins, and

alkaline phosphatases have been found to servéetagiB binding receptors in other insect
species [57-59]. To verify the function of aminopease N as a receptor for Bt CrylAc toxin in
Spodoptera lituraRNAI technology was used to reduce the expressi@minopeptidase N.
This resulted in a significant reduction in thecamibility of the insect to CrylAc toxin [60].
Gaharet al [61] showed that in a resistant strain (YHD2H#iothis virescengsthere was a
disruption of a cadherin-superfamily gene by aotedinsposon-mediated insertion that resulted
in high levels of resistance to the Bt toxin Cryl/&ernandeet al [62] also reported that a GPI
(glycosylphosphatidyl-inositol)-anchored ALP (alik& phosphatase) was an important receptor
molecule involved in CryllAa interactions with midgells and toxicity t#e. aegyptlarvae.
These studies demonstrate that aminopeptidasdsmadike proteins, and alkaline
phosphatases can serve as Bt toxin receptors edatvBt toxicity and resistance. Thus,
identification of these candidate Bt receptor gandhis study will allow us to further examine

whether receptor-mediated resistance is involvdst iresistance in ECB.
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Comparison of expression profiles between CrylAb susceptible and resistant strains of
ECB

We performed RT-PCR to compare the expressionrpattd the candidate genes
relevant to Bt toxicity and resistance between @tysusceptible and resistant strains of ECB.
Among 41 selected genes from the 52 candidate getgsh included 15 that putatively code
for trypsin-like serine proteases, 13 for chymosiygike serine proteases, 10 for
aminopeptidases, 2 for alkaline phosphatases, &mdchdherin-like protein, we found
apparently decreased expressions in 2 trypsinalike2 chymotrypsin-like protease genes, and 1
aminopeptidase genes in the resistant strain apa@a with the susceptible strain (Figure 2.6).
Among these genes, 2 trypsin-like protease germegi¢c[0907] and ECB-30-C08) were
virtually absent in the resistant strain. In costyave found apparently increased expressions in 3
trypsin-like and 3 chymotrypsin-like protease gerZeaminopeptidase genes, and 2 alkaline
phosphatase genes in the resistant strain. Themabeeable increases were found in 1 trypsin-
like protease (contig [3395]), 3 chymotrypsin-lipetease (ECB-V-25 E02, contig [0379], and
ECB- 23_F02), 1 alkaline phosphatase (contig [50%t]d 1 aminopeptidase (ECB-D12) genes.
Although RT-PCR is not quantitative, reproducildsults of such differential expression
patterns for these candidate genes in the CrylAbestible and resistant strains of ECB may
imply their potential roles in conferring or comtwiting to Cry1Ab resistance as well as genetic
differences between the susceptible and resistiaihs of ECB. Indeed, certain trypsin-like and
chymotrypsin-like proteases have previously beemdiato activate or degrade Bt protoxins and
toxins, whereas several aminopeptidases, cadhkepitoteins and alkaline phosphatases have
been demonstrated to serve as Bt receptor pratestber insect species. Thus, our results may
help conclusively identify the candidate genes ived in CrylAb resistance and provide us

with new insights into the mechanism of CrylAb seamnce in ECB. Nevertheless, further
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research will be needed to confirm their involvetsaand to elucidate their roles in Cry1lAb

resistance in ECB.

Conclusion
Our study resulted in a gut-specific EST databasg¢aining 12,519 high-quality ESTs

from a total of 15,000 ESTs sequenced in an adully important lepidopteran pest. To our
knowledge, this database represents the largespguific EST database from a lepidopteran
pest. Our analysis using ORF predictor softwarevgliothat approximately 11.2% of the protein
coding genes in our database may be specific to &Bese sequences have an ORF of at least
450 bp but did not have significant matches witbwn sequences in NCBI database. We have
also identified 52 candidate genes that are reteealit toxicity and resistance. These genes
encode trypsin-like proteases, chymotrypsin-liketgases, aminopeptidases, cadherin-like
protein, and alk6aline phosphatases. Furthermaeshawed differential expressions of 15 out
of the 41 representative candidate genes that @emmined by RT-PCR, including 5 genes with
apparently decreased expressions and 10 with sedeaxpressions in CrylAb resistant strain.
These results may help us further narrow down émeliclate genes possibly involved in CrylAb
resistance, and provide us with new insights iheorhechanism of Bt resistance in general in
ECB. We are in the process of developing a miceyansing our unique ESTs together with the
ECB gut-specific sequences which are already availa the GenBank. The microarray
technology will help us analyze the global chanfjgame expression in response to Bt
protoxins/toxins. It will also allow us to analyaay genetic differences between Bt resistant and
-susceptible strains of ECB. Our genomic informattm ECB could also serve as a valuable
resource for identifying critical/vulnerable geriemm the gut of ECB that would make useful

physiological targets for new toxins that coulddeeeloped for use in pest management.
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Methods

I nsects rearing and dissection
The KS-SC Bt-susceptible ECB colony was used foegating EST libraries. This

colony originated from the egg masses collectexhfiive cornfields near St. John, Kansas, in
1995. The colony has been reared since then ditiattdiets in the laboratory at Kansas State
University according to Huang et al. [63]. The sémnt ECB strain originated from a field
collection of 126 diapausing larvae obtained frazn4Bt hybrids in Kandiyohi Co., MN in

2001. The resistant strain was initiated from Idda that survived exposure to a diagnostic
Cry1Ab concentration used to identify potential mipas in susceptibility to Cry1Ab [64, 65 ]. To
minimize inbreeding or founder effects, the resistasects were backcrossed twice with the
susceptible strain which originated from the sawikection. Because the resistance was
incompletely recessive and involved multiple fastff5], the F1 progeny were randomly mated
to obtain recombination of resistance factors e\fR progeny to allow selection of resistant
genotypes. The insects were then subjected totggleat a CrylAb concentration corresponding
to two- to three-fold the LC50 for the F1 proget$@ ng/cm?2) [66]. This selection event was
designed to eliminate all the susceptible homoagiand most of the heterozygotes. The
resistant survivors from this selection event wlen subjected to a second cycle of
backcrossing, random mating, and selection. Aftegenerations, the CrylAb concentration
used in selections was gradually increased to aehiB0 ng/cm2 at generation F10, a
concentration that Kills virtually all F1 progemt generation F17, the resistance to CrylAb in
the re-selected strain was in excess of 800-fdhe. guts were dissected from fifth-instar larvae
in DEPC (diethylpyrocarbonate)-treated distilledevaand were stored in TRI reagent TM

(Molecular Research, Inc., Cincinnati, OH) at -8Qfi@il used.
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cDNA library construction and sequencing
Total RNA was isolated from the whole guts of E@Brhe using TRI reagent™. The

plasmid library was constructed using Creator SMARGEDNA library construction kit from
Clontech (Palo Alto, CA) following the manufactusgprotocols with one modification; instead
of using the original phage vector, PCR fragmergsevcloned directly into a pPCR-XL-TOPO
plasmid using a TOPO TA cloning kit (Invitrogen,r8a@ad, CA). Thé.-library was constructed
using ZAP-cDNA synthesis kit and ZAP-cDNA Gigapadtlgold cloning kit (Stratagene, La
Jolla, CA) according to the manufacturer's protecBriefly, double stranded cDNA was
synthesized from poly(A) RNA, sizefractionated tigh a Sepharose CL-2B gel filtration
column, and ligated inta—Uni-ZAP XR vector. The ligated DNA was packagedhithie
Gigapack Il gold packaging extract and the libras plated on LB/agar plates. Recombinant
plasmid within the lambda Uni-ZAP XR vector wiasvivo excised using the ExAssist helper
phage and recircularized to generate subclondwipBluescript SK phagemid vector. To
sequence the clones, M13R and M13F primers wekfosé' and 3' sequencing, respectively.
Plasmid DNA was isolated using Qiagen Bio Robot®afd sequenced using an ABI 3700

DNA analyzer.

EST analyses and annotations

The DNA sequences were preprocessed by using time @oftware EGassembler [38].
Specifically, sequence cleaning process was emgltoy&im the vector and adaptor sequences
from the ESTs. RepeatMasker process was used tothmamterspersed repeats and low
complexity regions of the sequences by ughngsophilaRepbase repeat library. The sequences
were further masked by using vector masking agN@I's vector library and organelle

masking against mitochondrial library. The prepssssel ESTs were then assembled by using
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Sequencher software (Gene Codes Corp., Ann Arbdr,TMe ORF regions of the assembled
ESTs were identified by using the ORF predictotwgafe [67] and secretory proteins were
identified by looking for signal peptide sequenseng SignalP software [43]. Gene ontology

(GO) annotation was derived using Blast2GO softvisiie//www.blast2go.de/[68].

Comparative analysis of ESTs

The ECB unique ESTs were comparatively analyzedhir sequence similarities
against other organisms. The organism associatiéctine EST showing the highest BLAST
score in GenBank databases was selected. The EXIB5Jis were also compared with
sequences from the silkworm and ECB that are ctiyramailable in the database by using

BLASTN with a cutoffE-value of 10°.

Expression profiling by RT-PCR

Forty-one out of the 52 candidate genes were ssldot comparing their apparent gene
expression profiles between the CrylAb-suscepahbresistant strains of ECB by using RT-
PCR. These genes were selected solely based omgpmsentations among different gene
groups from our EST analysis. After total RNA wsslated from four midguts dissected from
one-day-old fifth-instar larvae of each strain (CAp-susceptible and resistant strains) of ECB
by using TRI reagentTM (Sigma, St. Louis, MO), asmMreated with TURBO™ DNase
(Ambion, Austin, TX)to remove any genomic DNA comiaations. Three micrograms of total
RNA was used for synthesis of first strand cDNAngssuperScriptlll First-Strand Synthesis
System (Invitrogen, Carlsbad, CA). cDNA preparemhfrtotal RNA was used as a template for
RT-PCR. A minimum of two biological replications svased for all the PCR primer pairs. For
all trypsin-like (except for ECB-30_C08) and chymypkin-like serine protease, alkaline

phosphatase, and RPS3 genes, 25 PCR cycles were/neeas for aminopeptidase and
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cadherin-like protein, 27 PCR cycles were used.dhertrypsin-like serine protease gene (ECB-
30_C08), however, 33 PCR cycles were used as firession of this gene using fewer cycles
was not visible on agarose gels. Each PCR wasrpegtbfor above mentioned number of
cycles, each consisting of 94°C for 30s, 55°C fas,@&nd 72°C for 60s. The sequences of
forward and reverse PCR primers, and expected$iPER product for each of 41 candidate

genes are provided in Table 2.4.
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Figure 2.1 (A) Distribution of the 2,895 ECB guttesific contigs and singletons with or without
match in NCBI database using BLASTX. Sequences defiaed as identical or similar cDNA
sequences when they had E-valgg€®. (B) Distribution of ECB gut-specific ESTs in each

contig.
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Figure 2.2 Open reading frame (ORF), secretorjeprpand BLASTX results. (A) The
proportion of the unique ESTs from ECB gut cDNAdty with or without 450 bp of ORF
region along with their matches in BLASTx using NCGBtabase. (B) Proportion of the unique

ESTs with or without signal peptide along with thaiatch in BLASTx using NCBI database.
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with O. nubilalisand B. mori sequences with E-value ranging frodbB-to E-5 using
BLASTN. (B) Comparative analyses of the 2,895 EQB gpecific unique ESTs to B. mori
sequences and oth®@r nubilalissequences available in NCBI database using BLASTN.
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Figure 2.6 Expression profiles of 41 candidateegerelevant to Bt toxicity and resistance,
which include 15 trypsin-like serine protease (T chymotrypsin-like serine protease (CP), 2
alkaline phosphatase (AK), 10 aminopeptidase (ARY, 1 cadherin-like protein (CA) genes in
the midgut of one-day-old fifth-instar larvae inyCAb-susceptible (S) and resistant (R) strains
of ECB as determined by RT-PCR. The arrows negteael pictures indicate the apparently
decreased { ) or increased { ) expression of a particular gene in CrylAb-resissdrain as
compared with the susceptible strain of ECB. Thesomal protein SIRPS3 gene was used as

a reference gene. At least two biological replmadiwere used for each primer pair.
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Table 2.1 Summary of the analysis of 15,000 ES@ fthe guts of the European corn borer

larvae
Library Sequence  Number of  Chromatographs Sequence quality Average Number Number of
direction clones checked checked length  of contigs ” singletons
sequenced (EST number) (EST number) (bp)
Good Poor Good Poor
quality quality “ quality quality
Plasmid 3’-end 1,152 764 388 722 42 441
Uni-ZAPRX  5’-end 13,848 12,302 1,546 11,797 505 674
Total -- 15,000 13,066 1,934 12,519 547 656 1,157 1,738

“The poor quality sequences were discarded and were not included in the analysis.
” The numbers of contigs and singletons were based on the analysis of all the ESTs sequenced from the two libraries.
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Table 2.2 List of 20 largest contigs assembled fidn®00 ESTs from the guts of European corn

borer larvae

Contig Putative identities Number of  Length (bp) % Total  E-value
Identification ESTs

Contig [0038] Trypsin-like protease T25 precursor 525 942 4.1 3e-148
Contig [0026] Chymotrypsin-like serine protease 197 1,321 | le-149
Contig [0062] Trypsin-like serine protease 132 1,076 1.0 le-131
Contig [0074] Unknown 131 824 1.04 --
Contig [0059] Trypsin-like serine protease 129 1,497 1.0 le-117
Contig [0076] Trypsin-like serine protease 129 15133 1.0 le-148
Contig [0077] Unknown 97 652 0.77 -
Contig [0060] Unknown 94 1,218 0.75 -
Contig [0125] Ribosomal protein s13 87 888 0.69 le-79
Contig [0092] Trypsin-like serine protease 80 1,238 0.63 le-149
Contig [0102] Unknown 80 800 0.63 --
Contig [0040] Thymosin isoform 1 78 1,447 0.62 1e-80
Contig [0243] Trypsin-like serine protease 78 701 0.62 le-120
Contig [0034] Unkown 76 567 0.60 1e-60
Contig [0124] Pancreatic triacylglycerol lipase TS 1,263 0.59 le-99
Contig [0426] Chymotrypsin-like serine protease 73 1,439 0.58 le-129
Contig [0146] Unknown 71 839 0.56 -
Contig [0997] Unknown 71 574 0.56 -
Contig [0013] Unknown 68 1,244 0.54 -
Contig [0175] Phosphate mannosyltransferase 65 1,121 0.51 le-20
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Table 2.3 List of genes potentially involved intBkicity and resistance as identified by EST

