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SYNOPSIS 

INTRODUCTION 

The rising population, dietary preferences and urbanization in developed as well as 

in developing countries require tremendous steps to enhance agriculture production to meet 

the accretive demand. It can only be met by considerably increasing agricultural yield and 

modification in the use of inputs. However, agricultural productivity is highly demarked by 

changes in climatic conditions and continuous attacks by pests. With advent of synthetic 

and biological insecticides/pesticides, numerous pests gradually developed resistance to 

most of the insecticides, leading to their resurgence (Sundström et al. 2014).  Alternatively, 

biological organisms such as bacteria, fungi, and virus being sustainably used to control 

insect pests.  

Various fungi genera effectively being employed to lessen the intensity of pest 

attack. Potentially, Beauveria spp. and Metarhizium spp. are broad host range 

environmental friendly entomopathogenic fungi, occur ubiquitously in nature and approved 

by United States environmental protection agency (US-EPA) for controlling insect pests 

(Darbro et al. 2011, Roberts and St Leger 2004). These entomopathogens are reported to 

infect various insect species which belongs to different orders such as Coleoptera (Williams 

et al. 2013), Diptera (Kim et al. 2014), Lepidoptera (Ramzi and Zibaee 2014), Hemiptera 

(Lacey et al. 2011), and Thysanoptera (Wu et al. 2013). In India, alone over 200 bio-

pesticide formulations reported to be based on Beauveria and Metarhizium. However, bio-

pesticides cover only 5% of Indian Pesticide market (Kumar et al. 2019). Despite the fact 

that entomopathogens do not required to be ingested to pursue on insect, the major reason 

for the biological pesticides not being able to compete with other synthetic chemical 
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pesticide is their ability to make agile response to neutralize the major economic 

agricultural impact caused by insect pests (Gressel 2001, St Leger et al. 1996). 

Advancement in molecular techniques facilitated researchers globally, to enhance 

fungi virulence by over expressing the endogenous proteins such as chitinase, and proteases 

(St Leger et al. 1996). In addition, virulence of entomopathogenic fungi heightened by 

expression of heterologous toxic proteins (Fan et al. 2011, Lu et al. 2008). Major 

heterologous toxic proteins reported to exploited are from scorpion and spider neurotoxins. 

These neurotoxins purportedly produced in wake of defense and/or for predation. 

Neurotoxins are short peptides ranges from 30-80 amino acids mainly targeting ion 

channels. Long chain peptide which primarily targets sodium ion channel have been 

classified as excitatory and depressant toxin (Zlotkin et al. 1985). 

The β-BUTX Lqq1a is an β-insect toxin 1 from scorpion Leiurus quinquestriatus 

quinquestriatus and this excitatory toxin binds to the receptor site-4 in domain II of insect 

voltage gated sodium channels (VGSCs). This toxin purified from crude venom caused fast 

excitatory contraction paralysis in the fly larvae and proven 40 times more toxic than the 

crude venom (Kopeyan et al. 1990, Zlotkin et al. 1985) and it also shares high degree of 

similarity with the well-known scorpion β-insect neurotoxin AaIT from Andructonus 

australis. β-BUTX Lqq1a was able to bind competitively with synaptosomal membrane 

vesicles that were previously treated with AaIT. It has been experimentally proven that β-

insect excitatory toxins bind to the voltage sensing module in the extracellular loop of S1-

S2 and S3-S4 of domain II and pore forming module of domain III in the VGSCs of insects 

(Gurevitz 2012)  

Other heterologous proteins exploited to modulate the fungal virulence are by the 

use of plant defense molecule called lectins and bacterial Crystal and Cytolytic toxins. 
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Lectins are present in both monocot as well as dicot plants, which are reversible 

carbohydrate binding proteins or glyco-conjugates, that can precipitate polysaccharides and 

agglutinate cells (Van Damme et al. 1987, Vandenborre et al. 2011). Various types of 

Lectins are classified based on evolutionarily and structurally related domains. Snowdrop 

lectin belongs to Galanthus nivalis Agglutinin (GNA)-lectin family that is a 13 kDa protein 

primarily exist as a tetrameric protein which specially binds to α-D mannose residues and 

readily agglutinates rabbit erythrocytes (Van Damme et al. 1987). Snowdrop lectin reported 

to exhibit activity against root nod nematodes (Ripoll et al. 2003), sap sucking rice pest 

(Bharathi et al. 2011), aphids (Birch et al. 1999), mites (McCafferty et al. 2008), and tomato 

moth (Fitches et al. 1997). Evident activity against insects includes mortality, reduction in 

feeding, and action on metamorphosis. The exact mode of action of lectins on insect, by 

binding and blocking the absorption of nutrients by insect midgut epithelial cells.  In 

addition, some of the lectins disrupts and traverse across the midgut peritropic matrix and 

exert the action in the cavity (Fitches et al. 2001, Fitches et al. 2012).  

