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Abstract 

Vegetative insecticidal proteins (Vip3A) produced by Bacillus thuringiensis (Bt) 

is highly toxic to some Lepidopteran insect larvae that are serious agricultural pests. We 

have identified and isolated a new Vip3A toxin from local strain of B. thuringiensis. The 

toxin is highly produced and secreted into the culture medium and shows high toxicity 

against Spodoptera exigua and Spodoptera litura that are important insect pests in 

Thailand. In this project we have tried to identify Vip3Aa receptors from susceptible larvae 

S. exigua, a major pest for several vegetable and fruit crops in Thailand. The vip3Aa gene 

was cloned in E. coli to be expressed as a 6xHis-tag fusion protein. This protein was used 

in ligand blot to fishing out its receptor from brush broader membrane extracted from 

midguts of S. exigua larvae. An interesting spot was identified from 2-dimensional gel 

electrophoresis couple with immunoblot detection. Molecular weight of this spot is about 

170 kDa with pI approximately 7. Unfortunately, the identity of this spot has not been 

resolved since it could not be distinguished from other proteins in the surrounding area. 

The putative receptor binding motif in Vip3A has been predicted from its amino acid 

sequence. This region is located at the C-terminal part consisting of amino acid around 

positions 530-690. This region should adopt 3D structure similar to a carbohydrate binding 

module (CBM) of other protein that can bind to a sugar residue of a glycoprotein that should 

acts as a Vip3A receptor. Amino acid substitutions in this region such as W552L, D616A 

and W684L affected the toxin activity suggested that these changes may interfere their 

binding to a receptor on the gut cell membrane. Feeding the S. litura larvae with a mixture 

of the full-length Vip3A and its C-terminal fragment resulted in a reduction of larvicidal 

activity indicated that the C-terminal part containing a CBM completes for the receptor 

binding thus rendering the toxin activity. Different Vip3A proteins such as Vip3Aa, 

Vip3Ad and Vip3Af show a highly conserved amino acid sequences at the N-terminal part 

but highly variable in the C-terminal part thus these toxins exhibit different specificity to 

different insects. These data indicated that the receptor binding motif of Vip3A is located 

in the C-terminal region. In addition, the Tyr-776 play a crucial role in maintaining the 

toxin stability upon long term storage. 

 

Key words: Bacillus thuringiensis, insecticidal protein, receptor, Spodoptera exigua, 

Spodoptera litura, Vip3A 
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บทคัดย�อ 

โปรตีน Vip3A ท่ีผลิตจากแบคทีเรียบีที (Bacillus thuringiensis) สามารถออกฤทธิ์ต#อหนอน
แมลงศัตรูพืชจําพวกหนอนผีเสื้อได1ดี เราได1ทําการค1นพบโปรตีน Vip3A จากแบคทีเรียบีทีสายพันธุ3ท1องถ่ิน
ท่ีแยกได1ในประเทศไทย โดยพบว#าโปรตีนตัวนี้สร1างและหลั่งออกมาปริมาณมากละลายอยู#ในอาหารเลี้ยง
เชื้อและสามารถออกฤทธิ์ได1ดีต#อหนอนกระทู1หอมและหนอนกระทู1ผักซ่ึงเป9นแมลงศัตรูพืชท่ีสําคัญของ
ประเทศไทย เราได1ทําการโคลนยีนเพ่ือสร1างโปรตีนนี้ใน E. coli โดยสามารถผลิตและแยกบริสุทธิ์ได1
ปริมาณสูงในรูปท่ีต#อเชื่อมกับ 6x-His tag เม่ือทําการวิเคราะห3หาโปรตีนตัวรับจําเพาะของ Vip3A จากเยื่อ
หุ1มเซลล3ของหนอนกระทู1หอมโดยใช1เทคนิค ligand blot จากโปรตีนของเยื่อหุ1มเซลล3ทางเดินอาหารของ
หนอนกระทู1หอมโดยใช1เทคนิค 2D-gel พบสัญญาณการจับของ Vip3A กับโปรตีนท่ีมีขนาดประมาณ 170 
kDa และมีค#า pI ประมาณ 7 แต#ยังไม#สามารถระบุชนิดของโปรตีนนี้ได1เนื่องจากยังไม#สามารถแยกจุดของ
โปรตีนนี้ออกจากโปรตีนอ่ืนท่ีอยู#บริเวณเดียวกันและมีจํานวนมากได1 จากการวิเคราะห3ลําดับกรดอะมิโน
พบว#าโปรตีน Vip3A น#าจะใช1กรดอะมิโนประมาณตําแหน#งท่ี 530-690 ท่ีอยู#ส#วนปลาย C-terminal จับกับ
ตัวรับเนื่องจากส#วนนี้มีลักษณะคล1ายกับ carbohydrate binding module (CBM) ของโปรตีนอ่ืนท่ีทราบ
โครงสร1างและหน1าท่ีแล1ว เราจึงได1ทําการแทนท่ีกรดอะมิโนในบริเวณนี้ และพบว#าโปรตีนกลาย W552L, 
D616A และ W684L ไม#สามารถฆ#าหนอนได1 ซ่ึงอาจเกิดจากการท่ีโปรตีนกลายไม#สามารถเข1าจับกับตัวรับ
จําเพาะบนเยื่อหุ1มเซลล3ของหนอน เม่ือให1หนอนกระทู1ผักกินโปรตีนท่ีเป9นส#วนผสมระหว#าง full-length 
Vip3A และ ชิ้นส#วน CBM ของ Vip3A ท่ีมีขนาด 22 kDa พบว#าชิ้นส#วนนี้สามารถยับยั้งการออกฤทธิ์ของ 
Vip3A ซ่ึงชี้ให1เห็นว#าชิ้นส#วน CBM สามารถเข1าแย#งจับกับตัวรับจําเพาะทําให1 Vip3A เข1าจับได1น1อยลง เม่ือ
ทําการสํารวจ Vip3A จากบีทีสายพันธุ3ท1องถ่ินอ่ืนๆท่ีคัดแยกได1ในประเทศไทย พบว#ามีลําดับกรดอะมิโน
ด1านปลาย N-terminal ท่ีคล1ายกันมาก แต#มีกรดอะมิโนด1าน C-terminal แตกต#างกัน และมีความสามารถ
ในการฆ#าหนอนแมลงแตกต#างกัน เช#น Vip3Aa, Vip3Ad และ Vip3Af ดังนั้นจึงเป9นไปได1ว#ากรดอะมิโนท่ี
อยู#ด1าน C-terminal มีบทบาทสําคัญต#อการออกฤทธิ์ท่ีจําเพาะต#อแมลงแต#ละชนิด นอกจากนี้เรายังพบว#า
กรดอะมิโน Tyrosine ท่ีตําแหน#ง 776 มีความสําคัญต#อการรักษาโครงสร1างและการออกฤทธิ์ของโปรตีน 
Vip3A โดยเฉพาะเม่ือผ#านการเก็บรักษาเป9นเวลานาน 

 

คําสําคัญ  แบคทีเรียบีที  โปรตีนฆ#าหนอนแมลง  ตัวรับจําเพาะ  หนอนกระทู1หอม  หนอนกระทู1ผัก  
โปรตีน Vip3A 
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Executive Summary 

Vegetative insecticidal proteins (Vip) are a group of proteins recently discovered 

as secreted proteins from some strains of Bacillus thuringiensis (Bt). The protein is 

produced during vegetative phase of growth and secreted to the culture medium. Different 

Bt strains produce different Vip proteins and toxic to different target insects. Vip proteins 

identified so far could be divided into 4 major groups, Vip1, Vip2, Vip3 and Vip4. The 

most abundance of all is Vip3 which is toxic to a wide range of Lepidopteran larvae, major 

insect pests that cause serious damage to most economic crops in Thailand. The mechanism 

of action of Vip3 is not understood but the susceptible larvae stop feeding within a short 

time after treated with the toxin and eventually die a few days later. Vip3 proteins are highly 

toxic to insect larvae and have LD50 comparable to that of crystal proteins (Cry toxins) from 

B. thuringiensis. In addition, Vip proteins are active against the Cry toxin-resistant insects. 

It is expected that proteins from both groups employ different mechanisms to kill the 

insects. There is a high potential to develop this toxin as an environmental friendly bio-

insecticide to substitute chemical insecticides. However, there is a precaution that repeated 

application of this toxin could accelerate resistant development in the target insects. Since 

resistant development usually involves changes in the receptor on insect cell membrane, it 

is therefore necessary to identify a functional receptor for Vip3A protein and investigate its 

binding mechanism. 

We have successfully cloned and produced Vip3A from Bt Thai isolate. The toxin 

has been purified to high purity and exhibited high toxicity against S. axigua and S. litura 

larvae. Ligand blots have been performed to identify a Vip3A receptor from S. exigua larval 

gut cells using both conventional SDS-PAGE and 2D-gel electrophoresis. A protein spot 

at approximately 170 kDa with pI about 7 was detected to bind to Vip3A. However, the 

identity of this protein spot has not been resolved since it is not well separated from the 

surrounding proteins. Additional techniques are required to purify this spot for further 

analysis. 

The full-length Vip3Aa consists of 789 amino acids with molecular weight ∼88 

kDa. In vitro digestion of Vip3Aa by trypsin or insect gut juice proteases yields two 

fragments about 22 kDa and 66 kDa from its N- and C-termini, respectively. The protease 

cleavage site was identified after K198. Both fragments are held together and could not be 

separated under normal physiological condition. In order to investigate the role of the 66 
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kDa fragment, the gene encoding the C-terminal fragment corresponding to amino acids 

D199-K789 (assigned as Vip3Aa-D199) was cloned and expressed in Escherichia coli. The 

production level of the Vip3Aa-D199 was significantly decreased comparing to that of the 

full-length protein. Bioassays revealed that the Vip3Aa-D199 was not toxic to Spodoptera 

litura larvae when fed artificial diet overlaid with the protein up to 12,500 ng/cm2 whereas 

the full-length Vip3Aa showed high toxicity with LC50 about 200 ng/cm2. Feeding the 

larvae with mixtures of the full-length Vip3Aa and Vip3Aa-D199 at different ratios 

(200:200, 200:1,000 and 200:5,000 ng/cm2) revealed inhibition effect of the truncated toxin 

on the toxicity of the full-length toxin. Results showed that LT50 and LT95 of larvae fed the 

mixture toxins were longer than those fed the full-length toxin alone. The C-terminal 

fragment might compete for the membrane binding thus rendering activity of the full-length 

toxin. It is possible that the receptor binding motif of Vip3Aa resides in its C-terminal part. 

To identify amino acids playing important role during intoxication, single amino 

acid substitutions were employed at ten positions using site-directed mutagenesis technique 

(P551A, W552L, E594A, Q598A, D616A, N623A, T631A, F636I, W684L and W691L). 

These residues are located in a putative carbohydrate binding module that could play 

essential role during receptor binding. All mutant proteins were effectively produced in E. 

coli and specifically reacted to anti-Vip3A antibody. Bioassays against S. exigua larvae 

revealed that most of the mutants retain their larvicidal activity comparable to that of the 

wild type except W552L, D616A and W684L which were unable to kill the larvae. These 

three residues might be important for interaction to a sugar moiety of a glycoprotein on the 

gut cell membrane that acts as a specific receptor for Vip3A. 

It has been proposed that Vip3A proteins produced by different Bt strains show 

variable toxicity and specificity to different insects. Twenty Bt isolates collected from 

various locations in Thailand were screened for a new Vip3A by PCR using primers 

specific to vip3 gene. Most of Bt isolates were found to carry vip3Aa gene. Only Bt isolates 

number 22 and 107 were found to carry vip3Af and vip3Ad, respectively. GenBank 

accession number for vip3Ad from Bt#107 and vip3Af from Bt#22 are KX595193 and 

KX595192. Both genes were cloned into pET28b to obtained 6xHis-tag fusion proteins. 

The fusion proteins were highly produced in E. coli. Insect bioassays revealed that Vip3Ad 

from Bt#107 was not toxic to S. exigua and S. litura larvae. Vip3Af from Bt#22 caused 

mortality to 20% in S. exigua and 60% in S. litura when feeding both insects with the toxin 

at 2 µg/cm2. Amino acid sequence alignment showed variable in the C-terminal part which 
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might responsible for differences in specificity or receptor recognition to different insects. 

Although the newly discovered Vip3Ad and Vip3Af were not as good as the benchmark 

protein (Vip3Aa) when tested against S. exigua and S. litura, both toxins might have higher 

activity against other insects. 
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1. Introduction 

Bacillus thuringiensis is a Gram positive soil bacterium, which has the insecticidal 

activity against many agricultural important pests (Schnepf et al., 1998). This bacterium 

produces intracellular crystal toxins (Cry toxins) at the sporulation phase and produces 

soluble vegetative insecticidal proteins (Vip) at the vegetative phase (Estruch et al., 1996, 

Estruch and Yu, 2001, Selvapandiyan et al., 2001, Warren, 1997, Yu et al., 1997). To date 

there are 3 groups of Vip have been identified. Vip1 and Vip2 act as a binary toxin and 

highly specific to Coleopteran larvae (Nishimatsu & Jackson, 1998). Another group of 

toxins that can act independently is Vip3. Proteins in this group show broad spectrum of 

insecticidal activity against Lepidoptera and has acute bioactivity towards the black 

cutworm (BCW; Agrotis ipsilon), fall armyworm (FAW; Spodoptera frugiperda), beet 

armyworm (Spodoptera exigua) , tobacco budworm (Heliothis virescens), western bean 

cutworm (Striacosta albicosta) and corn earworm (Helicoverpa zea) (Abdelkefi-Mersati et 

al., 2005a; Chen et al., 2003; Estruch et al., 1996; Estruch and C.-G., 2001; Shi et al., 2004; 

Warren et al., 1997; Yu et al., 1997). The difference in insecticidal activity of Vip depends 

on their sequence variation as Fang et al., found the activity of both Vip3Aa1 and Vip3Ac1 

are not identical although their activities are limited to lepidopterans (Fang et al., 2007). 

Vip3A was first purified from Bacillus thuringiensis strain AB88 isolated from sour milk 

(Estruch et al., 1996). Previous studies have shown that Vip3A has a higher insecticidal 

activity than some Cry1A proteins in insects (Estruch et al., 1996, MacIntosh et al., 1990). 

The vip3A gene encodes an 88.5-kDa protein, which has no homology with the known 

proteins (Estruch et al., 1996). This protein can be secreted into the medium in Bacillus 

thuringiensis cultures without N-terminal processing (Estruch et al., 1996). The secretion 

levels depend on strains of Bacillus thuringiensis (Loguercio et al., 2002). Previous studies 

have indicated that Vip3A proteins have no similarity to the Cry toxins in Bacillus 

thuringiensis strain AB88  (Estruch et al., 1996) and Vip3 and Cry toxins do not share the 

same receptors in the midgut of their insect hosts (Abdelkefi-Mersati et al., 2009; Lee et 

al., 2003). Specific binding of Vip3A to the midgut BBMV has been documented (Sena et 

al., 2009). Thus, Vip3A has become an important insecticidal toxin for development of 

new insecticidal products for control of agriculturally important pests and management of 

resistance development to Cry toxins in many important insects (MacIntosh et al., 1990; 

Matten, 2007; Matten et al., 2008; Müller-Cohn et al., 1996; Tabashnik et al., 2000). 
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The mode of action of Vip3A toxin involves a complex cascade, but is not well 

understood (Lee et al., 2003; Yu et al., 1997).  This protein is soluble across a broad range 

of pH values from at least 5.0 to 10.0 (Lee et al., 2003). In the larval midgut, Vip3A is 

activated by a proteolytic process to remove the 199-amino acid N-terminal fragment. Yu 

et al., reported that Vip3A toxin is activated by larval gut fluid, resulting in four products 

of 62, 45, 33, and 22 kDa in molecular weight (Yu et al., 1997). Lee et al., showed that the 

unprocessed VIP3A is incapable of forming a pore in the midgut BBMV in vitro (Lee et 

al., 2003). After proteolytic activation, the toxin binds to the brush border membrane in 

larvae is started (Lee et al., 2003, Schnepf et al., 1998). In vivo immunolocalization studies 

has indicated that the binding of Vip3A is restricted to the midgut cells in susceptible 

insects and the binding appears to be specific to the microvilli of columnar cells, and no 

binding occurs to goblet cells. A comparative binding analysis of Vip3A in the susceptible 

A. ipsilon and nonsusceptible O. nubilalis showed that Vip3A bound to the midgut tissue 

of the susceptible but not a non-susceptible insect (Yu et al., 1997). Hence, the specific 

binding of the toxin to the midgut epithelium cells of susceptible insect is a key factor for 

determination of the insect host range for Vip3A (Chapman, 1985, Yu et al., 1997). 

Candidate Vip3A binding proteins have been indicated in several insects. For example, 

Vip3A was found to bind to the BBMV proteins of 80 and 100-kDa in molecular weight in 

Linnaeus (Lee et al., 2003), whereas Vip3Aa16 was found to bind to a putative receptor of 

about 65 kDa in Linnaeus (Abdelkefi-Mesrati et al., 2009). Thus, the binding proteins for 

this toxin may vary from an insect to another (Abdelkefi-Mesrati et al., 2011). The binding 

of the toxin to the midgut cells leads to morphological alteration and eventually cell death.  

Reported pathological symptoms of Vip3A toxicity include cytoplasm 

vacuolization, brush border membrane destruction, vesicle formation in the apical region 

of cells toward the midgut lumen, goblet cells damage, epithelium columnar cells 

destruction (distended and bulbours) in the midgut of Vip3A fed larvae, material and debris 

leaked into the lumen leading to the larval death (Abdelkefi-Mersati et al., 2011, Yu et al., 

1997). The midgut cell lysis associated with cholesterol oxidase is suggested to be a 

mechanism of toxicity (Yu et al., 1997). Estruch and Yu proposed that apoptotic pathway 

may occur after Vip3A had bound to its respective midgut receptors in susceptible insects 

(Estruch and Yu, 2001). Toxin activation is not only one determining factor for toxicity 

since gut juice from nonsusceptible insects (such as gut juice from Ostrinia nubilalis) can 

process Vip3A protoxin as well (Lee et al., 2003; Yu et al., 1997). Lee et al., found that the 
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activated fragment of Vip3A, a 62-kDa protein, can be found from the gut juice of both 

susceptible and nonsusceptible lepidopterans (Lee et al., 2003). In addition, Yu et al., found 

that the activated fragment of Vip3A from non-susceptible insect (Ostrinia nubilalis) was 

toxic to susceptible insects (Yu et al., 1997). In contrast, the binding affinity to the midgut 

epithelium cells is considered to be a major factor determining its insect specificity. Voltage 

clamping assays with dissected midgut from the susceptible insect, M. sexta, showed pore 

formation by Vip3A treated with lepidopteran gut juice. Lee et al., indicated that pore 

formation is the inherent property of Vip3A since they found both activated Vip3A by 

lepidopteran gut juice and by trypsin can lead to formation of ion channels in planar lipid 

bilayers. The authors suggested that these ion channels were voltage independent and 

highly cation selective, exhibiting their own conductance state and cation specificity (Lee 

et al., 2003).  

So far, the Vip3A receptor had not been clearly identified. Thus, we would like to 

investigate a receptor for Vip3A in the larval midgut of Spodoptera exigua which is a 

serious pest of various vegetable and other crops in Thailand, Asia, North America, parts 

of Africa, Oriental and Indo-Australian regions (Hardee and Herzog, 1997). Information 

obtained from this work can be used to pave the way for further improvement of this 

toxin as an effective bio-insecticide and to combat resistant development in insects. 

 

2. Objectives 

2.1 Identify a specific receptor of Vip3Aa from midguts of Spodoptera exigua larvae 

2.2 Identify a receptor binding motif in Vip3Aa its and amino acid positions 

responsible for receptor binding 

2.3 Investigate amino acid positions playing important role for protein stability, 

specificity and larvicidal activity 

 

3. Materials & Methods 

3.1 Bacterial cells, plasmids, oligonucleotide primers and insect larvae 

Escherichia coli K12 JM109 and DH5α were used as cloning host cells and E. 

coli BL21(DE3)pLysS was used as an expression host to produce recombinant proteins. 

Plasmid pGEM-Teasy and pJET pJET1_2 Blunt were used for gene cloning and pET28b 

was used as expression vector to produce 6xHis-tag recombinant proteins. 
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Oliginucleotide primers for vip3A screening and cloning were shown used in Table 1 and 

primers for site-directed mutagenesis were in Table 2. The laboratory reared Spodopter 

exigua and Spodoptera litura larvae were obtained from the Biotec NPV Pilot Plant. 

 

 

Table 1. Primer sequences used for screening and cloning of vip3 gene. 
 

Primer name DNA sequences (5′ to 3′) 

Vip3 screening Fw TGCCACTGGTATCAARGA 

Vip3 screening Rv TCCTCCTGTATGATCTACATATGCATTYTTRTTRTT 

Vip3A full-length Fw CCGCGGCCGCGGAGGATTAACATATGAACAAGAATAATACTAA
ATTAA 

Vip3Aa full-length Rv CTCGAGTTACTTAATAGAGACATCGGA 

Vip3Ad full-length Rv CTCGAGTTATTTAATAGAGAAATCATAAAAATGTA 

Vip3Af full-length Rv CTCGAGTTATTTAATAGAAACGTTTTCAAAT 

 
 

Table 2. The mutagenic primers for generation of Vip3Ag2 mutant toxins 

Recognition sites introduced in the primers for restriction endonuclease analysis 

are underlined. Mutated nucleotides are shown in bold; fw and rv represent forward and 

reverse primers, respectively. 

Primer Sequence Enzyme 

P551Afw  5’-GAAAACTTAGAGGCCTGGAAAGCAAATAAC-3’  StuI 

P551Arv  5’-ATTTGCTTTCCAGGCCTCTAAGTTTTCTCC-3’  

E594Afw  5’-TCGAAAACAGCATATGTAATTCAATATATT-3’  NdeI 

E594Arv  5’-TTGAATTACATATGCTGTTTTCGATTTCAA-3’ 

Q598Afw  5’-GAATATGTAATTGCATATATTGTAAAGGGA-3’ - 

Q598Arv  5’-TTACAATATATGCAATTACATATTCTGTTT-3’  

D616Afw  5’-GAAAAAAATGGTGCATGCATTTATGAAGAT-3’ SphI 

D616Arv  5’-TTCATAAATGCATGCACCATTTTTTTCATC-3’ 

N623Afw  5’-TATGAAGATACGGCCAATGGTTTAGAAGAT-3’  EaeI 

N623Arv  5’-TCTAAACCATTGGCCGTATCTTCATAAATG-3’  

T631Afw  5’-GAAGATTTTCAGGCCGTTACTAAAAGTTTT-3’  HaeIII 

T631Arv  5’-TTTAGTAACGGCCTGAAAATCTTCTAATAA-3’  

F636Ifw  5’-CCATTACTAAATCGATTATTACAGGAACGG-3’ ClaI 

F636Irv  5’-TCCTGTAATAATCGATTTAGTAACGGTTTG-3’ 

W684Lfw  5’-TAAATTCAGATGCACTAGTTGGATCTCAGG-3’ SpeI 

W684Lrv  5’-TGAGATCCAACTAGTGCATCTGAATTTATC-3’   

W691Lfw  5’-TCTCAGGGAACACTAGTTTCAGGAAATTCA-3’ SpeI 

W691Lrv  5’-AATTTCCTGAAACTAGTGTTCCCTGAGATC-3’ 

 



5 

 

 

3.2 Plasmid construction  

The full length vip190 (or vip3Aa35) gene from B. thuringiensis strain M190 

(Genbank accession no. GU733921) was amplified by PCR using primers for vip3A full 

length gene as shown in Table 1. The PCR products were cloned into pGEM-Teasy 

vector and transformed into E. coli JM109. DNA sequence of the inserted gene was 

verified by automated DNA sequencing (Macrogen, Korea). The vip3A gene in pGEM-

Teasy was subcloned into pET28b between NdeI and BamHI sites to be expressed as a 

6xHis-Vip3A fusion protein in BL21(DE3)pLysS  

To constructed a plasmid for producing the C-terminal fragment of Vip3Aa, the 

1.7 kb fragment of vip3Aa gene encoding amino acids D199-K789 was amplified by PCR 

using pET28-Vip3Aa as a template couple with forward primer: 5'-GCC ATA TGG ATG 

GCT CTC CTG CAG ATA TTC-3' and reverse primer: 5'-GCG GAT CCT TAC TTA 

ATA GAG ACA TCG GAA-3'. The underlined sequences indicate recognition sites, NdeI 

for the forward primer and BamHI for the reversed primer. The PCR product was 

digested with NdeI and BamHI and cloned into pET-28b between NdeI and BamHI sites 

(Figure 1). This recombinant plasmid encodes a truncated fragment of Vip3Aa (D199-

K789) with a polyhistidine tag at its N-terminus to facilitate protein purification. The 

protein was named “Vip3Aa-D199”. 
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Figure 1. Recombinant plasmids of pET-28b containing vip3Aa gene  

The 2.4 kb fragment of the full-length vip3Aa35 gene (A) and 1.7 kb fragment of 

vip3Aa-D199 gene (B) obtained from B. thuringiensis strain M190 was inserted into the 

NdeI-BamHI sites of pET-28b expression vector under control of T7 promoter. 
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3.3 Screening of vip3 genes 

Total genomic DNA from several B. thuringiensis isolates were extracted and 

purified using QIAGEN genomic extraction kit. The genomic DNA was used as a 

template for PCR screening using a pair of Vip3 screening primers as shown in Table 1. 

Samples that showed positive results were selected for another PCR using specific 

primers for Vip3Aa, Vip3Ad and Vip3Af (Table 1). The PCR products were cloned into 

pJET1_2 Blunt and transformed in to E. coli JM109. The recombinant plasmid was 

extracted and the DNA sequence of the entire insert gene was determined by automated 

DNA sequencer (Macrogen, Korea). 

 

3.4 Protein preparation 

E. coli cells producing Vip3A proteins were collected by centrifugation at 

10,000xg, 4°C for 5 minutes. The cell pellet was resuspended in PBS pH 7.4. Vip3A protein 

was released from the cell by ultrasonication. After centrifugation at 10,000xg, 4°C for 10 

minutes, soluble Vip3A protein in the supernatant was purified by affinity chromatography 

using HisTrap® FF column or HiTrap Chelating HP column following the manufacturer 

instruction. The 6xHis-Vip3A proteins were eluted using PBS pH 7.4 containing 100-250 

mM immidazole. After that, the eluted protein was concentrated using Amicon® Ultra-15 

centrifugal filter devices MWCO 30 kDa. Imidazole remained in concentrated protein was 

removed by gel filtration chromatography using HiTrap desalting column. The purified 

proteins were analyzed by SDS-PAGE and the identity of Vip3A was verified by 

immunoblotting using rabbit anti-Vip3A polyclonal antibody as a primary antibody. 

 

3.5 Brush broader membrane vesicle (BBMV) preparation 

BBMVs from 3rd-instar larvae of S. exigua were prepared by using differential 

magnesium precipitation method as described by Wolfersberger et al. (Wolfersberger et 

al., 1987) with some modifications. First, the anterior and posterior of third instar larvae 

from S. exigua were excised and their guts were dissected longitudinally. The luminal 

content enveloped in the peritrophic membrane was removed. Then, guts were pulled out 

of the dissected bodies and were homogenized in ice-cold GET buffer containing 1x 

protease inhibitor cocktails. An equal volume of ice-cold 24 mM MgCl2 was added to the 

gut homogenate and the mixture was incubated on ice for 15 min. After centrifugation at 



8 

 

2500 x g (Sorvall ® Biofuge Primo R), 4°C for 15 min had done, the supernatant was 

transferred to the ultracentrifuge tube. The pellet was suspended in ice-cold GET buffer 

containing 1x protease inhibitor cocktails with 1 volume of the gut homogenate. Then, 24 

mM MgCl2 was added in the suspension and the protocol mentioned above was repeated. 