analysis from the guts of the European corn baerle

European corn borer

Silkworm®

ESTID Matches Organism” %% Identities E-value Matches G ldentities E-value
Trypsin-like serine proteases
1 Contig [0038] AARO8918.1 Ostrinia nubilalis 254/256 (99%)  3Je-148 AAB26023.1 144/233 (61%)  2e-78
2 Contg [0157] ACB54937.1 Helicoverpa armigera 46/97 (47%) 8e-18  No match - -
3 Contig [0111] ABF47507.1 Ostrinia furnacalis 248/257 (96%)  Se-135 AAB26023.1 136/231 (58%)  2e-64
4 Contig [0291] AAX62039.1 Ostrinia nubilalis 2571258 (99%)  5e-137 AAB26023.1 1000240 (41%)  1e-43
5 Contig [0436] ABU98624.1 Helicoverpa armigera 148/241 (61%) 1e-72  AAB26023.1 109/235 (46%)  4e-48
6 Contig [0754] AAX62034.1 Ostrinia nubilalis 154/266 (57%) Te-69  AAB26023.1 128/244 (52%)  3e-56
7 Contig [0622] ABU98624.1 Helicoverpa armigera  145/249 (58%)  4e-82  AAB26023.1 101/238 (42%)  3e-50
8 Contig [0907] ABU9S619.1 Helicoverpa armigera  89/206 (43%) 6e-47  No match -- -
9 Contig [ 1007] AARO8918.1 Ostrinia nubilalis 218252 (86%) le-120 AAB26023.1 119/229 (51%)  le-57
10 Contig [ 1400] ABU98619.1 Helicoverpa armigera  56/199 (28%) 2e-21  No match -- -
11 Contig [1615] ABF47507.1 Ostrinia furnacalis 101/189 (53%)  le-64  AAB26023.1 05/183 (51%) Je-30
12 Contig [3393] AAX62032.1 Ostrinia nubilalis 129/200 (61%) 3e-72 AAB26023.1 117/208 (56%) Te-39
13 Contig [4300] AAX62035.1 Ostrinia nubilalis T84 (94%) 8e-43  AAB26023.1 43/72 (59%) Je-16
14 Contig [4291] AAX62032.1 Ostrinia nubilalis 181/236 (76%) 2e-105 AAB26023.1 138/233 (539%)  Te-T75
15 ECB-30_CO08 AAX62036.1 Ostrinia nubilalis 36/45 (B0%) le-13  No match -- -
16 ECB-17_C09 ABCRT051.1 Ostrinia furnacalis 65/98 (66%) 5e-30  AAB26023.1 48/97 (49%) 4e-19
i7 ECB-C-18_B11 AARO8920.2 Ostrinia nubilalis 108/204 (97%)  Se-114 No match - =
18 ECB-V-26_H09 ABCS87051.1 Ostrinia furnacalis 3550 (70%) 6e-12  NP_001040350 24448 (50%) 3e-04
Chymorypsin-like serine proteases
1 Contg [0026] AAX62020.1 Ostrinia nubilalis 258/261 (98%)  Se-1490 NP_001036003.1 163/250 (62%) le-86
2 Contig [0058] AAX62029.1 Ostrinia nubilalis 228/261 (87%)  3e-120 No match -- —
3 Contig [0120] AAFT15151 Agrotis ipsilon 1741287 (60%)  2e-84  NP_001040430.1  109/244 (44%)  2e-47
4 Contig [0141] AAX62028.1 Ostrinia nubilalis 1977262 (75%)  1e-101 NP_001040430.1  130/261 (49%)  2e-52
5 Contig [(0187] AAX62026.1 Ostrinia nubilalis 193/202 (95%) 4e-97  No match L =
6 Contig [(299] AAX62029.1 Ostrinia nubilalis 228261 (87%)  6e-120 NP_001036903.1 166/259 (64%)  Te-82
7 Contig [0379] AAX62030.1 Ostrinia nubilalis 1117242 (45%)  1e-55 NP_001036903.1  109/236 (46%)  8e-55
8 Contig [(426] AAX62026.1 Ostrinia nubilalis 282/289 (97%) le-129 No match - =
9 Contig [0560] NP_001040430.1 Ostrinia nubilalis 128/232 (55%) le-63 NP_001040430.1 171/272(62%) 4e-93
10 Contig [0806] AAX62029.1 Ostrinia nubilalis 202/208 (97%)  6e-137 No match B =
11 Contig [1061] CAL92020.1 Manduca sexta 169/281 (60%) 1e-87  No match - =
12 Contig [ 1478] NP_001040430.1 Bombyx mori 152/260 (58%) Se-84  NP_001040430.1 1527260 (58%)  4e-84
13 Contig [2079] AAL93243.1 Aedes aegypri 85/242 (35%) Te-40  No match -- -
14 Contig [2569] AAFT1518.1 Helicoverpa zea 119/240 (49%)  Te-49  NP_001040430.1  87/212 (41%) le-30
13 Contig [4479] AAC36150.1 Plodia interpunctella 1400263 (53%)  3e-77  NP_001036826.1 117/270(43%)  3e-51
16 Contig [4699] AAX62029.1 Ostrinia nubilalis 195/261 (74%)  1e-102 NP_001036826.1 144/251 (57%) 9e-68
17 ECB-23 F02 CAMB4318.1 Manduca sexta B&/200 (42%) 3e-36 No match s -
18 ECB-V-25_E02 AAX62031.1 Ostrinia nubilalis 32/32 (100%) 2e-11  NP_001040430.1 99203 (48%) te-42
Aminopeptidases
1 Contig [0722] AAP37951.1 Helicoverpa armigera T2193 (37%) 9e-29  BAA33715.1 60/160(37 %) 2e-21
2 Contig [ 1364] ABLO1481.1 Ostrinia nubilalis 413/421 (98%) 0.0 NP_001037013.1  273/422 (64%)  2e-154
2 Contig [1716] XP_560264.3 Anopheles pambiae 132/354 (37%) 3e-50  No match -- —
4 Contig [1907] ACBS87202.1 Ostrinia furnacalis 370/374 (98%) 0.0 BAA33715.1 240/368 (65%)  8e-135
5 Contg [4362] AAQSTA05.1 Helicoverpa armigera 102/263 (38%)  2e-48  NP_001037013.1  89/266 (33%) le-42
6 Contig [4298] ACB47287.1 Ostrinia furnacalis 291/297 (97%)  3e-167 NP_001036834.1 213/297 (71%)  6e-118
7 Contig [4992] AAP3T7951.1 Helicoverpa armigera 168/246 (68%) 7e-990  BAA33715.1 85/238 (35%) He-38
8 Contig [4529] ABV01346.1 Ostrinia furnacalis 342/356 (96%) 0.0 NP_001104835.1  226/350 (64%)  de-125
9 ECB-G02 AAKB5539.1 Helicoverpa armigera  196/262 (74%)  2e-114  No match -- -
10 ECB-D07 ABQ51393.1 Ostrinia furnacalis 171/22 (75%) 1e-09  NP_001104835.1 159225 (70%) 2e-95
11 ECB-DI12 ABV01346.1 Ostrinia furnacalis 2001278 (71%)  le-112 NP_001104835.1 155/275 (56%)  5e-80
12 ECB-C06 ABLO1481.1 Ostrinia nubilalis 40¢40 (100%) 9e-16  NP_001037013.1  23/39 (58%) Te-07
13 ECB-F04 AAP3T951.1 Helicoverpa armigera 117/208 (56%) 2e-61  BAA32475.1 67/190 (35%) 2e-24

Alkaline phosphatases
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1 Contig [5091] NP_001037536.2 Bombyx mori 101/172 (58%)  3e-53  NP_001037336.2 101/172 (58%)  3e-53
2 Contig [2328] BAF62124.1 Bombyx mandarina 176/260 (67%)  8e-103 NP_001037336.2  177/260 (68%)  2e-102

Cadherin-like protein
1 ECB-B09 ABS59299.1 Ostrinia furnacalis 242/244 (99%)  Te-135 BAA99405.1 155/247 (62%)  le-81

?Sequence with highest score in BLASTX search
"Match of ECB ESTs with silkworm sequence using BLASTX

76



Table 2.4 Sequences of PCR primers used to contipaigene expression profiles of trypsin-like
and chymotrypsin-like serine proteases, alkalinesphatases, aminopeptidases, and cadherin-
like protein by RT-PCR between CrylAb-susceptilild sesistant strains of European corn
borer Ostrinia nubilalig

Name Forward Primer Reverse Primer Product size
(bp)
Trypsin-like serine proteases
Contig[0111] ACCTGTCCATCATCCGAACC TCAGACGACGATCCTCCTTG 157
Contig[0486] ATGGCGTCCTCGTTGGTG TGGTGCCTCCCACAATGC 82
Contig[0754] TGGGACTGTCTACACTATTGAAAG GATGTGACGGGTATGATGCC 120
Contig[0622] CTGGTGGAGTTATTGCCTACG GTGGTTTGCTGGATGGATGG 133
Contig[0907] GGCTACTCCTGCGGTCAC CTGGACTGCTGCTGTATTGG 103
Contig[1007] ATGCGTACCTTCATCGTTCTAC GCCATCTCAGGGTATTGGTTAATG 116
Contig[1400] ACGGAAGGTGGCACTCTC TCTCTTGCGGAGGGATGTAG 154
Contig[1615] ACCAGTTCACCAGGGACAAC TGATGCTGCCAGGGATGAC 87
Contig[3395] TGCTGGTGACTCAAACTCAATG TGATGACTCGGTTCAAATAGCG 101
Contig[0157] GCCAGCATTACACCTTCCG TCGCAGTTCTCGTAGTAAGAC 128
Contig[4291] CTCAACAACCGTGCTATCCTC GCAGTGTTAATTACAGTTCCATCG 119
Contig[0038] CATCACGGAGAACATGCTTTG CGTTGACACCAGGGAAGAAG 158
ECB-30_C08 GATCACCATTTTGGAATTTTCG GAGATACACGGGCGTTGC 192
ECB-17_C09 TGTTTCATCGGTACTGTCACTG GAGGATCACTCGTCTGTTAAGG 193
ECB-C-18_B11  CACAAAGTCCTGGAGGAAGATTC GTTCACGCCTGTCTGTTGC 125
Chymotrypsin-like serine proteases
Contig[0026] GAGGAGGGCACGGACTTC TTCCTGTGTTCAAGGTGATGAC 106
Contig[0120] TGTGATCCAGCCCATCTCTC CAGAAGTGCGTCCGAATCC 95
Contig[0141] GCTGGTTCCCTCTACTGGTC GAGATGGTGTTGGAGAAGGC 79
Contig[0426] ACCTGCCTACCAGCGTTTC CCGAAGCCTGAAGCAATAGC 112
Contig[0560] TCAGTGGAACCCGTGGAAC CAGTGCGATTGGTTGGATGG 94
Contig[1061] TCCTCGCCTGTGGTGTTC GATGGTGGTCACGGTCAAC 156
Contig[1478] GCCGCTGGATTTGGAAAGAC GAGGGTGCTCGGGAATACG 135
Contig[2569] TGCTTCTGGATTCGGAATGAC GGAGATGACTGGAAGAGTAACG 85
Contig[4479] TTGCGGGATACGGGAAGAC GGAGATTGACCGAGTGGAGAG 75
Contig[0379] CCTACTGAGGATGCGAATAACG TGGGTTGGCTGGGTTTGG 96
Contig[4699] CGTCCCTCTTGTGACAATGAAG CCAGATCCTGCTGCCATCG 92
ECB-23_F02 TGGTGGAGCCTCTATCATCAG GATTGCCATTCGTTGGTTGC 129
ECB-V-25_E02  ATCACCGCTGCTCATTGC ACTCCTCCGCTGAAGATGG 92
Aminopeptidases
Contig[0722] GCACCCCATTCATTGTTCGC GTATCTGGACGAGCCTAC 126
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Contig[1364]
Contig[1907]
Contig[4362]
Contig[4298]
Contig[4292]
Contig[4529]
ECB-G02
ECB-D07
ECB-D12

TCTGTAGTCTGGTTCACATTATCC
AATTCCAAACCTGGGCGTAC
ATCTGAAAAGCACCAACAGTCTTC
ACCCTAACAGTAAGACAGTTTGAC
AAGTCGTAAAGAGTAAACTGAGAG
CTTCAACAGCCCACTGGAGAG
CGACTGGTTCAGGTATTGGTTC
CGCCGTGACCGTAACTGG
TGTATTGGCGGAGTCTGATTC

Alkaline phosphatases

Contig[5091]
Contig[2328]

ACTCGCTCATCGTGGTCAC
CGGATTATCTGCTGGGTTTATTTG

Cadherin-like protein

ECB-B09

GGTCATCAGCACGAAGAG

ACTCACCTCCGCTGTATCC
GTTGTTCATGGCACTGTTGAC
CTCTCGCCCTGATCGTCTTATG
TGGCACTACAAGCAAGTAACG
GCCAGATCCAGCATGAAGTG
ACGCAAGACATATTAGGTAACAGC
AGGGTGATGCTTCAGACTACG
GTCGTCGCTAACAGAGAAGAG
CCAGTCGTCATTGAGGAACC

GTCGTCCTCCGTCGTCAC
AGTGTGGGCTCGGTAACG

CAAGCATAGATACTAAGAACTGG

84
89
156
197
112
85
137
195
93

200
79

176
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CHAPTER 3 - Identification of a Novel Aminopeptidase-like Gene
that appear to be involved in Bt Toxicity and Resignce in

European Corn Borer

Abstract

Studies to understand the Bt resistance mechanig&uropean corn borer (ECB,
Ostrinia nubilalig suggest that resistance may be due to changks midgut-specific Bt toxin
receptor. In this study we identified and charazesr 10 aminopeptidase-like genes in relation to
Cry1Ab toxicity and resistance. The expressionysiglfor 10 aminopeptidase-like genes
revealed that most of these genes were expressddminantly in the larval midgut. No
difference was found in the expression of thesegdetween CrylAb resistant and susceptible
strains, which suggest that altered expressiohasfe genes is unlikely to be responsible for
resistance in these ECB strains. However, we falahges in two amino acids of the amino
acid sequence of aminopeptidase-P like gemeAPP, GIU*® changed to Ly8° and Arg®’
changed to Leli’in two Cryl1Ab resistant strains as compared witeeiCry1Ab-susceptible
strains. ONAPP is 701 amino acids long and hadipetsignal peptide at N-terminal, a
predicted glycosylphosphatidyl-inositol (GPI)-anckanal at the C-terminal, three predictéd
glycosylation sites at residues N178, N278 and Nahd an O-glycosylation site at residue
T653. Using feeding based-RNA interference assayaghieved 38 % reduction in the level of
OnAPPtranscript as compared with the control after gsd&urthermore, a Bt bioassay using
insects fed diet containim@QnAPPdsRNA resulted in reduced susceptibility to Cryl#h25%
as compared with larvae fed GFP dsRNA. These estithngly suggest th&nAPPgene may

be involved in conferring Bt toxicity and resistaria two ECB strains.

79



Introduction

The insecticidal properties of tiBacillus thuringiensig¢Bt) toxins have been extensively
exploited for the insect pest control. The spores @ystals of Bt have been used as
biopesticides for almost 60 years in the areasmastry, agriculture, and vector-born disease
control (Schnepf et al. 1998, Federici 2005). Thpartance of the Bt toxins in the management
of the insect pests have increased dramaticalthéylevelopment of transgenic plants with the
ability of expressing the Bt toxin protein (Valaigt al. 2001, Shelton et al. 2002). But there are
concerns that wide-spread use of transgenic crgpessing Bt toxins may lead to the
development of resistance in field populationsnskercts and shorten the life of Bt technology.
Therefore, identification of the genes involvedhe toxin interactions will be fundamental to
developing effective resistance management stralgasvill be useful in sustaining the
transgenic Bt technology in integrated pest managpem

The mode of action for Bt toxin in which the relatiy inert crystalline protoxin form is
changed into the cytotoxic form involves severapst(Schnepf et al. 1998). Two models have
been proposed to explain the mode of action ob®it In both models the initial steps are
identical, including solubilization of protoxin, @ation of the soluble protoxin by the gut
proteases into a Cry monomeric toxin, and bindihhe toxin to the cadherin receptor (Soberon
et al. 2009). The pore formation model (Bravo eR@D4) suggests that cadherin causes toxin
oligomerization and the oligomeric cry toxin thands to the GPIl-anchored receptors which
help with toxin insertion into the membrane, makpages, which lead to osmotic imbalance
within the insect gut and eventually death (Gilakt1992, Schnepf et al. 1998). In contrast, the
signal transduction model (Zhang et al. 2005) psegdhat monomeric Cryl1Ab binds to
cadherin anthitiates an M&”—dependant signaling pathway that promotes cethdém

addition to cadherin, there are many other cryrtogceptors that have been reported such as
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GPIl-aminopeptidase N, GPI-alkaline phosphatase;AEFAM metalloprotease, glycolipids,
glyco-conjugate, V-ATP synthase subunit, and acKnishnamoorthy et al. 2007, Valaitis et al.
2001, Ochoa-Campuzano et al. 2007, Pigot and Elar).

A number of insect species have developed resistanCry toxins when selected under
laboratory conditions (Ferré and van Rie 2002). kwown mechanisms of Bt resistance have
been identified in insects as proteinase-mediateldreceptor-mediated resistance (Oppert et
al.1997). However, the most common mechanism oft@yn resistance reported so far involves
mutations that affect the assembly of cadherinpgzemolecules (Ferré and van Rie 2002). The
mutations in the cadherin gene have been showa gebetically linked to CrylA resistance in
Heliothis virescendPectinophora gossypiellandHelicoverpa armigergGahan et al. 2001,
Morin et al. 2003, Soberon et al. 2007) Spodoptera liturareducing the expression of the
aminopeptidase N gene with dsRNA resulted in redseesceptibility to Cry1Ca toxin,
suggesting it is involved in the toxicity (Rajagbpaal. 2002).

The European corn borer (ECBstrinia nubilalisHubner) is one of the most damaging
pests of corn in United States and the westerndvdransgenic corn expressing Bt toxins has
been very successful in managing the ECB. Resistem€ry toxins in ECB has developed
under laboratory selection conditions (SiqueiraleR006, Siqueira et al. 2004, Bolin et al. 1999,
Chaufaux et al. 2001). The resistance mechanigheiDipel-resistant ECB has been linked to
reduced proteases in the resistant strain as cempdne susceptible strain (Li et al. 2004, Li et
al. 2005). In another study, comparison of the miggotease between CrylAb resistant and
susceptible strains showed no consistent differ€Birpieira et al. 2004) and they suggested that
the resistance mechanism may involve modified ntidgceptors (Siqueira et al. 2006). The

difference in susceptibility to Cry1A toxins in tkirope-R ECB strain (CrylAb resistant) has
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been linked to an altered receptor binding whicsuiggested by the reduced concentration of
cadherin receptors in resistant strain as comparsdsceptible strains (Siqueira et al. 2006). But
in the same study, the other Cryl1Ab resistant E€Brs(RSTT-R) did not show a similar
mechanism and the authors suggest that some attters may have more important
contributions to resistance in this strain (Siqaet al. 2006).

During the analysis of the expressed sequencdERjE) from the gut of the European
corn borer, we identified 10 cDNAs putatively enicapfor aminopeptidase-like proteins which
are reported to be receptors of Cry toxins. Theomatpjective of this study was to explore the
involvement of these genes in Bt toxicity or remmste in ECB. Our results show that a cDNA
which encodes aminopeptidase P-like protein apgedre involved in CrylAb toxicity and

resistance in ECB.

Results

cDNA sequence analysis
We searched our gut-specific ECB EST database jwdansisted of 15,000 ESTs, for

aminopeptidase-like genes (Khajuria et al. 2008 ESTs shared similarity to known
aminopeptidases. Nine of the ESTnAPN1to OnAPN9 showed similarity with
aminopeptidase-N (APN) like genes and one ESAAPP showed similarity to
aminopeptidase-P (APP) like gene (Table 3.1). Bresvanalysis of our EST database identified
13 ESTs with similarity to aminopeptidase-like gebet our further analysis from the 3'prime
end sequencing shortlisted the number to 10 (Kleagiral. 2009). Among the APN ESTs, four
sequences showed 94-98% identies with ECB sequeireesly deposited in the NCBI database
by Coates et al. (2008a), which suggests that tmegebe same sequences (Table 3.1). These

clones have insert size ranging from 679 - 214H3's putatively encoding APN have percent
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identity of 65 - 99% with other APN. TH@nAPPcDNA showed the highest identity (42%) with
APP fromTribolium casteneunAll the clones had partial cDNAs except fonAPR, so further
sequence analysis was performed for this gene élsording to Hidden Markov models, the
signal peptide cleavage site was predicted to caftar Gly-19. Further analysis of ttmAPP
gene revealed that this gene was possibly a memln@md protein as glycosylphosphatidyl-
inositol (GPI)-anchor signal was predicted at theeitninal end of this sequence (Figure 3.1).
OnAPP also had three potentiiglycosylation sites at residues N178, N278 and™N&rid one
O-glycosylation site at residue T653. The predictedecular mass of the active OnAPP protein

was 72.7 kDa and it had a pl of 4.82.