Bacillus thuringiensis is a gram-positive insect pathogenic bacterium, produces 

paracrystal inclusions called δ-endotoxins such as Cry and Cyt during sporulation. These 

Cry toxins are effective against Lepidoptera, Coleoptera and Hymenoptera and Diptera. 

However, Cyt toxins are active only against Diptera and Coleoptera insects. Cry toxin 

consist of three domains where domain I contains α-helices which help in pore formation 

in insect midgut, domain II and III involve in receptor binding and specificity. Contrarily, 

Cyt toxins need not to bind with the receptors, directly interact with membrane lipids, and 

exert action by inserting into membrane and forming pores (Bravo et al. 2011, Derbyshire 

et al. 2001, Gomez et al. 2007). 
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Gene pyramiding is one of the vital approach to eliminate the problem associated 

with insect resistance to a particular gene product or specific toxins (Maqbool et al. 2001). 

However, venom purified β-BUTX Lqq1a reported to be toxic against fly larvae, potential 

activity against agricultural crop pests remain to be elucidated. Bacterial expression system 

subsides the hurdle in achieving purification of toxins/proteins in greater amount which 

avoid the deadening job of purifying specific proteins from the crude venom. Expression 

and purification of fusion proteins were reported for Galanthus nivalis agglutinin with other 

neurotoxins by using various expression system such as bacteria Escherichia coli and 

Pichia pastoris (Down et al. 2006, Fitches et al. 2012).  

The present study has been hypothesized that exploitation of scorpion neurotoxin, 

snowdrop lectin and B. thuringiensis Crystal and Cytolytic toxin would enhance the 

pathogenicity of Entomopathogenic fungi against agricultural crop pests and it might lead 

to the reduction in development of resistance in insects against particular targeted gene.  
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OBJECTIVES 

The objective of the study was designed to express the insecticidal toxins recombinantly in 

the bacterial expression system and testing purified recombinant proteins against insect cell 

lines and insect system. Additionally, expression of these toxin in entomopathogenic fungi, 

either separately or in combination with other toxins and testing their efficacy against some 

of the agricultural pest.  

1. Expression and purification of β-BUTX Lqq1a toxin and its biological activity 

against insect cells and agricultural insect pests. 

2. Cloning and expression of β-BUTX Lqq1a in Beauveria bassiana and Metarhizium 

anisopliae and their insect toxicity assay. 

3. Bacterial expression and purification of fusion protein containing β-BUTX 

Lqq1a/GNA Lectin and their cytotoxicity assay against insect cell lines. 

4. Cloning and expression of β-BUTX Lqq1a, Cyt1Aa and t-Cry1Ac/GNA in 

Metarhizium anisopliae and insects toxicity assay. 

5. Time expression analysis of β-BUTX Lqq1a/sGFP in M. anisopliae. 
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BRIEF DESCRIBTION ABOUT THE RESEARCH WORK 

Chapter 1: Introduction, Review of Literature and Objectives 

This chapter describes the importance of food security, agricultural productivity, 

and crop damage caused by insect pests and application of synthetic chemical pesticides to 

overcome the challenges dealt with.  Effect of synthetic chemical pesticides and the major 

drawbacks associated with the uses also discussed in detail based on the documented 

literatures. Chemical pesticide alternative i.e. biological pesticides and its advantage and 

disadvantages were also considered. Entomopathogenic fungi M. anisopliae and B. 

bassiana based biological pesticides, their mode of action and enzyme involved in 

pathogenesis were also discussed elaborately. Toxins involved in increasing the virulence 

of biological pesticides were discussed with clearly emphasizing the role of heterologous 

genes/toxins in increasing the pathogenicity. Finally, methods involved to reduce the 

development of resistance in insects by gene pyramiding with heterologous proteins with 

various functional properties also detailed, with relevant to the framed objective of the 

proposed work.   