All supernatant fractions from MgCl2 treatment were pooled and centrifuged at 50,000 x g 

for 45 min using swinging bucket rotor (TH-641, Sorvall ultra pro 80). The final BBMVs 

pellet was resuspended in GET buffer containing 1x protease inhibitor cocktails and was 

stored at -80°C before used in the ligand blot analysis and 2D-Gel Electrophoresis. The 

protein concentration of BBMVs was determined by Bradford method (Bradford, 1976) 

as mentioned previously. 

 

3.6 Vip3A receptor identification 

Ligand blot from SDS-PAGE 

Various amounts of BBMV proteins from S. exigua larvae were loaded on SDS-

polyacrylamide gel. The protein electrophoresis was operated at constant voltage (120 

Volts) until the tracking dye reached the bottom of the gel. Proteins separated on SDS-

PAGE were transferred to nitrocellulose membranes using a Bio-Rad Mini Trans-blot 

apparatus (BIO-RAD) at constant current (189 mA), 4°C for 2 hours. The membrane was 

blocked with blocking solution (5% skim milk in 1x PBS buffer pH 7.4), at 4°C for 

overnight. The 20 µg/ml of Vip3Aa in blocking solution was overlaid on the membrane 

for 1 hour at room temperature. The membrane was washed with 1x PBS buffer pH 7.4 

for 3 times, 10 min per each time. The bound Vip3Aa was detected by probing with rabbit 

anti-Vip3A polyclonal antibody (1:5000), gently shaking at room temperature for 2 hours. 

The unbound proteins were removed by washing with 0.1% Tween-20 in 1x PBS buffer 

pH 7.4 for 2 times, 10 min per each time followed by washing with 1x PBS buffer pH 7.4 

for 2 times, 5 min per each time. Then, the membrane was incubated with goat anti-rabbit 

IgG alkaline phosphatase-conjugated antibody (1:8000) with gently shaking at room 

temperature for 1 hour. After that, the membrane was washed with 0.1% Tween-20 in 1x 

PBS pH 7.4 for 2 times, 10 min per each time followed by washing with 1x PBS buffer 

pH 7.4 for 2 times, 5 min per each time. The immunoreactive signal on the membrane 

was detected by using the reaction mixture consists of 1.5% NBT in DMF (200 µl), 1% 

BCIP in DMF (200 µl), and 20 ml of carbonate buffer pH 9.8. 
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Ligand blot from 2D-gel electrophoresis 

The immobilized pH gradient gel strip size 7 cm, pH 3-10 NL (GE healthcare 

Immobiline ™ Drystrip) was used for the first dimensional gel electrophoresis. The 65-

180 µg of solubilized BBMV proteins were mixed with 2 µl of immobilized pH gradient 

(IPG) buffer and 0.75 µl of 1% bromophenol blue. Then, lysis CT buffer was added until 

the protein mixture reached the final volume 130 µl. Before loaded protein sample 125 µl 

into ceramics strip holder (Amersham Biosciences), the protein mixture was centrifuged 

at 12,000 rpm, 4°C for 5 min. The strip cover fluid (mineral oil) 500 µl was laid on top of 

the gel strip and then the strip holder was closed with the cap. The isoelectric focusing 

was conducted for 12,100 Volt-Hours after 12 hours passive in-gel rehydration. The 

experiment was done at 20°C, 50 µA/ strip by using Ettan IPGPhor II (Amersham 

Biosciences). After isoelectric focusing had completed, the gel strip was placed into a 

freshly prepared solution of 25 mg DTT in 2.5 ml SDS-PAGE equilibration buffer (2% 

SDS, 50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 0.002% bromophenol blue). The 

solution was gently shaken for 15 min, and then the DTT solution was replaced with a 

freshly prepared solution of 60 mg IAA in 2.5 ml SDS-PAGE equilibration buffer in 

order to prevent the re-formation of reduced disulfide bond. 

The second dimensional gel electrophoresis was performed with a Tris-glycine 

buffer system using Amersham Biosciences Minive complete (GE Healthcare). The 10-

12.5 % SDS-polyacrylamide gels were used for separating proteins by their molecular 

weight. After the gel strip had equilibrated, the gel strip was gently inserted into the top of 

SDS-polyacrylamide gel. A prestained protein ladder (Thermo scientific) was placed on 

the anode end of the gel strip. The protein electrophoresis was operated at constant 

voltage (130 Volts), until the tracking dye reached the bottom of the gel. The spot of 

separated proteins was envisioned by staining the gel in the staining solution using 

Colloidal Coomassie Blue G-250 (CBG) for overnight with gently shaking. The gel was 

subsequently destained in the deionized water (Milli Q) for overnight or until the 

background was clearly removed. 

After the 2D-gel electrophoresis had completed, the ligand blot was performed in 

order to detect the binding between putative receptor protein and activated Vip3Aa. 

Proteins from the 2D-gel were transferred to 0.45 µm nitrocellulose membranes at constant 
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current (190 mA), 4°C for 2 hours using a Bio-Rad Mini Trans-blot apparatus (BIO-RAD). 

The internal positive control was 30 ng activated Vip3Aa dotted at the right bottom of each 

blotted nitrocellulose membrane. The membrane was blocked with blocking solution (5% 

skim milk in 1x PBS buffer pH 7.4) at 4°C for overnight. After that, the 20 µg/ml of 

activated Vip3Aa in blocking solution was overlaid at room temperature, for 1 hour. The 

membrane was subsequently washed with 1x PBS buffer pH 7.4 for 3 times, 10 min per 

each time. The bound activated Vip3Aa was detected by probing with rabbit anti-Vip3A 

polyclonal antibody (1:5000), gently shaking at room temperature for 2 hours. The unbound 

proteins were removed by washing with 0.1% Tween-20 in 1x PBS buffer pH 7.4 for 2 

times, 5 min per each time followed by washing with 1x PBS buffer pH 7.4 for 2 times, 2 

min 30 sec per each time. Then, the membrane was incubated with goat anti-rabbit HRP-

conjugated polyclonal antibody (1:10,000), gently shaking at room temperature for 1 hour 

and 30 min. After that, the membrane was washed with 0.1% Tween-20 in 1x PBS pH 7.4 

for 2 times, 5 min per each time followed by washing with 1x PBS buffer pH 7.4 for 2 

times, 2 min 30 sec per each time. The immunoreactive signal on the membrane was 

detected by enhanced chemiluminescent detection system using supersignal west Pico 

chemiluminescent substrate, which is composed of supersignal west Pico Luminol/ 

enhancer solution and supersignal west Pico stable peroxide solution (Thermo Scientific). 

The Luminol/ enhancer solution 500 µl was mixed with the stable peroxide solution 500 

µl. Then, this developer solution was spread all over the nitrocellulose membrane. The 

enhanced chemiluminescent reaction was incubated at room temperature, for 5 min in the 

dark room. Then, the nitrocellulose membrane was placed in the cassette for X-ray film 

exposure. The X-ray film (Kodak) was exposed in the dark room until the dark spots of 

signal could be visualized by naked eyes. The X-ray film was subsequently developed by 

using Kodak Medical X-ray Processor. 

 

3.7 Dot blot analysis and sensitivity test 

The 0.45 µm nitrocellulose membrane was equilibrated in 1x PBS pH 7.4 for 15 

min prior to inserting into the Bio-Dot ™ apparatus (BIO-RAD). Then 225 µg of S. 

exigua’s BBMVs suspension was dotted on the membrane at room temperature using the 

Bio-Dot ™ apparatus. For the sensitivity test, 8-1000 ng of purified 6xHis-Vip3Aa was 

dotted on the same membrane. Two negative control dots were GET buffer and Tris-NaCl 

buffer pH 8.0 without protein. Membranes were blocked with blocking solution (5% skim 
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milk in 1x PBS buffer pH 7.4), at 4°C for overnight. After that, the 20 µg/ml of purified 

6xHis-Vip3Aa in blocking solution was overlaid for 1 hour at room temperature. After the 

membrane had overlaid with Vip3Aa, it was subsequently washed with 1x PBS pH 7.4 for 

3 times, 10 min per each time. The bound 6xHis-Vip3Aa was detected by probing with 

anti-polyhistidine monoclonal antibody (1:2000), gently shaking at room temperature for 2 

hours. The unbound proteins were removed by washing with 1x PBS pH 7.4 for 3 times, 

10 min per each time. The immunoreactive signal on the membrane was detected by using 

the reaction mixture consists of 12 mg 4-chloro-1-naphthol, methanol 4 ml, TBS buffer pH 

8.0 ( 50 mM Tris-HCl pH 8.0, 150 mM NaCl) 20 ml, and 0.015% H2O2. 

 

3.8 Larvicidal activity assay against S. exigua and S. litura  

The surface treatment bioassays were carried out using second instar larvae of S. 

exigua and S. litura obtained from the Nuclear Polyhedrosis Virus (NPV) Production 

Pilot Plant, National Center for Genetic Engineering and Biotechnology, Thailand. 

Various concentrations (1000, 500, 250, 125, 62.5, 31.25, 15.63, 7.81, and 3.91 ng/cm2) 

of the full-length or trypsin activated Vip3Aa were applied over the surface of an artificial 

insect diet that was poured into polystyrene 24-well plate. The negative control wells 

were overlaid with 50 mM Tris-NaCl buffer pH 8.0. After the toxin was absorbed on the 

surface of the artificial diet, a 2nd- instar larvae was placed in each well. At least 8 larvae 

were used for each protein concentration and the larvae were kept at room temperature 

with 12/12 hr light/dark cycle and 60% relative humidity. Mortality was recorded daily 

for 7 days. Three independent experiments were performed and the toxin concentrations 

that kill 50% and 95% of the tested larvae (LD50 and LD95) and time required to kill 50% 

and 95% of tested larvae (LT50, and LT95) were calculated using Probit analysis (Finney, 

1971).  

To evaluate the effect of the C-terminal fragment, the full-length Vip3Aa was 

mixed with the truncated protein at 1:1, 1:5, and 1:25 (w/w) and fed to 2nd instar S. litura 

larvae as described above. The full-length Vip3Aa at 200 ng/cm2 was used as a positive 

control whereas 50 mM Tris-NaCl pH 8.0 buffer was used as a negative control. The 

experiment was performed at room temperature in 24 wells/treatment (1 larvae/well). The 

accumulative mortality was recorded daily for 7 days. LT50 and LT95 were calculated 

from three independent experiments using Probit analysis (Finney, 1971). 
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3.9 Site-directed mutagenesis 

Ten Vip3A mutants (P551A, W552L, E594A, Q598A, D616A, F636I, T631A, 

N623A, W684L, and W691L) were generated based on Stratagene’s QuikChange™ Site-

Directed Mutagenesis (Strategenes). The recombinant plasmid pET28-Vip3A (wild type) 

was used as a template for single substitution together with appropriate primers shown in 

Table 2. The recombinant plasmids obtained for each mutant were distinguished from the 

template by restriction endonuclease digestion with the appropriate enzyme (Table 2). 

DNA sequences of the full-length gene from all mutants were verified by automated 

DNA sequencing. 

 

 

4. Results & Discussion 

4.1 Protein quality and larvicidal activity of Vip3A 

Escherichia coli BL21 (DE3) pLysS was used as a host strain for the expression 

of 6xHis-Vip3Aa protein. After the cells had been induced by 1 mM IPTG for 5 hours, 

the culture equivalent to O.D.600 of 1 was harvested and analyzed on SDS-PAGE. 

Results showed that the 6xHis-Vip3Aa was expressed as the 88-kDa protein after the cell 

culture was induced. It was released from host cells after breaking the cells by 

ultrasonication. The 6xHis-Vip3Aa was detected only in the supernatant fraction after 

sonication whereas none of the corresponding protein band was observed in the insoluble 

fraction. This result indicated that the protein was produced as a soluble protein. 

Western blot analysis using rabbit anti-Vip3A polyclonal primary antibody and 

goat anti-rabbit IgG alkaline phosphatase-conjugated secondary antibody was performed 

in order to verify if the 88 kDa-protein band was Vip3Aa. Figure 2A and Figure 2B (lane 

1-3) showed the corresponding protein band of 6xHis-Vip3Aa after the cell culture was 

induced with 1 mM IPTG at various times whereas no band was detected in lane 4, which 

was the non-induced culture (Figure 2B). 

The 6xHis-Vip3Aa was purified by Immobilized Metal ion Affinity 

Chromatography (IMAC) using HiTrap Chelating HP column (GE healthcare). In this 

experiment, Ni2+ was used as the chelated ion. The column was pre-equilibrated with 

Tris-NaCl buffer pH 8.0 (50 mM Tris pH 8.0 and 200 mM NaCl). Soluble proteins 

received after sonication was loaded into the column by using flow rate 1 ml/min. The 

purified fraction of 6xHis-Vip3Aa was eluted from the column with flow rate 5 ml/min 
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by using Tris-NaCl buffer pH 8.0 with 100 mM and 250 mM imidazole as shown Figure 

3A, Lane 7 and Lane 8, respectively. In addition, western blot analysis of purified 

proteins from each fraction also indicated that the 88 kDa-protein eluted from the column 

was 6xHis-Vip3Aa (Figure 13B). After the protein had been purified and concentrated via 

Amicon ® Ultra Centrifugal Filter, imidazole was removed from the concentrated protein 

by gel filtration chromatography using HP desalting column (GE Healthcare). 

The purified 6xHis-Vip3Aa was digested with 2% trypsin (%W/W) (Trypsin 

TPCK treated from bovine pancreas, Sigma) in order to produce the active fragment of 

Vip3Aa. The 10 mM PMSF was used as the protease inhibitor for stopping the digestive 

reaction. The protoxin 6xHis-Vip3Aa (88 kDa) was completely activated by trypsin to 

yield two fragments approximately 62 kDa and 22 kDa as shown in Figure 4. 
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Figure 2. Production of Vip3Aa in E. coli after induction with 1 mM IPTG at various 

times 

The expression profile of 6xHis-Vip3Aa was analyzed on 12% SDS-polyacrylamide gel. 

The cell culture was grown at 37°C in LB broth for 2.5, 3, and 3.5 hours and then, the 

expression of 6xHis-Vip3Aa was induced by adding 1 mM IPTG. The culture equivalent 

to O.D.600 of 1 was harvested and loaded on each well of the gel. The gel was stained with 

Coomassie R250 (right panel). Western blot was performed to detect 6xHis-Vip3Aa as 

shown in the left panel. The 6xHis-Vip3Aa was detected as a 88-kDa protein band.  

 

M : Protein molecular weight marker 

P : PageRuler ™ Plus Prestained Protein Ladder 

Lane 1   : Total proteins in E. coli cell induced with IPTG after culture for 2.5 hours 

Lane 2   : Total proteins in E. coli cell induced with IPTG after culture for 3.0 hours 

Lane 3   : Total proteins in E. coli cell induced with IPTG after culture for 3.5 hours 

Lane 4   : Total proteins in non-induced cell culture  
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Figure 3. Purification of 6xHis-Vip3Aa from E. coli 

The 6xHis-Vip3Aa was purified by Immobilized Metal ion Affinity 

Chromatography (IMAC). Protein fractions were eluted from the column using buffers 

containing 100 mM and 250 mM imidazole and loaded on SDS-polyacrylamide gel.  The 

gel was stained with Coomassie blue R250 (Figure 13A). Western blot analysis to detect 

the Vip3A protein was shown in Figure 13B. 

 

M Protein molecular weight marker 

P PageRuler ™ Plus Prestained Protein Ladder 

Lane 1 Supernatant from E. coli cell lysate after sonication  

Lane 2 Flow through fraction after soluble proteins from E. coli cell lysate containing 

6xHis-Vip3Aa had flowed into the column 

Lane 3 Washed fraction by using tris-NaCl buffer pH 8.0 

Lane 4 Washed fraction by using tris-NaCl buffer pH 8.0 with 40 mM imidazole 

Lane 5 Washed fraction by using tris-NaCl buffer pH 8.0 with 60 mM imidazole 

Lane 6 Washed fraction by using tris-NaCl buffer pH 8.0 with 80 mM imidazole 

Lane 7 Eluted fraction by using tris-NaCl buffer pH 8.0 with 100 mM imidazole 

Lane 8 Eluted fraction by using tris-NaCl buffer pH 8.0 with 250 mM imidazole 
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Figure 4. Protein profile of the trypsin activated Vip3Aa 

The 6xHis-Vip3Aa was activated with 2% trypsin (%W/W) at 37°C for 2 hours. 

The tryptic digestion was stopped by adding 10 mM PMSF as the protease inhibitor. The 

activated Vip3Aa was analyzed on 12% SDS-polyacrylamide gel. 

M Protein molecular weight marker 

Lane 1 Purified 6xHis-Vip3Aa  

Lane 2 Activated fragment of Vip3Aa after tryptic digestion 

Lane 3-4 Standard BSA 1µg and 2µg, respectively 
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Larvicidal activity assay was performed to ensure that both of purified 6xHis-

Vip3Aa (protoxin) and activated Vip3Aa still contained their own toxicity and did not 

lose their toxicity during the process of protein purification, concentration, desalting, and 

tryptic digestion. Various amounts (from 2 to 0.125 µg/cm2) of both protoxin (6xHis-

Vip3Aa) and activated Vip3Aa were used for testing against 2nd instar larvae of S. exigua 

in order to determine LD50 values of each toxin.  Experiments were performed at room 

temperature in 4 replicates. The accumulate mortality was recorded daily for 7 days. 

Then, protein amounts that kill 50% and 95% of larvae (LD50 and LD95) and time 

required to kill 50% of larvae (LT50) were calculated by using Probit analysis (Finney, 

1971). 

 

 

 

 

Sample LD50 (ng/cm2) LD95 (ng/cm2) 

6xHis-Vip3Aa 500 (343 – 729) 1,248 (824 – 3,819) 

Activated Vip3Aa 275 (121 – 458) 1,598 (813 – 14,478) 

 

Table 3. LD50 and LD95 values of the protoxin (6xHis-Vip3Aa) and activated Vip3Aa 

Both 6xHis-Vip3Aa (protoxin) and activated Vip3Aa were tested against 2nd 

instar larvae of S. exigua. Various amounts of both protoxin (6xHis-Vip3Aa) and 

activated Vip3Aa were used (2, 1, 0.5, 0.25, 0.125 µg/cm2). Larvicidal activity assays 

were performed at room temperature in 4 replicates. The accumulated mortality was 

recorded daily for 7 days. LD50 and LD95 were calculated from three independent 

experiments using Probit analysis (Finney, 1971). Fiducial limits at 95% confident were 

shown in parentheses. 
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Sample 

Accumulate mortality (%) 

LT50 (days) Day 

1 

Day 

2 

Day 

3 

Day 

4 

Day 

5 

Day 

6 

Day 

7 

6xHis-Vip3Aa 0 38 88 100 100 100 100 
2.2 

(1.6 – 2.6) 

Activated Vip3Aa 0 25 88 100 100 100 100 
2.3 

(1.8 – 2.8) 

Negative control 0 0 0 0 0 0 0 - 

 

Table 4. LT50 of 6xHis-Vip3Aa and activated Vip3Aa 

Both 6xHis-Vip3Aa (protoxin) and activated Vip3Aa were tested against 2nd 

instar larvae of S. exigua. Protoxin and activated toxin at 2 µg/cm2 were applied over the 

surface of an artificial diet. The 2nd instar larvae of S. exigua were placed in each well (2 

larvae/ well) and kept at room temperature. The accumulated mortality was recorded 

daily for 7 days. LT50 was calculated using Probit analysis (Finney, 1971). Fiducial limits 

at 95% confident were shown in parentheses. 

 

 

 

 

4.2 Identification of Vip3A receptor on S. exigua larval gut cells 

It has been postulated that Vip3A binds to a specific receptor on the membrane of 

epithelium cells lining the gut lumen of susceptible insect larvae in a similar fashion to 

other insecticidal proteins. Therefore, it is possible to fishing out the Vip3A receptor 

using ligand blot technique. Several insecticidal proteins such as Cry proteins from B. 

thuringiensis and a binary toxin from L. sphaericus employ glycoproteins on the cell 

membrane of susceptible insect as a landing platform by binding to its carbohydrate 

moiety. Amino acid sequence analysis revealed that Vip3Aa contains a putative 

carbohydrate binding domain that usually recognize a sugar molecule. Thus, the proposed 

interaction between Vip3Aa and a sugar moiety in a glycoprotein present on the gut cell 

membrane should be detected using ligand blot.  
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4.2.1 Ligand blot using BBMV extracted from the whole gut 

Previous data indicated that Vip3A bind to a specific receptor present on the 

epithelium cell membrane in larval guts and this receptor is different from that binds to 

Cry toxins (Lee et al., 2003 & 2006). To identify the binding between Vip3A and its 

receptor on the gut cell membrane, BBMVs were prepared from the whole gut of S. 

exigua larvae as described in materials & methods section. The whole larval gut was 

chosen in this experiment since the gut was too small and difficult to do dissection to 

isolate only the gut cell out of other part of the larvae. The whole guts were homogenized 

using a plastic pestle. Different amounts of whole guts were loaded in 12% SDS-

polyacrylamide gel in order to observe the appropriate amounts of loaded whole gut 

proteins that suitable for the analysis on SDS-PAGE. The quality of the homogenized 

whole guts was shown in Figure 5. Results indicated that using 3 guts gave sufficient 

amount of proteins required for performing ligand blot experiment (Figure 5).  

To do a ligand bloting, BBMVs equivalent to three whole guts were loaded in 

10% SDS-polyacrylamide gel. Then, these proteins were transferred to nitrocellulose 

membrane by western blot. The bound Vip3Aa to its binding proteins was detected by 

probing with rabbit anti-Vip3A polyclonal primary antibody and goat anti-rabbit IgG 

alkaline phosphatase-conjugated secondary antibody, respectively.  

The internal controls of ligand blotting experiment were 6xHis-Vip3Aa and 

activated Vip3Aa that were spotted directly on the nitrocellulose membrane. Four 

nitrocellulose membranes were used. In order to investigate the background signal which 

was occurred from the binding between those two antibodies and S. exigua proteins, the 

negative control (membrane C) without Vip3Aa overlaid, but probed with both of rabbit 

anti-Vip3A polyclonal antibody (primary antibody) and goat anti-rabbit IgG alkaline 

phosphatase-conjugated antibody (secondary antibody) was performed. Another negative 

control (membrane D), which was overlaid with 20 µg/ml of activated Vip3Aa, but did not 

probed with rabbit-anti Vip3A polyclonal antibody (primary antibody) was done in order 

to investigate the background signal, which was occurred from the binding between goat 

anti-rabbit IgG alkaline-phosphatase-conjugated antibody and larval gut proteins. 

According to results shown in Figure 6, the negative control membrane 

(membrane D) showed none of the binding signal, including non-specific binding signal. 

The binding signal occurred between S. exigua’s gut proteins and Vip3Aa could be 

observed as shown in Figure 6A and Figure 6B. However, the non-specific binding signal 
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3 2 1 M 4 5 6 

could be detected in the other negative control membrane (membrane C), which was not 

overlaid with Vip3Aa (Figure 6C). In addition, when compared the binding signal in Figure 

6A and Figure 6B, the binding signal from isolated BBMV proteins (Figure 6A, lane 1 and 

Figure 6B, lane1) could be observed as a discrete band at much clearer than that of the 

whole gut proteins (lane 2). Thus, the BBMVs were used for all of the remaining 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Protein profile from the whole gut extract of S. exigua larvae 

Whole guts were pulled out of the dissected bodies and were washed in GET buffer in order 

to eliminate the food boluses. The 5x sample buffer containing SDS was added in the 

suspension prior to homogenizing. The total of 24 guts were homogenized thoroughly and 

loaded on each well of 12% SDS-polyacrylamide gel. 

 

M Protein molecular weight marker 

Lanes 1-6 Proteins from homogenized sample equivalent to 0.5, 1, 1.5, 2, 2.5 and 3 guts, 

respectively 
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Figure 6.  Ligand blot results using the whole gut 

25 µg of BBMV proteins (lane 1) and proteins from 3 whole guts (lane 2) were 

loaded in 10% SDS-polyacrylamide gel. The internal controls were loaded with 1 µg of 

either 6xHis-Vip3Aa (lane 3) or trypsin activated Vip3Aa (lane 4). The 20 µg/ml of Vip3Aa 

in blocking solution was overlaid for 1 hour at room temperature. The total of four 

nitrocellulose membranes were used. Two of them were membranes of interest; a 

membrane overlaid with 6xHis-Vip3Aa (Figure 6A) and a membrane overlaid with 

activated Vip3Aa (Figure 6B). The other two membranes were negative controls; a 

membrane without Vip3Aa overlay (Figure 6C) and a membrane overlaid with activated 

Vip3Aa, but did not probe with primary antibody (Figure 6D). Lane M is a prestained 

protein ladder. 
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4.2.2 Ligand blot results from BBMV extracted from isolated guts 

BBMV extracted from the whole gut gave high background and unable to 

identify a specific band that bind to Vip3A. Therefore, the isolated guts were used in 

subsequence experiments. The quality of the extracted BBMVs was analyzed on 12% 

SDS-polyacrylamide gel (Figure 7). Results indicated that the protein characteristic 

profile from S. exigua BBMVs composes of 3 major protein bands. The two major protein 

bands were the bands with molecular weight of approximately 116-120 kDa and one 

major protein band was the band with molecular weight of approximately 43 kDa. The 

major protein bands observed at approximately 116-120 kDa could be aminopeptidase N 

which is a common membrane protein found in epithelium gut cells of all insects. A 

smaller protein at about 43 kDa would be a phosphatase which is also commonly found in 

gut cells of most insects.  

BBMV proteins were separated using SDS-PAGE and transferred to nitrocellulose 

membrane by western blot. The binding signal between Vip3Aa and its binding protein was 

detected by probing with rabbit anti-Vip3A polyclonal primary antibody and goat anti-

rabbit IgG alkaline phosphatase-conjugated secondary antibody, respectively. The internal 

controls of ligand blotting experiment were immobilized purified 6xHis-Vip3Aa and 

immobilized activated Vip3Aa. In order to investigate the background signal, which might 

be occurred from the binding between those two antibodies and BBMV proteins, the 

negative control (membrane C) without Vip3Aa overlay, but probed with rabbit anti-Vip3A 

polyclonal primary antibody and goat anti-rabbit IgG alkaline phosphatase-conjugated 

secondary antibody was performed.  

The binding signal could be observed as shown in Figure 8A and Figure 8B. 

However, the non-specific binding signal could be detected in the negative control 

membrane (membrane C) (Figure 8C). Non-specific signals observed in Figure 6 and 

Figure 8 indicated that non-specific binding was occurred between the rabbit anti-Vip3A 

polyclonal antibody and S. exigua’s gut proteins. Thus, another type of antibody 

(monoclonal antibody) was used for the following experiments. 
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Figure 7. Protein profile of BBMV isolated from S. exigua guts 

 

BBMVs from 3rd instar larvae of S. exigua were prepared by using differential magnesium 

precipitation method as described by Wolfersberger et al. (Wolfersberger et al., 1987). 

After the centrifugation at 2500 x g, 4°C for 15 min, the supernatant was transferred to the 

ultracentrifuge tube for ultracentrifugation at 50,000 x g for 45 min. The final BBMVs 

pellet was resuspended in GET buffer containing 1x protease inhibitor cocktails. 20 µl of 

sample were loaded in each well. 