Tissue and devel opmetal -stage specific expression

The mRNA level was assessed for all 10 aminopegtidie genes in six different
tissues of the Bt susceptible 1-day old fifth ind¢éavae using real-time quantitative PCR (QPCR)
(Figure 3.2). No detectable expression was obsenvetk fatbodies and salivary glands for all
10 genes. The expression of these genes was pneaiattyiobserved in the midgut tissues
except forONnAPN4andOnAPN6 OnAPN4had highest expression in Malphigian tubules and
OnAPNB6had high expression in hindgut. Very low trandciépels were observed in the foregut
for most genes exce@inAPN1 OnAPN4andOnAPN6genes where there was no detectable
expression. In addition tOnAPN4 three other gene®nAPNG OnAPN7 andOnAPNS have
detectable expression in Malphigian tubules. We aksessed the expressiofOofAPPin the
different parts of the midgut and found that it eegsed equally in the anterior and posterior
midgut but it expressed significantly lower in ttenter (Figure 3.3).

The expression ddll 10 aminopeptidase-like genes from the ECB Wss assessed by

RT-PCR in different developmental stages inclugiggs, five larval instars, and pupae (Figure
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3.4). Most of the stages had high expression walatages except for tii@nAPN6which was
predominantly expressed in eggs and had low inebands in the first-, third-, and fourth-
instar larvae. In addition, transcripts of thaAPP, OnAPN2 OnAPN4 andOnAPN5were
detected in pupae, even though band intensit@fokPN2 OnAPN4 andOnAPN5was lower
than for the larval stag@nAPPhas expression in all the developmental stagdstiv highest
expression in the first- and fifth-instar larvaelgupae. The expression of this gene increases
from egg to first instar, then decreases in thesgdnstar and remained low until pupation.
OnAPN1has the highest expression in the first and seswstdrs and its transcript was detected
in eggs, third- and fourth-instar larvae. Trandsrigf ONAPN2 OnAPN5andOnAPN4were
detected in all developmental stages whereas tigtsof ONAPN3 OnAPN7 OnAPN8and

OnAPNOYwere only detected in the larval stage.

Expression profiles between resistant and susceptible ECB

To identify the aminopeptidase-like genes which raye a potential role in the Bt
toxicity and resistance, we analysed the expressitimese genes using two pairs of CrylAb
resistance and susceptible ECB stréiigure 3.5). Our analysis showed that excepCioAPR,
all other genes had no difference in the transtenatls for CrylAb resistant and susceptible
strains of ECBOnAPPhad no or very low expression in the resistamtirsércompared with the
susceptible strains. In order to make sure thaéxipeession difference was not due to the
mutations in the gene, we sequenced a region ajghe containing the primer sequences from
both strains. We found that 8 out of 21 nucleotitethe forward primer sequence differed
between the resistant larvae as compared withubeeptible larvae (Figure 3.6). This
difference, however, was consistent across thep@us of resistant strains and susceptible

strains. Furthermore, the translated amino acidesscg of this region had two amino acids that
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differed between resistant and susceptible ECBaaf¥Figure 3.6). At position 305, the glutamic
acid residue (E) has changed to lysine (K) andsitipn 307, the arginine residue (R) has

changed to leucine (L) in resistant larvae as coetgpwith the susceptible larvae.

RNA interference
To gain a better understanding of the role of@m&PPgene in Bt toxicity in ECB

larvae, we developed a feeding-based RNA interter€¢RNAI) technique to silence the
expression of thOnAPPgene. Immediately after the development of larvée the second
instar, they were fed on an artificial diet mixedhAOnAPPdsRNA. The dsRNA for green
fluorescent protein (GFP) gene was used as co#tftelr 4, 6 and 8 days, larvae were dissected
to obtain midguts. Four midguts were pooled to sstige mMRNA level in larvae fed the diets
containingOnAPPdsRNA orGFP dsRNA. The transcript level for tii@nAPPgene was

reduced by 32.5 %, 26.6%, and 38.2 % after 4, & 8atlays, respectively, as compared with the
larvae fedGFP dsRNA. This indicates that there was a statidticagjnificant reduction of
OnAPPmMRNA levels inOnAPPdsRNA-fed larvae (Figure 3.7A). In order to detarenhow the
dsRNA feeding affects t@enAPPmMRNA in the individual larvae, we performed thenga
experiment again and after 8 days the midguts wissected from individual larvae a@hAPP
transcript level were determined. We found thatresgion of th@©©nAPPgene was reduced

from 18.8 — 64.7 % iONAPPdsRNA treated larvae as compared vBtRP dsRNA treated

larvae (Figure 3.7B). Futhermore, we exposed lafedartificial diet containin@nAPP
dsRNA,GFP dsRNA, and water to the artificial diet containi@gylAb toxin for 7 days (6C).

We found that mortality of larvae f€dnAPPdsRNA decreased by 23 and 25%, as compared

with the larvae fe©sFP dsRNA and water, respectively (Figure 3.7C).
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Discussion

The genetic basis of insect resistance to Bt toassbeen suggested to be multigenic.
Insects can develop resistance due to defectiwbiiahtion, deficient proteolytic activation,
over-proteolysis (i.e. degradation of toxin), sexjtegion of toxin molecules by non-functional
binding sites, defects in functional binding sitésfective pore formation and enhanced cellular
repair (Griffitts and Aroian 2005). In several seg] altered binding sites have been associated
with high resistance levels in insects. In ECBreéhmay be more than one independent
resistance mechanism (Coates et al. 2008b). Inl{begestant ECB strain, the resistance
mechanism has been associated with the reducesbpeolevel in resistant larvae as compared
with the susceptible larvae (Li et al. 2004). Hoee\CrylAb resistant and susceptible strains of
ECB had no consistent differences in activitiesnadgut proteases (Siqueira et al. 2004), but
they showed that there was a reduction in the cadheceptors in the resistance strain (Europe-
R) as compared with the susceptible strain (Siquatilal. 2006). Similar results were not found
for the other Cry1lAb resistant strain (RSTT-R)he same study. This evidence suggest that
resistance in ECB could be due to changes in tligumreceptors which affect its binding with
the Cry toxin (Siqueira et al. 2006). A recent studECB found no association between ECB
CrylAb resistance with segregation of APN1, breBl{8GalT5), and cadherin allels in a
CrylAb resistant ECB colony (Coates et al. 2008bhgse reports suggest that there may be
other proteins that play important roles in ECBg®sce. In other insects several Cry toxin
receptors have been reported such as cadherimargRbred amiopetidase N, GPI anchored
alkaline phosphatase, GPI-ADAM metalloproteasec@ipids, glyco-conjugate, V-ATP
synthase subunit, and actin (Soberon et al. 2009).

In this study, we identified and analyzed 10 amemase-like genes in CrylAb

resistant and susceptible strains and found thataaptidase P-like gene was most likely
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involved in Bt toxicity and resistance in ECB. Gangression analysis for 10 aminopeptidase-
like genes revealed that most of these genes weressed predominantly in the midgut tissues
exceptOnAPN4andOnAPNG which expressed predominantly in the Malphigiamides and
hindgut, respectively. No expression was deteatedry gene in fatbodies and salivary glands.
These results are consistent with expression asalyshe four aminopeptidase N genes in
Trichopluisa ni(Wang et al. 2005) andelicoverpa armigergAngelucci et al. 2008)here all
four genes expressed predominantly in midgut tssknel. ni, howevertwo of the APN genes
(APN1 and APN2) were also detected in Malphigidvutas and no expression was detected in
fatbodies and salivary glands (Wang et al. 200bAdhaea janatandSpodoptera lituranovel
GPI anchored aminopeptidase N like genes were teetat the fatbodies with no expression in
midgut tissues (Budatha et al. 2007a, Budatha €08I7b). We did not find any expression of
aminopeptidase in the fatbodies. This may be becauscDNA library was constructed from
the gut of the ECB. The aminopeptidase N genedsamtidgut would have roles in the peptide
digestion with various N-terminal residues (HualetL998, Bozic et al. 2003, Emmerling et al.
2001), but its role in the Malphigian tubules aatldodies was unclear. It is suggested that
fatbody APN may play a significant role in metamurpis (Budatha et al. 2007a) whereas APN
expression in Malphigian tubules may have a rolnéhydrolysis of peptides in the lumen of
Malphigian tubules (Wang et al. 2005). ECB amindijoigse-like genes were predominantely
expressed in larval stages except@mAPN6which had the highest expression in eggs,
suggesting it may have an important role during gidage of ECB. Th@nAPPgene was highly
expressed in pupae as well as in the first anld ififstars. This was also similar to a cytosolic
APP fromDrosophila melanogastewhere APP protein can be detected in the laragesand

its signal increases in pupae (Kulkarni et al. 2002
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Our gene expression analysis in CrylAb-resistadt-ansceptible strains revealed that
there were no differences in the expression of apeptidase-like genes between resistant and
susceptible strains. Similar results for two resisstrains (RSTT-R and KS-R) and two
susceptible (Europe-S and KS-S) strains strongigasst that altered expression of these genes is
unlikely to be responsible for resistance, butgbssibility of the mutations in the sequences of
these genes in resistant larvae deserve furthesiigation. Indeed, we found several nucleotide
changes in the region from 912 to 930 bp of@m&APPgene and these changes in the nucleotide
sequence were similar in the two resistant strantsthey lead to changes in two amino acids,
Glu** to Lys*® and Arg”” to Let™®’. Mutation in the APN gene id. armigerahas been
reported to be associated with to CrylAc resistamtleat species (Zhang et al. 2009). The
APN-1 gene was absent in CrylCa resisgardgxigudarvae, and this suggested that this gene
may be involved in CrylCa toxicity (Herrero et 2005). We did not find any report where
APP-like genes had been implicated in the Bt toxiand resistance. Instead, to our knowledge
this is the first report where APP-like gene fromimsect with predicted GPI-anchor signal
peptide at the C-terminal has been identified. Waél only one report from. melonogaster
where cytosylic form of APP had been character{zadkarni et al. 2002). We also searched the
NCBI database to find any APP with potential GRiteor signal from insects but no results
showed up. APP is a metalloprotease that releasds-terminal amino acid residue from
peptides with a penultimate proline residue (Ryaal.€1994). APP has been biochemically
characterized from bacteria (Yaron and Mlynar 1988rs and Monnets 1995), nematodes
(Laurent et al. 2001]). melonogaste(Kulkarni et al. 2002), plants (Hauser et al. 20Q44l
mammals (Simmons et al. 1992, Hooper et al 199@3.8nzyme is active at high pH (8-9) and

requires metal ions (typically M) for optimal catalytic activity (Yaron and Mlyna©68,
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Yoshimoto et al. 1988). Membrane-bound forms of ARRPP) were first purified to
homogeneity from porcine kidney following cleavaijets glycosylphosphatidylinositol (GPI)
anchor by bacterial phospholipase C (Orawski €1287). This purified mAPP was found to
contain zinc but complete chemical sequencing efpttotein and isolation of its cDNA revealed
the absence of any typical zinc binding motifs fdum other zinc metallopeptidases (Hyde et al.
1996). So, residues important in binding the zorcand in catalysis have been identified
through molecular modelling and site-directed mategsis (Cottrell et al. 2000). While the
physiological role of APP in insects is unclearmnaalian APP is involved in the protein
turnover of collagen and the regulation of biol@djig active peptides, such as substance P and
bradykinin (Cunningham and O’Connor 1997, Turnealei997, Yaron and Naider 1993)ry
proteins have the ability to bind with receptorattare anchored to the membrane via a GPI
moiety, which facilitates membrane insertion andedormation (Soberon et al. 2009), but
weather GPI anchored APP in ECB is a receptorefdtyl1Ab toxin will deserve further
investigation.

We also silenced the expression of @r@APPgene in susceptible ECB larvae by feeding
OnAPPdsRNA to the insects and achieved 38 % reductiaheOnAPPtranscript after 8 days.
But our expression data using individual midgutseeted that there was a lot of variation among
individuals regarding the reduction @hAPPtranscript following the dsRNA treatment. This
variation may be due to the difference in the gbof individuals to take up dsRNA or may be
due to the ability of individual insects to degrakde dsRNA in the midgut. Our Bt bioassay
using insects fe@nAPPandGFP dsRNA resulted in reduced susceptibility of the lfagrae to
CrylAb by 23-25 %. These data suggest @@fAPPgene may have role in CrylAb toxicity in

the ECB, but further experiments are needed tothedrecise nature of this mechanism. The
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low reduction in the percent susceptibility@mAPPdsRNA treated insects can be due to the
small reduction oOnAPPtranscript following dsRNA treatment and high @éion ofOnAPP
transcript level among individuals. This also sugggehat th€OnAPPgene may not be solely
responsible for resistance in the ECB and therstdr®ther factors that may also be involved.
Our results strongly suggest tliamAPPgene is a good candidate for further study toigate

the Bt toxicity and the mechanism of resistancE@B.

Materials and Methods

I nsectsrearing

The European corn borers used in this study feuésand developmental stage
expression and also for RNAI study were purchaseeygs and larvae (Lee French
Laboratories, Lumberton, MN). Information regardidg/1Ab resistant and susceptible ECB
strains can be obtained from the research papefhapria et al. (2009) and Siqueira et al.

(2006).

cDNA sequence analysis
A gut-specific EST library was established from Ridalated from fifth-instar ECB

larvae as previously described and 15,000 clones sequenced (Khajuria et al. 2009). The
EST database consisting of 2,895 unique ESTs vaashsed for the genes encoding
aminopeptidase-like genes. Ten clones from our E8dry were identified, nine similar to
aminopeptidase N and one similar to aminopepti@aliee genes. These clones were again
sequenced from both ends using M13R and M13F psiinesrder to determine that these genes
were unique. Signal P software was used to predjoal peptide (Bendtsen et al. 2004). The
software ClustalW (Larkin et al. 2007) was usednitiple alignments and PredGPI was used

to predict GPI anchor signal (Pierleoni et al. 2008glycosylation sites were predicted by
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NetNGlyc 1.0 fttp://www.cbs.dtu.dk/services/NetNGly@nd O-glycosylation sites were

predicted by NetOGlyc 3.hitp://www.cbs.dtu.dk/services/NetOGly¢Julenius et al. 2005).

Tissue and developmental stage expression profiles

The feeding larvae of CrylAb susceptible colongitirLee French Laboratories,
Lumberton, MN.) were used in this analysis. Tissuese dissected in DEPC-treated water from
one-day-old fifth-instar ECB larvae. Total RNA wiaslated from different tissues (pooled from
four animals) and different ECB developmental ssa@®oled from four animals) using TRI
reagent" (Sigma, St. Louis, MO) and treated with TURBO™ BR#Ambion, Austin, TX) to
remove any genomic DNA contamination. One microgad total RNA was used for synthesis
of first strand cDNA using SuperScript® Il Firstr8nd Synthesis System (Invitrogen,
Carlsbad, CA). cDNA prepared from total RNA wasdias a template for real-time gPCR or
RT-PCR. The gPCR analysis was performed using Sy@en kit (Bio-Rad) and Bio-Rad
iCycler iQs real-time PCR detection system at tla@das State University Gene Expression
Facility. gPCR cycling parameters included 95°CHanin, 40 cycles each consisting of 95°C
for 30 sec, 55°C for 0.15 sec, and 72°C for 0.45 &#lowed by 95°C for 1 min and 55°C for 1
min. At the end of each quantitative PCR experimambelt curve was generated to rule out the
possibility of primer-dimer formation. The relatiegpression analysis for gPCR was performed
using ECBRPS3gene as an internal reference. For RT-PCR, 2'&syekre used for all genes
including RPS3 gene, each cycle consisting of %tG0s, 55°C for 60s, and 72°C for 60s. For
gPCR analysis there were three biological replcesj each with two technical replications.
Primers for the genes were designed using Beacsiger software (version 7). Primer

sequences for the aminopeptidase-like genes aea givlable 3.2.
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Expression profiles between CrylAb resistant and susceptible larvae

Transcript level for all 10 aminopeptidase-like genvere assessed in the midgut tissues
from fifth instar larvae from each strain (CrylAbsseptible and -resistant strains). Total RNA
was isolated from four midguts pooled together ggiRI reagerit” (Sigma, St. Louis, MO),
and treated with TURBO™ DNase (Ambion, Austin, TiXyemove any genomic DNA
contaminations. First strand cDNA preparation, gRE€R analysis were performed as described
above. For gPCR analysis there were three biolbgpgdications, each with two technical

replications.