Chapter 2: Expression and purification of β-BUTX Lqq1a toxin and its 

biological activity against insect cells and agricultural insect pests. 

The chapter was to determine the toxicity of bacterially purified β-BUTX Lqq1a 

against various insects as well as insect cell line. In the present study cloning, optimized 

expression, purification of β-BUTX Lqq1a toxin and characterization was performed 

initially. Further, cytotoxic assessment against insect cell line Sf-21 resulted in apoptotic 

like structures and insect toxicity assessment with H. armigera and S. litura. 
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Results: 

1.1 Expression, purification of β-BUTX Lqq1a and S. frugiperda insect cell (Sf-21) 

toxicity assessment 

a)  Scorpion neurotoxin β-BUTX Lqq1a was successfully codon optimized and cloned in 

pUC57 vector resulting in pUC57-β-BUTX Lqq1a 

b) PCR amplified β-BUTX-Lqq1a gene was further cloned in expression vector pET28a 

and protein expression was optimized in Terrific Broth (TB) medium supplemented 

with 1.5% glycerol and final purification was performed using Ni-NTA affinity 

chromatography. 

c)  N-terminal His-Tag was removed by using thrombin protease treatment and final 

purification was done using Size exclusion chromatography (Fig. 1) 

d) Sf-21 cell viability assay conducted with purified recombinant β-BUTX Lqq1a resulted 

in significant (p< 0.002) dose dependent cytotoxicity (Fig.2) 

e)  Fluorescence microscopy analysis also revealed the cytotoxic activity of β-BUTX 

Lqq1a on Sf-21 cell lines with significant morphological changes such as cell shrinkage, 

membrane blebbing and apoptotic structures  

1.2 In vivo entomotoxic assessment of purified β-BUTX Lqq1a 

a)  β-BUTX Lqq1a toxin intra-hemocoellic injection in H. armigera showed significant 

(p< 0.0001) larval mortality with LC50=0.13 µg insect-1, as well as immediate paralysis 

and reduced feeding were also observed  

b) S. litura injected with purified β-BUTX Lqq1a toxin resulted initial paralysis, 

shortening and blackening of insect body, significant death (p < 0.0001) and predicted 

LC50=0.147 µg insect -1  
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Fig.1 SDS-PAGE (16% acrylamide gel in Tris-glycine buffer) analysis of undigested and 

digested (His)6-β-BUTX Lqq1a protein after size exclusion chromatography purification. 

Marker denotes the standard low range protein molecular weight marker.  

Fig. 2 Effect of various concentration of purified β-BUTX-Lqq1a toxin on the viability of 

Sf-21 insect cell lines determined by MTT assay.  

 

Chapter 3: Cloning and expression of β-BUTX Lqq1a in Beauveria 

bassiana and Metarhizium anisopliae and insects toxicity assay 

3.1 Cloning and expression of PMcl1-BUTX Lqq1a in B. bassiana   

The main objective of this study is to clone BUTX Lqq1a under the control of 

hemolymph specific inducible promoter Mcl1 from M. anisopliae and directing the toxic 

protein into hemolymph with the help of Mcl1 signal peptide sequence. After the successful 

genomic integration of transgene confirmation, it was further experimented on hemolymph 

inducible characteristics with silk worm hemolymph by western blot and semi quantitative 

RT-PCR analysis.  

 

 

TH-2353_1361060053



Synopsis  

xxxvii | P a g e  
 

Results: 

3.1.1 Vector construction and transformation by protoplast cum electroporation 

method for B. bassiana 

Mcl1 promoter and BUTX Lqq1a gene was successfully fused by overlap extension 

PCR method followed by its cloning into double digested pAL1 which resulted in the 

pMcl1-BUTX Lqq1a expression vector. Optimized protoplast cum electroporation method 

was followed to transfer the pMcl1-BUTX Lqq1a construct into B. bassiana. Optomized 

lysis buffer containing 20 mM KH2PO4, 0.7 M KCl and 0.7 M (NH4)2SO4 (pH 6.8) and 1% 

lysing enzyme (from Trichoderma harzianum, Sigma) was used to remove the cell wall 

and parameters optimized for electroporation was 900 V, 25 µF capacitance and 600 mΩ 

resistance. 