M Protein molecular weight marker 

Lane 1 Insoluble materials obtained after centrifugation at 2500 x g 

Lane 2 Supernatant obtained after ultracentrifugation at 50,000 x g, 4°C for 45 min 

Lane 3 BBMV proteins from S. exigua larval guts 
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Figure 8. Ligand blot results of BBMV extracted from isolated guts 

BBMV proteins from isolated guts were separated on SDS-PAGE (lane 1) and 

transferred to nitrocellulose membrane using western blotting. The internal controls were 

loaded with purified 6xHis-Vip3Aa (lane 2) and activated Vip3Aa (lane 3). The 20 µg/ml 

of Vip3Aa in blocking solution was overlaid for 1 hour at room temperature. Membrane A 

was overlaid with 6xHis-Vip3Aa. Membrane B was overlaid with activated Vip3Aa. 

Membrane C is a negative control without Vip3Aa overlay. M is a Prestained protein 

ladder. 
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Since results from the above experiments gave non-specific binding signal which 

could be arise from interaction between the primary antibody (rabbit anti-Vip3A polyclonal 

antibody) and the proteins from larval gut cells, another type of antibody (monoclonal 

antibody) was used for ligand blot analysis.  

BBMV proteins were separated on SDS-PAGE and were transferred to 

nitrocellulose membrane by western blot. Binding of Vip3Aa to its binding proteins from 

the larval guts was detected by probing with anti-polyhistidine monoclonal antibody (HRP-

conjugated). The internal controls of ligand blotting experiment were immobilized purified 

6xHis-Vip3Aa and immobilized activated Vip3Aa. Three nitrocellulose membranes were 

used.  

In order to investigate the background signal which might be occurred from the 

binding between this antibody and proteins from S. exigua’s BBMVs, the negative control 

(membrane B), which was overlaid with activated Vip3Aa (without His-tag) was 

performed. Results from Figure 9B showed that the observed protein band after probed the 

membrane with anti-polyhistidine monoclonal antibody (HRP conjugated) was the band 

corresponding to 6xHis-Vip3Aa (lane 2) whereas the protein band corresponding to the 

activated Vip3Aa (lane 3) could not be detected. However, no binding signal was detected 

in lane 1 which was loaded with BBMV proteins (Figure 9A and 9B). It is possible that the 

protoxin may not be able to bind to its receptor. Alternatively, the binding might occur but 

the detection sensitivity may not be high enough to be detected. The other negative control 

(membrane C), which was overlaid with 6xHis-Vip3Aa, but did not probe with anti-

polyhistidine monoclonal antibody was performed and no signal was detected (Figure 9C).  

According to Figure 9C, which was the membrane with immobilized S. 

exigua’s BBMV proteins that overlaid with 6xHis-Vip3Aa (protoxin), but did not probe 

with anti-polyhistidine monoclonal antibody, the result showed none of the protein band 

corresponding to 6xHis-Vip3Aa (protoxin) in lane 2. In contrast, the signal of protein band 

corresponding to 6xHis-Vip3Aa (protoxin) could be detected in lane 2 of the membrane of 

interest (Figure 9A). These results indicated that the detection system in this experiment 

was worked. Considering these results together (Figure 9A and Figure 9C), it could be 

implied that the 6x-His-Vip3Aa cannot bind to S. exigua’s BBMV proteins since there was 

no signal occurred in lane 1 of membrane A. However, other experiments are required to 

verify this possibility. Additionally, since one of the disadvantages of SDS-PAGE-ligand 

blotting technique is the limited volume of protein sample that could be loaded in each well 
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of SDS-polyacrylamide gel. Thus, dot blot analysis was done in order to confirm the 

binding results obtained from ligand blot analysis. 

 

 

 

 

Figure 9. Ligand blot results using anti-polyhistidine monoclonal antibody 

BBMV proteins were separated on SDS-PAGE (lane 1) and transferred to 

nitrocellulose membrane. The internal controls were immobilized purified 6xHis-Vip3Aa 

(lane 2) and immobilized activated Vip3Aa (lane 3). The 20 µg/ml of Vip3Aa in blocking 

solution was overlaid for 1 hour at room temperature. Membrane A was overlaid with 

6xHis-Vip3Aa. Membrane B was overlaid with activated Vip3Aa. The negative control, 

membrane C was overlaid with 6xHis-Vip3Aa but was not probe with anti-polyhistidine 

monoclonal antibody. M is a prestained protein molecular ladder 
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Dot blot is one of the useful methods for studying protein-protein interactions 

without denaturing proteins, so this method was the good option for observing the binding 

between S. exigua’s BBMV proteins and 6xHis-Vip3Aa (protoxin) in non-denaturing 

condition. In addition, a large amount of protein sample could be applied on the 

nitrocellulose membrane enabling detection of low sensitivity signal. 

Results from previous experiment demonstrated that the anti-polyhistidine 

monoclonal antibody was highly specific to polyhistidine-tagged protein. Thus, the 6xHis-

Vip3Aa was used in dot blot analysis. First of all, the 225 µg of BBMVs from S. exigua 

were immobilized on nitrocellulose membrane by using Bio-Dot ™ apparatus (BIO-RAD). 

During the immobilization of BBMV proteins on nitrocellulose membrane, proteins are 

typically still retained their native conformation. Various amounts of 6xHis-Vip3Aa from 

8-1000 ng were used as the internal control of dot blot analysis. The sensitivity test was 

performed to assess the ability of anti-polyhistidine monoclonal antibody to bind to 

different amounts of 6xHis-Vip3Aa. The result of sensitivity detection was summarized in 

Table 5. The lowest amount of the 6xHis-Vip3Aa that could be detected by this technique 

was 8 ng. 

Results from dot blot analysis were shown in Figure 10. In order to investigate the 

background signal which might be occurred from the binding between this antibody and 

proteins from S. exigua’s BBMVs, the negative control (Figure 10B), which was not 

overlaid with 6xHis-Vip3Aa, was performed. The result from the negative control 

membrane at Row C; Figure 10B showed no binding signal. This result corresponded to 

results from the previous blotting (Figure 9B) and also corresponded to the fact that the 

protein containing polyhistidine does not exist in S. exigua. However, dot blot analysis 

revealed that no binding signal between S. exigua’s BBMV proteins and 6xHis-Vip3Aa 

occurred even though the maximum amount of immobilized S. exigua’s BBMVs was used 

(225 µg) (Figure 10A; Row C, Dot C1). This result corresponded to that obtained in Figure 

9. Results from both experiments suggested that only the activated Vip3Aa could bind to 

its receptor whereas the 6xHis-Vip3Aa protoxin could not. Thus, only the activated Vip3Aa 

was used in subsequence experiments. In this work, the Two-Dimensional Polyacrylamide 

Gel Electrophoresis (2-D PAGE) and ligand blot analysis were chosen for studying the 

binding between S. exigua’s BBMV proteins and activated Vip3Aa. 
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Figure 10.  Dot blot analysis of S. exigua’s BBMV proteins and 6xHis-Vip3Aa, using 

anti-polyhistidine monoclonal antibody [HIS-1] (HRP) 

The 225 µg of S. exigua’s BBMV proteins were dotted on the nitrocellulose membrane at 

room temperature by using Bio-Dot ™ apparatus (BIO-RAD). For the sensitivity test (Row 

D), 8-1000 ng of purified 6xHis-Vip3Aa was dotted on the nitrocellulose membrane. The 

internal negative control for BBMVs dot and purified 6xHis-Vip3Aa dot were GET buffer 

and tris-NaCl buffer pH 8.0, respectively. The 20 µg/ml of purified 6xHis-Vip3Aa in 

blocking solution was overlaid for 1 hour at room temperature. Two nitrocellulose 

membranes were used; a membrane overlaid with 6xHis-Vip3Aa (Figure 10A) and a 

negative control; a membrane without 6xHis-Vip3Aa overlay (Figure 10B) 

Row C :  dotted BBMV proteins from S. exigua 

 Lane C5 :   dotted GET buffer 

Row D  : dotted purified 6xHis-Vip3Aa with various amounts 

  Lane D1 :   dotted purified 6xHis-Vip3Aa 1000 ng 

  Lane D2 :   dotted purified 6xHis-Vip3Aa 200 ng 

  Lane D3 :   dotted purified 6xHis-Vip3Aa 40 ng 

 Lane D4 :   dotted purified 6xHis-Vip3Aa 8 ng 

 Lane D5 :   dotted tris-NaCl buffer pH 8.0 
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Amount of 6xHis-Vip3Aa (ng) The sensitivity signals 

1000 ++++ 

200 +++ 

40 ++ 

8 + 

 

Table 5. The sensitivity test of purified 6xHis-Vip3Aa at various protein amounts 

8-1000 ng of purified 6xHis-Vip3Aa was dotted on the nitrocellulose membrane. 

The negative control for BBMVs dot and purified 6xHis-Vip3Aa dot were GET buffer and 

tris-NaCl buffer pH 8.0, respectively. The 20 µg/ml of purified 6xHis-Vip3Aa in blocking 

solution was overlaid for 1 hour at room temperature and the bound 6xHis-Vip3Aa was 

detected by probing with anti-polyhistidine monoclonal antibody (1:2000). The sensitivity 

signals were estimated by naked eyes. The ++++ signal represented the highest intensity 

signal whereas the + represented the lowest intensity signal. 
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4.2.3 Identification of Vip3A binding protein using 2D-gel electrophoresis 

Several attempts have been made to separate the Vip3A binding protein from S. 

exigua larval gut cell membrane using SDS-PAGE. Unfortunately, those attempts failed 

to eliminate the background and unable to identify a specific binding signal.  It might be 

possible to increase protein separation efficiency by using 2D-gel electrophoresis prior to 

the ligand blotting. Extraction of the membrane proteins from BBMV is also required to 

improve the resolution of proteins on the 2D-gel.  

2D-Gel Electrophoresis is a technique used to separate proteins based on their 

isoelectric point at the first dimensional gel strip and separation based on their molecular 

weight at the second dimensional SDS-polyacrylamide gel. This technique is capable of 

extremely high resolution with proteins differing by a single charge being fractionated 

into separate bands. Isoelectric focusing can resolve proteins that differ in pI value by as 

little as 0.01. 

Before performing 2D- gel electrophoresis, the S. exigua’s BBMV proteins were 

solubilized with lysis CT (CHAPS-Triton X-100) buffer. In this experiment, urea and 

thiourea were added in the reaction as the chaotropic agents and DTT was added in the 

reaction as a reducing agent. Triton X-100 and CHAPS in the reaction acted as a 

detergent to solubilized the proteins out of the lipid membrane. The protein profile after 

solubilization was analyzed on SDS-PAGE (Figure 11). After BBMV proteins had been 

solubilized with lysis CT buffer, some extra protein bands could be visualized and some 

remaining protein bands were appeared more intense when compared to those before 

solubilization. The extra and prominent protein bands appeared after solubilization with 

lysis CT buffer were the proteins with molecular weight of approximately 170 kDa, 110 

kDa, and 105 kDa whereas the protein band at approximately 43 kDa was more intense 

after solubilization. In addition, the extra intense protein smeared at the top of the gel 

could be clearly observed. 
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Figure 11. Protein profile of solubilized BBMVs from S. exigua larvae 

S. exigua BBMVs were solubilized in CT buffer (CHAPS-Triton X-100) and 

loaded on 12% SDS-polyacrylamide gel. 

P PageRuler ™ Plus Prestained Protein Ladder 

M Protein molecular weight marker 

Lane 1 BBMV proteins from S. exigua (before solubilization) 

Lane 2 Solubilized BBMV proteins from S. exigua 
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The 150 µg of solubilized BBMV proteins were used for 2-D gel. In this 

experiment, the immobilized pH gradient gel strip size 7 cm, pH 3-10 NL (GE healthcare 

Immobiline™ Drystrip) was used for the first dimensional gel electrophoresis. The 

isoelectric focusing was conducted for 12,100 Volt-Hours after 12 hours passive in-gel 

rehydration. After the gel strip had equilibrated with 25 mM DTT following with 60 mM 

IAA, it was gently inserted into the top of 12.5% SDS-polyacrylamide gel (10 cm x 10.5 

cm). The second dimensional gel electrophoresis was performed with a Tris-glycine buffer 

system using Amersham Biosciences Minive complete (GE Healthcare).  

After 2-D PAGE had been done, the ligand blot was performed in order to detect 

the binding between BBMV proteins and activated Vip3Aa. The negative control in this 

experiment was the membrane containing immobilized BBMV proteins without Vip3Aa 

overlay. The bound activated Vip3Aa was detected by probing with rabbit anti-Vip3A 

polyclonal antibody and goat anti-rabbit HRP-conjugated polyclonal antibody, 

respectively. The immunoreactive signal on the membrane was detected by enhanced 

chemiluminescent detection system. The X-ray films (Kodak) were exposed for 3 min in 

the dark room and were developed by using Kodak Medical X-ray Processor. The exposed 

X-ray film was shown in Figure 12. 

According to Figure 12C, after the exposed X-ray film from negative control 

(Figure 12B) had superimposed to the studied X-ray film (Figure 12A), the extra protein 

spots could be seen as shown in the circle area whereas the background of non-specific 

binding could be seen in the square area. The extra protein spots with molecular weight of 

approximately 40 and 100 kDa were ceased at high pI (pI more than 7.0) whereas the other 

protein spot with molecular weight of approximately 60 kDa was ceased at low pI (pI less 

than 7.0). The result from Figure 12C revealed that most of the extra protein spots occurred 

at the upper part of the gel. None of the interacted protein was observed at the lower part 

of the gel (below 35 kDa). These results gave some information about the Vip3Aa binding 

proteins from S. exigua gut cells which might involve with the medium to large molecular 

weight proteins.  
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Figure 12. Protein spots from 2-D gel and ligand blotting 

The 150 µg of solubilized BBMV proteins were applied on the immobilized pH 

gradient gel strip, pH 3-10 NL follow by SDS-PAGE. Proteins separated from 2D-gel were 

transferred to nitrocellulose membrane and the immunoreactive signal on the membrane 

was detected by enhanced chemiluminescent detection system. Two nitrocellulose 

membranes were used for film exposure; the first membrane was overlaid with activated 

Vip3Aa (Figure 12A) and the second membrane is a negative control without Vip3Aa 

overlay (Figure 12B). Images from both films were superimposed as shown in Figure 12C 

to identify the specific signal that appeared only in membrane A. Circle indicates extra 

spots observed only in membrane A and rectangular indicates non-specific signal found in 

both membrane. M represents PageRuler ™ Prestained Protein Ladder. 
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In order to confirm if the results obtained from the first 2D-gel experiment is 

reproducible, another 2D-gel was performed using 83 µg of solubilized BBMV proteins to 

apply on the gel. After completing 2D-gel and all proteins were transferred to nitrocellulose 

membrane, 40 ng of activated Vip3Aa was applied directly at the lower right part of each 

blotted nitrocellulose membrane as an internal control spot. The Coomassie blue G (CBG) 

stain was simultaneously performed with another 2D-gel that was run using identical 

sample and running conditions to those used for blotting.  

Figure 13C shows superimposed images of the detection membrane (Figure 13A) 

to the negative membrane (Figure 13B). Extra protein spots could be seen as shown in the 

circle area whereas the background of non-specific binding could be seen in the square 

area. The extra spots with molecular weight of approximately 170 kDa (S1 and S2 spots) 

were ceased at low pI (pI less than 7.0). The spot of internal positive control (40 ng of 

activated Vip3Aa) was clearly seen at the right bottom of each membrane. The result from 

Figure 13C revealed that most of the extra spots occurred at the upper part of the gel similar 

to those found in the first 2D-gel experiment. None of the interacted protein was observed 

at the bottom of the gel (below 35 kDa). However, positions of these extra spots were not 

the same as those observed in the first 2D-gel. To locate the position of these spots on the 

CBG stained gel, image from the blotting membrane was superimposed to the CBG-stained 

gel (Figure 14), the extra spot S2 could be visualized as shown in the circle area whereas 

the S1 protein spot could not be detected in the CBG stained gel.  

It was clearly observed that most of the signals obtained from 2D-gel and blotting 

were concentrated at low pH area and moved at very short distant in the second dimension 

gel. It could be possible that the membrane proteins used in these experiments were not 

well solubilized or remained clumping or associated as a large complex. Therefore, 

repetitive sonication of the solubilized BBMV proteins was performed for 40 minutes in 

order to increase the protein solubility and protein resolution at the isoelectric focusing step 

of the first dimensional gel electrophoresis. The protein concentration of solubilized 

BBMVs was quantified again by using Bradford method. The amount of total protein 

loaded on the gel was also reduced to 67 µg to improve the protein resolution. 

Results from Figure 15C showed the extra spots in the circle area (S1 and S2 spot) 

whereas the background of non-specific binding could be seen in the square area. The 

obvious extra protein spot was the spot with molecular weight of approximately 170 kDa 

(S1), which was ceased at low pI (pI less than 7.0). However, the S2 spot could not be 
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completely differentiated from the negative control since the large intensity of background 

signal in the negative control appeared over the same area. Results from this experiment 

revealed that most of the extra spots occurred at the upper part of the gel. None of the 

interacted protein was observed at the bottom of the gel (below 35 kDa). These results were 

consistent to the results of the previous experiment (Figures 12 & 13). When superimposed 

signal from figure 26 to the CBG stained 2D-gel as shown in Figure 16, the extra protein 

spot S2 could be visualized as shown in the circle area whereas the S1 protein spot could 

not be detected by CBG staining. Considering all of these results together, it could be 

implied that the Vip3Aa binding proteins from S. exigua’s BBMVs are large molecular 

weight proteins.  

Nevertheless, this experiment had to be repeated again in order to confirm the 

reproducibility since the protein spot of the internal positive control (40 ng of activated 

Vip3Aa) was not clearly seen at the right bottom of the studied X-ray film whereas it could 

be clearly detected on the negative control film. In addition, since the high molecular weight 

protein could be the Vip3Aa binding protein, a better protein separation around this region 

was required. In this experiment, the high molecular weight proteins, which have molecular 

weight greater than 100 kDa were not well separated. Considering these results from figure 

12, 13 & 15 which had the problem about the resolution of high molecular weight proteins, 

the longer running time for the second dimensional gel electrophoresis is required. In 

addition, 10% SDS-PAGE would be used in the second dimensional gel electrophoresis in 

order to increase protein separation and transfer efficiency of high molecular weight 

proteins to nitrocellulose membrane. Thus, the clear binding signal between the high 

molecular weight proteins from S. exigua gut cell membrane to activated Vip3Aa could be 

achieved.  
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Figure 13. Protein spots from 2D-gel and ligand blotting with Vip3A as an internal 

control 

The 83 µg of solubilized BBMV proteins were applied on the immobilized pH gradient gel 

strip, pH 3-10 NL. The internal positive control was 40 ng of dotted activated Vip3Aa 

located at the right bottom of each blotted nitrocellulose membrane. The immunoreactive 

signal on the membrane was detected by enhanced chemiluminescent detection system. 

Two nitrocellulose membranes were used for detection; the first membrane was overlaid 

with activated Vip3Aa (Figure 13A) and the second membrane use as a negative control 

without Vip3Aa overlay (Figure 13B). Images from both membranes were superimposed 

as shown in Figure 13C to identify the specific signal. Circle indicates the extra spots found 

only in the detection membrane and rectangular indicates the immunoreactive signal from 

non-specific binding. M represents PageRuler ™ Prestained Protein Ladder. V represents 

40 ng of activated Vip3Aa applied directly on the nitrocellulose membrane as an internal 

control. 
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Figure 14. Identification of a potential Vip3Aa-binding protein S. exigua gut cells 

Image from figure 24C was superimposed to the CBG stained gel. Positions of 

potential Vip3A-binding proteins are shown in circles (S1 and S2). M represents PageRuler 

™ Prestained Protein Ladder. 
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Figure 15. Identification of Vip3A-binding protein from S. exigua gut cell membrane 

using 2D-gel and immunoblotting  

The 67 µg of the completely solubilized BBMV proteins were applied on the 

immobilized pH gradient gel strip, pH 3-10 NL. The internal positive control was 40 ng of 

dotted activated Vip3Aa located at the right bottom of each blotted nitrocellulose 

membrane. The immunoreactive signal on the membrane was detected by enhanced 

chemiluminescent detection system. Two nitrocellulose membranes were used for 

detection; the first membrane was overlaid with activated Vip3Aa (Figure 15A) and the 

second membrane was a negative control without Vip3Aa overlay (Figure 15B). Images 

from both membranes were superimposed as shown in Figure 15C. Circle indicates the 

extra spots on the detected membrane and rectangular indicates the non-specific binding 

signal. M represents PageRuler ™ Prestained Protein Ladder. V represents 40 ng of 

activated Vip3Aa applied directly on the nitrocellulose membrane. 
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Figure 16. Identification of Vip3Aa-binding spots from S.exigua gut cell membrane 

on CBG stained gel 

Image from figure 15C was superimposed to the CBG stained gel. Positions of 

potential Vip3A-binding proteins are shown in circles (S1 and S2). M represents 

PageRuler™ Prestained Protein Ladder.  
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In order to improve the resolution of the high molecular weight proteins on 2D-

gel, concentration of polyacrylamide was reduced to 10% in the second dimension gel and 

the running time was increased to 100 minutes. In addition, the amount of total BBMV 

proteins was increased to 180 µg to improve the signal intensity. Results in figure 17 

revealed extra spots as shown in the circle area whereas the background of non-specific 

binding could be seen in the square area. Figure 17C showed extra protein spots at S2, S4, 

S5 that were welled separated and other 3 spots located in the same area (A3). The S2 

protein spot was the spot with molecular weight greater than 170 kDa, which was ceased 

at low pI (pI less than 7.0) whereas other two spots, which were S4 and S5, were the protein 

spots with molecular weight greater than or equal to 170 kDa, which were ceased at high 

pI (pI greater than 7.0). The extra protein spots in area A3 were proteins with molecular 

weight greater than or equal to 170 kDa, which were ceased at high pI (pI greater than 7.0). 

The result from Figure 17C revealed that most of the extra protein spots occurred at the 

upper part of the gel. None of the interacted protein was observed at the bottom of the gel 

(below 35 kDa). These results were consistent to the results of previous experiments 

(figures 12, 13 & 15). After superimposed the images from figure 17 to the CBG-stained 

2-D polyacrylamide gel as shown in Figure 18, the extra protein spot S2 could be visualized 

as shown in the circle area whereas the other spots (S4, S5, and 3 spots in area A3) could 

not be detected by CBG staining. Although the S2 spot could be observed via CBG staining, 

the clear and distinct spot of S2 protein still could not be achieved from the CBG-stained-

2-D polyacrylamide gel (Figure 18). Considering all of these results together, it could be 

implied that the Vip3Aa binding proteins from S. exigua’s BBMVs could be a large protein 

with high molecular weight ≥170 kDa and pI more than 7.  
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Figure 17. Protein spots from 2D-gel and ligand blotting using 10% SDS-PAGE and 

longer running time 

The 180 µg of solubilized BBMV proteins were applied on the immobilized pH 

gradient gel strip, pH 3-10 NL. The internal positive control was 30 ng of dotted activated 

Vip3Aa located at the right bottom of each blotted nitrocellulose membrane. The 

immunoreactive signal on the membrane was detected by enhanced chemiluminescent 

detection system. Two nitrocellulose membranes were used for detection; the first 

membrane was overlaid with activated Vip3Aa (Figure 17A) and the second membrane 

was a negative control without Vip3Aa overlay (Figure 17B). Images from both membranes 

were superimposed as shown in Figure 17C. Circle indicates the extra spots on the detected 

membrane and rectangular indicates the non-specific binding signal. M represents 

PageRuler™ Prestained Protein Ladder. V represents 30 ng of activated Vip3Aa applied 

directly on the nitrocellulose membrane. 
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Figure 18. Identification of Vip3Aa-binding protein spots from S. exigua larval gut 

cells on CBG-stained 2D-gel 

Image from figure 17C was superimposed to the CBG stained gel. Positions of 

potential Vip3A-binding proteins are shown in circles (S2, S4, S5 and A3). M represents 

PageRuler™ Prestained Protein Ladder.  
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4.3 Receptor binding module of Vip3A 

The analysis of Vip3A protein sequences revealed the presence of a 

carbohydrate-binding motif (CBM) in all Vip3A proteins (Chakroun et al., 2016). The 

CBM spans from position 536 to a position near amino acid 652. Previous studies 

revealed that CBMs from many proteins bind to their ligands with high affinity and 

increase the efficiency of the catalytic components by targeting the enzymes to its 

substrate through interactions mediated by the carbohydrate-binding domain (Bae et al., 

2008; Coutinho & Henrissat, 1999). Thus, CBM region presented in Vip3Aa might play a 

role in lepidopteran’s receptor binding.  

To date, a specific receptor for Vip3Aa has not been identified and the 3D 

structural of Vip3A has not been elucidated. To date, there is no experimental evidence to 

show the receptor binding motif in Vip3A. In this work, we have studied the effect of the 

C-terminal fragment of Vip3Aa consisting of amino acids D199-K789 (Vip3Aa-D199) on 

the larvicidal activity of its full-length protein. The full-length Vip3Aa and Vip3Aa-D199 

were expressed in E. coli and their toxicity was tested against S. litura larvae. It was 

found that the larvicidal activity of the full-length toxin is inhibited by its C-terminal 

fragment. This could be due to the competitive binding to the same receptor on the insect 

gut cell membrane. Data obtained from this work suggests that the receptor binding 

region of Vip3Aa resides in its C-terminal region. 

The full length and truncated vip3Aa genes were cloned in E. coli to be 

expressed as polyhistidine tag fusion proteins. Therefore, both proteins contain extra 20 

amino acids at their N-terminus (Figure 19). It has been demonstrated that these extra 

amino acids did not affect larvicidal activity of the toxin (Kunthic et al., 2017).  Result in 

Figure 20 showed that the full-length Vip3Aa was produced as an 88 kDa protein (lane 1) 

whereas the C-terminal fragment was observed as a major band approximately 62 kDa 

(lane 2). Both proteins were produced in soluble form when the cells were grown at 18-

25°C. Proteins become accumulated as inclusion bodies when the induced culture was 

grown at 37°C. Expression level of the C-terminal fragment was significantly lower than 

that of the full-length protein. Similar results were found when 39 and 81 amino acids at 

the N-terminus were deleted from Vip3A (Chen et al., 2003b; Selvapandiyan et al., 2001). 