RNA interference

dsRNA was prepared using the plasmid DNA as terafdgin vitro transcription for
RNAI. The primers were designed using Beacon Desigoftware (version 7). T7 primer
sequence was placed in front of both forward amdrse primers. The primer sequence to
generate dsRNA fadbnAPPgene were 5’- TAATACGACTCACTATAGGGTTTGGTCCT
CACAGCACTTG and for 3'- TAATACGACTCACTATAGGGTTCACTGGCCACTCG
TCTC with product size of 333 bp. Similarly, for BRhe primers used were FAATA
CGACTCACTATAGGCCATTCTTTTGTTTGTCTGC and 3- TAATACGBTCACT
ATAGGGGCCAACACTTGTCAC with product size of 309 bpshe dsRNA was transcribed
using the above gene specific primers and the Aeplhe™ T7-Flash™ Kit (Epicentre
Technologies, Madison, WI) according to the mantiiaa’s protocol. The dsRNAs were
purified by phenol/chloroform extraction followeg Bmmonium acetate precipitation.
Immediately after the development of larvae intcosel instar, they were individually fed the
dsRNA mixed with fresh artificial ECB diet (Bio-s&). Three doses, each consisting ofij0

of ONAPPdsRNA in 2ul of water on day 0, 2, and 4 were added to thealieach larva for a
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total of 30ug dsRNA /larva. The control larvae received thmasamount of GFP dsRNA. After
day six, larvae were transferred to normal araficiiet. Transcript levels @nAPPin the
midgut tissues of the larvae f@hAPPand GFRISRNA were determined on day 4, 6 and 8 by
gPCR. Total RNA isolation, first strand cDNA pregtgon, and gPCR analysis were performed
as described above. Three biological replicatieash with two technical replications, were used
for gPCR analysis.

To perform CrylAb bioassay, the RNAI experiment ywagormed as above and on day
6, larvae were exposed to CrylAb toxin ag2ml of diet and allowed to feed for 7 days. The
mortality of the larvae was recorded dhday after Bt treatment. Fifty larvae were used fo

each treatment and three independent experimeméspeeformed for bioassay.

Statistical analysis

The gene expression and mortality analysis wergestda to one-way analysis of
variance (ANOVA). Fisher’s least significant difégrce (LSD) multiple comparisons were then
used to separate the means among the treatmehtse Akatistical analyses were performed

using ProStat software (Poly Software Internatidnal, Pearl River, NY).
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Figure 3.1 Sequence analysis of aminopeptidageREINAPP gene from the Europeans corn
borer larvae. The putative N-terminal signal pepigldouble underlined. The GPI-anchored

signal peptide is dot-underlined and the possildavage site of anchor moiety is indicated by
arrow. The predicted O-glycosylated residue is boed the putative N-glycosylation sites are

GOCGOCCGAAAT GTGTTGTGCTTAATTTTCGOGT TGTCAGT AAATGCAGT CCTT GGCCAT ATTCCCTACAACGAGT ACAACT TAGCAGAGCCAGACGCTGCA
AARNV L CLI FALSVNAVLGHI PYNETYNLA AETPTDAA
CAATACTATGTGTCCAGT TCCTACCCCAGAAAT ACCAACGACAACAGCT TGGAGAGGCT GACAGCGGT GCGCAGT GTCCT TCAGGAGAACGGGGT CGACGCC
Q YYVSSSYPRNTNDNSLERLTAVRSVLQENGVTDA
TACATAGT GCCTACAGCT GATGCT CACAAT TCGGCCTACAT AGCCCCAT CGGACGCCCGOCGOGAGT GGCTATCAGGCCT TCGGGRGT CGT CGRGCACT GTC
Y1 VPTADAUHNSAYI APSDARREMWLSGLIRGSSGTV
CTGGTGACAAACAGCT TGGCTCTGGT CTGGACT GACAGCCGATACT TCACGCAGT TCGAGAAT GAGGT CAAT TTGGAGCACT TCACCT TGATGAGGCAAGGT
LVTNSLALVWTDS SRYTFTO QFENEVNLTEUHFTLMRZO QG
ATTGACGAATCAAT CCAAACAT GGCTCGT GCAAAAT AT GGBCCCAT AT TCAGT TGT GGGGGT GGATCCTACCACATACACGOGGACT GCTTGGAACACATTG
|l DESI QT WL VQNMGPYSVVGVDPTTYTRTAWNT.L
GAGAGT GCTCTCACAGCGGT CAACGT CACT CTTCAAGCAACACCCGACAACT TAAT T GACAT CGCCCGGGAACGAAT CGACGACCCOGCBCCT GGTCGACCT
ESALTAVNVTLQATPDNLIDI ARETRI DDPAPGRTP
AACGAGCCGTTGATGCCACT GGAAATTACT TTTACT GGTAGACAAT CAAGT GAAAAACT GGCT GAGT TGAGGGAGCAGCT GTCTTCAAGAGGAGT GTCTGCT
NEPLMPLEITFTGRQSSETZKLAELREG QLS SSRGVSA
TTGGTCCTCACAGCACT TGAT GACGT GGCATACACGCT GAATCT TCGAGGAT CGGACAT CCCATACAAT CCAGTCTTCTTCTCATATTTGATACTGOGGTCT
LVLTALDDVAYTLNLRGSDIPYNPVFFSYLILRS
GACTTAACGGCACCAAACAACACAATACT GTTCTGBGGCAAT GGAGAT CTGT CATCACACAT CATAGAGCAT TTGGOGT CAGAAGGAACGCAGCTTGAAGT T
DLTAPNNTI LFWGNGDLSSHI I EHLASETGTA QLEV
CGTCCTTATGAGCACATTTTCAGCTATCT GGGAGAT AT GTCGAAT GAACT ACCTATAGGCAGT ACGGT TT GGT TGT CCCAGGAT GGGAGCCAT GOGGT TTAT
RPYEHIFSYLGDMSNETLTPI GSTVWLSQDGSHAUVY
TCAGCT GTAGAGACGAGT GGCACAGT GAAT ATATTGGCAACACT AAAT TCGOCGGTAGT TAT GATGAAAT GTATCAAAAACGAAGT GGAATTGAGGGGATTT
SAVETSGTVNILATLNSPVVMMEKTCI KNEVETLTR RGTF
CGGTCAGCACACAT AAAAGACGGCAT CBCAGCT GTCAGAGGGT TCCGCT GGT TGGAGGAGCAGGT GGCCT CAGGAGT TGAAGT CACGGAGATGGATCTCTCT
RSAHI KDGI AAVRGFRMWLTEEI QVASGVEVTEMDTLS
GACAAACTTGCAGAGT TAAGGGGAAAT GAGACGGACAACTACGECCCCT CTTTCTCTACCAT CGCGGECGCT GRAGAGAAT GGECCCATGATTCACTATTCT
DKLAELRGNETDNYGPSFSTI AGAGENGPMI HY S
CCATCGAGAGAGGGT CCTCAGAGAGT CATCACGAAGGACGAT AT GGT GCT GGT GGACT CTGGT GGACAAT ACAAGGACGGCACT ACAGACCT CACTCGCACG
PSREGPQRVYI TKDDMVLVDSGGQYKDGTTDLTRT
CGGCACATGAGCGGGT CACCTACT COCGAGCAACGCCGOGCGT TCACACT AGT CAT GAAGGGCCAGAT TCAACT GBCCACCACCGT GTTCCCACGAGRCACT
RHMSGSPTPE QRRAFTLVMKGQI QLATTVFPRGT
GTTGGCCACACT CTAGAGT CCTTCGCTCGT AAATACCT CTGGGACGT GBGT CTAACCT ACGGCCACGGBCACGGEGACACGGCCT GGGACACT TCCTCAACGTC
VGHTLESFARKYLWDVYGLTYGHGTGHGLGHTFTLNYV
CACGAAGGCOCCT CGTGGATACT CAGCGGACCCAT CGCTACGGACCCT GGAATAT CTGCOGCT AT GATCTTCAGCAAT GAACCT GGGTACTACGAGGT GGGC
HEGPSWI LSGPI ATDPGI SAAMI FSNETPGYJVYEVG
CAGT ACGGT ATAAGGCACGAAGACGT GGT GGAAGT TAT CGT GGT GGACAAAAACGCT GACCAT CCCAT GGCT GAAGGAAT GGT GGGOGACT TCGGROGGTCT T
QY GI RHEDVVYEVI VVDKNADHPMAETGMYVGDTFGG.'LL
GGAGCCCTAGGGTTCTACACGAT CTCOGCT GGTGOCGCAT CAGACCGOGT GT TTGGAT GTCAACCT GCTGACT GACT TTGAGATAAAATACCTAGACGACTAC
GALGFYTI SLVPHQTACLDVNLTLTDFEI KYLTDTDY
CACGOGOGAGT GCT GGCAACCCT GBGT COGAT TCT GCAGGAGCGECAACCT TTTGGAAGACT ACGCCT GGCT CGAAAAGGAAT GCGCT CCGATACGTAGCGCT
HARVLALGPI LQERNLTLEDYAWLTETKETCAPI RS A
GCTGTTCGGACGACGATGCCOGTATTGATGGTCGCT TTTGT TAGCCTCTGGT CTTATGTAAATTGAAGT TTTTAGT GTTATAAATAAGT TAAAAT

AVRTTMPVYLMVAFVSLWSYVN®*SF=* CYZK?*VKMEKK

dash-underlined.

101



100

Relative Expression
B [e2] [oe) 5‘ N by 2] [e0]
o o o o o o o o o

N
o

a OnAPP OnAPN1 OnAPN2 a OnAPN3 OnAPN4
a a
a
b b b b b
OnAPN5 OnAPNG6 a OnAPN7 a OnAPN8 a OnAPN9
a
a
a
b
b a b b b b

FG MG HG MT FB SG

FG MG HG MT FB SG

FG MGHG MT FB SG

FG MG HG MT FB SG

FG MG HG MT FB SG

Figure 3.2 Expression profiles of 10 aminopeptiddsegenes in larval tissues of CrylAb-

susceptible European corn borer strain. Gene esipresere determined in foregut (FG),

midgut (MG), hindgut (HG), Malphigian tubules (MTatbodies (FB), and salivary glands (SG)

by Real-time PCR. The ribosomal protein 883 gene was used as a reference gene to

calculate the relative expression levels. Standenar represented as error bars were determined

from three biological replications and two techhieplications. Different letters within a figure

represent significant differenceRvalue< 0.05.
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Figure 3.3 Expression level of aminopeptidase B{@nAPP gene in the anterior midgut
(AM), middle midgut (MM), and posterior midgut (PMj the European corn borer larvae.
Standard error represented as error bars werendat= from three biological replications and
two technical replications. Different letters witla figure represent significant differencePat
value< 0.05.
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Figure 3.4 Expression profiles of 10 aminopeptiddsegenes in seven developmental stages of
CrylAb-susceptible European corn borer: egg (E&}, ihstar (L1), second instar (L2), third
instar (L3), fourth instar (L4), fifth instar (L3arvae, and pupae (PU). The ribosomal S3 protein
(RPS3 gene was used as a reference gene.
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Figure 3.5 Expression profiles of 10 aminopeptiddsegenes in CrylAb resistant and
susceptible strains of European corn borer larfZapression data was generated from two pairs
of resistance and susceptible strains from (A) IR@TT-R and Europe-S) and (B) Nebraska
(KS-R and KS-S). Bars represent relative expresgina particular gene between resistant and
susceptible ECB strains and were constructed mgusial-time PCR. There were three
biological replications and two technical replicas. Asterik (*) indicates the significant
difference ap value < 0.01. Gel picture for RT-PCR for t@@APPgene is given on the upper

left corner.RPS3gene was used as reference gene.
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Nucleotide sequences

Resistant Nebraska: AGGAACGCAGCTTAAAGTCCTCCCTTACGAGGACATCTTCAGCTATCTGGGAGATATGTC
Resistant Iowa: AGGAACGCAGCTTAAAGTCCTCCCTTACGAGGACATCTTCAGCTATCTGGGAGATATGTC

Susceptible Nebraska: AGGAACGCAGCTTHAAGTHECESCCHETANGAGGACATHITTCAGCTATCTGGGAGATATGTC
Susceptible Iowa: AGGAACGCAGCTTHAAGTECEECCETANGAGGACATRTTCAGCTATCTGGGAGATATGTC
Susceptible Kansas: AGGAACGCAGCTTHAAGT] TANGAGCACATHTTCAGCTATCTGGGAGATATGTC

khkkhkkkkhkkhkkkkk *kk%x * *k kk khkk khkkk khkkkhkkkhkkhhkkhkkkkkkhkkkkkkk*k

Amino acid sequences

Resistant Nebraska: GTQLKVLPYEDIFSYLGDM
Resistant Iowa: GTQLKVLPYEDIFSYLGDM
Susceptible Nebraska: GTQL PYEDIFSYLGDM
Susceptible Iowa: GTQL PYEDIFSYLGDM
Susceptible Kansas: GTQLEVEPYEHIFSYLGDM

****:* t**_**i*****

[ | Forward primersequence

Figure 3.6 Comparisions of nucleotide and amind aeuences between two resistant strains
(resistant Nebraska: KS-R and resistant lowa: REBJ @nd three susceptible strains (susceptible
Nebraska: KS-S, susceptible lowa: Europe-S, anceptible Kansas: Lee-S) of European corn
borer.
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Figure 3.7 The expression GhAPPgene inONAPPdsRNA and GFP dsRNA treated larvae.
(A) The expression ddnAPPgene inONAPPdsRNA and GFP dsRNA treated larvae after 4, 6,
and 8 days. (B) Expression @hAPPwas determined from individual midgut after 8 days
dsRNA feeding. (C) Percent mortality @nAPPdsRNA, GFP dsRNA, and water treated larvae.
Each bar represents mean * standard error (n=@8jeré&nt letters represent significant
difference withp value< 0.05.
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Table 3.1 Aminopeptidase-like genes identifiedrfrBCB gut EST database

ESTID Length (bp) Matches Organism Protein type % identity E-value Score (bits)
1. OnAPP 2155 XP_974698.1 Tribolium castaneum Aminopeptidase-P 42% 2e-124 451
2, OnAPN1 924 ABL01482.1 Ostrinia nubilalis aminopeptidase N2 95% 2e-30 139
3. OnAPN2 991 ABL01481.1 Ostrinia nubilalis aminopeptidase N1 98% 6e-105 386
4. OnAPN3 2057 ABL01483.1 Ostrinia nubilalis aminopeptidase N3 94% 1e-161 574
5. OnAPN4 880 AAK85538.1 Helicoverpa armigera aminopeptidase N 38% 2e-27 128
6. OnAPN5 836 ABQ51393 Ostrinia furnacalis aminopeptidase N 70% 4e-73 280
7. OnAPNG6 1904 ACA35025 Helicoverpa armigera aminopeptidase N-6 65% 3e-124 450
8. OnAPN7 829 ABL01484.1 Ostrinia nubilalis aminopeptidase N4 98% 1e-88 332
9. OnAPNS8 1180 AAP37951.1 Helicoverpa armigera aminopeptidase N2 68% 4e-99 351
10. OnAPN9 679 ABL01483 Ostrinia furnacalis aminopeptidase N 3 5% 3e-67 261
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Table 3.2 PCR primer sequences used for gene ekpnasomparison

Name Forward primer Reverse primer Product
size (bp)

OnAPP  CTTGAAGTTCGTCCTTATGAG CACTGTGCCACTCGTCTC 138
OnAPN1 ACCCTAACAGTAAGACAGTTTGAC  TGGCACTACAAGCAAGTAAG 197
OnAPN2 TCTGTAGTCTGGTTCACATTATCC ACTCACCTCCGCTGTATCC 84
OnAPN3 CTTCAACAGCCCACTGGAGAG ACGCAAGACATATTAGGTAACKC 85
OnAPN4  ATCTGAAAAGCACCAACAGTCTTC  CTCTCGCCCTGATCGTCTATG 156
OnAPN5 TGTATTGGCGGAGTCTGATTC CCAGTCGTCATTGAGGAACC 39
OnAPN6 GCACCCCATTCATTGTTCGC GTATCTGGACGAGCCTGGAC a2
OnAPN7  AATTCCAAACCTGGGCGTAC GTTGTTCATGGCACTGTTGAC *B
OnAPN8 AAGTCGTAAAGAGTAAACTGAGAG GCCAGATCCAGCATGAAGT 112
OnAPN9 CGCCGTGACCGTAACTGG GTCGTCGCTAACAGAGAAGAG 93
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CHAPTER 4 - A New Gut-Specific Chitinase Gene Esséal for
Regulation of Chitin Content of Peritrophic Membrane and Growth

of European Corn Borer Larvae

Abstract

Chitinases belong to a large family of hydrolytizgmes that break down glycosidic
bonds in chitin. Gut-specific chitinases of insdtwse been hypothesized to control chitin
turnover and porosity of peritrophic membrane (PMthe gut, and therefore playing a crucial
role in food digestion and nutrient absorptionnedcts. We identified a cDNA putatively
encoding a unique chitinas@rfCh) in European corn bore®©étrinia nubilalig. TheOnCht
gene was predominately expressed in larval midgiint mo detectable expression either in eggs,
pupae, or other larval tissues examined. We obdexgnificant increase in expression of
OnChtassociated with a decrease in expression of aggdHic chitin synthas€eOQnCHS-B
gene in the larvae fed artificial diet. HoweveGeAversa was true only when larvae were not
provided any food. Furthermore, there was a negaélationship between ti@nChtgene
expression and chitin contents in the midgut, sstiog thatOnChtplays a crucial role in
regulating chitin content of PM. By using a feedlmased RNAI technique, we were able to
reduce thé@nChttranscript levels by about 60% in the larvae. @oguently, these larvae
showed significantly increased chitin content (26&dhe PM but reduced larval body weight
(54 %) as compared with the larvae fed diet comgiGFP dsRNA. Thus, for the first time, our
studies provide strong evidence tRatChtplays an essential role in regulating chitin cahtef
PM and affecting larval growth, presumably by iefhcing food digestion, nutrient absorption or

movement of digestive enzymes through the PM.
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Introduction

Chitin, a linear polymer gi-(1,4)N-acetyl-D-glucosamine (GICNACc), is an important
structural component of the insect cuticle, cuticlining of the foregut, hindgut, trachea, and
the peritrophic membrane (PM) that lines the lurakthe midgut (1-2). For insects to grow and
change from one developmental stage to anothem ahithe cuticle and the PM needs to be
digested and replaced with new chitin (3). Chitintease gene<CHS-AandCHS-B also
known asCHS-1andCHS-2 respectively) are responsible for the synthesahitin in insects
(4-6). CHS-A is responsible for chitin synthesighe cuticle and CHS-B is responsible for
chitin synthesis in the midgut cells which secteePM (4). Sequences of chitin synthases
genes have been reported from several insectgingulipteran insects such lascilia cuprina
(6), Anopheles gambiae, Aedes aegypriandDrosophila melanogastdB), the lepidopteran
Manduca sext§9-10) and the coleopterdmibolium castaneunill). On the other hand, insect
chitinases, which belong to the family 18 glycdsytirolases, are responsible for the
degradation of chitin in the cuticle and PM (12)was previously thought that there was only
one chitinase-like gene in most insects (13). Bt several fully annotated insect genomes are
available and it has become clear that chitinasegrcoded by a rather diverse family of genes
and can be classified into five or more groups.rélage currently a total of 22, 17, and 20
chitinase or chitinase-like genesTiribolium castenuem, Drosophila melanogasgard
Anopheles gambiaeespectively (Zhang et al. unpublished).