3.1.2 Selection and BUTX Lqq1a expressional analysis by semi-quantitative RT-PCR 

and Western blot analysis 

After, the clonal selection on 300 µg ml-1 glufosinate ammonium containing M-100 

minimal medium, and genomic DNA integration of BUTX Lqq1a was confirmed by PCR 

with gene specific primers. Further, the expression of BUTX Lqq1a was analyzed by 

hemolymph induction and semi-quantitative RT-PCR method.  

3.2 Cloning and expression of PMcl1-BUTX Lqq1a in M. anisopliae and insect 

bioassay 

The main aim of this part of study is to clone BUTX Lqq1a under the control of 

MCL1 promoter and transform them into M. anisopliae. To encourage the homologous 

recombination, BUTX Lqq1a was placed between MCL1 promoter and Mcl1 gene from 

M. anisopliae and transformed using Agrobacterium mediated transformation. Further 
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testing the genomically integrated clones on Phyllophaga smithi resulted in significant 

mortality and mycelia engorgement. 

Results: 

3.2.1 Cloning and expression of BUTX Lqq1a in M. anisopliae 

Fungal codon optimized BUTX Lqq1a along with 5-UTR region was successfully 

fused with Mcl1 Promoter (PMcl1) and Mcl1 gene using overlap extension PCR. In 

addition, fused fragments were then cloned in pCAMBIA 3300 binary vector, which 

resulted in binary vector pMcl1-BUTX Lqq1a-Mcl1 gene for Agrobacterium-mediated 

transformation. 

 

 

 

Fig. 3 Agarose gel image of PCR products amplified using M. anisopliae clones genomic 

DNA. Lane 1, 2, and 3: PMcl1-BUTX Lqq1a PCR products for M. anisopliae clone 

confirmation (~3 Kbp), Lane M: O’ GeneRuler 1 KbPlus DNA Ladder. 

Fig. 4 Agarose gel image of PCR products amplified using Ma-BUTX Lqq1a clones 

genomic DNA. Lane 1, 2, 3, 4, and 5: BUTX Lqq1a PCR products of Ma-BUTX Lqq1a 

clones (295 bp), Lane M: O’ GeneRuler 1 KbPlus DNA Ladder. 

3.2.2 Phyllophaga smithi insect bioassay with Ma-BUTX Lqq1a  

Insect bioassay conducted with the M. anisopliae expressing BUTX Lqq1a on         

P. smithi resulted in significant mortality when compared with control (Fig. 5A and B) 

 

 

 

 3 4 
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Fig. 5. Phyllophaga insect bioassay. A) M. anisopliae wild type infected Phyllophaga and 

B) M. anisopliae expressing β-BUTX Lqq1a infected Phyllophaga insects. Scale bar 

represents 1 cm. 

 

Chapter 4: Bacterial expression and purification of fusion protein 

containing β-BUTX Lqq1a/GNA Lectin and their cytotoxicity assay 

against insect cell lines 

The main objective of this study is to construct the fusion protein containing 

scorpion neurotoxin β-BUTX Lqq1a and Galanthus nivalis agglutinin GNA. Upon 

successful purification further testing their cytotoxicity potential against various insect cell 

line and entomotoxicity studies against S. litura. 

Results: 

4.1 GNA and β-BUTX Lqq1a/ GNA cloning and expression 

  

 

 

 

Fig. 6 Schematic representation of GNA as well as fusion protein containing β-BUTX 

Lqq1a/ GNA 
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Fig. 7 SDS-PAGE (16% acrylamide gel in Tris-glycine buffer) analysis of purified 

recombinant proteins. A) Recombinant GNA purified using Ni-NTA affinity 

chromatography. Lane 1 is GNA, size approximately 16.9 kDA protein. Lane 2 is low range 

molecular weight marker. B) Recombinant fusion protein β-BUTX Lqq1a/GNA purified 

using affinity chromatography. Lane 1: fusion protein containing β-BUTX Lqq1a and 

GNA, predicted theoretical molecular weight is approximately 25.2 kDa. 

4.2 Cytotoxicity studies of GNA and fusion protein β-BUTX Lqq1a/GNA treated cell 

lines: 

 

 

 

 

 

 

Fig. 8 MTT assay conducted with various concentration of purified recombinant GNA (A) 

and β-BUTX Lqq1a/GNA (B) on the viability of Sf-9, Sf-21 insect cell lines and J774a.1 

mouse cell line. One-way ANOVA followed by Dunnett’s pairwise multiple comparison 

analysis indicated that both GNA and fusion protein β-BUTX Lqq1a/GNA had affected 

cell proliferation in dose dependent manner (p < 0.0001) when compared with control. 