This suggests that amino acids in the N-terminal part are required for folding and stability 

of Vip3A. 
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Figure 19. Amino acid sequence of Vip3Aa (GenBank accession # GU733921) 

The full-length Vip3Aa consists of 789 amino acids was produced in E. coli as a 

polyhistidine-tag fusion protein. Therefore 20 extra amino acids were added at its N-

terminal end (underlined). The truncated fragment (Vip3Aa-D199) containing amino acid 

positions D199-K789 (bold letters) was also produced in E. coli with a polyhistidine-tag 

attached to its N-terminal end. The predicted carbohydrate binding motif (CBM) are 

highlighted. The protease cleavage site is indicated by an arrow. 
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Figure 20. Protein profile of the full-length Vip3Aa and its C-terminal fragment 

(Vip3Aa-D199) 

Full-length Vip3Aa and its truncated fragment were purified by Immobilized 

Metal ion Affinity Chromatography (IMAC). The fraction of full-length Vip3Aa (88 kDa) 

and its truncated fragment (62 kDa) was eluted from the column by using 250 mM and 

100 mM imidazole as the eluent, respectively. Imidazole remained in concentrated 

protein was removed by gel filtration chromatography. The desalted full-length Vip3Aa 

and its N-terminally truncated fragment protein were analysed on 12% SDS-

polyacrylamide gel. M: molecular weight markers; lane 1: the full-length Vip3Aa; lane 2: 

the truncated fragment of Vip3Aa (Vip3Aa-D199). 
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Mortality of the larvae fed with artificial diet overlaid with the toxin at various 

concentrations was recorded daily for 7 days. The full-length Vip3Aa exhibited high 

larvicidal activity against S. litura with LD50 = 201 (138-301) ng/cm2 and LD95 = 1,097 

(624-3,181) ng/cm2 (fiducial limits at 95% confident are shown in parentheses). The LT50 

of the full-length Vip3Aa against S. litura larvae when fed the toxin at 200 ng/cm2 = 2.3 

(1.2-3.2) days and LT95 = 4.7 (3.4-16.1) days. The fiducial limits at 95% confident are 

shown in parentheses. Exposure of S. litura larvae to Tris-NaCl buffer (negative control) 

did not cause mortality. No mortality was observed when S. litura larvae were fed with 

the C-terminal fragment (Vip3Aa-D199) up to 12,500 ng/cm2. Therefore, this fragment is 

considered as an inactive protein. 

To determine the effect of the truncated fragment of Vip3Aa on larvicidal 

activity of the full-length toxin, various mixtures of Vip3Aa and Vip3Aa-D199 were 

prepared and fed to 2nd-instar S. litura larvae.  Results in Table 6 showed that none of the 

larvae was killed when fed with Vip3Aa-D199 alone up to 5,000 ng/cm2. Interestingly, 

the truncated fragment showed toxicity inhibition effect when fed together with the full-

length toxin. The LT50 and LT95 when fed the larvae with the full-length toxin alone at 

200 ng/cm2 were only 2.3 and 4.7 days whereas these increased to 3.9 and 11.3 days 

when the larvae were fed with the mixture of Vip3Aa:Vip3Aa-D199 at 200:5,000 ng/cm2 

(1:25 w/w). Furthermore, the full-length Vip3Aa could kill the larvae more than 95% 

within 3 days after challenged the toxin. The C-terminal fragment effectively reduced 

mortality and the result was more prominent in the case of the mixture between the full-

length and truncated toxins at 1:25 (w/w). Only 50% of the larvae were killed after 3 days 

and the mortality reached a plateau at 66.7% from days 4-7. Addition of Vip3Aa-D199 at 

lower ratios (1:1 and 1:5 w/w) showed less toxicity inhibition effect. The LT50 for both 

mixtures increased about 1 day comparing to those fed with the full-length toxin alone 

and the mortality for both mixtures reached a plateau at about 80% from days 4-7. 

Different growth rates of larvae were observed between those challenged with 

Vip3Aa alone and mixtures of Vip3Aa plus Vip3Aa-D199 (Figure 21).  The larvae 

stopped feeding within a few hours after challenged with Vip3Aa. No more growth was 

detectable in this group and most of the larvae died within 2-3 days. In contrast, larvae 

that received the truncated toxin alone (Vip3Aa-D199 at 5,000 ng/cm2) grew normally 

similar to those in negative control group that received Tris-NaCl buffer. The growth rate 

of larvae fed with the mixture of Vip3Aa and Vip3Aa-D199 was not significantly 
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different from the negative control group after challenged the toxin for 1 day. However, 

the growth rate of larvae in these groups was slower from day 2 onward comparing to that 

of the negative control. 

 

 

 

 

 

Vip3Aa:Vip3Aa-D199     Toxicity 

 (ng/cm2)  Ratio (w/w)  LT50 (Days)  LT95 (Days) 

200 : 0    -   2.3 (1.2-3.2) 4.7 (3.4-16.1) 

200 : 200   1 : 1   3.2 (2.0-4.4) 8.7 (5.8-34.7) 

200 : 1,000  1 : 5   3.1 (2.2-4.0) 6.9 (5.2-15.3) 

200 : 5,000  1 : 25   3.9 (3.3-4.5) 11.3 (8.6-18.2) 

0 : 5,000    -   NT  NT 

 

Table 6. Time required to kill 50% (LT50) and 95% (LT95) of the larvae fed with the 

mixtures between the full-length Vip3Aa and its C-terminal fragment (Vip3Aa-D199) 

Mixture of Vip3Aa and Vip3Aa-D199 at 1:1, 1:5 and 1:25 (w/w) was overlaid on 

the surface of an artificial diet. The second instar S. litura larvae was placed in each well 

(1 larvae/ well) and kept at room temperature. The accumulated mortality was recorded 

daily for 7 days after feeding the mixture toxins. LT50 and LT95 were calculated from three 

independent experiments using Probit analysis (Finney, 1971). Fiducial limits at 95% 

confident are shown in parentheses. (NT: not toxic) 
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Figure 21. Photographs showing different growth rate of S. litura larvae after feeding 

artificial diet overlaid with the toxin mixture between the full-length Vip3Aa and its C-

terminal fragment (Vip3Aa-D199) at 200:200 ng/cm2 (1:1 w/w), 200:1000 ng/cm2 (1:5 

w/w) and 200:5,000 ng/cm2 (1:25 w/w). 

The full-length Vip3Aa was mixed with the truncated protein (Vip3Aa-D199) at 

1:1, 1:5, 1:25 (w/w) and overlaid on the surface of the artificial diet and fed to second instar 

S. litura larvae. The growth rate of larvae in each group was monitored and recorded by 

taking photographs after the larvae were challenged with the toxin for 1 and 2 days. Larvae 

fed with the mixture toxin at 1:1 (w/w) are shown in figure A (at day 1) and G (at day 2) 

whereas the larvae fed with the mixture toxin at 1:5 (w/w) are shown in figure B (at day 1) 

and H (at day 2). Figure C and I show larvae that was fed with the mixture toxin at 1:25 

(w/w) at day 1 and day 2, respectively. Larvae fed with the full-length Vip3Aa alone (200 

ng/cm2) are shown in figures D (at day 1) and J (at day 2). Figures E and K represent larvae 

fed the truncated fragment alone (5,000 ng/cm2) at day 1 and day 2, respectively. Larvae 

from the negative control group (without toxin) are shown in figures F and L for day 1 and 

day 2, respectively. 
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The full-length Vip3Aa was produced in E. coli as an 88-kDa protein with 

polyhistidine-tagged at the N-terminus in order to facilitate protein purification by affinity 

chromatography. The purified Vip3Aa showed high toxicity to S. litura larvae with LD50 

about 200 ng/cm2 comparable to those reported previously (Kunthic et al., 2017; Chen et 

al., 2003b). However, the truncated fragment (Vip3Aa-D199) was not toxic to S. litura 

larvae although high concentration of the truncated toxin was applied up to 12,500 

ng/cm2. This result is in agreement to those observed previously which indicated that the 

deletion of 81 amino acids from the N-terminus of Vip3A resulted in the total loss of 

toxicity against S. litura larvae (Chen et al., 2003b). Naturally, Vip3A is produced by B. 

thuringiensis and secreted into the culture media without N-terminal processing (Estruch 

et al., 1996; Li et al., 2007). The N-terminus part might be required for the correct folding 

or maintaining the protein structure. In this work, we found that the production level of 

Vip3Aa-D199 is lower than that of its full-length protein (Figure 20). These results 

suggests that some of the 198 amino acids at the N-terminal part play a role during 

protein folding or might have a crucial effect in protecting Vip3A from degradation by 

the host cell endogenous proteases. 

There was a report demonstrating that deletion at the N-terminal part of 

Vip3Aa14 up to 33 amino acids did not alter protein production level and its toxicity 

against S. litura larvae (Chen et al., 2003b). Interestingly, deletion of 39 amino acids at 

the N-terminus significantly decreased Vip3A’s toxicity (Selvapandiyan et al., 2001). The 

deletion of 81 amino acids from the N-terminus of Vip3A resulted in the total loss of 

toxicity against S. litura larvae (Chen et al., 2003b). Thus, the finding of a total loss in 

toxicity of the Vip3Aa-D199 in our work in which 198 amino acids were deleted from the 

N-terminus was not unexpected. 

The molecular mechanism in which Vip3A toxin employed to kill the insect cells 

is not clearly understood and difficult to predict since the lack of the toxin structure 

information. Furthermore, the functional receptor for Vip3A on the target insect cell 

membrane has not been identified. Amino acid sequence analysis revealed that all Vip3 

proteins share homology to a carbohydrate binding module, CBM_4-9 superfamily that 

recognizes sugar molecules similar to that found in mannanase A (Bae et al., 2008). This 

CBM-like region is located around amino acid positions 530-650 which are at the C-

terminal part of all Vip3 proteins. It might be possible that amino acids in this region 

interact to a specific receptor on the insect gut cell membrane. 
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Several bacterial toxins including B. thuringiensis crystal proteins bind to a sugar 

moiety of some GPI-anchor glycoproteins to initiate their activity against susceptible 

insects (Schnepf et al., 1998; Fernandez et al., 2006; Knight et al., 2004; Valaitis et al., 

2001). The predicted CBM region is present in the full-length Vip3Aa as well as in the 

truncated fragment (Vip3Aa-D199). Therefore both proteins could bind to the same 

receptor on the larval gut cell membrane as a competitive fashion. In absent of the 

truncated fragment, the full-length toxin could bind to the receptor more efficiently and 

exhibits its full toxicity. Addition of the Vip3Aa-D199 might compete for the receptor 

binding of the Vip3A thus reducing its toxicity. Alternatively, the toxicity inhibition 

effect might occur from inter-molecular interaction or binding between the truncated 

fragment and the full-length Vip3Aa. This interaction may lead to protein accumulation 

or forming a protein complex thus reducing the amount of the Vip3Aa to bind to its 

receptor on the cell membrane. The toxicity inhibition effect was more obvious up on 

increasing the ratio of Vip3Aa-D199. The larvicidal activity of Vip3Aa might be 

completely abolished if the mixture composed of Vip3Aa:Vip3Aa-D199 at 1:100 (w/w) 

or higher. However, we were unable to prepare the truncated toxin at that high 

concentration (e.g. Vip3Aa:Vip3Aa-D199 at 200:20,000 ng/cm2). 

 

4.4 Amino acids affecting receptor binding of Vip3A 

Recently, we have successfully identified Vip3Ag2 from B. thuringiensis local 

isolate no. M191 (GenBank # FJ556803). The toxin is highly active against many 

lepidoteran larvae such as beet armyworm (Spodoptera exigua) and common cutworm 

(Spodoptera litula) which are important pests for major economic crops in Thailand. The 

toxin is produced and secreted at high level up to 800 mg/liter in rich media. There is a 

potential to develop this protein as an effective bio-insecticide and our group is currently 

pursuing this goal. Although Vip3A proteins are highly toxic to insect larvae including 

those resistant to Cry toxins, their specific receptors on the target insects are remained 

unidentified. Amino acid sequences of all Vip3A proteins are highly conserved and share 

no homology to any protein with known 3D structure in the database. However, a putative 

carbohydrate binding module (CBM) has been identified in all Vip3A proteins. This part 

could bind to a sugar moiety of a glycoprotein that acts as a receptor on the insect gut cell 

membrane similar to other insecticidal proteins such as B. thuringiensis Cry4B 

(Aroonkasorn et al., 2015)  
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Vip3Ag2 consists of 787 amino acids with molecular mass about 88 kDa 

(GenBank # ACL97352). A putative CBM is identified between amino acid positions 

526-694. Homology modeling of this region using a CBM from Thermoanaerobacterium 

polysaccharolyticum ManA (PDB # 2ZEW; Bae et al., 2008), as a template suggests 

specific amino acids that could make interaction to a sugar molecule in glycoproteins. 

Amino acid replacements at ten selected positions in a putative CBM of Vip3Ag2 were 

employed to verify if these residues are required for its activity and play a key role during 

receptor binding. 

The plasmid pET-Vip3Ag2 was constructed by inserting Vip3Ag2 gene from B. 

thuringiensis M191 into pET28b between NdeI and BamHI sites. To produce Vip3Ag2 

protein, the plasmid pET-Vip3Ag2 was transformed into E. coli BL21(DE3)pLysS. After 

induction with IPTG, the protein was detected in the cell supernatant suggesting that the 

protein was produced as a soluble protein. All ten mutant proteins were also produced as 

soluble proteins similar to the wild type (Figure 22). Western blot and immuno-detection 

using polyclonal antibody against Vip3Ag2 demonstrated that all mutants could react to 

the antibody (Figure 22). It should be noted that some mutants e.g. W552L, N623A and 

W684L were produced at lower level than the wild type. Other mutants were produced at 

similar level to the wild type. It remains to be confirmed if these mutants are sensitive to 

proteolytic digestion by the host cell proteases. 

Bioassay results against S. exigua larvae were shown in Table 7. Seven mutants 

(P551A, E594A, Q598A, N623A, T631A, F636I and W691L) exhibited comparable 

larvicidal activity to the wild type. Three mutants (W552L, D616A and W684L) were 

unable to kill the larvae. All mutants are predicted to be located in the CBM region and 

should play a part during receptor binding. Our results suggested that single amino acid 

substitution at P551, E594, Q598A, N623, T631, F636 and W691 did not affect receptor 

binding. However, different positions might contribute differently and could be 

compensated by amino acids at other positions. Receptor binding is generally involved 

interactions of many residues. Therefore double and triple mutations are required to 

elucidate the receptor binding region of Vip3Ag2. Larvicidal activity was completely 

abolished when amino acid replacements were made at positions W552, D616 and W684. 

This result indicates that amino acids in these positions are essential for the toxin action. 

They could play a key role during toxin binding to the sugar moiety of the glycoprotein in 

the larval gut cell membrane. By analogy to T. polysaccharolyticum ManA (Bae et al., 
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2008), W552, D616 and W684 in Vip3Ag2 might function similar to W20, Q81 and 

W125 in ManA in which they make direct interaction to a sugar residue. Nevertheless, 

structural alteration caused by the replacement in these positions should not be rule out 

for the loss of larvicidal activity. We are in the process to investigate the overall 

conformation of the wild type toxin and its mutants. Comparative binding between the 

wild type toxin and its mutants to BBMV from S. exigua larvae are also in progress. 

 

 

 

 

Table 7. Larvicidal activity of the wild-type toxin and its mutants against S. exigua larvae.  

Fifty µl of supernatant from cell lysate of E. coli expressing Vip3Ag2 was fed to 

2nd-instar larvae and mortality was recorded after incubation at room temperature for seven 

days. 

 

Sample  % Mortality 

Wild type 100 

P551A  100 

W552L 0 

P551A 100 

E594A 100 

Q598A 100 

D616A 0 

N623A 100 

T631A 100 

F636I 100 

W684L 0 

W691L  100 
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Figure 22. Production of Vip3Ag2 

E. coli cells expressing the wild type Vip3Ag2 and its mutants were collected and 

lysed by ultrasonication. Soluble proteins from the cell lysate were collected after 

centrifugation and subjected to SDS-PAGE. Upper panel is a coomassie blue stained 

polyacrylamide gel and the lower panel is a western blot membrane detected by anti-

Vip3Ag2 polyclonal antibody. 
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4.5 Comparison of amino acid sequences from different B. thuringiensis strains 

Vip3 proteins are the most commonly found in several B. thuringiensis strains. 

More than 100 different vip3 genes have been identified ranging from vip3Aa, vip3Ab, 

vip3Ac,…to vip3Ca (http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/vip.html). 

Different B. thuringiensis strains produce different Vip3 toxins and show specific activity 

against different insects [8]. All Vip3 proteins share high homology to each other but 

show no homology to any known protein. Therefore it is difficult to predict the toxin 3D 

structure and its molecular mechanism employed to kill the insect. Previous reports found 

that Vip3 can kill insects that are resistant to Cry toxins (Jackson et al., 2007). This 

suggests that Vip3 recognizes different receptor to that of the Cry toxin and uses different 

mechanism to kill the insect cells. This finding leads to application of both Cry & Vip3 in 

the field to prevent insect resistant development (Zhu et al., 2006; Chen et al., 2010).  

Thailand is rich in biodiversity and should have a large pool of B. thuringiensis 

strains producing novel Vip3 proteins that have high activity against major insect pests. 

This work aimed to screen for new vip3 genes from B. thuringiensis local isolates. The 

identified genes were cloned and expressed in Escherichia coli. The proteins were 

purified and their toxicity against insect larvae was demonstrated. 

Preliminary data from Biocontrol Research Laboratory, National Center for 

Genetic Engineering and Biotechnology, National Science and Technology Development 

Agency indicates that about ¼ of B. thuringiensis local isolates collected from various 

locations in Thailand are able to produce Vip3 protein. In this work, 20 isolates were 

selected from a total of 1,000 isolates to screen for new vip3 genes. PCR screening from 

the genomic DNA of these isolates using a pair of Vip3 screening primers (Table 1) 

revealed that all isolate carry vip3 gene (Figure 23). Since the primers were designed 

from the highly conserved region for all vip3 genes that give the same PCR product size 

at 1.6 kb (Hernandez-Rodriguez et al., 2009). It is not possible to identify the subtype of 

those vip3 genes.  

It has been shown that all vip3 genes are highly conserved at the 5′-end and 

highly variable at the 3′-end. Therefore it is possible to distinguish these genes by PCR 

using different primers at the 3′-end. Second PCR reactions were performed using 

genomic DNA from those 20 isolates as templates with the universal forward primer 

designed for all vip3 genes and reversed primers specific for different subtype of vip3 

genes (Table 1). This reaction could amplify the full-length vip3 gene about 2.4 kb. Most 
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of the samples tested gave a positive result when using primer for vip3Aa. This suggests 

that most B. thuringiensis isolates contain vip3Aa gene in agreement with previous 

reports. Only isolates no.22 and no.107 gave PCR product when using primers specific to 

vip3Af and vip3Ad, respectively. PCR products from both reactions were cloned into a 

PCR cloning vector, pJET1_2 Blunt and transformed into E. coli JM109. DNA 

sequencing analysis revealed that isolate no.22 contains a 2,367-bp fragment that showed 

99.7% identity to vip3Af1 gene (GenBank #AJ872070). This fragment could be translated 

to a 788-amino acid protein that has 99.7% identity to the full-length Vip3Af protein. 

Isolate no.107 carried a 2,361-bp fragment that is very similar to vip3Ad2 gene (99.9% 

identity, GenBank #AJ872071). Amino acid sequence of this fragment shows 99.6% 

identity to the full-length Vip3Ad2 protein. DNA and amino acid sequences of the new 

vip3Af (isolate no.22) and vip3Ad (isolates no.107) were deposited in GenBank under 

accession number KX595192 and KX595193, respectively. These new Vip3Ad and 

Vip3Af show some variation from the prototype Vip3Aa mostly at the C-terminal part as 

shown in Figure 24. 

The new vip3Af from isolate no.22 and vip3Ad from isolates no.107 were 

subcloned into pET28b in order to be expressed as 6xHis-tag fusion proteins. Both 

constructs were highly expressed in E. coli BL21(DE3)pLysS as soluble proteins. Both 

proteins could be purified using Ni-NTA affinity column (HisTrap FF column). The final 

yield of both proteins was comparable to that of the prototype toxin, Vip3Aa. It should be 

noted that both proteins could be eluted from the column when using buffer containing 

100-250 mM imidazole although at 250 mM immidazole gave higher purity (Figure 25). 

To access larvicidal activity, both proteins were fed to S. exigua and S. litura 

larvae. These two species are major insect pests that infest many important crops in 

Thailand e.g. grape, shallot, cabbage, kale, asparagus and other vegetables and fruits. 

Vip3Ad showed very low activity to both larvae even when used at very high 

concentration up to 40 µg/cm2 (Table 8). The prototype toxin, Vip3Aa, was highly active 

against both larvae and could give 100% mortality when using the toxin more than 2 

µg/cm2. Vip3Af was active against S. litura more than S. exigua. Larvicidal activity of 

Vip3Af against S. litura was highly fluctuate and could give mortality up to 93.75% in 

one experiment and decreased to 43.75% in another experiment. Different lots of insect 

larvae may somehow contribute to this variation. Although our Vip3Ad and Vip3Af 

exhibited lower toxicity to S. exigua and S. litura comparing with that of the prototype 
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Vip3Aa, both toxins might have high activity against other insects. There was a report 

demonstrating that Vip3Af exhibited higher toxicity than Vip3Aa when tested against 

Spodoptera frugiperda (Hernandez-Martinez et al., 2013). Vip3Af also showed 

comparable toxicity to Vip3Aa when tested with some insects such as Helicoverpa 

armigera, Mamestra brassicae, Spodoptera littoralis and Lobesia botrana larvae (Ruiz et 

al., 2014). Vip3Ad was also showed some activity against H. armigera larvae (Ruiz et al., 

2014). It is remain to be investigated if our new Vip3Ad and Vip3Af are toxic to those 

insects. 

 

 

 

 

 

 

Figure 23. PCR products from reaction using genomic DNA from different B. 

thuringiensis isolates as templates with Vip3 screening primers. Lanes labeled 

with #101–#542 represent B. thuringiensis isolate number 101–542. 
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Figure 24. Alignment of Vip3Aa, Vip3Ad and Vip3Af 
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Figure 25. Coomassie blue stain of SDS-Polyacrylamide gel of the purified proteins from 

HisTrap FF column. Proteins were eluted in fraction containing 100-250 mM 

imidazole. 

 

 

 

Table 8. Larvicidal activity of purified proteins against S. exigua and S. litura larvae 

The purified protein was applied on the surface of artificial diet in each well. 

Two 2nd-instar larvae were placed in each well and a total of 16 larvae were used for each 

sample. Three independent experiments were performed and mortality was recorded after 

7 days. 

 

Sample % mortality (average ± SD) 

S. exigua S. litura 

6xHis-Vip3Aa (2 µg/cm2) 83.33 ± 18.04 91.67 ± 9.55 

6xHis-Vip3Ad (40 µg/cm2) 8.33 ± 7.22 2.08 ± 3.61 

6xHis-Vip3Af (2 µg/cm2) 20.83 ± 3.61 60.42 ± 28.87 

PBS pH 7.4 (negative control) 0 0 
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4.6 Amino acids affecting stability & activity of Vip3A 

Initially, Vip3A from strain M190 in our B. thuringiensis collection was 

discovered to be effective for control of S. exigua. However, its application is limited by 

the protein’s short half-life at high temperature. Therefore, we screened for B. 

thuringiensis strains that could produce Vip3A in large amounts and with higher 

thermostability, and identified Bt isolate 294 as expressing a protein with the desired 

qualities. Interestingly, both protein sequences are very similar, differing in only 9 

residues, 6 of which cluster at the C terminus. Therefore, we further determined the 

amino acids crucial for higher stability of Vip3A produced from Bt294 through 

mutagenesis and evaluated larvicidal activity of mutants against S. exigua after high 

temperature storage. 

It was initially observed that the culture media from Bt M190 contained a large 

amount of Vip3A protein that could be visualized by SDS-PAGE, migrating as a band 

around 88 kDa in size (Figure 26). The vip3A gene was cloned from BtM190 to obtain its 

nucleotide sequence (GenBank accession no. GU733921), and the protein was designated 

as Vip3Aa35 in accordance with the Bt Toxin Nomenclature (Crickmore et al., 2016). 

Vip3Aa35 was the most abundant protein observed in culture media and its concentration 

was ~ 200 mg/l, high enough for direct application for plant protection. This culture 

media was also highly toxic against S. exigua larvae (LC50 about 250 ng/cm2), showing 

potential for use as a bioinsecticide. However, we noticed a protein band at ~ 62 kDa, 

presumably processed Vip3A, that was always detected accompanying the full-length 

protein (Fig. 1). The abundance of the 62-kDa band varied from batch to batch of Bt 

culture, and increased over time if the culture media had not been kept at -20 °C. This 

suggests that Vip3A is continuously processed by proteases from Bt to yield the 62-kDa 

fragment, which is approximately the same size with the active form of Vip3A. 

To explore the application of Vip3Aa35 under Thai environmental conditions, 

culture media from BtM190 was stored at 37 °C to study the effect of high temperature on 

protein toxicity since such temperatures are unavoidable either during storage or 

application in the field. It was found that after 1 month of 37 °C storage, most of the 88-

kDa protein was processed into 62 kDa and the culture media completely lost larvicidal 

activity (Figure 26). Therefore, although the high production level and toxicity of 

Vip3Aa35 render it a highly desirable bioinsecticide for control of lepidopteran pests, its 

application is limited by its low stability at high temperature. 
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With the low stability of Vip3Aa at high temperature limiting its application, 500 

Bt isolates collected from various locations in Thailand were therefore screened for the 

presence of highly expressed, strongly toxic and thermostable Vip3A. Firstly, we looked 

for the presence of a protein band at 88 kDa, which were confirmed to be Vip3A by 

western blot analysis. From these, 78 isolates (~15%) produced Vip3A at high levels in 

culture media, with most of them (76 out of 78) being toxic to S. exigua larvae. Culture 

media from these strains were then tested for thermostability upon heat treatment. 

BtM190 lost its biological activity after 30 min of heat treatment at 55 and 60 °C, but 37 

strains retained larvicidal activity after the 55 °C incubation and 8 strains (Bt isolates 64, 

81, 98, 117, 294, 501, 506, and 583) were still active after the 60 °C incubation. By SDS-

PAGE analysis, all 8 strains produced Vip3A at high levels with moderate amounts of 62-

kDa fragment and caused 100% larvae mortality at a protein concentration of 2 μg/cm2 

like Bt M190 (Figure 27). The 8 strains were further evaluated for stability after long 

storage by assessing the occurrence of processed protein and toxicity over a period of 3 

months at 37 °C. Only Bt294 and Bt506 retained larvicidal activity after 2 months of 

storage, and only Bt294 was still active against S. exigua larvae after 3 months. 

SDS-PAGE analysis revealed that the longer the storage period, the more 

processed Vip3A was detected (Figure 27). Noticeably, although almost all full-length 

Vip3A produced from Bt294 was processed into the 62-kDa fragment within 2 months of 

37 °C storage, Bt294 still retained larvicidal activity. On the other hand, loss of toxicity of 

Vip3Aa35 from BtM190 appeared to associate with occurrence of the 62-kDa processed 

protein, in which partially processed Vip3Aa35 resulted in slight toxicity loss (1-month 

storage) and almost completely processed Vip3Aa35 resulted in total loss of toxicity (2-

month storage) (Figure 27A and 27B). The 62-kDa protein fragments of both Vip3A in 

culture media were analyzed by liquid chromatography mass-tandem spectrometry (LC-

MS/MS), and were both found to be comprised of amino acid 199-789 (data not shown), 

consistent with the proteolytically processed 62-kDa active core produced from larvae gut 

juice (Chakroun et al., 2016). This suggests that both proteins were processed at the same 

position.  However, Vip3Aa35 from BtM190 loses its toxicity whereas Vip3A from Bt294 

retains toxicity. 

Due to the substantially higher stability of Bt294-derived Vip3A, the vip3A was 

cloned from Bt294 and analyzed. The protein was designated as Vip3Aa64 according to 

Bt toxin Nomenclature (Crickmore et al., 2016). The amino acid sequence of Vip3Aa64 is 
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identical to many previously described Vip3A, including Vip3A6, 7, 10, 11, 12, 15, 21, 

33, 34, 35, 37, 43, 44, 55, and 58. Like Vip3Aa35, Vip3Aa64 is 789 amino acids in 

length, and both proteins share a highly similar sequence with only 9 amino acid 

differences. These amino acids are at positions 358, 536, 633, 755, 760, 761, 776, 782, 

and 784 (Figure 28A). Purified Vip3Aa64 exhibited about 8-fold higher toxicity than 

Vip3Aa35. Moreover, Vip3Aa64 also had higher stability after 37 °C storage compared to 

Vip3Aa35 (Figure 29), consistent with the results seen for native proteins produced from 

Bt cells. This implies that an intrinsic property of Vip3A proteins significantly influences 

their thermostability. 