Genes encoding chitinase and chitinase-like preteave been characterized in several
insect species, includinganduca sexté14), Bombyx mori, Hyphantria cunéa5), Spodoptera
litura (16), Spodoptera frugiperdéb), Choristoneura fumiferanél7), Aedes aegyp(il8),
Anopheles gambia@9), Glossina morsitan§20), Lutzomyia longipalpi¢21), Chironomus

tentans(22), Phaedon cochlearia@3), Tenebrio molitor (24-25), andpriona germari (26).
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Structurally, chitinases can vary in their domaigamization with varying arrangements of
catalytic domains, chitin binding domains (ChBD)daerine/threonine-ric®-glycosylated

linker interdomains (3). In addition to enzymalig@haracterized molting associated chitinases
which have all the three domains, it has also lveparted that there are other naturally
occurring chitinases with only single catalytic dans that are also enzymatically active (20, 22,
23, 26). Among all the chitinase groups, groupdvhost diverse and their genes are predicted
to be expressed in fatbodies and/or midgut (3)tikdses that are expressed in the gut
presumably are responsible for digesting the cimtitme PM and have been reported in several
insects, includind\. gambiag19), L. longipalpis(21),P. cochleariag23), T. molitor (25), and

T. castaneun(3).

Peritrophic membrane consists of chitin and glyotgins and is an important physical
barrier between the food bolus and gut epithek#iscLepidoteran larvae and many other insects
have type 1 PM, that is 0.5-1uén thick and is formed by midgut epithelial cellsrad the entire
length of midgut (27). Type Il PM is found in thgptkran larvae, some Lepidoptera, Embiodae,
and primitive orders (e.g., Dermaptera and Isopt@nd is formed from special tissues called
cardia located anterior to the midgut (28). Theeeraany possible functions of the PM in insect
midgut such as protecting the midgut epithelialscgbm the abrasive food patrticles, digestive
enzymes, and pathogens. PM also plays an impadbmnin the digestive process by
compartmentalizing the midgut to make nutrient atjan more effective and allowing the
reuse of hydrolytic enzymes (28).

The most significant unresolved mechanism regarBivigs how digestive enzymes and
nutrients pass through the PM (28). Several meshanhave been proposed by which digestive

enzymes secreted from midgut epithelium penethetd®M to reach the food bolus (29-37). A
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few studies have suggested a role for gut chitmaseontrolling the porosity of chitin-
containing PM (19, 38). IA. gambiaeresearchers proposed that the gut chitinase wich
secreted into the blood meal by midgut epitheldliscnay mediate the partial degradation of the
chitin in the PM to increase its porosity (19, 28)her suggested mechanisms include the
release of enzymes before the PM is formed, allgwimzymes to pass through incompletely
formed PM, and presence of special pores for enawmeement (28). Understanding the
movement of nutrients and enzymes through the Rl s implications for insect pest
management. For example, certain genes involvédusmrocess could be targeted to disrupt the
function of PM, thereby decreasing the efficien€yhe digestive process hindering the
movement of enzymes and nutrient uptake.

In this paper, we report a unique gut-specificinohge-like gene@nCh) from the larvae
of European corn borer (ECBstrinia nubilalig, one of the most destructive pests of corn in
North America and the western world. For the finste we provide strong evidence ti@tCht
plays an important role in regulating the chitimmmnt of PM and subsequently affecting the

growth and development of ECB larvae.

Results

| dentification and Characterization of OnCht.

A cDNA sequence encoding a chitinase was identifieoh our expressed sequence tag
(EST) library. The EST library was constructed frRNA isolated from the guts of fifth-instar
ECB larvae and a total of 15,000 clones were sempee(89). The identified deduced amino acid
sequence showed significant similarities to othsect chitinases and chitinase-like proteins in
the GenBank and was, therefore, nam@dCht”. Because our ESTs were sequenced only from

the 5’ prime end, this clone was further isolated aequenced again from both ends to obtain
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the full length sequenc@nChthad an insert size of 1404 base-pairs (bp) witbpen reading
frame of 407 amino acid residues. The polyaderoagignal (AATAAA) was found 13 bp
upstream of the poly (A) tract.

The deduced amino acid sequence was used to ptieglisignal peptide sequence using
signal P software (40). According to Hidden Markowdels, the signal peptide cleavage site
was predicted to occur after Ala-18 (Figure 4.1)e predicted molecular mass of the active
OnCht protein was 43.32 kDa and it had a pl of 4.BBe deduced OnCht protein sequence had
high contents of leucine (9.1%), alanine (8.4%) asplaragine (8.1%). It had one catalytic
domain extending from residue 22 to residue 368itaaid not have any chitin binding domain
or serine/therionine rich linker regions as repwiteseveral other chitinases. It had three
predicted putativé-glycosylation sites, at residues N152, N273 and3\and all the four
highly conserved regions or signature motifs faeit chitinases (18). The conserved region |
has the consensus sequence of KXXXXXGGW, where&nsn-specified amino acid. The
conserved region Il is known to be located in arrtbe catalytic site of the enzyme and has the
consensus sequence of FDGXDLDWEYP. Glutamic ac)drn(Ehis sequence is predicted to be
the putative proton donor in catalytic mechanis#is43). Consensus sequences for conserved
regions Il and IV are MXYDXXG and GXXXWXXDXDD, rgsectively (Figure 4.1).

The deduced amino acid sequence of OnCht had ddughof amino acid sequence
identities with other insect chitinases in GenBdhkas identities of 40.0, 39.1, and 37.5% with
chitinase or chitinase-like proteins frofn aegypti(XP_001663099)l.utzomyia longipalpis
(AAN71763) andD. melanogastefNP_611542), respectively; all three are diptezacees.
Phylogenetic tree was constructed by using thenasié or chitinase-like protein sequences from

O. nubilalisand several other insects (Figure 4AChtbelongs to group IV chitinases which
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includes many members that are expressed in ifeboidies or gut tissues and appear to be

induced in the larval or adult gut in responsecteding (3).

Tissue and Developmental Stage-specific Expression of OnCht.

The expression ddnChtgene in different ECB larval tissues was deterchiog real-
time quantitative PCR (qPCR). The predominant esgion ofOnChtwas in the larval midgut,
with very little expression3%) in the foregut and no detectable expressidharhindgut,
fatbodies, salivary glands and carcass (Figure ¥.\8Athin the midgut, there were significant
differences in the mRNA levels in the anterior 826), middle (23.9%), and posterior (0.3 %)
parts of the midgutR<0.05) (Figure 4.3B).

The expression ddnChtin ECB was also assessed by RT-PCR and gPCRféeretit
developmental stages. Transcripts@rChtwere found in all the five larval instars, but no
detectable expression was found in eggs, pupagwts (Figure 4.3C). During the larval stages,
OnChtmRNA level was similar among the instars excepttie third instar where the

expression was significantly lower than that ofestimstars P<0.05).

Feeding-Mediated Changesin Expression of OnCht and OnCHS-B.
We took advantage of @dnCHSB cDNA partial sequence identified from our EST

library to design primers for gPCR analysis ofetpression along witdnChtin the larval
midgut. When the larvae were maintained with fomd24 h, the expression in the midgut was
4.4-fold higher forOnCht but 2.5-fold lower folONnCHSB (Figure 4.4) than for larvae
maintained with no food?<0.05). However, when the larvae maintained withdfavere
transferred to a container with no food for anotvih period, transcript levels decreased by
1.8-fold forOnCht, but increased by 1.8-fold f@nCHSB (Figure 4.4) P<0.05). In contrast,

when the larvae that were maintained with no foetdenransferred to a container with food for

115



the next 24 h, their midg@nChttranscript levels increased by 2.3-fold , ButCHSB

transcript levels decreased by 2.3-fdr(.05) (Figure 4.4). The changes in expressiohedd
two gut-specific genes in response to food sughesOnChtexpression is induced by larval
feeding, presumably to reduce chitin contents @RM (increasing its porosity). On the other
hand, when no food is supplied, the chitin conteateased, presumably due to increased chitin

synthesis by OnCHS-B and/or decreased chitin degjaadby OnCht.

Changes in Chitin Content in Relation to | nsect Feeding

The chitin content of the PM and the whole midgas measured directly for larvae
maintained with or without food for 0, 12, 24, 3&d 48 h (Figure 4.5). The chitin content
relative to midgut weight was 0.18, 0.14 and 0.88ng for larvae maintained with food for 0,

12 and 24 h, respectively. There were no signitickiferences among the chitin contents during
these feeding period®%0.05) (Figure 4.5A). However, when the larvae tred been

maintained with food for 24 h and then were mamediwith no food for 12 and 24 h, their

chitin contents increased by 3.1- and 3.4-foldpeesively P<0.05) (Figure 4.5A). When
another group of larvae was transferred from coetai with food and maintained with no food
for 12 and 24 h, chitin contents increased by arl 5.2-fold, respectively&0.05) (Figure

4.5B). When these larvae were transferred to aagoert with food, their midgut chitin contents
decreased by 12- and 7.2-fold after 12 and 24elspactively P<0.05) (Figure 4.5B). In

contrast, when the larvae were maintained contislyowith food, their midgut chitin contents
remained consistently low (Figure 4.5C).

To validate that our analysis of chitin contentsdshon the midgut weight was not biased
due to the different sizes of larvae under theifegednd starvation conditions, we further

calculated the same data for the chitin contendéedban per larval midgut (Figure 4.6). This
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analysis showed a similar pattern of the chitintents between the fed and unfed larvae,
indicating that even though the body sizes of theved larvae was relatively smaller than those
of the fed larvae, the chitin content of the stdrlavae was still higher than that of fed larvae.
Then we separated the PM from the surrounding nidgd determined the chitin
contents for the PM and the rest of the midgutigsseparately. This was done to verify
whether or not the dramatic changes in chitin aaistef the midgut were due to changes in
chitin content of the PM. Indeed, the chitin conteinthe PM for larvae maintained with no food
was 3.4-fold higher than the chitin content of B of larvae maintained with food after 24 h
(P<0.05) (Figure 4.7). In contrast, there was noificant difference in the chitin content for the
midgut tissue for the two treatmenEs>0.05). The low levels of chitin found in the midgiter
the removal of the PM probably reflected the presesf tracheae on midgut. Furthermore, the

diet on which larvae were reared was tested fdimgland none was found (data not shown).

Effect of RNA I nterference for OnCht on Larval Growth

To gain a better understanding of the functio@oChtgene and its role in regulating
the chitin content of the PM of ECB larvae, we deped a feeding-based RNA interference
(RNAI) technique to silence the expression of@eChtgene. Immediately after hatching from
eggs, the larvae were fed an artificial diet miwath OnChtdsRNA. The dsRNA for green
fluorescent protein (GFP) gene was used as a doAfter 6 and 8 days, larvae were dissected
to obtain midguts and assess the mRNA level inah&e fed the two diets containi@nCht
dsRNA orGFP dsRNA. The transcript level @nChtgene in larvae was reduced by 63% and
64 % after 6 and 8 days, respectively, as comparidarvae fed th&FP dsRNA containing
diet (P<0.05) indicating statistically significant reduarts ofOnChtmRNA levels inOnCht

dsRNA-fed larvae (Figure 4.8A). When we compareddhitin contents of larvae fédnChtor
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GFP dsRNAs, the chitin contents increased by 26%mChtdsRNA-fed larvae as compared
with GFP dsRNA-fed larvad®(< 0.05) (Figure 4.8B). We did not find signifi¢atifferences
between the chitin contents of midgut tissues (&feleM) isolated fronOnCht andGFP-
dsRNA treated larvae.

The body weight of the larvae f€@hChtdsRNA andGFP dsRNA was also determined
after 10 days. We found a 54% decrease in bodyhwég larvae fed the diet containi@nCht

dsRNA as compared with those fed the same dieasong GFP dsRNA (Figure 4.8C & D).

Discussion

Chitinases are large and diverse enzymes and kae&ved much attention from
researchers in recent years due to their impobiachemical functions in chitin metabolism.
They are also potential targets for novel inseetesjr pesticides for use in insect pest
management (44). However, very little is known aliba specific physiological functions of
these enzymes in insect growth and developmentzénelorfer and Zimoch (45) suggested that
insect gut-specific chitinases play a role in ddgrg the chitin present in the PM during
molting. On the other hand, Shen and Jacobs-LdE)aHegedus et al. (28), and You et al.
(38) proposed that insect gut chitinases may mepease the porosity of the PM to facilitate the
digestion process. Despite the great interest dergtanding the physiological functions of these
diverse chitinases, the regulatory function ofiahiht the PM has been poorly studied in insects.

In this study, we identified and characterized iértdise-like gene@nChj) in the ECB
and demonstrated for the first time, tRatCht,possibly along wittOnCHSB, play important
roles in the regulation of chitin contents of tHd Bf the larval midgut. Because the expression
of OnChtwas only detected during larval feeding stages,>@70 ofOnChtexpression was

found in the midgut (predominantly in the anten@dgut), we propose that this gene is designed
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for larval midgut-specific expression in ECB. Ldavels of expression of this gene were
detected in the foregut but this could be due tdamination with anterior midgut tissue which
may have occurred during the gut separations. €keldpment- and tissue-specific expression
patterns ofOnChtin feeding ECB larvae support our proposal that nidgut-specific chitinase
may be involved in chitin regulation for facilitag food digestion. In other insect species, more
than one gut-specific chitinase-like gene has haemntified. InT. castaneunfor example,
several chitinase-like genes were found to be egackat high levels in the larval gut (3). There
may be other chitinase genes in the ECB larvae;iwimay be expressed during the insect
molting. The presence of transcripts for only gkrchitinase gene in our EST library and its
high expression level in the anterior midgut (7aBsuggest thadnChtmay play an important
role in regulating PM chitin content and assemhlyhie anterior part of the midgut.

The chitin contents of the PM of insects usuallycamts for approximately 3 to 13 % of
their weight (46), but in some cases it can beiggmtly higher, as reported fdd. sexta where
chitin contents were as high as 40 % of the drygtmeof PM (47). However, it is unknown why
there are such large variations in chitin contehthie PM among the insect species. In order to
test our hypothesis that PM chitin contents arelleggd during feeding, (presumably to alter the
porosity of the PM to facilitate food digestion) weamined changes in transcript levels of
OnChtandOnCHS-Bin 1-day-old fifth-instar ECB larvae feeding onifigial diet. Our results
suggest that expression of tBaChtandOnCHSB genes are affected by feeding. When larvae
were not provided food, tHenChtgene expression decreases significantly@n@HSB
expression increases significantly relative tod@wnaintained on food. These changes occur
rapidly and reversibly. Similar functions of gutegific chitinases were also suggested by other

researchers for other insects (19, 28, 38). Fomei@ the expression of gut-specific chitinase
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genes in response to feeding has been reportddad-feeding insects includiny. gambiae

(19) andL. longipalpis(21). InL. longipalpis,theexpression of a midgut-specific chitinase gene
was only found after blood feeding and reached pe@kession at approximately 72 h post-
blood meal.

Our studies clearly showed a negative correlatetwbenOnChtgene expression and
chitin content as well as a positive correlatiomeenOnCHS-Bgene expression and chitin
content of the PM. Chitin contents increased sigaiftly when larvae were maintained with no
food as compared with larvae maintained on foodHersame period of time. As expected, the
chitin contents decreased dramatically when theetidarvae were allowed to feed. The
relationship between chitin content in the PM off=&hd expression @ nChtandOnCHSB
genes under fed and starvation conditions sugfestshese genes play important roles in the
regulation of chitin contents in the PM.

The regulatory role adDnChtin altering chitin content of the PM of the larval
midgut was further supported by our RNAi work. Bsing a feeding-based RNAI technique, we
were able to reduce ti@nChttranscript levels by 63-64% in larvae fed a d@ttainingOnCht
dsRNA as compared with those of larvae fed a dietainingGFP dsRNA. Such a suppression
of theOnChttranscript level in the larvae fé@hChtdsRNA resulted in a significant increase of
chitin content (26%) in PM, suggesting tlkxtChtis involved in the regulation of the midgut
chitin in ECB larvae, probably through a reducae & degradation of the chitin by this
enzyme. Interestingly, the growth and developno¢tihese larvae were affected and there was
a reduction in larval body weight (54 %) as comgdasgh larvae fed GFP dsRNA, which is
most likely due to defective food assimilation. eTdecreased porosity of the PM and/or loss of

compartmentalization may hinder the digestion pgec# the larvae. Thus, our studies provided
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strong evidence for the first time tl@hChtplays an essential role in regulating chitin cantef
PM and affecting larval growth, presumably by iefhecing food digestion, nutrient absorption or

movement of digestive enzymes through the PM.

Materials and Methods

European Corn Borer

The European corn borers used in this study werehpsed as eggs and larvae from Lee

French Laboratories, Lumberton, MN.

cDNA Sequence Analysis
A gut-specific EST library was established from RidAlated from fifth-instar ECB

larvae as previously described and 15,000 clones sequenced (39). The EST database
consisting of 2,895 unique ESTs was searched éogémes encoding chitinase and chitinase-
like proteins and chitin synthase. Two clones fiaum EST library were identified, one similar

to chitinase and another similar to chitin synthBggenes. These clones were again sequenced
from both ends using M13R and M13F primers to abtiae sequences of the full length inserts.
We found that the chitinase-like cDNA was full I&mdput the chitin synthase cDNA was a
partial clone consisting of only 506 bp. Signaldfware was used to predict signal peptide (35).
The software ClustalW (48) and MEGA4 (49) were uednultiple alignments and to

construct a phylogenetic tree, respectively. Swaitivare (50) was used to predict domains in

the amino acid sequences.

Tissue and Developmental Stage Expression Profiles

Tissues were dissected in DEPC-treated water fnoenday-old fifth-instar ECB larvae.

Total RNA was isolated from different tissues (mabfrom four animals) and different ECB
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developmental stages (pooled from four animals)digg TRI reagent (Sigma, St. Louis,
MO). Only feeding larvae were used in this analySsal RNA was treated with TURBO™
DNase (Ambion, Austin, TX) to remove any genomicAdbbntaminations. One microgram of
total RNA was used for synthesis of first strandNéDusing SuperScript® Il First-Strand
Synthesis System (Invitrogen, Carlsbad, CA). cDNépared from total RNA was used as a
template for real-time qPCR or RT-PCR. The qPCRyaisawas performed using SYBR green
kit (Bio-Rad) and Bio-Rad iCycler iQs real-time P@Btection system at the Kansas State
University Gene Expression Facility. gPCR cyclireggmeters included 95°C for 5 min, 40
cycles each consisting of 95°C for 30 sec, 55°@fdb sec, and 72°C for 0.45 sec, followed by
95°C for 1 min and 55°C for 1 min. At the end otleguantitative PCR experiment, a melt
curve was generated to rule out the possibilitgraher-dimer formation. The relative
expression analysis for gPCR was performed by ukiedcCBRPS3gene as an internal
reference. For RT-PCR, 27 cycles were used for OoiihtandRPS3gene, each cycle
consisting of 94°C for 30s, 55°C for 60s, and 78560s. Three biological replications, each
with two technical replications, were used for gP&Rlysis and one biological replication was
used for RT-PCR analysis. Primers for the geneg wesigned by using Beacon Designer
software (version 7). The primers fOnChtare: 5-TGCTATATTCTCCAGAACGAGTC (F)
and 3'-GCCGTGGAAGTCATCAGTC (R) with product size 185 bp; primers foOnCHSB:
5-GCCTGTTCCGTTGTCTATGC (F) and 3'-TCTCAATCTTCTCCAICTATGTG (R) with

product size of 93 bp.

Gene Expression Profiles under Feeding and Starvation Conditions

We divided 1-day-old fifth-instar larvae into twets. The larvae in the first set were

maintained with food (artificial diets) for 24 hdithen with no food for next 24 h, whereas the
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larvae in the second set were maintained with nd for 24 h and then with food for the next 24
h. The midguts from half the larvae were disseettel 24 h and the other half were dissected
after 48 h. First strand cDNA was prepared as alaodeexpression levels f@nChtand
OnCHSB were assessed using gPCR. Three biological réplsa(n = 4), each with two

technical replications, were used in this analysis.

Chitin Content Assay
Chitin contents of the midgut (including PM), PMlpor midgut only were determined

using the method described by Zhang and Zhu (31g.1arvae were divided into two sets as
described above. The larvae were maintained witdhvathout food. Zero hour referred to the
start of the experiment. Due to differences indize of insects which were maintained with food
versus no food or due to the dsRNA treatment, Meutaed chitin contents based on the wet
weight of midgut tissue. For the samples wheraathele midgut was used to assess the chitin
contents, we dissected 10 extra larvae from eaminpgio get midgut tissues and used its mean
weight for normalization. For samples where midiggues and PM were separated, we used the
same weight of midgut tissues for normalizatiorlutin contents in different samples. We also
assessed the chitin content in 10 mg of artifidiat. Two or three independent biological

replications, each with two-three technical replmas, were used for each treatment.

RNA Interference

dsRNA was prepared using plasmid DNA as templat@ bitro transcription for
RNAI. The primers were designed using Beacon Desigaoftware (version 7) and T7 primer
sequence was placed in front of both forward amdrse primers. The primer sequence to
generate dsRNA fabnChtgene were 5'-

TAATACGACTCACTATAGGCGGAGGATGGAGCGAAG and for 3'-
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TAATACGACTCACTATAGGACTCTCGCCTTCACTTAT with producsize of 404 bp.
Similarly, for GFP, the primers used were 5'-
TAATACGACTCACTATAGGCCATTCTTTTGTTTGTCTGC and 3'-
TAATACGACTCACTATAGGGGCCAACACTTGTCAC with product ge of 309 bps. The
dsRNA was transcribed by using the above genefappdmers and the AmpliScribe™ T7-
Flash™ Kit (Epicentre Technologies, Madison, Wig@aling to the manufacturer’s protocol.
The dsRNAs were purified by phenol/chloroform egtien followed by ammonium acetate
precipitation. Immediately after hatching, larvaerevindividually fed the dsRNA mixed with
fresh artificial diet (Bio-serve). Three doses,leaonsisting of 1(ug of OnChtdsRNA in 2ul of
water on day 0, 2, and 4 were added to the dietch larva for a total of 30y dsRNA /larva .
The control larvae received the same amoui@® dsRNA. After day six, larvae were
transferred to normal diet. Transcript level€ofChtin the midgut tissues of the larvae fed
OnChtandGFP dsRNA were determined on day 6 and 8 by gPCR. Rt isolation, first
strand cDNA preparation, and gPCR analysis werlpeed as described above. On day 10, the
chitin contents of the midgut tissues and PM ofdarfedOnChtand GFP dsRNA were also

determined as described above.

Statistical analysis

The gene expression and chitin content analyses sudjected to one-way analysis of
variance (ANOVA). Fisher’s least significant difégrce (LSD) multiple comparisons were then
used to separate the means among the treatmehtse Akatistical analyses were performed

using ProStat software (Poly Software Internatidnal, Pearl River, NY).
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Figure 4.1 Multiple alignments of the amino acédjgences oDstrinia nubilalischitinase

(OnCh and other insect chitinases using CLUSTALW. Thedpcted signal peptides for all the
sequences are marked by an underline at the $tath sequence. The catalytic domain of
OnChtis shown in a rectangular box. The four conseregibns of insect chitinases are
indicated by the underline. Fully conserved ressdare indicated by a black background.
Percent identities of all sequence wi2hChtare given at end of each sequence. GenBank
accession numbers and abbreviations of organisnesane shown. The sequences used in this
analysis were fromhedes aegyp{iAa); Drosophila melanogastgDm); Anopheles gambiae
(Agm); Tribolium castaneur(iTc); Lutzomyia longipalpigLl) ; Apriona germari(Ag); and

Locusta migratoriglLm).
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Figure 4.2 Neighbor-joining phylogenetic tree domsted from the full length amino acid
sequences of 55 chitinase-like proteins from nisects includingdstrinia nubilalis(OnCh).
Chitinase groups are formed as described by Zhau €3). GenBank accession numbers along
with abbreviations of organism name are shown. &ecgs used in the construction of the tree
were fromBombyx mor(Bm); Helicoverpa armigergdHa); Spodoptera liturgSl); Aedes
aegypti (Aa); Drosophila melanogast@m); Ostrinia furnacalis(Of); Tribolium castaneum

(Tc); Phaedon cochlearia@Pc), andApriona germari(Ag).
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Figure 4.3 Expression of midgut-specific chitingdaCh) gene in different larval tissues,
different parts of the midgut, and during differeletvelopmental stages by real-time PCR or RT-
PCR. (A) Gene expression was determined in for@e@), midgut (MG), hindgut (HG),
fatbodies (FB), salivary glands (SG), and carc&gy)((B) Percent oOnChttranscripts in the
anterior midgut (AM), middle midgut (MM), and posta midgut (PM) compared to total
transcripts for this gene. (C) Gene expressionstiadied for different developmental stages
including egg (EG), first instar (L1), third inst@t3), fifth instar (L5) larvae, pupae (PU), and
adults (AD). Gel picture from RT-PCR analysis shaogvexpression addnChtfrom second (L2)
and fourth (L4) larval instar, in addition to otldevelopmental stages is shown. Standard error
bars were determined from three independent bicébgeplications (n=4), with two technical
replications each. Different letters within a figuepresent significant differenceRavalue<
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Figure 4.4 Relative expression of chitina®aCh) and chitin synthase-BOhCHS-B genes in
the midgut of fifth-instar European corn borer E@wnder food or no food conditions. Larvae in
set 1 (empty bars) were fed for 24 h and then rasiad with no food for next 24 h, whereas
larvae in set 2 (filled bars) were maintained withfood for 24 h and then fed for next 24 h.
MRNA level was assessed for both genes by gPCR2ftand 48 h. Standard error bars were
determined from three independent biological regpians, with two technical replications each.
Different letters with in a figure represent sigraint difference aP value< 0.05.
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Figure 4.5 Chitin contents of midguts of fifthtas European corn borer larvae relative to
midgut weight under food or no food (backgroundd&uy conditions. (A) Larvae were
maintained on food for 24 h and with no food forin24 h. (B) Larvae were maintained with no
food for 24 h and allowed to feed for the next 24Q) Larvae were maintained on food
continuously. Zero (0) h refers to time at thetsbathe experiment when larvae were allowed to
feed. Standard error bars were determined fronethi@ogical independent replications, with
three technical replications each. Different lett@ithin a figure represent significant difference
atP value<0.05.
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Figure 4.6 Chitin contents of midguts of fifth-iastEuropean corn borer larvae under food or no
food (background shaded) conditions. (A) Larvaeewarintained on food for 24 h and with no
food for next 24 h. (B) Larvae were maintained withfood for 24 h and allowed to feed for
next 24 h. (C) Larvae were maintained on food cadusly. Zero (0) h refers to the time at the
start of the experiment when larvae were allowefg¢n. Standard error represented as error
bars were determined from three biological indepahdeplications, each consisting of three
technical replications. Different letters withirgeaph represent significant difference at P value
<0.05.
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Figure 4.7 Chitin contents of peritrophic membr@kl) and midgut tissues (MG) from the
fifth-instar European corn borer larvae maintainaeder food and no food conditions. One set of
larvae was maintained on food for 24 h and therabewith no food for the same period of
time. Standard error bars were determined fromethrédependent biological replications, with
three technical replications each. Different lett@presents significant differencePatalue<

0.05.
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Figure 4.8 RNA interference @nchtand its effect on midgut chitin contents and gtouat
European corn borer larvae. (A) Expression of midguecific chitinase gen®©QCh) in the
European corn borer larvae after treatment @ittChtdsRNA and green fluorescent protein
(GFP) dsRNA. Expression level @nChtwas determined by gPCR. Standard error bars were
determined from 3 independent biological replicasiownith two technical replications each. (B)
Chitin contents of the peritrophic membrane (PMJ emdgut tissues (MG) from the European
corn borer larvae treated with dsSRNA fonChtandGFP. Standard error bars were determined
from three independent biological replications hvitiree technical replications each. (C) Mean
body weight of the larvae treated wiEmChtdsRNA andGFP dsRNA after 10 days of first
dsRNA treatment. Each value represents mean tatamaror (n=27-30). (D) Picture of
experimental larvae showing reduced body sizen@€htdsRNA treated larvae as compared
with GFP dsRNA treated larvae. Different letters within gufie indicate significant difference

with P value< 0.05.
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CHAPTER 5 - Characterization of Six Antibacterial Response
Genes and Their Expression Responses to Bacteriahéllenge in

European Corn Borer

Abstract

We identified and characterized six antibacteeaponse genes from ECB larvae,
including four peptidoglycan recognition proteif®3RPs), ong-1-3 glucanse-1glu-1), and
one lysozyme. Tissue-specific analysis showedahatf these genes except for lysozyme had
high mRNA levels in midgut tissues. All genes abowed expression in larval stage of ECB.
None or low expression for these genes was detétigly, pupa and adult. The expression of
all six antibacterial response genes in fatbodias uwp-regulated when ECB larvae were
challenged with Gram-positive bacterien{erobacter aerogengshowever only PGRP-C and
lysozymes were induced when challended with gragatinee bacteriaMlicrococcus luteus
This study provides insight into the expressioratgyn of antibacterial genes in ECB larvae and

will lead to better understanding of the immuneetdst response in ECB.
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Introduction

Innate immune response in insects is the main defarechanism against microbial
infection (Royet et al. 2005). The first step ie thefense cascade of the host is to recognize the
invading organism as non-self (Schmid-Hempel 2@0t) then these follows induction of
several immune related proteins in the body ofatygmnism (Hashimoto et al. 2007). Several
families of the proteins have been identified, iahéce involved in the recognition of the surface
characteristics of microbes such as peptidoglyeangnition proteins (PGRPS), gram negative
binding proteins (GNBPSs) @*1-3 glucan recognition proteinB&RP), lipoploysaccharides
(LPS), and mannans (Medzhitov et al. 1997). Onegtthogen has been recognized defense
responses can be direct where a pattern recogmpitairin (PRR) mediates the killing of the
microbe through encapsulation and phygocytosisdirect where PRR triggers the activation of
the serine protease cascades and intracellular marmsignaling pathways leading to the
induction of antimicrobial peptides such as lysoegnFerrandon et al. 2007, Warr et al. 2008).
In Drosophila melanogastetwo immune signaling pathways have been chanaet&rl) Toll
pathway; 2) immunodeficiency (IMD) pathway. Theiaation of the Toll pathway is triggered
predominantly by fungal and Gram-positive bacterereas the IMD pathway is activated
mainly by Gram-negative bacteria (Hoffmann et 804, Hoffmann and Reichhart 2002).

PGRPs molecules are conserved among insects anthalarfKang et al. 1998). The
first PGRP was discovered in the silkworm wheiie firesent in the haemolymph and cuticle
and binds with peptidoglycan (PGN) and Gram-posibacteria. This recognition leads to the
formation of melanin following the activation ofquhenoloxidase (Yoshida et al. 1996).
Subsequently, several additional PGRP genes harefband in insects. IB. melanogasteup
to 19 different PGRP proteins has been in identifiad are classified into short (S) and long (L)

transcripts (Werner et al. 2000, Dziarski and Gita6). PGRP genes have been characterized
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in several other insect species includvignduca sextgYu et al. 2002)Bombyx mor{Ochiai
and Ashida 1999%amia cynthia ricin{Hashimoto et al. 2007, Onoe et al. 200#)¢choplusia
ni (kang et al. 1998), anéinopheles gambia@hristophides et al. 2002). Structurally, PGRP
has approximately 165 amino acids long carboxy-teahtype 2 amidase domain, also called
the PGRP domain (Kim et al. 2003), and it is horgolss to the bacteriophage and bacterial type
2 amidases (Kang et al. 1998, Werner et al. 200etal. 2001, Dziarski 2004). The two
closely spaced conserved cysteine residues thatdatisulfide bond and are located in the
middle of the PGRP domain and are considered driai& GRP functions and structures
(Dziarski and Gupta 2006). DrosophilaPGRP-SA gene, the mutation in one of the conserved
cysteine leads to the failure in activation of Tmdithway and to induce protective response
against Gram-positive bacteria (Michel et al. 20Bdgwever, a similar mutation in the human
PGLYRP-2 leads to failure in its amidase activityang et al. 2003).

The GNBP an®dGRP proteins that are homologous were first repdrtam silkworm
(Lee et al. 1996, Ochiai and Ashida 1988) andmrelved in the recognition of thf21-3 glucan
presumably with two distinct glucan binding domaiNsterminal glucan recognition domain
and C-terminal glucanse-like domain (Hoffmann 2008hiai and Ashida 2000, Pauchet et al.
2009, Fabrick et al. 2004). TB&SRPs has been identified from several insects det.B. mori
(Ochiai and Ashida 2000). sexta(Ma et al. 2000), anBlodia interpunctellgFabrick et al.
2003) and has been reported to bind \pih+3 glucan through N-terminal domain which is
sufficient to activate the defense cascade (OemdiAshida 2000, Fabrick et al. 2003, Ma et al.
2000). However, the C-terminal domainBxfmoriBGRP does not have glucanase-like activity
nor has affinity fo3-1-3 glucan (Ochiai and Ashida 2000). Pauchet €@09) recently

reported a new family of gut-specific genes fromesal lepidopteran species which have
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glucanase-like activity and were nanfed-3 glucanse-PBglu-1). These new proteins are related
to but distinct from previously reported family GNBP/BGRP proteins found in lepidopterans.