Vip3Aa35 and Vip3Aa64 have different amino acids at 9 positions, with 6 of 

them clustering at the C terminus of the protein. First, we wanted to determine whether 

amino acids located in the N terminus (positions 358, 536, and 633) or C terminus 

(positions 755, 760, 761, 776, 782, and 784) of Vip3A proteins are involved in protein 

stability. Thus, chimeric proteins were constructed where the N terminus (amino acids 1–

705) and C terminus (amino acid 706–789) of the two proteins were exchanged (Figure 

28B). While both recombinant proteins (N)3Aa64/3Aa35(C) and (N)3Aa35/3Aa64(C) 

showed similar toxicity against S. exigua larvae, only (N)3Aa35/3Aa64(C) exhibited high 

stability after 37 °C storage (Figure 29), suggesting that amino acids clustered at the C 

terminus of the protein were responsible for the higher stability of Vip3Aa64. 

To identify residues important for Vip3Aa64 stability, site-directed mutagenesis 

was performed to individually replace residues in Vip3Aa35 with the corresponding 

amino acids from Vip3Aa64. Only the mutant Vip3Aa35:G761E completely lost 

larvicidal activity, whereas the others retained toxicity to the larvae, albeit with slightly 

increased LC50 compared to Vip3Aa35 and Vip3Aa64. Most notably, the single mutant 

Vip3Aa35:N776Y acquired increased stability after 37 °C storage, illustrating that 

Tyr776 by itself contributed significantly to the higher thermostability of Vip3Aa35. To 

further confirm the significance of this residue, Tyr776 in Vip3Aa64 was substituted with 

the Asn of Vip3Aa35. As expected, Vip3Aa64:Y776N lost protein stability, exhibiting a 

Vip3Aa35-like rapid loss of larvicidal activity (Figure 30), thus validating the importance 

of this Tyr residue. 
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Figure 26. Vip3Aa35 stability in culture media after 1 month of 37 °C storage. The same 

batch of culture media containing Vip3Aa35 was separately kept at -20 °C and 37 °C for 

1 month before SDS-PAGE analysis and larvicidal activity assay. The protein markers are 

shown on the left. Larvicidal activity against S. exigua is presented at the top. Vip3Aa35 

was tested at a concentration of 2 μg/cm2 for the -20 °C samples, and the same volumes of 

culture media were used for the 37 °C samples. 
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A. 
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Figure 27. Vip3A production and larvicidal activity in culture media upon 37 °C storage 

for selected Bt strains. A) Prior to 37 °C storage, 15 µl of culture media were analyzed by 

SDS-PAGE. The protein marker lane is shown on the left. Bt strain numbers are 

indicated, with their corresponding larvicidal activity against S. exigua (2 μg/cm2) after 

37 °C storage over a period of 3 months. M represents the storage period in months. B) 

SDS-PAGE analysis of culture media from BtM190 and Bt294 after storage at 37 °C. 

Protein markers are on the left. 
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Figure 28. Diagrams of Vip3Aa35, Vip3Aa64, and their chimeras. A) The 9 differing 

amino acids between Vip3Aa35 and Vip3Aa64 are shown. For the C-terminal amino 

acids, the Vip3Aa35 residues are indicated in front of the position number, while the 

Vip3Aa64 residues are shown after the number. B) Illustration of gene fragment 

swapping between Vip3Aa35 and Vip3Aa64 based on restriction digest at position G705. 

N denotes the protein region covering amino acids 1–705 and C denotes the protein 

region covering amino acids 706–789. 
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Figure 29. Activity of purified wild-type and chimeric Vip3A upon storage at 37 °C. 

Proteins were kept at 37 °C for 6 weeks and larvicidal activities against S. exigua were 

tested every week at a concentration of 2 μg/cm2 to evaluate protein stability. 
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Figure 30. Activity of purified wild-type and mutant Vip3Aa35 and Vip3Aa64 upon 

storage at 37 °C. Proteins were kept at 37 °C for 4 weeks and larvicidal activities against 

S. exigua were tested every week at a concentration of 2 μg/cm2 to evaluate protein 

stability. 
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Table 9. Larvicidal activity of Vip190 mutants after storage at 37˚C storage.  

 

 

Protein LC50 (ng/cm2)a 
Mortality (%)b 

Week 0 Week 2 Week 4 Week6 Week 7 

Vip190 250 (206-298) 100 41.6 4.2 - c - 

Vip294 32 (11-74) 100 100 100 100 83.3 

Vip190:I755M 720 (210-1,910) 93.8 8.3 - - - 

Vip190:L760F 650 (550-770) 95.8 4.2 - - - 

Vip190:G761E >2000 - - - - - 

Vip190:N776Y 110 (95-130) 100 100 100 83.3 45.8 

Vip190:K782H 265 (120-1,220) 98.6 79.2 8.3 - - 

Vip190:S784Y 588 (310-1,320) 95.8 12.5 - - - 

 

a  95% confidence limits are shown in parenthesis from 3 replicates . 

b Tested protein concentration for stability was 2 μg/cm2.  

c Not determined (no dead). 
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Output from the project 

Detail of the following outputs are attached in appendices. 

1. Identify a membrane protein about 170 kDa and pI about 7 from S. exigua larvae 

gut cells that could act as a Vip3A receptor. 

2. Identify the C-terminal region in Vip3A that play important role during membrane 

binding and found that W552, D616 and W684 might play important role in the 

receptor binding. The manuscript in this topic is in preparation and is expected to 

submit to Journal of Invertebrate Pathology. 

3. The C-terminal part of Vip3A could inhibit larvicidal activity of the full-length 

Vip3A when feeding as a mixture to S. litura larvae. This fragment might 

complete for the receptor binding. The manuscript in this topic is submitted to 

Biocontrol Science and Technology. This manuscript is under revision. 

4. Different Vip3A show variable amino acid sequences at their C-terminal part 

resulted in selecting toxicity to different insects. This observation could be found 

in many Vip3A such as Vip3Aa, Vip3Ad and Vip3Af. This data have been 

published in Veridian e-Journal of Science and Technology 
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Larvicidal activity of Bacillus thuringiensis Vip3Aa is inhibited by its C-terminal 27 

fragment 28 

Abstract 29 

Vip3Aa is a vegetative insecticidal protein produced from Bacillus thuringiensis and 30 

is highly toxic to Lepidopteran larvae. The full-length Vip3Aa consists of 789 amino acids 31 

with molecular weight ∼88 kDa. In vitro digestion of Vip3Aa by trypsin or insect gut juice 32 

proteases yields two fragments about 22 kDa and 66 kDa from its N- and C-termini, 33 

respectively. The protease cleavage site was identified after K198. Both fragments are held 34 

together and could not be separated under normal physiological condition. In order to 35 

investigate the role of the 66 kDa fragment, the gene encoding the C-terminal fragment 36 

corresponding to amino acids D199-K789 (assigned as Vip3Aa-D199) was cloned and 37 

expressed in Escherichia coli. The production level of the Vip3Aa-D199 was significantly 38 

decreased comparing to that of the full-length protein. Bioassays revealed that the Vip3Aa-39 

D199 was not toxic to Spodoptera litura larvae when fed artificial diet overlaid with the 40 

protein up to 12,500 ng/cm
2 

whereas the full-length Vip3Aa showed high toxicity with LC50 41 

about 200 ng/cm
2
. Feeding the larvae with mixtures of the full-length Vip3Aa and Vip3Aa-42 

D199 at different ratios (200:200, 200:1,000 and 200:5,000 ng/cm
2
) revealed inhibition effect 43 

of the truncated toxin on the toxicity of the full-length toxin. Results showed that LT50 and 44 

LT95 of larvae fed the mixture toxins were longer than those fed the full-length toxin alone. 45 

The C-terminal fragment might compete for the membrane binding thus rendering activity of 46 

the full-length toxin. It is possible that the receptor binding motif of Vip3Aa resides in its C-47 

terminal part. 48 

Keywords: Bacillus thuringiensis, inhibition effect, larvicidal activity, Spodoptera 49 

litura, truncated protein, Vip3A 50 

51 
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Introduction 52 

Vip3Aa is a vegetative insecticidal protein produced by some strains of Bacillus 53 

thuringiensis as a soluble protein during vegetative growth (Estruch et al., 1996; Chakroun et 54 

al., 2016). This protein is toxic against Lepidopteran larvae which are important insect pests 55 

for major crops worldwide. Vip3Aa is produced as a protoxin about 88-kDa and secreted into 56 

the culture medium without N-terminal processing (Li et al., 2007; Milne et al., 2008). After 57 

ingestion by susceptible larvae, the protoxin is activated by gut proteases to yield an active 58 

toxin that is able to bind to a specific receptor on the gut cell membrane and induces cell 59 

death (Abdelkefi-Mesrati et al., 2011a; Liu et al., 2011). The mode of action of Vip3A is not 60 

fully understood since its 3D structure has not been elucidated and the lack of information 61 

about a specific receptor for this toxin on the target insects. 62 

In vitro activation using trypsin and insect gut juice proteases generated two major 63 

fragments approximately 21-22 kDa N-terminal fragment and 62-66 kDa C-terminal part 64 

(Kunthic et al., 2017; Selvapandiyan et al., 2001; Yu et al., 1997). The cleavage site was 65 

identified to be at the carboxyl terminal of Lys-198. When the C-terminal 66-kDa fragment 66 

was cloned and expressed in E. coli, no toxicity was observed against insect species 67 

previously found to be susceptible, suggesting that the 22-kDa N-terminal portion is 68 

necessary for toxicity or folding (Estruch et al., 1996; Chen et al., 2003b; Li et al., 2007). 69 

Previous studies indicated that deletion of 33 amino acids from the N-terminus of Vip3A 70 

expressed in E. coli did not alter its toxicity against Spodoptera litura larvae (Bhalla et al., 71 

2005) whereas deletion of 39 and 81 amino acids from the N-terminus of Vip3A resulted in 72 

the total loss of toxicity against S. litura larvae (Chen et al., 2003b; Selvapandiyan et al., 73 

2001). In addition, many evidences indicated that Vip3A sequence variation at C-terminus is 74 

the critical region responsible for its toxicity and host range (Fang et al., 2007).  75 
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After proteolytic activation had occurred, the binding to the brush border membrane of 76 

the larvae is started (Lee et al., 2003; Yu et al., 1997). The binding ability of Vip3A proteins 77 

to gut cells supposed to be a major factor of insect host range and insect specificity 78 

determination. Vip3A proteins did not share the same binding sites to Cry proteins. They have 79 

different putative receptors depending on different types of insects (Abdelkefi-Mesrati et al., 80 

2011b). The progressive degeneration of the epithelial layer, gut paralysis, and complete lysis 81 

of gut epithelium cells due to the osmotic imbalance were occurred, leading to the death of 82 

susceptible larvae (Abdelkefi-Mesrati et al., 2011a; Yu et al., 1997).  83 

The analysis of Vip3A protein sequences revealed the presence of a carbohydrate-84 

binding motif (CBM) in all Vip3A proteins (Chakroun et al., 2016). The CBM spans from 85 

position 536 to a position near amino acid 652. Previous studies revealed that CBMs from 86 

many proteins bind to their ligands with high affinity and increase the efficiency of the 87 

catalytic components by targeting the enzymes to its substrate through interactions mediated 88 

by the carbohydrate-binding domain (Bae et al., 2008; Coutinho & Henrissat, 1999). Thus, 89 

CBM region presented in Vip3Aa might play a role in lepidopteran’s receptor binding.  90 

To date, a specific receptor for Vip3Aa has not been identified and the 3D 91 

structural of Vip3A has not been elucidated. To date, there is no experimental evidence to 92 

show the receptor binding motif in Vip3A. In this work, we have studied the effect of the C-93 

terminal fragment of Vip3Aa consisting of amino acids D199-K789 (Vip3Aa-D199) on the 94 

larvicidal activity of its full-length protein. The full-length Vip3Aa and Vip3Aa-D199 were 95 

expressed in E. coli and their toxicity was tested against S. litura larvae. It was found that the 96 

larvicidal activity of the full-length toxin is inhibited by its C-terminal fragment. This could 97 

be due to the competitive binding to the same receptor on the insect gut cell membrane. Data 98 

obtained from this work suggests that the receptor binding region of Vip3Aa resides in its C-99 

terminal region. 100 
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Materials and Methods 101 

Plasmid Construction  102 

The recombinant plasmid pET-Vip3Aa carrying the full length vip3Aa gene was 103 

as described previously (Kunthic et al., 2017). To constructed a plasmid for producing the C-104 

terminal fragment of Vip3Aa, the 1.7 kb fragment of vip3Aa gene encoding amino acids 105 

D199-K789 was amplified by PCR using pET28-Vip3Aa as a template couple with forward 106 

primer: 5'-GCC ATA TGG ATG GCT CTC CTG CAG ATA TTC-3' and reverse primer: 5'-107 

GCG GAT CCT TAC TTA ATA GAG ACA TCG GAA-3'. The underlined sequences 108 

indicate recognition sites, NdeI for the forward primer and BamHI for the reversed primer. 109 

The PCR product was digested with NdeI and BamHI and cloned into pET-28b between NdeI 110 

and BamHI sites (Figure 1). This recombinant plasmid encodes a truncated fragment of 111 

Vip3Aa (D199-K789) with a polyhistidine tag at its N-terminus to facilitate protein 112 

purification. The protein was named “Vip3Aa-D199”.  113 

 114 

Protein production and purification 115 

E. coli BL21 (DE3) pLysS was used as the host strain for the expression of the 116 

recombinant truncated fragment and the full-length Vip3Aa under the control of T7 promoter. 117 

E. coli cells harboring pET28-Vip3Aa and pET28-Vip3Aa-D199 were grown in Luria-Bertani 118 

medium (LB broth) containing chloramphenicol 34 µg/ml and kanamycin 50 µg/ml and were 119 

incubated at 37°C with 200-250 rpm shaking for overnight. 0.7 ml of the overnight culture 120 

was inoculated in 700 ml of LB broth containing antibiotics as mentioned above and 121 

incubated at 37°C with 200-250 rpm shaking until the OD600 reached 0.6-0.7 then the protein 122 

expression was induced by adding 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG). The 123 

induced culture was grown for an additional 6 hours at 25°C with 200-250 rpm shaking.  124 
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E. coli cells were harvested by centrifugation at 10,000 g for 5 min at 4°C and the 125 

cell pellet was resuspended in 1xPBS pH 7.4. Proteins were released from E. coli cells by 126 

ultrasonication. Soluble and insoluble proteins were separated by centrifugation at 12,000 g at 127 

4°C for 10 min. The truncated fragment (Vip3Aa-D199) and the full-length Vip3Aa were 128 

purified by Immobilized Metal ion Affinity Chromatography (IMAC) using HiTrap Chelating 129 

HP column (5 ml matrix volume, GE healthcare). In this experiment, Ni
2+

 was used as a 130 

chelated ion. The truncated fragment of Vip3Aa were eluted from the column by 20 mM Tris 131 

pH 8.0, 300 mM NaCl supplemented with 100 mM imidazole whereas the full-length Vip3Aa 132 

was eluted from the column by 50 mM Tris pH 8.0, 200 mM NaCl supplemented with 250 133 

mM imidazole. After that, the eluted protein was concentrated using Amicon® Ultra-15 134 

centrifugal filter devices MWCO 30 kDa. Imidazole remained in concentrated protein was 135 

removed by gel filtration chromatography using HiTrap desalting column (GE healthcare). 136 

The column was pre-equilibrated with 20 mM Tris pH 8.0, 300 mM NaCl for the truncated 137 

fragment and pre-equilibrated with 50 mM Tris pH 8.0, 200 mM NaCl for the full-length 138 

Vip3Aa. Then, the protein was eluted from the column with flow rate 5 ml/min by using the 139 

equilibration buffer mentioned above and was stored at 4°C until required. The desalted 140 

protein was analysed on 12% SDS-PAGE. The protein was quantified by scanning the density 141 

of a protein band on the Coomassie blue strained polyacrylamide gel using Gene Tools 142 

software from Syngene version 4.03.02.0 and BSA was used as a standard. 143 

 144 

Larvicidal activity assay against Spodoptera litura 145 

The surface treatment bioassays were carried out using second instar larvae of S. 146 

litura obtained from the Nuclear Polyhedrosis Virus (NPV) Production Pilot Plant, National 147 

Center for Genetic Engineering and Biotechnology, Thailand. The concentration of the full-148 

length Vip3Aa that kill 50% of larvae (LD50) were determined. Various amounts (1000, 500, 149 
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250, 125, 62.5, 31.25, 15.63, 7.81, and 3.91 ng/cm
2
) of the full-length Vip3Aa were applied 150 

over the surface of an artificial S. litura diet that was poured into polystyrene 24-well plate 151 

(Corning incorporated). The negative control wells were overlaid with 50 mM Tris-NaCl 152 

buffer pH 8.0. After the toxin was absorbed on the surface of the artificial diet, a second instar 153 

larvae of S. litura was placed in each well. A total of 12 larvae were used for each protein 154 

concentration and the larvae were kept at room temperature with 12/12 hr light/dark cycle and 155 

60% relative humidity. Mortality was recorded daily for 7 days. Three independent 156 

experiments were performed and the toxin concentrations that kill 50% and 95% of the tested 157 

larvae (LD50 and LD95a) and time required to kill 50% and 95% of tested larvae (LT50, and 158 

LT95) were calculated using Probit analysis (Finney, 1971).  159 

To evaluate the effect of the C-terminal fragment, the full-length Vip3Aa was 160 

mixed with the truncated protein at 1:1, 1:5, and 1:25 (w/w) as shown in Table 1 and fed to 161 

second instar S. litura larvae as described above. The full-length Vip3Aa at 200 ng/cm
2
 was 162 

used as the positive control whereas 50 mM Tris-NaCl pH 8.0 buffer was used as the negative 163 

control. The experiment was performed at room temperature in 24 wells/treatment (1 164 

larvae/well). The accumulative mortality was recorded daily for 7 days. LT50 and LT95 were 165 

calculated from three independent experiments using Probit analysis (Finney, 1971).  166 

Results 167 

Production level of the full-length and truncated fragment of Vip3Aa  168 

The full length and truncated vip3Aa genes were cloned in E. coli to be expressed 169 

as polyhistidine tag fusion proteins. Therefore, both proteins contain extra 20 amino acids at 170 

their N-terminus (Supplement 1). It has been demonstrated that these extra amino acids did 171 

not affect larvicidal activity of the toxin (Kunthic et al., 2017).  Result in Figure 2 showed 172 

that the full-length Vip3Aa was produced as an 88 kDa protein (lane 1) whereas the C-173 
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terminal fragment was observed as a major band approximately 62 kDa (lane 2). Both 174 

proteins were produced in soluble form when the cells were grown at 18-25°C. Proteins 175 

become accumulated as inclusion bodies when the induced culture was grown at 37°C. 176 

Expression level of the C-terminal fragment was significantly lower than that of the full-177 

length protein. Similar results were found when 39 and 81 amino acids at the N-terminus were 178 

deleted from Vip3A (Chen et al., 2003b; Selvapandiyan et al., 2001). This suggests that 179 

amino acids in the N-terminal part are required for folding and stability of Vip3A. 180 

 181 

Larvicidal activity against Spodoptera litura 182 

 Mortality of the larvae fed with artificial diet overlaid with the toxin at various 183 

concentrations was recorded daily for 7 days. The full-length Vip3Aa exhibited high 184 

larvicidal activity against S. litura with LD50 = 201 (138-301) ng/cm
2
 and LD95 = 1,097 (624-185 

3,181) ng/cm
2
 (fiducial limits at 95% confident are shown in parentheses). The LT50 of the 186 

full-length Vip3Aa against S. litura larvae when fed the toxin at 200 ng/cm
2
 = 2.3 (1.2-3.2) 187 

days and LT95 = 4.7 (3.4-16.1) days. The fiducial limits at 95% confident are shown in 188 

parentheses. Exposure of S. litura larvae to Tris-NaCl buffer (negative control) did not cause 189 

mortality. No mortality was observed when S. litura larvae were fed with the C-terminal 190 

fragment (Vip3Aa-D199) up to 12,500 ng/cm
2
. Therefore, this fragment is considered as an 191 

inactive protein.  192 

 193 

Toxicity inhibition effect of the truncated fragment of Vip3Aa 194 

To determine the effect of the truncated fragment of Vip3Aa on larvicidal activity 195 

of the full-length toxin, various mixtures of Vip3Aa and Vip3Aa-D199 were prepared and fed 196 

to 2
nd

-instar S. litura larvae.  Results in Table 1 showed that none of the larvae was dead 197 

when fed with Vip3Aa-D199 alone up to 5,000 ng/cm
2
. Interestingly, the truncated fragment 198 
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showed toxicity inhibition effect when fed together with the full-length toxin. The LT50 and 199 

LT95 when fed the larvae with the full-length toxin alone at 200 ng/cm
2
 were only 2.3 and 4.7 200 

days whereas these increased to 3.9 and 11.3 days when the larvae were fed with the mixture 201 

of Vip3Aa:Vip3Aa-D199 at 200:5,000 ng/cm
2
 (1:25 w/w). Furthermore, the full-length 202 

Vip3Aa could kill the larvae more than 95% within 3 days after challenged the toxin 203 

(Supplementary 2). The C-terminal fragment effectively reduced mortality and the result was 204 

more prominent in the case of the mixture between the full-length and truncated toxins at 1:25 205 

(w/w). Only 50% of the larvae were killed after 3 days and the mortality reached a plateau at 206 

66.7% from days 4-7. Addition of Vip3Aa-D199 at lower ratios (1:1 and 1:5 w/w) showed 207 

less toxicity inhibition effect. The LT50 for both mixtures increased about 1 day comparing to 208 

those fed with the full-length toxin alone and the mortality for both mixtures reached a 209 

plateau at about 80% from days 4-7. 210 

Different growth rates of larvae were observed between those challenged with 211 

Vip3Aa alone and mixtures of Vip3Aa plus Vip3Aa-D199 (Supplementary 3).  The larvae 212 

stopped feeding within a few hours after challenged with Vip3Aa. No more growth was 213 

detectable in this group and most of the larvae died within 2-3 days. In contrast, larvae that 214 

received the truncated toxin alone (Vip3Aa-D199 at 5,000 ng/cm
2
) grew normally similar to 215 

those in negative control group that received Tris-NaCl buffer. The growth rate of larvae fed 216 

with the mixture of Vip3Aa and Vip3Aa-D199 was not significantly different from the 217 

negative control group after challenged the toxin for 1 day. However, the growth rate of 218 

larvae in these groups was slower from day 2 onward comparing to that of the negative 219 

control.  220 
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Discussion 221 

The full-length Vip3Aa was produced in E. coli as an 88-kDa protein with 222 

polyhistidine-tagged at the N-terminus in order to facilitate protein purification by affinity 223 

chromatography. The purified Vip3Aa showed high toxicity to S. litura larvae with LD50 224 

about 200 ng/cm
2 

comparable to those reported previously (Kunthic et al., 2017; Chen et al., 225 

2003b). However, the truncated fragment (Vip3Aa-D199) was not toxic to S. litura larvae 226 

although high concentration of the truncated toxin was applied up to 12,500 ng/cm
2
. This 227 

result is in agreement to those observed previously which indicated that the deletion of 81 228 

amino acids from the N-terminus of Vip3A resulted in the total loss of toxicity against S. 229 

litura larvae (Chen et al., 2003b). Naturally, Vip3A is produced by B. thuringiensis and 230 

secreted into the culture media without N-terminal processing (Estruch et al., 1996; Li et al., 231 

2007). The N-terminus part might be required for the correct folding or maintaining the 232 

protein structure. In this work, we found that the production level of Vip3Aa-D199 is lower 233 

than that of its full-length protein (Figure 2). These results suggests that some of the 198 234 

amino acids at the N-terminal part play a role during protein folding or might have a crucial 235 

effect in protecting Vip3A from degradation by the host cell endogenous proteases.  236 

There was a report demonstrating that deletion at the N-terminal part of Vip3Aa14 237 

up to 33 amino acids did not alter protein production level and its toxicity against S. litura 238 

larvae (Chen et al., 2003b). Interestingly, deletion of 39 amino acids at the N-terminus 239 

significantly decreased Vip3A’s toxicity (Selvapandiyan et al., 2001). The deletion of 81 240 

amino acids from the N-terminus of Vip3A resulted in the total loss of toxicity against S. 241 

litura larvae (Chen et al., 2003b). Thus, the finding of a total loss in toxicity of the Vip3Aa-242 

D199 in our work in which 198 amino acids were deleted from the N-terminus was not 243 

unexpected.  244 
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The molecular mechanism in which Vip3A toxin employed to kill the insect cells 245 

is not clearly understood and difficult to predict since the lack of the toxin structure 246 

information. Furthermore, the functional receptor for Vip3A on the target insect cell 247 

membrane has not been identified. Amino acid sequence analysis revealed that all Vip3 248 

proteins share homology to a carbohydrate binding module, CBM_4-9 superfamily that 249 

recognizes sugar molecules similar to that found in mannanase A (Bae et al., 2008). This 250 

CBM-like region is located around amino acid positions 530-650 which are at the C-terminal 251 

part of all Vip3 proteins. It might be possible that amino acids in this region interact to a 252 

specific receptor on the insect gut cell membrane.  253 

Several bacterial toxins including B. thuringiensis crystal proteins bind to a sugar 254 

moiety of some GPI-anchor glycoproteins to initiate their activity against susceptible insects 255 

(Schnepf et al., 1998; Fernandez et al., 2006; Knight et al., 2004; Valaitis et al., 2001). The 256 

predicted CBM region is present in the full-length Vip3Aa as well as in the truncated 257 

fragment (Vip3Aa-D199). Therefore both proteins could bind to the same receptor on the 258 

larval gut cell membrane as a competitive fashion. In absent of the truncated fragment, the 259 

full-length toxin could bind to the receptor more efficiently and exhibits its full toxicity. 260 

Addition of the Vip3Aa-D199 might compete for the receptor binding of the Vip3A thus 261 

reducing its toxicity. Alternatively, the toxicity inhibition effect might occur from inter-262 

molecular interaction or binding between the truncated fragment and the full-length Vip3Aa. 263 

This interaction may lead to protein accumulation or forming a protein complex thus reducing 264 

the amount of the Vip3Aa to bind to its receptor on the cell membrane. The toxicity inhibition 265 

effect was more obvious up on increasing the ratio of Vip3Aa-D199. The larvicidal activity of 266 

Vip3Aa might be completely abolished if the mixture composed of Vip3Aa:Vip3Aa-D199 at 267 

1:100 (w/w) or higher. However, we were unable to prepare the truncated toxin at that high 268 

concentration (e.g. Vip3Aa:Vip3Aa-D199 at 200:20,000 ng/cm
2
). 269 

Page 11 of 24

URL: http://mc.manuscriptcentral.com/cbst

Biocontrol Science & Technology



For Peer Review
 O

nly

12 

 

  270 

Acknowledgements 271 

We acknowledge the Nuclear Polyhedrosis Virus Pilot Plant for Insect Pest Control, National 272 

Center for Genetic Engineering and Biotechnology, Thailand for supplying the S. litura larvae 273 

and materials for the artificial diet preparation. 274 

 275 

Funding 276 

This work was co-funded by the Thailand Research Fund and the National Center for Genetic 277 