After the pathogen infects the insect haemocoetifiense response causes the synthesis
of a battery of antifungal/antibacterial peptideeffu et al. 1998, Lamberty et al. 1999). Most of
the antimicrobial peptides are produced in thédaties or haemocytes and are released into the
haemolymph of insects (Dimarcq et al. 1998, Lambetial. 1999, Lopez et al. 2003).
Lysozymes are the widespread antimicrobial pepthesare integral part of the defense
mechanism against bacteria and fungi (Dunn 1988k#&iet al. 2005). They are also the first
anti-microbial factors to be isolated from the ictdeemolymph (Powning and Davidson 1976).
Lysozymes causes the lysis of bacterial cell walhydrolyzing the 1, 4-b-linkage between N-
acetylmuramic acid and N-acetylglucosamine of thatidloglycans which are present in the cell
wall (Grunclova et al. 2003). In addition to théerof lysozymes in immune defense, they are
also reported to have digestive role especialipsects that ingest large number of bacteria from
decomposing matter, e glusca domesticaAnastrepha fraterculuandD. melanogastef(Lemos
and Terra 1991, Regel et al. 1998, Ursic-Bedoyd. €005)

Several studies on the antibacterial response gernesects have been reported but this
information is still limited in lepidopteran spesieDuring analysis of the expressed sequence
tags (EST) from the gut of the European corn b{E&B, Ostrinia nubilalig, we identified
clones that putatively encoded four PGRP genesGiBP gene and one lysozyme gene. In this
study, we characterized the cDNA sequences frogethgenes, and studied the expression
patterns of mMRNA levels for the antibacterial resggenes in different tissues and

developmental stages. We have also assessedrberipa levels for these genes in the larvae
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challenged with Gram-positive and —negative baztend discussed their role in antibacterial

defense.

Results

Sequence analysis

We searched for immune related genes in our guiHsp&CB expressed sequence tag
(EST) database which consisted of 15,000 ESTs (Kisagt al. 2009). We found six clones, of
which four showed high homology to PGRPs, onggio-1, and one to lysozyme. Because our
cDNA libraries were only sequenced from the 5’-ethése clones were isolated and sequenced
again from both ends to get the full length seqaenclhe insert sizes of 640, 649, 1254, 1931,
1312, 917 base pairs (bp), with open reading frahis87, 196, 218, 231, 235, 120 amino acids
were found in the clones named PGRP-A, -B, -C,BBlu-1, and lysozyme, respectively. All
of these deduced amino acid sequences posseskprgtides except for PGRP-C (Figure 5.1
and Figure 5.2). The signal peptides were 1818920, and 17 residue long in PGRP-A, -B, -
D, Bglu-1, and lysozyme, respectively. The activeargiof PGRP-A, -B, -C, -DBglu-1, and
lysozyme are predicted to be 19.07, 19.37, 24.43@® 40.40, 13.56 kDa for molecular masses

and 4.7, 5.59, 5.68, 5.61, 4.17, 8.95 for isoelegtints, respectively (Expasy ProtParam).

Multiple alignments and phylogenetic analysis

The multiple alignments analysis showed that ECERP@mino acid sequences had
significant similarities with PGRP sequences fraitmeo insects. PGRP-A had highest percent
identity (40%) with PGRP-SC2 frol. melanogasterand had percent identities ranging of 29.5
- 36.0% with those of other lepidopteran insectee ECB PGRP-B had highest identity (59.8%)
with PGRP-B protein from th8.cynthia ricinilt has 28.4 - 45.5% identities with PGRP

sequences from other lepidopteran insects and@6dentity with PGRP-LB sequence frdin
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melanogasterThe ECB PGRP-C and -D sequences had highest ssgjigemtities of 55.6%

and 60.3% with PGRP-D sequence frBmeynthia ricinj respectively, followed by 22.8 - 44.3%
and 25.7 - 41.8% identities with sequences fronerotigpideopteran insects. Also ECB PGRP-C
and -D had 39.3 and 38.5% identities with PGRP-eguence fronD. melanogaster,
respectively All ECB PGRPs had 26.7 - 65.1% identities andenmedicted to have amidase-
like activity as they all have all the five consedvwesidues required for amidase activity. The
phylogenetic tree was constructed by using all BRGBRPs together with PGRP sequences from
several insect species and found that ECB PGRE-Banrd —D, along wits.cynthia ricini

PGRP genes, form a distinct cluster away from B&P genes from other lepidopteran insect
species (Figure 5.3). The E@BIlu-1 gene had highest percent identity of 82.7%h wimilar
sequence frorklelicoverpa armigerafollowed by 61.5 - 80.8% identities with sequenfresm
other lepidopteran species. It also has percentitgeof 57.9% with GNBP3 sequence frghn
gambiae 56.0% with GNBP fronAA. aegypti and 54.6% and 51.6% wiffGRP sequence from
Tribolium casteneurandCulex quinquefasciatusespectively (Figure 5.4). Phylogenetic
analysis for this gene has already been reportdebloighet et al. (2009) where they found that it
could be grouped with oth@glu-1 midgut-specific genes but was different frgmoups which
were haemolymph specific. The ECB lysozyme alsodoto share high identities with other
similar genes from several insects, with highestgr identity (65.0%) with a similar gene

from M. sexta It had 52.1 - 63.8% identities with other lepitiran insects (Figure 5.2).
Phylogentic analysis of ECB lysozyme showed thadrins cluster with lysozymes from other

lepidopteran species (Figure 5.5).
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Transcriptional pattern of ECB antibacterial response genesin larval tissues

The mRNA level was evaluated for all six antibaieienesponse genes in the tissues of
the naive 1-day-old fifth-instar ECB larvae using-RCR. All the six genes had lowest
expression or no expression in the salivary glaR@RP-B gene expressed in all the tissues
examined except in salivary gland. PGRP-A showegmtession in midgut only whereas PGRP-C
showed expression in epidermis, fatbodies, and midGRP-D and lysozyme showed
expression in all the tissues wheregdghi-1 predominanlty expressed in the midgut tissues
(Figure 5.6A). Furthermore, by using real-time P@&found similar results. PGRP-A, -C, and
Bglu-1 had significantly low or no expression in théodies as compared with expression in the
midgut. PGRP-B and -D showed no difference in tiRINA transcript level between fat bodies
and midgut tissues. Also ECB lysozyme had signlgdngh expression in fatbodies when

compared with midgut (Figure 5.6B).

Transcriptional patterns of the ECB antibacterial response genes during development

The mRNA level was evaluated for all six antibaieteresponse genes in all the
developmental stages of ECB. All of the six gerfesrgd expression in the larval stage of ECB
and had low or no detectable expression in eggsmewor adults. PGRP-A and —B showed very
similar expression pattern with expression inalial instars except fifth instar. Also, no
detectable expression for these genes was fouthe iaggs, pupae, and adults. PGRP-C showed
expression in all larval instars (except for firsgtar) and adults. PGRP-D showed expression in
all the developmental stages examined except totHanstar larvae and adult whergagu-1
had no detectable expression in eggs. ECB lysoajsteshowed expression in all the stages

except for adult (Figure 5.7).
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Expression profiles of the ECB antibacterial response genes during bacterial challenge

Real-time PCR was used to compare the expressuditegrof the six antibacterial
response genes in fatbodies of the fifth-instar H&ae, at various time points, after larvae
were injected witlEnterobacter aerogendS&ram-negative bacteria) amicrococcus luteus
(Gram-positive bacteria) (Figure 5.8). We found #@athe six genes were induced afer
aerogeneghallenge; however, not all genes showed indugpdession when challenged with
M.luteuswhencompared with the controhll the genes except for PGRP-C showed highest
induction after 12 hr of challenge with aerogeneslhe PGRP-C showed highest expression
within 6 hrs ofE. aerogenemfection and remains similar after 12 hrs alsoe €kpressions of
most of these genes decreased after 24 hrs amdbisegnificantly different from control.
However, PGRP-C and lysozmes had significantly éigixpression after 24 hrsbf aerogenes
challenge when compared with control. In cas®loluteuschallenge, there was no significant
induction of the PGRP-B, - A, -D, afiglu-1 genes when compared with the control. However
PGRP-C and lysozyme were induced after 6 and 1afloisallengenith M. luteus respectively

(Figure 5.6).

Discussion

We characterized six antibacterial response genesthe ECB larvae, including four
PGRPs, on@glu-1, and one lysozyme. All the four PGRP gengsept for PGRP-C, were
predicted to have a signal peptide sequence ab 18 bp (Figure 5.1, 5.2, 5.4). ECB PGRP-B,-
C, and -D formed a group along with PGRP genes fbomelanogastePGRP-LB),A.
agyepti(ABF18154.1) A. gambiagXP_321943.2), an8.cynthia ricini(Figure 5.3) ECB
PGRP-B, -C, and -D showed higher homology with eatbler (41.5-65.0 % identity) and lower

homology with ECB PGRP-A (25.0-30.7 % identity) @@RP genes from other lepidopteran
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insect species. These results are similar to tbbdee PGRP genes fro8 cynthia ricinmwhere
PGRP-B, -C, -D have 31.4 -39.0 % identities withRFRGA and other lepidopteran insects
(Hashimoto et al. 2007). The five conserved amirid eesidues required for amidase activity in
PGRP genes are present in the ECB PGRP-B, -Cn-BGRP-A, however, third conserved
residue His is replaced by Ala and at the positibthe fifth conserved residue, Cys is replaced
by Ser (Figure 5.1). The latter replacement has baked to the receptor type PGRPs and
considered a strong feature that the protein doebave amidase activity but is a receptor type
PGRP (Onoe et al. 2007, Mellroth et al. 2003). \I¢e aharacterized tHg 1-3 glucanse-1gene,
its full length sequence was found in our cDNAdityr, but while searching the GenBank we
found that this sequence was already depositdteiNCBI database (accession no.
ACI32836.1) (Pauchet et al. 2009). EG&lu-1 gene has a signal peptide of 17 residues and
possesses the GH16 (glycosyl hydrolase family téyeasite. This gene is distinctly different
from the other classes of ti&RPs found in lepidopterans that have additionsdr@yinal

domain but do not have glucanase-like activity. ldeer, their functional differnces have not
been known (Pauchet et al. 2009, Hoffmann 2003jaahd Ashida 2000ECB lysozyme
shares high identity (52.1 - 65.0 %) with lysozyfrmean other lepidopteran insect species and
they also clustered together in phylogenetic amaly&gure 5.5). ECB lysozyme has 20 bp long
signal peptide sequence and have the two acteeestdues (Glu and Asp) (Figure 5.2). In
general, during phylogentic analysis, the lysozyw®guences tend to cluster according to their
function (immune or digestive) or possible locatadrtissues where they express (fatbodies /
haemocytes or digestive track) (Ursic-Bedoya anddrtberger 2007). The ECB lysozyme
which predominantly expresses in the fat bodiesjddo be closely related to the lysozyme

sequences which have immune related mleo@dnius prolixud3, lepodopteran species) as
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compared with lysozymes which are found in the shige tract D. melanogastek, R.
prolixus-A, Triatoma brasiliensis, T. infestan@affre et al. 1994, Ursic-Bedoya and
Lowenberger 2007, Kollien et al. 2003, Araujo et28l06).

Analysis of tissue-specific expression in the cotrsgudy revealed that all of the ECB
antibacterial response genes except for lysozyrdéentgln mRNA levels in midgut tissues and all
genes had low or no detectable expression in theasaglands. ECB PGRP-B, -C, -D, and
lysozyme were expressed in several tissues whB@&$-A andglu-1 was expressed mainly
in the midgut. Th®rosophilaPGRP-SC1,-SC2, and -LB which have amidase actargy
expressed in the gut of the naive larvae (Wernat. &000). The expression of these genes in the
larval gut has been suggested to prevent the atsmation of the IMD pathway following the
bacterial ingestion (Bischoff et al. 2004). SimiyaPGRP-B gene i%. cynthia riciniis
expressed only in the gut of naive larvae anddsiced in the fatbodies after injection of PGN
(Hashimoto et al. 2007). PGRP-B shows strong espyasn the epidermis which is similar to
expression of PGRP genes from lepidopteran spao@® GRP-SA gene D. melanogaster
(Werner et al. 2000, Ochiai and Ashida 1999, Maatcal. 1998). Epidermis is the barrier to the
infections and may have its own antibacterial de¢eresponse (Werner et al. 2000). EigBi-1
gene expresses predominantly in the gut tissueshwisimilar toglu-1 genes from other
lepidopteran insect species which have glucanasatadut their exact role in the defense
response or digestion has yet to be establishadcfiéaet al. 2009). The ECB lysozyme is
expressed in all the tissue assessed with high mRN& in the epidermis, fatbodies, and
haemolymph. This expression pattern is similah®lysozymes C-1 and C-7 & gambiae,

which also shows expression in tissues such dsties, midgut, and salivary glands (Li et al.
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2005). Lysozyme has been reported to have digesilean addition to its role in antimicrobial
defense (Lemos and Terra 1991, Regel et al. 198&8¢c{Bedoya et al. 2005).

The expression patterns of all six antibacterispomse genes were assessed in all
developmental stages. Large changes in the expressantibacterial response genes occurred
during the ECB development. PGRP-D and lysozymetecactive in early stages of the
development as their expression was detected iaggeind may play a role in initial recognition
and defending eggs from microbial infection. Nd_oww mRNA level of PGRP genes was found
in pupae and adultBglu-1 was detected at low level in both pupa andtaghere as PGRP-D
was found in pupa and PGRP-C was found in the Efift.a

The expression of all six antibacterial respongeegen fatbodies was up-regulated when
ECB larvae were challenged with Gram-positive b@atE. aerogenes however PGRP-C and
lysozymes were induced when challended with Gragatnee bacteriaN]. luteug. All genes
were up-regulated within 6 hrs after challengedkit aerogeneswith maximum expression
after 12 hrs and lowest or no expression afterr@43everal studies have reported the up-
regulation of PGRP genes when insects were expbsogacteria or purified bacterial PGN
(Kang et al. 1998, Ochiai and Ashida 1999, Wernet.€2000, Dimopoulos et al. 2002,
Christophides et al. 2002). The response of alE€IB genes was stronger with Gram-negative
bacteria as compared with the Gram-positive bacté&his response may be due to specificity of
the type of the PGN, as Gram-negative bacteria B&R-type PGN and most Gram-positive
bacteria have Lys-type PGN (Dziarski and Gupta 2006as been reported that different
stimuli lead to differential induction of the PGRRBne expression, suggesting the specificity of
induction and effector function of different PGREHristophides et al. 2002, Dimopoulos et al.

2002). Alsoglu-1 gene fronH. armigerashows differential expression when exposed to
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different stimuli (Pauchet et al. 2009). In additio these genes, lysozymes which are usually
considered a Gram-positive antibacterial factoradse effective against Gram-negative bacteria
and fungi for e.g. arthropod c-type lysozymes (Lale 2005). This is the first study to
characterize the antibacterial response gene®iE@B larvae. This study may lead to better

understanding of the immune defense response in ECB

Materials and Methods

| nsects

The European corn borer used in this study washaised as eggs and larvae from Lee

French Laboratories, Lumberton, MN.

cDNA sequence analysis

Two cDNA libraries from the gut of fifth instar ECIBrvae were constructed using: 1)
Creator SMARTTM cDNA library construction kit fro@lontech (Palo Alto, CA), and; 2) ZAP-
cDNA synthesis kit and ZAP-cDNA Gigapack 11l goltbring kit following manufacturers
instructions. Total of 15,000 ESTs from these lilmmwere sequenced from 5’end (Khajuria et
al. 2009). cDNA libraries were analysed and seat¢ébeimmune defense response genes. Six
clones were found having putative identity to PGHIgki-1, lysozyme. These clones were
again sequenced from both ends using M13R and Mdr8rkers to obtain full length of the
inserts. Signal P software was used to prediciasigaptide (Bendtsen et al. 2004). ClustalW
(Larkin et al. 2007, Thompson et al. 1994) and MEGAftwares (Tamura et al. 2007) were

used for multiple alignments and to construct pggleetic tree, respectively.
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Tissue and developmental stage expression profiles

Total RNA was isolated from different tissues aiftedent ECB developmental stage
using TRI reagentTM (Sigma, St. Louis, MO). Tissuese dissected in DEPC-treated water
from one-day-old fifth instar ECB larvae and pooteain four larvae. Total RNA was treated
with TURBO™ DNase (Ambion, Austin, TX) to removeyagenomic DNA contaminations.
One microgram of total RNA was used for synthesiirst strand cDNA using SuperScript® I
First-Strand Synthesis System (Invitrogen, Carlska). cDNA prepared from total RNA was
used as a template for real time PCR or RT-PCR. Biwiogical replications and two technical
replications were used for real time PCR analysé@ne biological replication was used for
RT-PCR analysis. Realtime PCR included 95°C foris, #0 cycles each consisting of 95°C for
30 sec, 55°C for 0.15 sec, and 72°C for 0.45 sd#lowed by 95°C for 1 min and 55°C for 1
min. RPS3 genes was used as reference gene. FBCRT 28 cycles were used for all genes
including RPS3, each cycle consisting of 94°C fas,355°C for 60s, and 72°C for 60s. Primers
for these genes were designed by using Beacon iessgftware (version 7) and their

sequences are given in Table 5.1.

Bacterial challenge and expression profiles

Bacteria were streaked on the LB plate to get a palony and kept at 3T overnight.
The single colony was picked and grown in the LBdrm@vernight in the shaking incubator at
37° C and 200 rpm. Next day the bacterial solution eeadrifuged at 4 C and 3000 rpm to get
the pellet. The pellet was washed twice in the 8ilphosphate saline buffer (PBS) and
centrifuged as above after each wash. The finé{p&hs dissolved in the 0.15 M PBS buffer.
The OD value was adjusted to get OD = 0.4. The gaoeedure was performed for both kinds

of bacteria E. aerogeneandM. luteug. For injections, one-day-old fifth instar larvaere
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anesthetized on ice for 30 minutes and then 5 thi@bacteria+PBS solution was injected into
the haemolymph of larvae. For control larvae, 6f0.15 M PBS buffer was injected.
Seperated syringes were used for each treatmetet. iAfections larvae were allowed to feed on
the the artificial diet at 26C. The fat bodies were dissected in DEPC-water &ft12, 24 hrs of
injections. The RNA isolation, first-strand cDNAmngkesis, and real-time PCR were performed

as above.

Statistical analysis

The gene expression analysis in tissues and davelajal stages were subjected to one-
way analysis of variance (ANOVA). The expressioalgsis due bacterial exposure was
subjected to two-way analysis of variance (ANOVRisher’s least significant difference (LSD)
multiple comparisons were then used to separatm#ans among the treatments. All the
statistical analyses were performed using ProStaware (Poly Software International Inc.,

Pearl River, NY).
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Figure 5.1 Multiple alignments of the amino acdjgences dDstrinia nubilalisPGRPs and
other insect PGRPs using CLUSTALW. Predicted digeatide sequences are underlined.
Positions of five residues required for the amidadevity are marked by asterik (*). No signal
peptide was predicted f@. nubilalisC andDrosophilaLB. Fully conserved residues are
indicated by blue background. Sequences from thaxfing insects were used in this analysis:
Samia cynthia ricinD (GenBank accession: BAF74637.%);cynthia riciriB (BAF03520.1);S.
cynthia ricintA (BAF03522.1);S.cynthia riciiC (BAF03521.1)Bombyx mori
(NP_001036836.1Drosophila melanogasteSA (NP_572727.1)D. melanogasterLB
(AAN13506.1);D. melanogaste6B2 (CAD89150.1)D. melanogaste6B1 (CAD89135.1)D.
melanogasteSC2 (CAD89178.1)D. melanogasteSC1A (CAD89162.1)D. melanogaste6SD
(CAD89197.1)M. sextalA(AAO21509.1);Trichoplusia ni(AAC31820.1).
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Figure 5.2 Multiple alignments of the amino acdjgences oDstrinia nubilalislysozyme and
other insect lysozymes using CLUSTALW. The prediateeavage site for signal peptide for all
the sequences is marked by filled triangk@ above the alignement. The position of two
catalytic residues, Glu and Asp are indicated lbgrds(*). The eight conserved cysteine (C)
residues involved in disulfide bridges are indiddby open triangle-) above the alignments.
Fully conserved residues are indicated by blue gpacind. The sequences used in this analysis
were:Heliothis virescengGenBank accession: AAD00078.Bpodoptera liturdACI16106.1),
Samia cynthia ricin(BAB20806.1) Manduca sextg AAB31190.2) Bombyx mori
(NP_001037448.1)Trichoplusia ni (ABV68862.1),0rnithodoros moubatéAF425264.1),
Triatoma brasiliensisAAU04569.]), Triatoma infestansAY253830,Rhadnius prolixus A
(EU250274, Rhadnius prolixus BEU250275, Drosophila melanogasteNP_476828.),
Helicoverpa armigerdABF51015.1) Anopheles stephen8AC82382.), Aedes aegypti P
(XP_001647756.1).
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Figure 5.3 Neighbor-joining phylogenic tree counsted from 25 full length amino acid
sequences of peptidoglycan recognition proteindRPP€) including a four sequences from
Ostrinia nubilalis.Bootstrap percentage values are shown on the leanGenBank accession
numbers along with short names are shown for alsquences. Sequences from the following
insects were used in construction of the trBembyx mori (Bm); Helicoverpa armigera (Ha);
Heliothis virescens (Hv); Manduca sexta (Ms); Taptusia ni (Tn); Samia cynthia ricini (Scr);
Galleria mellonella (Gm); Hyphantria cunea (Hc);edes aegypti(Aa); Drosophila
melanogaster (Dm); Anopheles gambiae (AQ); Apidifere (Am).
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Figure 5.4 Multiple alignments of the amino acédjgences oDstrinia nubilalisp-1-3
glucanse-1 gene with similar genes from other itssesing CLUSTALW. The predicted signal
peptide sequences for all the sequences are umeleflne predicted active site for GH16 is
indicated by the solid line above the alignmenu@et et al. 2009). Fully conserved residues
are indicated by blue background. The sequencebinghis analysis arg-1-3 glucanse-1 from
Helicoverpa armigerdGeneBank accsession no.ABU98621Sjpdoptera littoralis
(ACI32818.1),Spodoptera frugiperd@ABR28478.2) Pieris rapae(ACI132824.1),Tribolium
castaneun{XP_970010.1); GNBP frorNasutitermes pluviali(AAZ08500.1),Nasutitermes
dixoni (AAZ08494.1),Anopheles gambia@XP_312116.3)Aedes aegyp(XP_001659796.1);
BGRP fromCulex quinquefasciatuxP_001845281.1).
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Figure 5.5 Neighbor-joining phylogenic tree consted from 33 full length lysozyme
sequences including a sequence f@strinia nubilalis(Lysozyme On). Bootstrap percentage
values are shown on the branches. GenBank acceassioers along with abbreviations for
organism name are shown for all the sequences.efegs from the following insects were used
in construction of the treeBombyx mori (Bm); Helicoverpa armigera (Ha); Spptwa litura
(Sh); Heliothis virescens (Hv); Manduca sexta (MBjichoplusia ni (Tn); Samia cynthia ricini
(Scr); Galleria mellonella (Gm); Hyphantria cuneld); Aedes aegypti(Aa); Drosophila
melanogaster (Dm); Anopheles gambiae (Ag); Muscaé&xiica (Md); Anopheles stephensi
(As); Ornithodoros moubata (Om); Triatoma brasisen(Tb); Rhodnius prolixus (Rp);

Triatoma infestans (Ti).
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Figure 5.6 Expression patterns of six antibadtegsponse genes in the larval tissues of naive
European corn borer. (A) Gene expression were méted in epidermis (EP), fatbodies (FB),
haemolymph (HM), midgut (MG), salivary glands (S§)RT PCR. The ribosomal SBPS3
gene was used as a reference gene. (B) Gene agprdstermined by using realtime PCR in
fatbodies and midgut. Ribosomal protein 8253 gene was used as a reference gene to
calculate the relative expression. Standard eobtise mean were determined from two
biological replications and two technical replicais. Different letters for the same gene

represent significant differenceRwalue< 0.05.
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Figure 5.7 Expression pattern of of six antibaateesponse genes in different developmental
stages of naive European corn borer. Gene expressgiere studied in all developmental stages
including egg, first-, second-, third-, fourth- dafifth-instar larvae, pupa, and adult. Ribosomal
protein S3RPS3J gene was used as a reference gene to calcudatel#tive expression.
Standard errors of the means were determined fnambtological replications and two technical

replications. Different letters for the same gegyresent significant difference Rwalue< 0.05.

167



[16Hrs PGRP B i a PGRPA i PGRPC
] a [ 12Hrs | p aa
1.0 = T 124Hrs : . l 5
0.8 1 i I
| |
| |
| |
0% 1 | |
b
b | b I
0.4 I I
|
= b | b I
© 0.2 1
7 b ! b b b | . bb
& bb | c b | M e
5 0.0
<
Ll T T
g PGRPD | BGLU-1 ! LSZM
2 | a ! a ! a
< 10 IE - R
@ | |
" oe | |
| |
| | bc I
0.6 : b : b bc
| |
0.4 - | | <
| |
b b ' ' cd |cd
LI e e B A e d
b b < d
E.A M.L CT E.A M.L CT E.A M.L CT

Figure 5.8 Expression profiles of four PGRPs, pgle-1, and one lysozyme genes in fatbodies
of fifth-instar larvae of European corn borer wiexposed to Gram negative bacteria,
Enterobacter aerogendg&.A); Gram positive bacteridlicrococcus luteugM.L); and

phosphate buffer saline (PBS) alone as control (R€)ative gene expressions were determined
after 6, 12, and 24 hrs of bacteria exposure. Rimas$ protein S3KPS3 gene was used as a
reference gene to calculate the relative expresSitamdard errors of the mean were determined
from two biological replications and two technicaplications. Different letters for represent
significant difference a® value< 0.05.
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Table 5.1 Sequences of PCR primers used to pgdihe expressions of six antibacterial

response genes in European corn borer

Name Forward primer Reverse primer Product size (bp
PGRP B TTGCCGTCGGAAACTCAAC AGTGTAGTCGGGCCTGATG 84
PGRP A GTGAGTCTACTGAACAATCTACG GATGGACCGCTGGTTGTAG 162
PGRP C AAGACCTGCTAGACCTGAAAG ATAATCATCATAAGTTGCATT CCC 77
PGRP D ACATACAACTTTCCTTTCGTGAC GTACTGGAGTGTGTAGAGG TAAG 82
Lysozyme AAGATTAGCAGTCGTTGTGTTG GCACTCTCATTCTCCACC AG 156
p-1-3 glucanse-1 CCAGTGGTCGTCTGAACATC AGGAGTCTACGGTG CGAAG 141

169



CHAPTER 6 - Summary

In the recent years, a large amount of genomiammédion has been generated from
various insect species and accumulated in pubtebadaes. However, such information is still
limited on lepidopteran species, particularly agitieral pest species. There is an urgent need for
genomic information on lepidopteran species dudéa economic importance and biodiversity.
The success of BB@cillus thuringiensistoxins in managing the insect pests has encodrage
scientists to better understand molecular compwsdf insect gut and to identify new targets for
novel toxins that can be used in insect pest manage My dissertation addresses the questions
on the genomics of the larval gut of the Europeamn torer (ECBQstrinia nubilalig. The ECB
is one of the major pests of corn in United States$ western world. Knowledge of genes
expressed in the ECB gut will lead to a better ustd@ding of basic physiology of food
digestion and their interactions with Bt toxins gadhogens. It may also lead to the discovery of
new targets for which novel toxins can be desigoedCB pest management.

In Chapter 2, we established a large database,00QESTs from the gut of the fifth-
instar larvae of ECB, which represents 2,895 unspaences, including 1,738 singletons and
1,157 contigs. Analysis of unique sequences usit§ x search revealed that 62.7% of them
have significant matchs (E-valg&0?) with the sequences available in GenBank. To our
knowledge, this database represents the largespguific EST database from a lepidopteran
pest and it will provide crucial information on thhysiology of the larval gut of the ECB. In
depth analysis of these ESTs revealed 52 candigsites with potential roles in Bt toxicity and
in Bt resistance. Furthermore, we showed diffeedmixpressions of 15 out of the 41
representative candidate genes between CrylAltaesmsnd —susceptible strains of ECB. These

results help us further narrow down the list ofdidate genes that could be involved in Cry1Ab

170



resistance. These results will provide researcgrsnew insights into mechanisms of Bt
resistance in ECB.

We have also used all the unique sequences idhtiifithis study to develop ECB gut-
specific microarray. This microarray can be usedrtalyze changes or differences in gene
expression on a global basis between CrylAb-registad —susceptible strains of ECB as well
in response to Bt protoxins/toxins. This will alEtow us to analyze genetic differences that
occur between Bt resistant and -susceptible stadiE<B. Our genomic information from the
ECB could also serve as a valuable resource fattifgieng critical/vulnerable genes from the gut
of ECB that would be useful physiological targetsriew toxins that could be developed for use
in pest management.

In Chapter 3, we analyzed aminopeptidase-like gen€sylAb-resistant and —
susceptible ECB strains and explored their rol€nyiLAb toxicity and resistance. It is well
known that ECB can be effectively managed by usiaigsgenic Bt corn. However, widespread
use of transgenic Bt corn is expected to leadealdvelopment of Bt resistance in the ECB.
Indeed, several laboratory colonies of ECB haveaaly developed resistance when exposed to
Bt toxins. The mode of action of Bt toxin involvesveral steps and insects can develop
resistance by changing the genes or their procdi@ay of these steps. In ECB, two independent
resistance mechanisms have been reported to aeduiced protease level and modified
cadherin receptors. However, studies on CrylAb E€3Bstant strains have led to suggestions
that resistance due to changes in the midgut-spdtitoxin receptors may also involve other
receptors in addition to the cadherin. The Bravalehof Bt toxicity in insects suggests that Cry
toxins need two receptors to kill the insects, eathand GPl-anchored aminopeptidase N.

Therefore, we identified and analyzed the aminadape-like genes in CrylAb resistant and
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susceptible ECB strains. The expression analysisG@minopeptidase-like genes revealed that
most of these genes expressed predominantly imithgut tissues of all larval stages of ECB.
There were no differences in the expression ofetlgemes between CrylAb resistant and
susceptible strains. This suggests that altereckegjon of these genes is unlikely to be
responsible for resistance. However, there remajmsssibility that there could be mutations in
the nucleotide sequences of these genes thatatiffer resistant and susceptible larvae so this
needed further investigation. Interestingly, werfdseveral nucleotide differences in the region
from 912 to 930 bp of the aminopeptidase-P [ReAPP gene. The change in the nucleotide
sequence was similar for the two resistant stnamsvere studying: the changes lead to changes
in two amino acids, GRJ> was changed to L§® and Arg®’ was changes to L&. We have not
found any reports whe@nAPRIlike genes were implicated in Bt toxicity or r¢aisce. This
appears to be first report of an APP-like gene frosects with a predicted GPI-anchor signal
peptide at the C-terminal being identified as beiagociated with Bt toxicity and Bt resistance.
To gain better understanding of the rol€DsfAPR, we developed a feeding-based RNA
interference foOnAPPfor ECB larvae and achieved 38% reduction in@m&PPtranscript
after 8 days. Furthermore, Bt bioassay using issecfOnAPPand GFP dsRNA resulted in
reduced susceptibility to CrylAb by 25%@nAPPdsRNA fed larvae as compare to the control.
Therefore, presence of the mutations in resistamtk, presence of the GPI anchor, and reduced
susceptibility oflOnAPPdsRNA treated larvae, stronlgy suggest that thigegs a strong
candidate for its role in the Cry1Ab toxicity aresistance in ECB.

In Chapter 4, we described a study on the functianalysis of a gut-specific chitinase-
like gene from ECB larvae and showed that this geseinvolved in chitin regulation in its

peritrophic membrane (PM). Chitinases are largediverse enzymes and have received much
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attention from researchers in recent years duleetio important biochemical functions in chitin
metabolism. Chitinases are suggested to be invalvdte degradation of chitin in the
peritrophic membrane (PM) and cuticle. They are alstential targets for novel insect-specific
pesticides for use in insect pest management. Tdrereve identified and analyzed the gut-
specific chitinase-like gen®©HCh) in ECB. The sequence analysiSriChtshowed that this
gene have all four conserved regions with one yitadomain and no chitin binding domain.
The expression ddnChtwas only detected during larval feeding stages,maock than 97% of
OnChtexpression was found in the midgut. Within the goiglOnChthas highest expression
level in the anterior midgut (75.8 %) which suggabatOnChtmay play an important role in
regulating PM chitin content and assembly in thieaor part of the midgut. Furthermore, our
results showed that transcript level<fChtand chitin synthase BEDnCHS-B were affected by
feeding. When larvae were not provided food,@mChtgene expression decreased significantly
andOnCHSB expression increased significantly relative ted& maintained on food. These
changes occur rapidly and reversibly. Interesyingke also found a negative correlation
betweenOnChtgene expression and chitin content as well assaiyp® correlation between
OnCHS-Bgene expression and chitin content of the PM.i€hktintents increased significantly
when larvae were maintained with no food as contpaiieh the larvae maintained on food for
the same period of time. As expected, the chitiments decreased dramatically, when the
starved larvae were allowed to feed. By using difegbased RNAI technique, we were able to
reduce thé@nChttranscript levels by 63-64% in the larvae fedet dontainingOnChtdsRNA

as compared with the larvae fed a diet containif® @sRNA. Such a suppression of @eCht
transcript level in larvae fe@NChtdsRNA resulted in a significant increase of chaomtent

(26%) in the PM. This suggests tl@hChtwas involved in the regulation of the PM chitin in
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ECB larvae, probably through a reduced rate ofaldagion of the chitin by this enzyme. More
interestingly, the growth and development of tHeseae were were reduced by 54% compared
with larvae fed GFP dsRNA. This was most likely doelefective food assimilation. The
decreased porosity of the PM and/or loss of compantalization may hinder the digestion.
Thus, these results provided strong evidence ®fitht time thaODnChtplays an essential role
in regulating chitin content of the PM and thasthffects larval growth, presumably by
influencing food digestion, nutrient absorptiomaoovement of digestive enzymes through the
PM.

In Chapter 5, we identified and characterized si¥oacterial response genes from the
ECB larvae, including four peptidoglycan recogmtproteins (PGRPS), orfiel-3 glucanse-1
(Palu-1), and one lysozyme. Tissue-specific analgsmved that all of the ECB antibacterial
response genes except lysozyme have high mRNAslavéhe gut tissues. This may be because
gut is constantly being exposed to the microorgasiwhile feeding. All these genes showed
expression during the ECB larval stage. None ordtRNA expression for these genes was
detected in egg, pupa and adult. To obtain betideace that these genes are really involved in
the immune defense response, we challenged ECBdarth Gram-positive bacteria
(Enterobacter aerogengand —negative bacteri&l{crococcus luteus The expression of all six
antibacterial response genes in fatbodies was giygated when ECB larvae were challenged
with Gram-positive bacterid&( aerogengs however only PGRP-C and lysozymes were induced
when challended with gram-negative bactela luteug. This difference in response may be
due to specificity of the peptidoglycan (PGN), asi@-negative bacteria have DAP-type PGN

and most Gram-positive bacteria have Lys-type PG is the first study to characterize
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antibacterial response genes in the ECB larvae;iwiniay lead to better understanding of the
immune defense response in ECB.

These findings have several significant implicasiolm addition to these results, the
establishment of the feeding-based RNA interfergacknique could potentially help us in
delivering dsRNA orally to the ECB larvae for hitfiroughput screening of effective genes to

be targeted for insect pest management.
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