Engineering and Biotechnology, National Science and Technology Development Agency, 278 

Thailand (grant number BRG5680018). PB is a recipient of the Royal Golden Jubilee Ph.D. 279 

Program, Thailand (grant number PHD/0240/2550).  280 

 281 

References 282 

Abdelkefi-Mesrati, L., Boukedi, H., Dammak-Karray, M., Sellami-Boudawara, T., Jaoua, S., 283 

& Tounsi, S. (2011a). Study of the Bacillus thuringiensis Vip3Aa16 284 

histopathological effects and determination of its putative binding proteins in the 285 

midgut of Spodoptera littoralis. Journal of Invertebrate Pathology, 106, 250-286 

254. 287 

Abdelkefi-Mesrati, L., Boukedi, H., Chakroun, M., Kamoun, F., Azzouz, H., Tounsi, S., 288 

…Rouis, S. (2011b). Investigation of the steps involved in the difference of 289 

susceptibility of Ephestia kuehniella and Spodoptera littoralis to the Bacillus 290 

thuringiensis Vip3Aa16 toxin. Journal of Invertebrate Pathology, 107, 198–201. 291 

doi:10.1016/j.jip.2011.05.014 292 

Bae, B., Ohene-Adjei, S., Kocherginskaya, S., Mackie, R. I., Spies, M. A., Cann, I. K. 293 

O.,…Nair, S. K. (2008). Molecular basis for the selectivity and specificity of 294 

Page 12 of 24

URL: http://mc.manuscriptcentral.com/cbst

Biocontrol Science & Technology



For Peer Review
 O

nly

13 

 

ligand recognition by the family 16 carbohydrate-binding modules from 295 

Thermoanaerobacterium polysaccharolyticum ManA. The Journal of Biological 296 

Chemistry, 283, 12415-12425. doi: 10.1074/jbc.M706513200 297 

Bhalla, R., Dalal, M., Panguluri, S. K., Jagadish, B., Mandaokar, A. D., Singh, A. K.,… 298 

Kumar, P. A. (2005). Isolation, characterization and expression of a novel 299 

vegetative insecticidal protein gene of Bacillus thuringiensis. FEMS 300 

Microbiology Letters, 243, 467–472. doi:10.1016/j.femsle.2005.01.011 301 

Chakroun, M., Banyuls, N., Bel, Y., Escriche, B., & Ferré, J. (2016). Bacterial Vegetative 302 

Insecticidal Proteins (Vip) from Entomopathogenic Bacteria. Microbiology and 303 

Molecular Biology Reviews, 80, 329-350. doi:10.1128/MMBR.00060-15 304 

Chen, J., Sun, F., Tang, L., Tang, M., Shi, Y., Yu, J.,…& Pang, Y. (2003a). Expression of 305 

Bacillus thuringiensis full-length and N-terminally truncated vip184 gene in an 306 

acrystalliferous strain of subspecies kurstaki. World Journal of Microbiology and 307 

Biotechnology, 19, 883-889. doi: 10.1023/B:WIBI.0000007288.31371.7d 308 

Chen, J., Yu, J., Tang, L., Tang, M., Shi, Y., & Pang, Y. (2003b). Comparison of the 309 

expression of Bacillus thuringiensis full-length and N-terminally truncated vip3A 310 

gene in Escherichia coli. Journal of Applied Microbiology, 95, 310-316. 311 

doi:10.1046/j.1365-2672.2003.01977.x 312 

Coutinho, P. M. & Henrissat, B. (1999). Recent Advances in Carbohydrate Bioengineering. In 313 

H. J. Gilbert, G. J. Davies, B. Henrissat, & B. Svensson (Eds.), Carbohydrate-314 

active enzymes: an integrated database approach (pp. 3–12). Cambridge. 315 

de Maagd, R. A., Bravo, A., Berry, C., Crickmore, N., & Schnepf, H. E. (2003). Structure, 316 

diversity, and evolution of protein toxins from spore-forming entomopathogenic 317 

bacteria. Annual Review of Genetics, 37, 409–433. doi: 318 

10.1146/annurev.genet.37.110801.143042 319 

Page 13 of 24

URL: http://mc.manuscriptcentral.com/cbst

Biocontrol Science & Technology



For Peer Review
 O

nly

14 

 

Estruch, J. J., Warren, G. W., Mullins, M. A., Nye, G. J., Craig, J. A., & Koziel, M. G. 320 

(1996). Vip3A, a novel Bacillus thuringiensis vegetative insecticidal protein with 321 

a wide spectrum of activities against lepidopteran insects. Proceedings of the 322 

National Academy of Sciences USA, 93, 5389-5394.  323 

Fang, J., Xu, X., Wang, P., Zhao, J. Z., Shelton, A. M., Cheng, J.,…Feng, M. G. (2007). 324 

Characterization of chimeric Bacillus thuringiensis Vip3 toxins. Applied and 325 

Environmental Microbiology, 73, 956-961. doi: 10.1128/AEM.02079-06 326 

Fernandez, L. E., Aimanova, K. G., Gill, S. S., Bravo, A., & Soberón, M. (2006). A GPI-327 

anchored alkaline phosphatase is a functional midgut receptor of Cry11Aa toxin 328 

in Aedes aegypti larvae. Biochemical Journal, 394, 77–84. 329 

doi:10.1042/BJ20051517 330 

Finney, D. (1971). Chapter 8. The toxic action of mixtures of poison: In Probit Analysis. (pp. 331 

50–80). Cambridge, UK: Cambridge University Press. 332 

Knight, P. J., Carroll, J., & Ellar, D. J. (2004). Analysis of glycan structures on the 120 kDa 333 

aminopeptidase N of Manduca sexta and their interactions with Bacillus 334 

thuringiensis Cry1Ac toxin. Insect Biochemistry and Molecular Biology, 34, 335 

101–112. doi:10.1016/j.ibmb.2003.09.007 336 

Kunthic, T., Surya, W., Promdonkoy, B., Torres, J., & Boonserm, P. (2017). Conditions for 337 

homogeneous preparation of stable monomeric and oligomeric forms of 338 

activated Vip3A toxin from Bacillus thuringiensis. European biophysics Journal, 339 

46, 257-264. doi: 10.1007/s00249-016-1162-x 340 

Lee, M. K., Walters, F. S., Hart, H., Palekar, N., & Chen, J. S. (2003). The mode of action of 341 

the Bacillus thuringiensis vegetative insecticidal protein VIP3A differs from that 342 

of Cry1Ab δ-endotoxin. Applied and Environmental Microbiology, 69, 4648-343 

4657. doi:10.1128/AEM.69.8.4648–4657.2003 344 

Page 14 of 24

URL: http://mc.manuscriptcentral.com/cbst

Biocontrol Science & Technology



For Peer Review
 O

nly

15 

 

Li, C., Xu, N., Huang, X., Wang, W., Cheng, J., Wu, K.,…Shen, Z. (2007). Bacillus 345 

thuringiensis Vip3 mutant proteins: Insecticidal activity and trypsin sensitivity. 346 

Biocontrol Science and Technology, 17, 699-708. doi: 347 

10.1080/09583150701527177 348 

Liu, J. G., Yang, A. Z., Shen, X. H., Hua, B. G, & Shi, G. L. (2011). Specific binding of 349 

activated Vip3Aa10 to Helicoverpa armigera brush border membrane vesicles 350 

results in pore formation. Journal of Invertebrate Pathology, 108, 92-97. 351 

doi:10.1016/j.jip.2011.07.007 352 

Milne, R., Liu, Y., Gauthier, D., & van Frankenhuyzen, K. (2008). Purification of Vip3Aa 353 

from Bacillus thuringiensis HD-1 and its contribution to toxicity of HD-1 to spruce 354 

budworm (Choristoneura fumiferana) and gypsy moth (Lymantria dispar) 355 

(Lepidoptera). Journal of Invertebrate Pathology, 99, 166–172. doi: 356 

10.1016/j.jip.2008.05.002 357 

Schnepf, H. E., Crickmore, N., Van Rie, L., Lereclus, D., Baum, J., Feitelson, J.,… Zeigler, 358 

D. R. (1998). Bacillus thuringiensis and its pesticidal crystal proteins. 359 

Microbiology and Molecular Biology Reviews, 62, 775-806.  360 

Selvapandiyan, A., Arora, N., Rajagopal, R., Lalali, S. K., Venkatesan, T., Singh, S. 361 

P.,…Bhatnagar, R. K. (2001). Toxicity analysis of N- and C terminus–deleted 362 

vegetative insecticidal protein from Bacillus thuringiensis. Applied and 363 

Environmental Microbiology, 67, 5855-5858. doi: 10.1128/AEM.67.12.5855-364 

5858.2001 365 

Valaitis, A. P., Jenkins, J. L., Lee, M. K., Dean, D. H., & Garner, K. J. (2001). Isolation and 366 

partial characterization of gypsy moth BTR-270, anionic brush border membrane 367 

glycoconjugate that binds Bacillus thuringiensis Cry1A toxins with high affinity. 368 

Page 15 of 24

URL: http://mc.manuscriptcentral.com/cbst

Biocontrol Science & Technology



For Peer Review
 O

nly

16 

 

Archives of Insect Biochemistry and Physiology, 46, 186-200. doi: 369 

10.1002/arch.1028 370 

Yu, C. G., Mullins, M. A., Warren, G. W., Koziel, M. G., & Estruch, J. J. (1997). The 371 

Bacillus thuringiensis vegetative insecticidal protein Vip3A lyses midgut 372 

epithelium cells of susceptible insects. Applied and Environmental Microbiology, 373 

63, 532-536. 374 

 375 

 376 

 377 

378 

Page 16 of 24

URL: http://mc.manuscriptcentral.com/cbst

Biocontrol Science & Technology



For Peer Review
 O

nly

17 

 

Figure legends 379 

Figure 1. Recombinant plasmids of pET-28b containing vip3Aa gene  380 

The 2.4 kb fragment of vip3Aa35 gene (A) and 1.7 kb fragment of vip3Aa-D199 gene 381 

(B) obtained from Bacillus thuringiensis strain M190 was inserted into the NdeI-BamHI sites 382 

of pET-28b expression vector under control of T7 promoter. This map was generated using a 383 

plasmid editor (ApE) programme.  384 

Figure 2. Protein profile of the full-length Vip3Aa and its C-terminal fragment (Vip3Aa-385 

D199) 386 

Full-length Vip3Aa and its truncated fragment were purified by Immobilized Metal 387 

ion Affinity Chromatography (IMAC). The fraction of full-length Vip3Aa (88 kDa) and its 388 

truncated fragment (62 kDa) was eluted from the column by using 250 mM and 100 mM 389 

imidazole as the eluent, respectively. Imidazole remained in concentrated protein was 390 

removed by gel filtration chromatography. The desalted full-length Vip3Aa and its N-391 

terminally truncated fragment protein were analysed on 12% SDS-polyacrylamide gel. M: 392 

molecular weight markers; lane 1: the full-length Vip3Aa; lane 2: the truncated fragment of 393 

Vip3Aa (Vip3Aa-D199). 394 

 395 
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Table 1. Time required to kill 50% (LT50) and 95% (LT95) of the larvae
 
fed with the 

mixtures between the full-length Vip3Aa and its C-terminal fragment (Vip3Aa-D199) 

Mixture of Vip3Aa and Vip3Aa-D199 at 1:1, 1:5 and 1:25 (w/w) was overlaid 

on the surface of an artificial diet. The second instar S. litura larvae was placed in each 

well (1 larvae/ well) and kept at room temperature. The accumulated mortality was 

recorded daily for 7 days after feeding the mixture toxins. LT50 and LT95 were 

calculated from three independent experiments using Probit analysis (Finney, 1971). 

Fiducial limits at 95% confident are shown in parentheses. (NT: not toxic) 

 

Vip3Aa:Vip3Aa-D199     Toxicity 

 (ng/cm
2
)  Ratio (w/w)  LT50 (Days)  LT95 (Days) 

200 : 0    -   2.3 (1.2-3.2) 4.7 (3.4-16.1) 

200 : 200   1 : 1   3.2 (2.0-4.4) 8.7 (5.8-34.7) 

200 : 1,000  1 : 5   3.1 (2.2-4.0) 6.9 (5.2-15.3) 

200 : 5,000  1 : 25   3.9 (3.3-4.5) 11.3 (8.6-18.2) 

0 : 5,000    -   NT  NT 
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Supplementary 1. Amino acid sequence of Vip3Aa (GenBank accession # GU733921) 

The full-length Vip3Aa consists of 789 amino acids was produced in E. coli as a 

polyhistidine-tag fusion protein. Therefore 20 extra amino acids were added at its N-terminal 

end (underlined). The truncated fragment (Vip3Aa-D199) containing amino acid positions 

D199-K789 (bold letters) was also produced in E. coli with a polyhistidine-tag attached to its 

N-terminal end. The predicted carbohydrate binding motif (CBM) are highlighted. The 

protease cleavage site is indicated by an arrow. 

 

 

 

Page 21 of 24

URL: http://mc.manuscriptcentral.com/cbst

Biocontrol Science & Technology



For Peer Review
 O

nly

Supplementary 2. Mortality of larvae fed with different combinations of the full-length 

Vip3Aa and the truncated fragment (Vip3Aa-D199) 

Vip3Aa : 

Vip3Aa-D199 

(ng/cm
2
) 

Protein 

ratio 

(w/w) 

% mortality 

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

200 : 0 - 4.2 16.7 95.8 95.8 95.8 95.8 95.8 

200 : 200 1 : 1 0 8.3 66.7 79.2 79.2 79.2 79.2 

200 : 1,000 1 : 5 0 4.2 62.5 83.3 83.3 83.3 83.3 

200 : 5,000 1 : 25 0 4.2 50.0 66.7 66.7 66.7 66.7 

0 : 5,000 - 0 0 0 0 0 0 0 
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Supplementary 3. Photographs showing different growth rate of S. litura larvae after feeding 

artificial diet overlaid with the toxin mixture between the full-length Vip3Aa and its C-

terminal fragment (Vip3Aa-D199) at 200:200 ng/cm
2
 (1:1 w/w), 200:1000 ng/cm

2
 (1:5 w/w) 

and 200:5,000 ng/cm
2
 (1:25 w/w). 

The full-length Vip3Aa was mixed with the truncated protein (Vip3Aa-D199) at 1:1, 

1:5, 1:25 (w/w) and overlaid on the surface of the artificial diet and fed to second instar S. 

litura larvae. The growth rate of larvae in each group was monitored and recorded by taking 

photographs after the larvae were challenged with the toxin for 1 and 2 days. Larvae fed with 

the mixture toxin at 1:1 (w/w) are shown in figure A (at day 1) and G (at day 2) whereas the 

larvae fed with the mixture toxin at 1:5 (w/w) are shown in figure B (at day 1) and H (at day 

2). Figure C and I show larvae that was fed with the mixture toxin at 1:25 (w/w) at day 1 and 

day 2, respectively. Larvae fed with the full-length Vip3Aa alone (200 ng/cm
2
) are shown in 

figures D (at day 1) and J (at day 2). Figures E and K represent larvae fed the truncated 

fragment alone (5,000 ng/cm
2
) at day 1 and day 2, respectively. Larvae from the negative 

control group (without toxin) are shown in figures F and L for day 1 and day 2, respectively. 
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Abstract 
 Vip3A is a group of vegetative insecticidal proteins produced during vegetative 
growth phase and secreted into the culture media by some strains of Bacillus thuringiensis (Bt). 
Vip3A proteins produced by different Bt strains show variable toxicity and specificity to 
different insects. Twenty Bt isolates collected from various locations in Thailand were 
screened for a new Vip3A by PCR using primers specific to vip3 gene. Most of Bt isolates were 
found to carry vip3Aa gene. Only Bt isolates number 22 and 107 were found to carry vip3A 
genes similar to vip3Af and vip3Ad, respectively. Both genes were cloned into pET28b to 
obtained 6xHis-tag fusion proteins. The fusion proteins were highly produced in Escherichia coli 
and were purified using HisTrap FF column. Insect bioassays revealed that Vip3Ad from Bt#107 
was not toxic to Spodoptera exigua and Spodoptera litura larvae since the mortality was only 
8% and 2%, respectively when both species were fed with Vip3Ad up to 40 g/cm2. Vip3Af 
from Bt#22 caused mortality to 20% in S. exigua and 60% in S. litura when feeding both 
insects with the toxin at 2 g/cm2. Although the newly discovered Vip3Ad and Vip3Af were 
not as good as the benchmark protein (Vip3Aa) when tested against S. exigua and S. litura, 
both toxins might have higher activity against other insects.  
 
Keywords: Bacillus thuringiensis, gene cloning, His-tag protein, insecticidal toxin, protein 
production, Vip3A  
 
Note: GenBank accession number for vip3Ad from Bt#107 and vip3Af from Bt#22 are KX595193 
and KX595192, respectively. 
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Introduction 
 Bacillus thuringiensis (Bt) is a soil bacterium that produces a wide variety of 
insecticidal proteins [1]. These proteins could be divided into two major groups, crystal 
proteins (Cry & Cyt) and vegetative insecticidal proteins (Vip). Crystal proteins are produced 
during sporulation phase as crystalline inclusions inside the mother cell. The crystal proteins 
will be solubilized in the insect gut lumen upon ingestion by susceptible larvae [1]. The toxins 
are active against insect larvae in several orders such as Lepidoptera (butterflies & moths), 
Coleoptera (beetle), Diptera (mosquitoes & flies) and Hemiptera (aphids). Some Cry toxins are 
also toxic to round worms [2], hook worms [3] and some cancer cells [4, 5]. These toxins are 
regarded as the first generation of Bt toxins which are extensively studied and applied in the 
field for decades. Selected cry genes have been cloned and expressed in economic crops such 
as potato, cotton, corn and soybean to protect those plants from insect pests [6]. Although 
they are effective, some insects develop resistant to those toxins [7]. Therefore it is necessary 
to find new insecticidal toxins with a different toxic spectrum.  
 Vegetative insecticidal proteins (Vip) are the second generation of Bt toxins. These 
proteins are produced during late exponential phase of growth and secreted into the culture 
medium as soluble proteins [8]. Vip proteins could be divided into 4 groups based on their 
amino acid sequence homology; Vip1, Vip2, Vip3 and Vip4. While Vip1 and Vip2 work together 
as a binary toxin and active against coleopterans and hemipterans [9], Vip3 works 
independently and shows high activity to lepidopteran larvae [10]. The target insect for the 
newly identified Vip4 is remained to be evaluated. 
 Vip3 proteins are the most commonly found in several B. thuringiensis strains. More 
than 100 different vip3 genes have been identified ranging from vip3Aa, vip3Ab, vip3Ac,…to 
vip3Ca(http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/vip.html).DifferentB.thuringiensi
s strains produce different Vip3 toxins and show specific activity against different insects [8]. All 
Vip3 proteins share high homology to each other but show no homology to any known 
protein. Therefore it is difficult to predict the toxin 3D structure and its molecular mechanism 
employed to kill the insect. Previous reports found that Vip3 can kill insects that are resistant 
to Cry toxins [11]. This suggests that Vip3 recognizes different receptor to that of the Cry toxin 
and uses different mechanism to kill the insect cells. This finding leads to application of both 
Cry & Vip3 in the field to prevent insect resistant development [12, 13].  
 Thailand is rich in biodiversity and should have a large pool of B. thuringiensis strains 
producing novel Vip3 proteins that have high activity against major insect pests. This work 
aimed to screen for new vip3 genes from B. thuringiensis local isolates. The identified genes 
were cloned and expressed in Escherichia coli. The proteins were purified and their toxicity 
against insect larvae was demonstrated. 
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Materials & Methods 
 Bacterial strains, plasmids and insect larvae 
 Twenty Bacillus thuringiensis isolates collected from various parts of Thailand were 
used in this work. E. coli JM109 was used as a cloning host and E. coli BL21(DE3)pLysS was 
used for production of Vip3A proteins. The plasmid pJET1_2 Blunt (Thermo Scientific®) and 
pET28b (Novagen®) were used for PCR cloning and expression of vip3 genes, respectively. The 
laboratory reared Spodopter exigua and Spodoptera litura larvae were obtained from the 
Biotec NPV Pilot Plant. 
 Screening of vip3 genes 
 Total genomic DNA from twenty B. thuringiensis isolates were extracted and purified 
using QIAGEN genomic extraction kit. The genomic DNA was used as a template for PCR 
screening using a pair of Vip3 screening primers as shown in table 1. Samples that showed 
positive results were selected for another PCR using specific primers for Vip3Aa, Vip3Ad and 
Vip3Af (table 1). The PCR products were cloned into pJET1_2 Blunt and transformed in to           
E. coli JM109. The recombinant plasmid was extracted and the DNA sequence of the entire 
insert gene was determined by automated DNA sequencer (Macrogen, Korea). 
 Cloning and expression in E. coli 
 In order to produce the new Vip3 protein in E. coli, the inserted gene in pJET1_2 
Blunt was cut by NdeI and XhoI and ligated to pET28b that was digested with the same 
enzymes. This construct allows the inserted gene to be expressed as a 6xHis-tag at its N-
terminus. The recombinant plasmid was transformed into E. coli BL21(DE3)pLysS for efficient 
expression of the target gene under T7 promoter. E. coli BL21(DE3)pLysS cells harboring pET28-
Vip3Ad and pET28-Vip3Af were grown in LB medium supplemented with 34 g 
chloramphenicol/ml plus 50 g kanamycin/ml with shaking at 200 rpm, 37C until the culture 
reach mid log phase (OD600= 0.5-0.7). To induce the expression, 0.4 mM IPTG was added and 
the culture was further grown for 5 hours at 25C, 200 rpm shaking. The induced culture was 
collected and stored at 4C for further experiments. 
 Protein preparation 
 E. coli cells producing Vip3A proteins were collected by centrifugation at 10,000xg, 
4C for 5 minutes. The cell pellet was resuspended in PBS pH 7.4. Vip3A protein was released 
from the cell by ultrasonication. After centrifugation at 10,000xg, 4C for 10 minutes, soluble 
Vip3A protein in the supernatant was purified by affinity chromatography using HisTrap® FF 
column following the manufacturer instruction. The 6xHis-Vip3A proteins were eluted using 
PBS pH 7.4 containing 100-250 mM immidazole and analyzed by SDS-PAGE.  
 Insect bioassay 
 Protein concentrations were quantified from the Coomassie blue stained SDS-
polyacrylamide gel using densitometer with BSA as a standard. Proteins were diluted to the 
required concentration in PBS and applied to the surface of artificial insect diet in a 24-well 
tissue culture plate. After the protein solution was completely absorbed, two second-instar 
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larvae of Spodopter exigua or Spodoptera litura were added in each well. A total of 16 larvae 
were used for each toxin concentration and 3 independent experiments were performed. The 
larvae were kept at room temperature and mortality was recorded for 7 days after feeding the 
toxin. The 6xHis-Vip3Aa cloned from B. thuringiensis M190 (GenBank #GU733921) was used as a 
positive control and PBS was used as a negative control. 
 
Results & Discussion 
 Cloning of new vip3A genes 
 Preliminary data from Biocontrol Research Laboratory, National Center for Genetic 
Engineering and Biotechnology, National Science and Technology Development Agency 
indicates that about ¼ of B. thuringiensis local isolates collected from various locations in 
Thailand are able to produce Vip3 protein. In this work, 20 isolates were selected from a total 
of 1,000 isolates to screen for new vip3 genes. PCR screening from the genomic DNA of these 
isolates using a pair of Vip3 screening primers (table 1) revealed that all isolate carry vip3 gene 
(figure 1). Since the primers were designed from the highly conserved region for all vip3 genes 
that give the same PCR product size at 1.6 kb [14]. It is not possible to identify the subtype of 
those vip3 genes.  
 It has been shown that all vip3 genes are highly conserved at the 5′-end and highly 
variable at the 3′-end. Therefore it is possible to distinguish these genes by PCR using different 
primers at the 3′-end. Second PCR reactions were performed using genomic DNA from those 20 
isolates as templates with the universal forward primer designed for all vip3 genes and 
reversed primers specific for different subtype of vip3 genes (table 1). This reaction could 
amplify the full-length vip3 gene about 2.4 kb. Most of the samples tested gave a positive 
result when using primer for vip3Aa. This suggests that most B. thuringiensis isolates contain 
vip3Aa gene in agreement with previous reports. Only isolates no.22 and no.107 gave PCR 
product when using primers specific to vip3Af and vip3Ad, respectively. PCR products from 
both reactions were cloned into a PCR cloning vector, pJET1_2 Blunt and transformed into E. 
coli JM109. DNA sequencing analysis revealed that isolate no.22 contains a 2,367-bp fragment 
that showed 99.7% identity to vip3Af1 gene (GenBank #AJ872070). This fragment could be 
translated to a 788-amino acid protein that has 99.7% identity to the full-length Vip3Af 
protein. Isolate no.107 carried a 2,361-bp fragment that is very similar to vip3Ad2 gene (99.9% 
identity, GenBank #AJ872071). Amino acid sequence of this fragment shows 99.6% identity to 
the full-length Vip3Ad2 protein. DNA and amino acid sequences of the new vip3Af (isolate 
no.22) and vip3Ad (isolates no.107) were deposited in GenBank under accession number 
KX595192 and KX595193, respectively. These new Vip3Ad and Vip3Af show some variation 
from the prototype Vip3Aa mostly at the C-terminal part as shown in figure 2. 
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 Protein production level 
 The new vip3Af from isolate no.22 and vip3Ad from isolates no.107 were subcloned 
into pET28b in order to be expressed as 6xHis-tag fusion proteins. Both constructs were highly 
expressed in E. coli BL21(DE3)pLysS as soluble proteins. Both proteins could be purified using 
Ni-NTA affinity column (HisTrap FF column). The final yield of both proteins was comparable to 
that of the prototype toxin, Vip3Aa. It should be noted that both proteins could be eluted 
from the column when using buffer containing 100-250 mM imidazole although at 250 mM 
immidazole gave higher purity (figure 3).  
 Larvicidal activity of the new Vip3Ad and Vip3Af 
 To access larvicidal activity, both proteins were fed to S. exigua and S. litura larvae. 
These two species are major insect pests that infest many important crops in Thailand e.g. 
grape, shallot, cabbage, kale, asparagus and other vegetables and fruits. Vip3Ad showed very 
low activity to both larvae even when used at very high concentration up to 40 g/cm2 (table 
2). The prototype toxin, Vip3Aa, was highly active against both larvae and could give 100% 
mortality when using the toxin more than 2 g/cm2. Vip3Af was active against S. litura more 
than S. exigua. Larvicidal activity of Vip3Af against S. litura was highly fluctuate and could give 
mortality up to 93.75% in one experiment and decreased to 43.75% in another experiment. 
Different lots of insect larvae may somehow contribute to this variation. Although our Vip3Ad 
and Vip3Af exhibited lower toxicity to S. exigua and S. litura comparing with that of the 
prototype Vip3Aa, both toxins might have high activity against other insects. There was a report 
demonstrating that Vip3Af exhibited higher toxicity than Vip3Aa when tested against 
Spodoptera frugiperda [15]. Vip3Af also showed comparable toxicity to Vip3Aa when tested 
with some insects such as Helicoverpa armigera, Mamestra brassicae, Spodoptera littoralis 
and Lobesia botrana larvae [16]. Vip3Ad was also showed some activity against H. armigera 
larvae [16]. It is remain to be investigated if our new Vip3Ad and Vip3Af are toxic to those 
insects. 
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Table 1. Primer sequences used for screening and cloning of vip3 gene. 
 
Primer name DNA sequences (5′ to 3′) 
Vip3 screening Fw TGCCACTGGTATCAARGA 
Vip3 screening Rv TCCTCCTGTATGATCTACATATGCATTYTTRTTRTT 
Vip3A full-length Fw CCGCGGCCGCGGAGGATTAACATATGAACAAGAATAATACTAAATTAA 
Vip3Aa full-length Rv CTCGAGTTACTTAATAGAGACATCGGA 
Vip3Ad full-length Rv CTCGAGTTATTTAATAGAGAAATCATAAAAATGTA 
Vip3Af full-length Rv CTCGAGTTATTTAATAGAAACGTTTTCAAAT 

 
 
Table 2. Larvicidal activity of purified proteins against S. exigua and S. litura larvae. 
 The purified protein was applied on the surface of artificial diet in each well. Two 
2nd-instar larvae were placed in each well and a total of 16 larvae were used for each sample. 
Three independent experiments were performed and mortality was recorded after 7 days. 
 
Sample % mortality (average  SD) 

S. exigua S. litura 
6xHis-Vip3Aa (2 g/cm2) 83.33  18.04 91.67  9.55 
6xHis-Vip3Ad (40 g/cm2) 8.33  7.22 2.08  3.61 
6xHis-Vip3Af (2 g/cm2) 20.83  3.61 60.42  28.87 
PBS pH 7.4 (negative control) 0 0 

 
Figure 1. PCR products from reaction using genomic DNA from different B. thuringiensis isolates 

as templates with Vip3 screening primers. Lanes labeled with #101–#542 represent 
B. thuringiensis isolate number 101–542. 
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Figure 2. Alignment of Vip3Aa, Vip3Ad and Vip3Af 
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Figure 3. Coomassie blue stain of SDS-Polyacrylamide gel of the purified proteins from HisTrap 

FF column. Proteins were eluted in fraction containing 100-250 mM imidazole. 
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ABSTRACT 

Vip3Ag2 is an insecticidal protein produced by Bacillus thuringiensis M191 as a 
soluble protein during vegetative phase of growth and secreted into the culture medium as a 
88 kDa protoxin. The protein is highly toxic to Lepidopteran insect larvae such as 
Spodoptera exigua and Spodoptera litura. Upon ingestion by susceptible larvae, the protein 
will be cleaved by gut proteases to yield an active toxin about 60 kDa. The activated toxin 
will then bind to a specific receptor on the gut cell membrane and subsequently induces cell 
death by an unknown mechanism. To identify amino acids playing important role during 
intoxication, single amino acid substitutions were employed at ten positions using site-
directed mutagenesis technique (P551A, W552L, E594A, Q598A, D616A, N623A, T631A, 
F636I, W684L and W691L). These residues are located in a putative carbohydrate binding 
module that could play essential role during receptor binding. All mutant proteins were 
effectively produced in Escherichia coli and specifically reacted to anti-Vip3Ag2 antibody. 
Bioassays against S. exigua larvae revealed that most of the mutants retain their larvicidal 
activity comparable to that of the wild type except W552L, D616A and W684L which were 
unable to kill the larvae. These three residues might be important for interaction to a sugar 
moiety of a glycoprotein on the gut cell membrane that acts as a specific receptor for 
Vip3Ag2. Comparative binding assays between these mutants and the wild type to brush 
broader membrane vesicles (BBMV) from S. exigua larval guts are in progress. 

Keywords: Bacillus thuringiensis, larvicidal protein, receptor binding, site-directed 
mutagenesis, Vip3Ag2 

INTRODUCTION 

Vegetative insecticidal proteins (Vip) are a group of proteins present in some strains 
of Bacillus thuringiensis [1]. These proteins are produced during vegetative phase of growth 
and secreted to the culture medium. Different B. thuringiensis strains produce different Vip 
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proteins and toxic to different target insects [2]. Vip proteins could be divided into 3 major 
groups, Vip1, Vip2 and Vip3. While Vip1 and Vip2 function as a binary toxin and toxic to 
coleopteran larvae, Vip3 works independently and toxic to a wide range of Lepidopteran 
larvae [1,3]. The mechanism of action of Vip3 is not fully understood but the susceptible 
larvae stop feeding within a short time after treated with the toxin and eventually die a few 
days later [4]. Vip3 proteins are highly toxic to insect larvae and have LD50 comparable to 
that of crystal proteins (Cry toxins) from B. thuringiensis [5,6]. In addition, Vip proteins are 
active against the Cry toxin-resistant insects [1]. Binding assays revealed that Vip3 proteins 
recognize different receptors to Cry toxins [4,7]. It is expected that proteins from both groups 
employ different mechanisms to kill the insects.  

Recently, we have successfully identified Vip3Ag2 from B. thuringiensis local isolate 
no. M191 (GenBank # FJ556803). The toxin is highly active against many lepidoteran larvae 
such as beet armyworm (Spodoptera exigua) and common cutworm (Spodoptera litula) 
which are important pests for major economic crops in Thailand. The toxin is produced and 
secreted at high level up to 800 mg/liter in rich media. There is a potential to develop this 
protein as an effective bio-insecticide and our group is currently pursuing this goal. Although 
Vip3A proteins are highly toxic to insect larvae including those resistant to Cry toxins, their 
specific receptors on the target insects are remained unidentified. Amino acid sequences of all 
Vip3 proteins are highly conserved and share no homology to any protein with known 3D 
structure in the database. However, a putative carbohydrate binding module (CBM) has been 
identified in all Vip3 proteins. This part could bind to a sugar moiety of a glycoprotein that 
acts as a receptor on the insect gut cell membrane similar to other insecticidal proteins such 
as B. thuringiensis Cry4B [8].  

Vip3Ag2 consists of 787 amino acids with molecular mass about 88 kDa (GenBank # 
ACL97352). A putative CBM is identified between amino acid positions 526-694. Homology 
modeling of this region using a CBM from Thermoanaerobacterium polysaccharolyticum 
ManA (PDB # 2ZEW) [9], as a template suggests specific amino acids that could make 
interaction to a sugar molecule in glycoproteins. Amino acid replacements at ten selected 
positions in a putative CBM of Vip3Ag2 were employed to verify if these residues are 
required for its activity and play a key role during receptor binding.  

MATERIALS AND METHODS 

Recombinant plasmid construction 

The genomic DNA from B. thuringiensis M191 was extracted and purified using the 
genomic purification kit (QIAGEN). The Vip3Ag2 gene (GenBank # FJ556803) was 
amplified by PCR using the genomic DNA as a template couple with a pair of primer; 
forward primer (NdeI): 5′-GCCATATGAACAAGAATAATACTAAATTAAGCGCA-3 ′, 
reverse primer (BamHI): 5′-GCGGATCCTTACTTAATTGAAAAATCTCGGAAATTTAT-
3′. The recombinant plasmid pET-Vip3Ag2 was generated by inserting the 2.4 kb PCR 
product into pET28b between NdeI and BamHI sites. Vip3Ag2 produced from this plasmid 
will have a polyhistidine tag at its N-terminus to facilitate purification. 
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Site-directed mutagenesis 

Ten Vip3Ag2 mutants (P551A, W552L, E594A, Q598A, D616A, F636I, T631A, 
N623A, W684L, and W691L) were generated based on Stratagene’s QuikChange™ Site-
Directed Mutagenesis (Strategenes). The recombinant plasmid pET28-Vip3Ag2 (wild type) 
was used as a template for single substitution together with appropriate primers shown in 
Table 1. The recombinant plasmids obtained for each mutant were distinguished from the 
template by restriction endonuclease digestion with the appropriate enzyme (Table 1). DNA 
sequences of the full-length vip3Ag2 gene from all mutants were verified by automated DNA 
sequencer.  

Table 1 The mutagenic primers for generation of Vip3Ag2 mutant toxins 

Recognition sites introduced in the primers for restriction endonuclease analysis are 
underlined. Mutated nucleotides are shown in bold; fw and rv represent forward and reverse 
primers, respectively. 

Primer Sequence Enzyme 
P551Afw  5’-GAAAACTTAGAGGCCTGGAAAGCAAATAAC-3’  StuI 
P551Arv  5’-ATTTGCTTTCCAGGCCTCTAAGTTTTCTCC-3’  
E594Afw  5’-TCGAAAACAGCATATGTAATTCAATATATT-3’  NdeI 
E594Arv  5’-TTGAATTACATATGCTGTTTTCGATTTCAA-3’ 
Q598Afw  5’-GAATATGTAATTGCATATATTGTAAAGGGA-3’ - 
Q598Arv  5’-TTACAATATATGCAATTACATATTCTGTTT-3’  
D616Afw  5’-GAAAAAAATGGTGCATGCATTTATGAAGAT-3’ SphI 
D616Arv  5’-TTCATAAATGCATGCACCATTTTTTTCATC-3’ 
N623Afw  5’-TATGAAGATACGGCCAATGGTTTAGAAGAT-3’  EaeI 
N623Arv  5’-TCTAAACCATTGGCCGTATCTTCATAAATG-3’  
T631Afw  5’-GAAGATTTTCAGGCCGTTACTAAAAGTTTT-3’  HaeIII 
T631Arv  5’-TTTAGTAACGGCCTGAAAATCTTCTAATAA-3’  
F636Ifw  5’-CCATTACTAAATCGATTATTACAGGAACGG-3’ ClaI 
F636Irv  5’-TCCTGTAATAATCGATTTAGTAACGGTTTG-3’ 
W684Lfw  5’-TAAATTCAGATGCACTAGTTGGATCTCAGG-3’ SpeI 
W684Lrv  5’-TGAGATCCAACTAGTGCATCTGAATTTATC-3’   
W691Lfw  5’-TCTCAGGGAACACTAGTTTCAGGAAATTCA-3’ SpeI 
W691Lrv  5’-AATTTCCTGAAACTAGTGTTCCCTGAGATC-3’ 

 

Protein production in E. coli 

 E. coli BL21(DE3)pLysS harboring pET28-Vip3Ag2 was grown in 200 ml LB 

medium supplemented with 100 µg ampicillin/ml and 50 µg kanamycin/ml at 37°C, 200 rpm 
shaking until reaching mid-log phase. To induce Vip3Ag2 production, 0.2 mM IPTG was 

added and the culture was grown for additional 16-18 hours at 25°C, 200 rpm shaking. Cells 
were collected by centrifugation and resuspended in 50 ml PBS pH 7.4. Vip3Ag2 protein was 
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released from the cell by ultrasonication. Cell pellet and insoluble proteins were removed by 
centrifugation at 8000g, 4°C for 15 min. Vip3Ag2 in the supernatant was subjected to SDS-
PAGE, western blot and bioassay. 

Larvicidal assay 

 The insecticidal activity of Vip3Ag2 protein was tested against Spodoptera exigua 

larvae. Fifty µl of supernatants containing wild type toxin or its mutants from the previous 
step were applied onto the surface of a semisolid synthetic insect medium in a 24-well culture 
plate. After complete absorption of the supernatant into the medium, two second-instar larvae 
were placed in each well. The plate was kept at room temperature and insect mortality was 
recorded daily for 7 days. Bioassays were performed 3 times using 8 larvae for each sample. 

RESULTS AND DISCUSSION 

Bacillus thuringiensis M191 is a local isolate collected from soil sample in Thailand. 
This bacterium shows high toxicity to beet armyworm larvae. Further analysis found that it 
contains Vip3Ag2 gene. In this study the full length Vip3Ag2 gene was successfully amplified 
from the genomic DNA using primers designed based on 5′ and 3′ ends of the gene sequence 
(GenBank # FJ556803). The PCR product was cloned in to pET28b in such a way that the 
expressed product carries a polyhistidine tag at its N-terminus (6xHis-Vip3Ag2). DNA 
sequencing of the Vip3Ag2 in the recombinant plasmid pET-Vip3Ag2 was performed and 
found that it contains identical sequence to the original gene in the database.  

To produce Vip3Ag2 protein, the plasmid pET-Vip3Ag2 was transformed into E. coli 
BL21(DE3)pLysS. After induction with IPTG, the protein was detected in the cell 
supernatant suggesting that the protein was produced as a soluble protein. All ten mutant 
proteins were also produced as soluble proteins similar to the wild type (Fig.1). Western blot 
and immuno-detection using polyclonal antibody against Vip3Ag2 demonstrated that all 
mutants could react to the antibody (Fig.1). It should be noted that some mutants e.g. W552L, 
N623A and W684L were produced at lower level than the wild type. Other mutants were 
produced at similar level to the wild type. It remains to be confirmed if these mutants are 
sensitive to proteolytic digestion by the host cell proteases.  
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  A 

 

  B 

   

Fig. 1 Production of Vip3Ag2. E. coli cells expressing the wild type Vip3Ag2 and its mutants 
were collected and lysed by ultrasonication. Soluble proteins from the cell lysate were 
collected after centrifugation and subjected to SDS-PAGE. Panel A represents a coomassie 
blue stained polyacrylamide gel and panel B is a western blot membrane detected by anti-
Vip3Ag2 polyclonal antibody. 

Bioassay results against S. exigua larvae were shown in Table 2. Seven mutants 
(P551A, E594A, Q598A, N623A, T631A, F636I and W691L) exhibited comparable 
larvicidal activity to the wild type. Three mutants (W552L, D616A and W684L) were unable 
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to kill the larvae. All mutants are predicted to be located in the CBM region and should play a 
part during receptor binding. Our results suggested that single amino acid substitution at 
P551, E594, Q598A, N623, T631, F636 and W691 did not affect receptor binding. However, 
different positions might contribute differently and could be compensated by amino acids at 
other positions. Receptor binding is generally involved interactions of many residues. 
Therefore double and triple mutations are required to elucidate the receptor binding region of 
Vip3Ag2. Larvicidal activity was completely abolished when amino acid replacements were 
made at positions W552, D616 and W684. This result indicates that amino acids in these 
positions are essential for the toxin action. They could play a key role during toxin binding to 
the sugar moiety of the glycoprotein in the larval gut cell membrane. By analogy to T. 
polysaccharolyticum ManA [9], W552, D616 and W684 in Vip3Ag2 might function similar 
to W20, Q81 and W125 in ManA in which they make direct interaction to a sugar residue. 
Nevertheless, structural alteration caused by the replacement in these positions should not be 
rule out for the loss of larvicidal activity. We are in the process to investigate the overall 
conformation of the wild type toxin and its mutants. Comparative binding between the wild 
type toxin and its mutants to BBMV from S. exigua larvae are also in progress. 

Table 2 Larvicidal activity of the wild-type toxin and its mutants against S. exigua larvae. 
Fifty µl of supernatant from cell lysate of E. coli expressing Vip3Ag2 was fed to 2nd-instar 
larvae and mortality was recorded after incubation at room temperature for seven days. 

Sample  % Mortality 
Wild type 100 
P551A  100 
W552L 0 
P551A 100 
E594A 100 
Q598A 100 
D616A 0 
N623A 100 
T631A 100 
F636I 100 
W684L 0 
W691L  100 

 
CONCLUSION 

 The plasmid pET-Vip3Ag2 was constructed by inserting Vip3Ag2 gene from B. 
thuringiensis M191 into pET28b between NdeI and BamHI sites. The plasmid was transform 
into E. coli BL21(DE3)pLysS to be expressed as a 6xHis-Vip3Ag2 fusion protein. The 
protein was highly toxic to S. exigua larvae. Single amino acid substitution was introduced 
into ten positions in the predicted CBM region of Vip3Ag2. All mutant proteins were 
successfully produced as soluble proteins similar to the wild type toxin. Seven mutants 
(P551A, E594A, Q598A, N623A, T631A, F636I and W691L) exhibited larvicidal acticity 
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comparable to the wild type and three mutants (W552L, D616A and W684L) were inactive. 
Therefore, W552, D616 and W684 are critical for the toxin activity possibly via the receptor 
binding. 
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Bacillus thuringiensis strain M190 Vip190 gene (Vip3Aa35), 

complete cds 

GenBank: GU733921.1 

 

FASTA Graphics 

Go to: 

LOCUS       GU733921                2370 bp    DNA     linear   BCT 29-MAR-2010 

DEFINITION  Bacillus thuringiensis strain M190 Vip190 gene, complete cds. 

ACCESSION   GU733921 

VERSION     GU733921.1 

KEYWORDS    . 

SOURCE      Bacillus thuringiensis 

  ORGANISM  Bacillus thuringiensis 

            Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus; 

            Bacillus cereus group. 

REFERENCE   1  (bases 1 to 2370) 

  AUTHORS   Audtho,M., Ratlerdkarn,M. and Promdonkoy,B. 

  TITLE     Vegetative protein from Bacillus thuringiensis M190 (local isolate) 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 2370) 

  AUTHORS   Audtho,M., Ratlerdkarn,M. and Promdonkoy,B. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (05-FEB-2010) National Center for Genetic Engineering and 

            Biotechnology, National Science and Technology Development Agency, 

            113 Thailand Science Park, Phaholyothin Rd., Klong 1, Klong Luang, 

            Pathumthani 12120, Thailand 

FEATURES             Location/Qualifiers 

     source          1..2370 

                     /organism="Bacillus thuringiensis" 

                     /mol_type="genomic DNA" 

                     /strain="M190" 

                     /db_xref="taxon:1428" 

                     /PCR_primers="fwd_seq: 

                     gaggaattcaatatgaacaagaataatactaaattaagc, rev_seq: 

                     agatcccgtacttacttaatagagacatcg" 

     CDS             1..2370 

                     /note="vegetative insecticidal protein" 

                     /codon_start=1 



                     /transl_table=11 

                     /product="Vip190" 

                     /protein_id="ADE06071.1" 

                     /translation="MNKNNTKLSTRALPSFIDYFNGIYGFATGIKDIMNMIFKTDTGG 

                     DLTLDEILKNQQLLNDISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLND 

                     VNNKLDAINTMLRVYLPKITSMLSDVMKQNYALSLQIEYLSKQLQEISDKLDIINVNV 

                     LINSTLTEITPAYQRIKYVNEKFEELTFATETSSKVKKDGSPADILDELTELTELAKS 

                     VTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTASELITKENVKTSGSEVGNVYNFLI 

                     VLTALQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILPTLSNTFSNPN 

                     YAKVKGSDEDAKMIVEAKPGHALVGFEISNDSITVLKVYEAKLKQNYQVDKDSLSEVI 

                     YGDMDKLLCPDQSEQIYYTNNIVFPNEYVITKIDFTKKMKTLRYEVTANFYDSSTGEI 

                     DLNKKKVESSEAEYRTLSANDDGVYMPLGVISETFLTPINGFGLQADENSRLITLTCK 

                     SYLRELLLATDLSNKETKLIVPPSGFIKNIVENGSIEEDNLEPWKANNKNAYVDHTGG 

                     VNGTKALYVHKDGGISQFIGDKLKPKTEYVIQYTVKGKPSIHLKDENTGYIHYEDTNN 

                     NLEDYQTITKRFTTGTDLKGVYLILKSQNGDEAWGDNFIILEISPSEKLLSPELINTN 

                     NWTSTGSTNISGNTLTLYQGGRGILKQNLQLDSFSTYRVYFSVSGDANVRIRNSREVL 

                     FEKRYMSGAKDVSEIFTTKLGKDNFYIELSQGNNLNGGPIVKFSDVSIK" 

ORIGIN       

        1 atgaacaaga ataatactaa attaagcaca agagccttac caagttttat tgattatttt 

       61 aatggcattt atggatttgc cactggtatc aaagacatta tgaacatgat ttttaaaacg 

      121 gatacaggtg gtgatctaac cctagacgaa attttaaaga atcagcagtt actaaatgat 

      181 atttctggta aattggatgg ggtgaatgga agcttaaatg atcttatcgc acagggaaac 

      241 ttaaatacag aattatctaa agaaatatta aaaattgcaa atgaacaaaa tcaagtttta 

      301 aatgatgtta ataacaaact cgatgcgata aatacgatgc ttcgggtata tctacctaaa 

      361 attacctcta tgttgagtga tgtaatgaaa caaaattatg cgctaagtct gcaaatagaa 

      421 tacttaagta aacaattgca agagatttct gataagttgg atattattaa tgtaaatgta 

      481 cttattaact ctacacttac tgaaattaca cctgcgtatc aaaggattaa atatgtgaac 

      541 gaaaaatttg aggaattaac ttttgctaca gaaactagtt caaaagtaaa aaaggatggc 

      601 tctcctgcag atattcttga tgagttaact gagttaactg aactagcgaa aagtgtaaca 

      661 aaaaatgatg tggatggttt tgaattttac cttaatacat tccacgatgt aatggtagga 

      721 aataatttat tcgggcgttc agctttaaaa actgcatcgg aattaattac taaagaaaat 

      781 gtgaaaacaa gtggcagtga ggtcggaaat gtttataact tcttaattgt attaacagct 

      841 ctgcaagcaa aagcttttct tactttaaca acatgccgaa aattattagg cttagcagat 

      901 attgattata cttctattat gaatgaacat ttaaataagg aaaaagagga atttagagta 

      961 aacatcctcc ctacactttc taatactttt tctaatccta attatgcaaa agttaaagga 

     1021 agtgatgaag atgcaaagat gattgtggaa gctaaaccag gacatgcatt ggttgggttt 

     1081 gaaattagta atgattcaat tacagtatta aaagtatatg aggctaagct aaaacaaaat 

     1141 tatcaagttg ataaggattc cttatcggaa gttatttatg gtgatatgga taaattattg 



     1201 tgcccagatc aatctgaaca aatctattat acaaataaca tagtatttcc aaatgaatat 

     1261 gtaattacta aaattgattt tactaaaaaa atgaaaactt taagatatga ggtaacagcg 

     1321 aatttttatg attcttctac aggagaaatt gacttaaata agaaaaaagt agaatcaagt 

     1381 gaagcggagt atagaacgtt aagtgctaat gatgatggag tgtatatgcc gttaggtgtc 

     1441 atcagtgaaa catttttgac tccgattaat gggtttggcc tccaagctga tgaaaattca 

     1501 agattaatta ctttaacatg taaatcatat ttaagagaac tactgctagc aacagactta 

     1561 agcaataaag aaactaaatt gatcgtcccg ccaagtggtt ttattaaaaa tattgtagag 

     1621 aacgggtcca tagaagagga caatttagag ccgtggaaag caaataataa gaatgcgtat 

     1681 gtagatcata caggcggagt gaatggaact aaagctttat atgttcataa ggacggagga 

     1741 atttcacaat ttattggaga taagttaaaa ccgaaaactg agtatgtaat ccaatatact 

     1801 gttaaaggaa aaccttctat tcatttaaaa gatgaaaata ctggatatat tcattatgaa 

     1861 gatacaaata ataatttaga agattatcaa actattacta aacgttttac tacaggaact 

     1921 gatttaaagg gagtgtattt aattttaaaa agtcaaaatg gagatgaagc ttggggagat 

     1981 aactttatta ttttggaaat tagtccttct gaaaagttat taagtccaga attaattaat 

     2041 acaaataatt ggacgagtac gggatcaact aatattagcg gtaatacact cactctttat 

     2101 cagggaggac gaggaattct aaaacaaaac cttcaattag atagtttttc aacttataga 

     2161 gtgtattttt ctgtgtccgg agatgctaat gtaaggatta gaaattctag ggaagtgtta 

     2221 tttgaaaaaa gatatatgag cggtgctaaa gatgtttctg aaattttcac tacaaaattg 

     2281 ggaaaagata acttttatat agagctttct caagggaata atttaaatgg tggccctatt 

     2341 gtcaagtttt ccgatgtctc tattaagtaa 

// 

 

  



Bacillus thuringiensis strain 294 vegetative insecticidal 

protein (vip3Aa64) gene, complete cds 

GenBank: KY883694.1 

 

FASTA Graphics 

Go to: 

LOCUS       KY883694                2370 bp    DNA     linear   BCT 17-JUL-2017 

DEFINITION  Bacillus thuringiensis strain 294 vegetative insecticidal protein 

            (vip3Aa) gene, complete cds. 

ACCESSION   KY883694 

VERSION     KY883694.1 

KEYWORDS    . 

SOURCE      Bacillus thuringiensis 

  ORGANISM  Bacillus thuringiensis 

            Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus; 

            Bacillus cereus group. 

REFERENCE   1  (bases 1 to 2370) 

  AUTHORS   Soonsanga,S., Rungrod,A., Autho,M. and Promdonkoy,B. 

  TITLE     Tyrosine-776 influences Bacillus thuringiensis Vip3Aa 

            thermostability 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 2370) 

  AUTHORS   Soonsanga,S., Rungrod,A., Autho,M. and Promdonkoy,B. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (04-APR-2017) Biocontrol Research Laboratory, National 

            Center for Genetic Engineering and Biotechnology, 113 Thailand 

            Science Park, Phahonyothin Road, Khlong Luang, Pathum Thani 12120, 

            Thailand 

FEATURES             Location/Qualifiers 

     source          1..2370 

                     /organism="Bacillus thuringiensis" 

                     /mol_type="genomic DNA" 

                     /strain="294" 

                     /isolation_source="paddy field" 

                     /db_xref="taxon:1428" 

                     /country="Thailand" 

     gene            1..2370 

                     /gene="vip3Aa" 



     CDS             1..2370 

                     /gene="vip3Aa" 

                     /codon_start=1 

                     /transl_table=11 

                     /product="vegetative insecticidal protein" 

                     /protein_id="ASK51084.1" 

                     /translation="MNKNNTKLSTRALPSFIDYFNGIYGFATGIKDIMNMIFKTDTGG 

                     DLTLDEILKNQQLLNDISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLND 

                     VNNKLDAINTMLRVYLPKITSMLSDVMKQNYALSLQIEYLSKQLQEISDKLDIINVNV 

                     LINSTLTEITPAYQRIKYVNEKFEELTFATETSSKVKKDGSPADILDELTELTELAKS 

                     VTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTASELITKENVKTSGSEVGNVYNFLI 

                     VLTALQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILPTLSNTFSNPN 

                     YAKVKGSDEDAKMIVEAKPGHALIGFEISNDSITVLKVYEAKLKQNYQVDKDSLSEVI 

                     YGDMDKLLCPDQSEQIYYTNNIVFPNEYVITKIDFTKKMKTLRYEVTANFYDSSTGEI 

                     DLNKKKVESSEAEYRTLSANDDGVYMPLGVISETFLTPINGFGLQADENSRLITLTCK 

                     SYLRELLLATDLSNKETKLIVPPSGFISNIVENGSIEEDNLEPWKANNKNAYVDHTGG 

                     VNGTKALYVHKDGGISQFIGDKLKPKTEYVIQYTVKGKPSIHLKDENTGYIHYEDTNN 

                     NLEDYQTINKRFTTGTDLKGVYLILKSQNGDEAWGDNFIILEISPSEKLLSPELINTN 

                     NWTSTGSTNISGNTLTLYQGGRGILKQNLQLDSFSTYRVYFSVSGDANVRIRNSREVL 

                     FEKRYMSGAKDVSEMFTTKFEKDNFYIELSQGNNLYGGPIVHFYDVSIK" 

ORIGIN       

        1 atgaacaaga ataatactaa attaagcaca agagccttac caagttttat tgattatttt 

       61 aatggcattt atggatttgc cactggtatc aaagacatta tgaacatgat ttttaaaacg 

      121 gatacaggtg gtgatctaac cctagacgaa attttaaaga atcagcagtt actaaatgat 

      181 atttctggta aattggatgg ggtgaatgga agcttaaatg atcttatcgc acagggaaac 

      241 ttaaatacag aattatctaa ggaaatatta aaaattgcaa atgaacaaaa tcaagtttta 

      301 aatgatgtta ataacaaact cgatgcgata aatacgatgc ttcgggtata tctacctaaa 

      361 attacctcta tgttgagtga tgtaatgaaa caaaattatg cgctaagtct gcaaatagaa 

      421 tacttaagta aacaattgca agagatttct gataagttgg atattattaa tgtaaatgta 

      481 cttattaact ctacacttac tgaaattaca cctgcgtatc aaaggattaa atatgtgaac 

      541 gaaaaatttg aggaattaac ttttgctaca gaaactagtt caaaagtaaa aaaggatggc 

      601 tctcctgcag atattcttga tgagttaact gagttaactg aactagcgaa aagtgtaaca 

      661 aaaaatgatg tggatggttt tgaattttac cttaatacat tccacgatgt aatggtagga 

      721 aataatttat tcgggcgttc agctttaaaa actgcatcgg aattaattac taaagaaaat 

      781 gtgaaaacaa gtggcagtga ggtcggaaat gtttataact tcttaattgt attaacagct 

      841 ctgcaagcaa aagcttttct tactttaaca acatgccgaa aattattagg cttagcagat 

      901 attgattata cttctattat gaatgaacat ttaaataagg aaaaagagga atttagagta 

      961 aacatcctcc ctacactttc taatactttt tctaatccta attatgcaaa agttaaagga 



     1021 agtgatgaag atgcaaagat gattgtggaa gctaaaccag gacatgcatt gattgggttt 

     1081 gaaattagta atgattcaat tacagtatta aaagtatatg aggctaagct aaaacaaaat 

     1141 tatcaagtcg ataaggattc cttatcggaa gttatttatg gtgatatgga taaattattg 

     1201 tgcccagatc aatctgaaca aatctattat acaaataaca tagtatttcc aaatgaatat 

     1261 gtaattacta aaattgattt cactaaaaaa atgaaaactt taagatatga ggtaacagcg 

     1321 aatttttatg attcttctac aggagaaatt gacttaaata agaaaaaagt agaatcaagt 

     1381 gaagcggagt atagaacgtt aagtgctaat gatgatgggg tgtatatgcc gttaggtgtc 

     1441 atcagtgaaa catttttgac tccgattaat gggtttggcc tccaagctga tgaaaattca 

     1501 agattaatta ctttaacatg taaatcatat ttaagagaac tactgctagc aacagactta 

     1561 agcaataaag aaactaaatt gatcgtcccg ccaagtggtt ttattagcaa tattgtagag 

     1621 aacgggtcca tagaagagga caatttagag ccgtggaaag caaataataa gaatgcgtat 

     1681 gtagatcata caggcggagt gaatggaact aaagctttat atgttcataa ggacggagga 

     1741 atttcacaat ttattggaga taagttaaaa ccgaaaactg agtatgtaat ccaatatact 

     1801 gttaaaggaa aaccttctat tcatttaaaa gatgaaaata ctggatatat tcattatgaa 

     1861 gatacaaata ataatttaga agattatcaa actattaata aacgttttac tacaggaact 

     1921 gatttaaagg gagtgtattt aattttaaaa agtcaaaatg gagatgaagc ttggggagat 

     1981 aactttatta ttttggaaat tagtccttct gaaaagttat taagtccaga attaattaat 

     2041 acaaataatt ggacgagtac gggatcaact aatattagcg gtaatacact cactctttat 

     2101 cagggaggac gagggattct aaaacaaaac cttcaattag atagtttttc aacttataga 

     2161 gtgtattttt ctgtgtccgg agatgctaat gtaaggatta gaaattctag ggaagtgtta 

     2221 tttgaaaaaa gatatatgag cggtgctaaa gatgtttctg aaatgttcac tacaaaattt 

     2281 gagaaagata acttttatat agagctttct caagggaata atttatatgg tggtcctatt 

     2341 gtacattttt acgatgtctc tattaagtaa 

// 

 

  



Bacillus thuringiensis strain #107 Vip3Ad gene, complete cds 

GenBank: KX595193.1 

 

FASTA Graphics 

Go to: 

LOCUS       KX595193                2361 bp    DNA     linear   BCT 10-MAY-2017 

DEFINITION  Bacillus thuringiensis strain #107 Vip3Ad gene, complete cds. 

ACCESSION   KX595193 

VERSION     KX595193.1 

KEYWORDS    . 

SOURCE      Bacillus thuringiensis 

  ORGANISM  Bacillus thuringiensis 

            Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus; 

            Bacillus cereus group. 

REFERENCE   1  (bases 1 to 2361) 

  AUTHORS   Nimsanor,S., Chimpalee,S., Rungrod,A., Trakulnaleamsai,C., 

            Jongsareejit,B. and Promdonkoy,B. 

  TITLE     Cloning and characterization of vegetative insecticidal protein 

            (Vip3A) from Thai isolated Bacillus thuringiensis 

  JOURNAL   Veridian EJ Sci Technol Silpakorn Univ 3 (5), 228-236 (2016) 

REFERENCE   2  (bases 1 to 2361) 

  AUTHORS   Nimsanor,S., Rungrod,A. and Promdonkoy,B. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (22-JUL-2016) National Center for Genetic Engineering and 

            Biotechnology, National Science and Technology Development Agency, 

            113 Phahonyothin Road, Khlong Nueng, Khlong Luang, Pathumthani 

            12120, Thailand 

FEATURES             Location/Qualifiers 

     source          1..2361 

                     /organism="Bacillus thuringiensis" 

                     /mol_type="genomic DNA" 

                     /strain="#107" 

                     /isolation_source="soil" 

                     /db_xref="taxon:1428" 

                     /country="Thailand" 

     CDS             1..2361 

                     /note="vegetative insecticidal protein" 

                     /codon_start=1 



                     /transl_table=11 

                     /product="Vip3Ad" 

                     /protein_id="ARK08701.1" 

                     /translation="MNKNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTGS 

                     NLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELAKQILKVANEQNQVLND 

                     VNNKLDAINSMLKIYLPKITSMLSDVMKQNYVLSLQIEYLSKQLQEISDKLDIINVNV 

                     LINSTLTEITPAYQRMKYVNEKFEELTFATETTLKVKKDSPPADILDELTELTELAKS 

                     VTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTASELIAKENVKTSGSEVGNVYNFLI 

                     VLTALQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILPTLSNTFSNPN 

                     YAKAKGSNEDTKMIVEAKPGYVLVGFEMSNDSITVLKAYQAKLKKDYQIDKDSLSEII 

                     YSDTDKLLCPDQSEQIYYTKNIAFPNEYVITKIAFTKKMNSLRYEATANFYDSSTGDI 

                     DLNKTKVESSEAEYSMLKASDDEVYMPLGLISETFLNPINGFRLAVDENSRLVTLTCR 

                     SYLRETLLATDLNNKETKLIVPPNVFISNIVENGNIEMDTLEPWKANNENANVDYSGG 

                     VNGTRALYVHKDGEFSHFIGDKLKSKTEYLIRYIVKGKASIFLKDEKNENYIYEDTNN 

                     NLEDYQTITKRFTTGTDSTGVYLIFNSQNGDEAWGDNFIILEISPCEKLLSPELIKTD 

                     KWNSTGSTYISDDRLTLYRGGRGILKQNLQLDGFSTYRVNFSVDGDANVRIRNSREVL 

                     LEKRYLNRKGVSEMFTTKFDKDNFYVELSQGDNLGTSVHFYDFSIK" 

ORIGIN       

        1 atgaacaaga ataatactaa attaaatgca agggccttac caagttttat tgattatttt 

       61 aatggtattt atggatttgc cactggtatt aaagacatta tgaatatgat ttttaaaacg 

      121 gatacaggtt ctaatctaac cctagacgaa attttaaaga atcagcagtt actaaatgaa 

      181 atttctggta aattggatgg ggtaaatggg agcttaaatg atcttatcgc acagggaaac 

      241 ttaaatacag aattagctaa gcaaatctta aaagttgcaa atgaacaaaa tcaagtttta 

      301 aatgatgtta ataacaaact agatgcgata aattcgatgc ttaaaatata tctacctaaa 

      361 attacatcta tgttaagtga tgtaatgaag caaaattatg tgctaagctt gcaaatagaa 

      421 tacttaagta aacaattgca agaaatctcc gacaagctag atattattaa cgtaaatgtg 

      481 cttattaact ctacgcttac tgaaattaca cctgcgtatc aacgaatgaa atatgtgaat 

      541 gaaaaatttg aagaattaac ttttgctaca gaaaccactt taaaagtaaa aaaggatagc 

      601 cctcctgctg atattcttga cgaattaact gaattaactg aactagcgaa aagtgttaca 

      661 aaaaatgacg tggatggttt tgaattttac cttaatacat tccacgatgt aatggtagga 

      721 aataatttat tcggtcgttc agctttaaaa actgcttcgg aattaattgc taaagaaaat 

      781 gtgaaaacaa gtggcagtga agtaggaaac gtttataatt tcttaattgt attaacagct 

      841 ctacaagcaa aagcttttct tactttaaca acatgccgaa aattattagg cttagcagat 

      901 attgattata cttctatcat gaatgagcat ttaaataagg aaaaagaaga atttagagta 

      961 aacatccttc ccacactttc taataccttt tctaatccta attatgcaaa agctaaggga 

     1021 agtaatgaag atacaaagat gattgtggaa gctaaaccag gatatgtttt ggttggattt 

     1081 gaaatgagca atgattcaat tacagtatta aaagcatatc aagctaagct aaaaaaagat 

     1141 tatcaaattg ataaggattc gttatcagaa ataatatata gtgatacgga taaattatta 



     1201 tgtccggatc aatctgaaca aatatattat acaaagaaca tagcatttcc aaatgaatat 

     1261 gttattacta aaattgcttt tacaaaaaaa atgaacagtt taaggtatga ggcgacagcg 

     1321 aatttttatg attcttctac aggggatatt gatctaaata agacaaaagt agaatcaagt 

     1381 gaagcggagt atagtatgct aaaagctagt gatgatgaag tttacatgcc gctaggtctt 

     1441 atcagtgaaa catttttgaa tccaattaat ggatttaggc ttgcagtcga tgaaaattcc 

     1501 agactagtaa ctttaacatg tagatcatat ttaagagaga cattgttagc gacagattta 

     1561 aataataaag aaactaaatt gattgtccca cctaatgttt ttattagcaa tattgtagag 

     1621 aatggaaata tagaaatgga caccttagaa ccatggaagg caaataatga gaatgcgaat 

     1681 gtagattatt caggcggagt gaatggaact agagccttat atgttcataa ggatggtgaa 

     1741 ttctcacatt ttattggaga caagttgaaa tctaaaacag aatacttgat tcgatatatt 

     1801 gtaaaaggaa aagcttctat ttttttaaaa gatgaaaaaa atgaaaatta catttatgag 

     1861 gatacaaata ataatttaga agattatcaa actattacta aacgttttac tacaggaact 

     1921 gattcgacag gagtttattt aatttttaat agtcaaaatg gagatgaagc ttggggagat 

     1981 aactttatta ttttggaaat tagtccgtgt gaaaagttat taagtccaga attaattaaa 

     2041 acagataaat ggaatagtac gggatcaact tatattagcg atgatagact cactctttat 

     2101 cggggaggac gaggaatttt aaagcaaaac cttcaattag acggtttttc aacttataga 

     2161 gtcaattttt ctgtggacgg agatgctaat gtaaggattc gtaattctag ggaagtgtta 

     2221 cttgaaaaaa gatatttgaa ccgtaaaggt gtttctgaaa tgtttactac aaaatttgat 

     2281 aaagataact tttatgtaga gctttctcaa ggggataatc ttggtactag tgtacatttt 

     2341 tatgatttct ctattaaata a 

// 

 

  



Bacillus thuringiensis strain M191 vegetative insecticidal 

protein (vip3Ag2) gene, complete cds 

GenBank: FJ556803.2 

 

FASTA Graphics 

Go to: 

LOCUS       FJ556803                2364 bp    DNA     linear   BCT 20-MAR-2015 

DEFINITION  Bacillus thuringiensis strain M191 vegetative insecticidal protein 

            (vip) gene, complete cds. 

ACCESSION   FJ556803 

VERSION     FJ556803.2 

KEYWORDS    . 

SOURCE      Bacillus thuringiensis 

  ORGANISM  Bacillus thuringiensis 

            Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus; 

            Bacillus cereus group. 

REFERENCE   1  (bases 1 to 2364) 

  AUTHORS   Audtho,M., Ratlerdkarn,M. and Promdonkoy,B. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (16-DEC-2008) National Center for Genetic Engineering and 

            Biotechnology, National Science and Technology Development Agency, 

            113 Thailand Science Park, Phaholyothin Rd., Klong 1, Klong Luang, 

            Pathumthani 12120, Thailand 

REFERENCE   2  (bases 1 to 2364) 

  AUTHORS   Audtho,M., Ratlerdkarn,M. and Promdonkoy,B. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (20-MAR-2015) National Center for Genetic Engineering and 

            Biotechnology, National Science and Technology Development Agency, 

            113 Thailand Science Park, Phaholyothin Rd., Klong 1, Klong Luang, 

            Pathumthani 12120, Thailand 

  REMARK    Nucleotide and amino acid sequences updated by submitter 

COMMENT     On Mar 20, 2015 this sequence version replaced gi:220966628. 

FEATURES             Location/Qualifiers 

     source          1..2364 

                     /organism="Bacillus thuringiensis" 

                     /mol_type="genomic DNA" 

                     /strain="M191" 

                     /db_xref="taxon:1428" 



                     /PCR_primers="fwd_seq: 

                     gaggaattcaatatgaacaagaataatactaaattaagc, rev_seq: 

                     actagagggcccttacttaatagagacatcgtaaaaatg" 

     gene            1..2364 

                     /gene="vip" 

     CDS             1..2364 

                     /gene="vip" 

                     /codon_start=1 

                     /transl_table=11 

                     /product="vegetative insecticidal protein" 

                     /protein_id="ACL97352.2" 

                     /translation="MNKNNTKLSARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTGG 

                     NLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLND 

                     VNNKLNAINTMLHIYLPKITSMLNDVMKQNYALSLQIEYLSKQLQEISDKLDVINVNV 

                     LINSTLTEITPAYQRMKYVNEKFEDLTFATETTLKVKKNSSPADILDELTELTELAKS 

                     VTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTASELIAKENVKTSGSEVGNVYNFLI 

                     VLTALQAKAFLTLTTCRKLLGLADIDYTFIMNEHLDKEKEEFRVNILPTLSNTFSNPN 

                     YAKAKGSNEDAKIIVEAKPGYALVGFEMSNDSITVLKAYQAKLKQDYQVDKDSLSEIV 

                     YGDMDKLLCPDQSEQIYYTNNIAFPNEYVITKITFTKKMNSLRYEATANFYDSSTGDI 

                     DLNKTKVESSEAEYSTLSASTDGVYMPLGIISETFLTPINGFGIVVDENSKLVNLTCK 

                     SYLREVLLATDLSNKETKLIVPPIGFISNIVENGNLEGENLEPWKANNKNAYVDHTGG 

                     VNGTKALYVHKDGEFSQFIGDKLKSKTEYVIQYIVKGKASILLKDEKNGDCIYEDTNN 

                     GLEDFQTITKSFITGTDSSGVHLIFNSQNGDEAFGENFTISEIRLSEDLLSPELINSD 

                     AWVGSQGTWISGNSLTINSNVNGTFRQNLSLESYSTYSMNFNVNGFAKVTVRNSREVL 

                     FEKNYPQLSPKDISEKFTTAANNTGLYVELSRFTSGGAINFRDFSIK" 

ORIGIN       

        1 atgaacaaga ataatactaa attaagcgca agggccttac cgagttttat tgattatttt 

       61 aatggcattt atggatttgc cactggtatc aaagacatta tgaacatgat ttttaaaacg 

      121 gatacaggtg gaaatctaac cctagacgaa attttaaaaa atcagcagtt attaaatgag 

      181 atttctggta aattggatgg ggtaaatggg agcttaaacg atcttatcgc acagggaaac 

      241 ttaaatacag aattatctaa ggaaatctta aaaattgcaa atgagcagaa tcaagtctta 

      301 aatgatgtta ataacaaact taatgcgata aatacaatgc ttcacatata tctacctaaa 

      361 attacatcta tgttaaatga tgtaatgaaa caaaattatg cactaagtct gcaaatagaa 

      421 tacctaagta aacaattgca agaaatttcc gacaagttag atgtcattaa cgtgaatgta 

      481 cttattaact ctacacttac tgaaattaca cctgcgtatc aacggatgaa atatgtaaat 

      541 gaaaaatttg aagatttaac ttttgctaca gaaaccactt taaaagtaaa aaagaatagc 

      601 tcccctgcag atattcttga tgagttaact gagttaactg aactagcgaa aagtgtaaca 

      661 aaaaatgacg tggatggttt tgaattttac cttaatacat tccacgatgt aatggtagga 



      721 aacaatttat tcgggcgttc agctttaaaa actgcttcgg aattaatcgc taaagaaaat 

      781 gtgaaaacaa gtggcagtga ggtaggaaat gtttataatt tcttaattgt attaacagct 

      841 ctgcaagcaa aagcttttct tactttaaca acatgccgga aattattagg cttagcagat 

      901 attgattata ctttcattat gaatgaacat ttagataagg aaaaagagga atttagagta 

      961 aatatccttc ctacactttc taatactttt tctaatccta actatgcaaa agctaaagga 

     1021 agcaatgaag atgcaaagat aattgtggaa gctaaaccag gatatgcttt ggttggattt 

     1081 gaaatgagca atgattcaat cacagtatta aaagcatatc aggctaagct aaaacaagat 

     1141 tatcaagttg ataaagattc gttatcagaa attgtctatg gtgatatgga taaattattg 

     1201 tgcccggatc aatctgaaca aatatattat acaaataaca ttgcttttcc caatgaatat 

     1261 gtaattacta aaattacttt tactaaaaaa atgaatagtt taagatatga ggcaacagct 

     1321 aatttttatg attcttctac aggggatatt gatctaaata agacaaaagt agaatcaagt 

     1381 gaagcagagt atagtacgct aagtgctagt actgatggag tctatatgcc gttaggtatt 

     1441 atcagtgaaa catttttgac tccaattaat gggtttggaa tcgtagtcga tgaaaattca 

     1501 aaattagtaa atttaacatg taaatcatat ttaagagagg tattattagc aacagactta 

     1561 agtaataaag aaactaaatt gattgtccca cctattggtt ttattagcaa tattgtagaa 

     1621 aatgggaact tagagggaga aaacttagag ccgtggaaag caaataacaa aaatgcgtat 

     1681 gtagatcata caggcggcgt aaatggaact aaagctttat atgttcataa ggatggtgag 

     1741 ttttcacaat ttattggaga taagttgaaa tcgaaaacag aatatgtaat tcaatatatt 

     1801 gtaaagggaa aagcttctat tcttttgaaa gatgaaaaaa atggtgattg catttatgaa 

     1861 gatacaaata atggtttaga agattttcaa accattacta aaagttttat tacaggaacg 

     1921 gattcttcag gagttcattt aatatttaat agtcaaaatg gcgatgaagc atttggggaa 

     1981 aactttacta tttcagaaat taggctttcc gaagatttat taagtccaga attgataaat 

     2041 tcagatgctt gggttggatc tcagggaact tggatctcag gaaattcact cactattaat 

     2101 agtaatgtga atggaacttt tcgacaaaac ctttcgttag aaagctattc aacttatagt 

     2161 atgaacttta atgtgaatgg atttgccaag gtgacagtaa gaaattcccg tgaagtatta 

     2221 tttgaaaaaa attatccgca gctttcacct aaagatattt ctgaaaaatt cacaactgca 

     2281 gccaataata ccgggttgta tgtagagctt tctcgtttta catcgggtgg cgctataaat 

     2341 ttccgagatt tttcaattaa gtaa 
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LOCUS       KX595192                2367 bp    DNA     linear   BCT 10-MAY-2017 

DEFINITION  Bacillus thuringiensis strain #22 Vip3Af gene, complete cds. 

ACCESSION   KX595192 

VERSION     KX595192.1 

KEYWORDS    . 

SOURCE      Bacillus thuringiensis 

  ORGANISM  Bacillus thuringiensis 

            Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus; 

            Bacillus cereus group. 

REFERENCE   1  (bases 1 to 2367) 

  AUTHORS   Nimsanor,S., Chimpalee,S., Rungrod,A., Trakulnaleamsai,C., 

            Jongsareejit,B. and Promdonkoy,B. 

  TITLE     Cloning and characterization of vegetative insecticidal protein 

            (Vip3A) from Thai isolated Bacillus thuringiensis 

  JOURNAL   Veridian EJ Sci Technol Silpakorn Univ 3 (5), 228-236 (2016) 

REFERENCE   2  (bases 1 to 2367) 

  AUTHORS   Chimpalee,S., Rungrod,A. and Promdonkoy,B. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (22-JUL-2016) National Center for Genetic Engineering and 

            Biotechnology, National Science and Technology Development Agency, 

            113 Phahonyothin Road, Khlong Nueng, Khlong Luang, Pathumthani 

            12120, Thailand 

FEATURES             Location/Qualifiers 

     source          1..2367 

                     /organism="Bacillus thuringiensis" 

                     /mol_type="genomic DNA" 

                     /strain="#22" 

                     /isolation_source="soil" 

                     /db_xref="taxon:1428" 

                     /country="Thailand" 

     CDS             1..2367 

                     /note="vegetative insecticidal protein" 

                     /codon_start=1 



                     /transl_table=11 

                     /product="Vip3Af" 

                     /protein_id="ARK08700.1" 

                     /translation="MNKNNTKLNARALPSFIDYFNGIYGFATGIKDIMNMIFKTDTGG 

                     NLTLDEILKNQQLLNEISGKLDGVNGSLNDLIAQGNLNTELSKEILKIANEQNQVLND 

                     VNNKLDAINTMLHIYLPKITSMLSDVMKQNYALSLQIEYLSKQLQEISDKLDIINVNV 

                     LINSTLTEITPAYQRIKYVNEKFEELTFATETTLKVKKDSSPADILDELTELTELAKS 

                     VTKNDVDGFEFYLNTFHDVMVGNNLFGRSALKTASELIAKENVKTSGSEVGNVYNFLI 

                     VLTALQAKAFLTLTTCRKLLGLADIDYTSIMNEHLNKEKEEFRVNILPTLSNTFSNPN 

                     YAKVKGSDEDAKMIVEAKPGHALVGFEMSNDSITVLKVYEAKLKQNYQVDKDSLSEVI 

                     YGDTDKLLCPDQSEQIYYTNNIVFPNEYVITKIDFTKKMKTLRYEVTANFYDSSTGEI 

                     DLNKKKVESSEAEYRTLSANDDGVYMPLGVISETFLTPINGFGLQADENSRLITLTCK 

                     SYLRELLLATDLSNKETKLIVPPSGFISNIVENGSIEEDNLEPWKANNKNAYVDHTGG 

                     VNGTKALYVHKDGGFSQFIGDKLKPKTEYVIQYTVKGKPSIHLKDENTGYIHYEDTNN 

                     NLKDYQTITKRFTTGTDLKGVYLILKSQNGDEAWGDKFTILEIKPAEDLLSPELINPN 

                     SWITTPGASISGNKLFINLGTNGTFRQSLSLNSYSTYSISFTASGPFNVTVRNSREVL 

                     FERSNLMSSTSHISGTFKTESNNTGLYVELSRRSGGGGHISFENVSIK" 

ORIGIN       

        1 atgaacaaga ataatactaa attaaacgca agggccctac cgagttttat tgattatttt 

       61 aatggcattt atggatttgc cactggtatc aaagacatta tgaatatgat ttttaaaacg 

      121 gatacaggtg gtaatctaac cttagatgaa atcctaaaga atcagcagtt actaaatgag 

      181 atttctggta aattggatgg ggtaaatggg agcttaaatg atcttatcgc acagggaaac 

      241 ttaaatacag aattatctaa ggaaatctta aaaattgcaa atgaacagaa tcaagtctta 

      301 aatgatgtta ataacaaact cgatgcgata aatacgatgc ttcatatata tctacctaaa 

      361 attacatcta tgttaagtga tgtaatgaag caaaattatg cgctaagtct gcaaatagaa 

      421 tacttaagta aacaattgca agaaatttct gataaattag atattattaa cgtaaatgtt 

      481 cttattaact ctacacttac tgaaattaca cctgcatatc aacggattaa atatgtgaat 

      541 gaaaaatttg aagaattaac ttttgctaca gaaaccactt taaaagtaaa aaaggatagc 

      601 tcgcctgctg atattcttga tgagttaact gaattaactg aactagcgaa aagtgttaca 

      661 aaaaatgacg ttgatggttt tgaattttac cttaatacat tccacgatgt aatggtagga 

      721 aataatttat tcgggcgttc agctttaaaa actgcttcag aattaattgc taaagaaaat 

      781 gtgaaaacaa gtggcagtga agtaggaaat gtttataatt tcttaattgt attaacagct 

      841 ctacaagcaa aagcttttct tactttaaca acatgccgaa aattattagg cttagcagat 

      901 attgattata cttctattat gaatgaacat ttaaataagg aaaaagagga atttagagta 

      961 aacatccttc ctacactttc taatactttt tctaatccta attatgcaaa agttaaagga 

     1021 agtgatgaag atgcaaagat gattgtggaa gctaaaccag gacatgcatt ggttgggttt 

     1081 gaaatgagca atgattcaat cacagtatta aaagtatatg aggctaagct aaaacaaaat 

     1141 tatcaagttg ataaggattc cttatcggag gttatttatg gtgatacgga taaattattg 



     1201 tgtccagatc aatctgaaca aatatattat acaaataaca tagtatttcc aaatgaatat 

     1261 gtaattacta aaattgattt cactaaaaaa atgaaaactt taagatatga ggtaacagcg 

     1321 aatttttatg attcttctac aggagaaatt gacttaaata agaaaaaagt agaatcaagt 

     1381 gaagcggagt atagaacgtt aagtgctaat gatgatggag tgtatatgcc attaggtgtc 

     1441 atcagtgaaa catttttgac tccgataaat gggtttggcc tccaagctga tgaaaattca 

     1501 agattaatta ctttaacatg taaatcatat ttaagagaac tactgctagc aacagactta 

     1561 agcaataaag aaactaaatt gatcgtcccg ccaagtggtt ttattagcaa tattgtagag 

     1621 aacgggtcca tagaagagga caatttagag ccgtggaaag caaataataa gaatgcgtat 

     1681 gtagatcata caggcggagt gaatggaact aaagctttat atgttcataa ggacggagga 

     1741 ttttcacaat ttattggaga taagttaaaa ccgaaaactg agtatgtaat ccaatatact 

     1801 gttaaaggaa aaccttctat tcatttaaaa gatgaaaata ctggatatat tcattatgaa 

     1861 gatacaaata ataatttaaa agattatcaa actattacta aacgttttac tacaggaact 

     1921 gatttaaagg gagtgtattt aattttaaaa agtcaaaatg gagatgaagc ttggggagat 

     1981 aaatttacaa ttttagaaat taagcctgcg gaggatttat taagcccaga attaattaat 

     2041 ccgaattctt ggattacgac tccaggggct agcatttcag gaaataaact tttcattaac 

     2101 ttggggacaa atgggacctt tagacaaagt ctttcattaa acagttattc aacttatagt 

     2161 ataagcttta ctgcatcagg accatttaat gtgacggtaa gaaattctag ggaagtatta 

     2221 tttgaacgaa gcaaccttat gtcttcaact agtcatattt ctgggacatt caaaactgaa 

     2281 tccaataata ccggattata tgtagaactt tcccgtcgct ctggtggtgg tggtcatata 

     2341 tcatttgaaa acgtttctat taaataa 

// 
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