A B 
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4.3 Fluorescence microscopy studies of GNA and fusion protein β-BUTX Lqq1a/GNA 

treated cell lines 

Both GNA and β-BUTX Lqq1a/GNA treated cell lines appeared to exhibit 

deformed nucleus and chromosomal shrinkage when stained with DAPI nuclear stain. 

4.4 Flow cytometry and RT-qPCR analysis 

Flow cytometry analysis of GNA treated Sf-9 and Sf-21 cells indicated the 

accumulation of cells at G2/M phase of cell cycle. Correspondingly, fusion protein treated 

Sf-9 and Sf-21 cells also observed to be arrested in G2/M phase of cell cycle. These results 

are in accordance with other lectin cell cycle arrest, suggesting the possible correlation 

between DNA damage and apoptosis mediated cell death. Multi-fold relatively expression 

of Caspase 2 in treated Sf-9 and Sf-21 cell indicated significant mitochondrial caspase 

mediated apoptotic death.  

Chapter 5: Cloning and expression of β-BUTX Lqq1a, Cyt1Aa and t-

Cry1Ac/GNA in Metarhizium anisopliae and insects toxicity assay 

5.1 Cloning and Expression of β-BUTX Lqq1a and Cyt1Aa in M. anisopliae 

The main objective of this study is to exploit potency of Cyt1Aa protein from 

Bacillus thuringiensis subsp. israelensis in combination with Scorpion neurotoxin β-BUTX 

Lqq1a when expressed in M. anisopliae. β-BUTX Lqq1a was expressed under the control 

of promoter Mcl1 and Cyt1Aa was driven by GPDH promoter. 

Results: 

a) Cloning and expression of β-BUTX Lqq1a and Cyt1Aa 

 

Fig. 9 Schematic representation of expression constructs containing β-BUTX Lqq1a and 

Cyt1Aa under the control of various promoters 
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b)  Insect bioassay of M. anisopliae expressing BUTX Lqq1a/Cyt1A 

 

 

 

 

 

 

 

5.2 Expression and Insect bioassay of M. anisopliae expressing BUTX Lqq1a and 

truncated Cry1Ac/GNA 

The main objective of the study is to develop M. anisopliae expressing the fusion 

protein containing β-BUTX Lqq1a under the control of Mcl1 promoter and GPDH 

promoter driven truncated Cry1Ac fused with GNA to enhance the carbohydrate binding 

and entomotoxicity. 

Fig. 10 GPDH, Mcl1Sp and Cyt1Aa fusion 

1) GPDH promoter amplified from M. 

anisopliae genomic DNA (1833 bp) 

2) Bt Cyt1Aa gene product (810 bp) from 

Bacillus thuringiensis HD522 

3) Mcl1 signal peptide (117 bp) from                

M. anisopliae 

4) Bt Cyt1Aa and Mcl1 sp fused product (867 

bp) 

5) GPDH promoter, Bt Cyt1Aa and Mcl1 sp 

fused product (2,640 bp) 

M- 1 Kbplus gene ruler 

Fig. 11 Kaplan-Meier survival plot 

of Phyllophaga smithi (n=15, Log-

rank (Mantel-Cox) test p=0.0082) 

bioassay conducted with M. 

anisopliae wildtype and M. 

anisopliae BUTX-Lqq1a/Cyt1Aa  
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Results: 

Cloning and expression of BUTX Lqq1a and tCry1Ac/GNA in M.anisopliae 

 

 

Fig. 12. Schematic representation of expression constructs containing BUTX Lqq1a 

/tCry1Ac-GNA under the control of various promoters 

 

 

 

Fig. 13. A) Mcl1 promoter BUTX Lqq1a PCR clone confirmation for the M. anisopliae 

BUTX Lqq1a/tCry1Ac-GNA clones B) tCry1Ac-GNA PCR clone confirmation for the M. 

anisopliae BUTXLqq1a /tCry1Ac-GNA clones. 

 

Chapter 6: Time expression analysis of β-BUTX Lqq1a/sGFP in M. 

anisopliae 

The aim of this study is to analyze the real time expression of BUTX Lqq1a driven by Mcl1 

promoter during the insect pathogenesis by tagging with sGFP. 

Results: 

a) Cloning and expression of β-BUTX Lqq1a/sGFP in M.anisopliae 

 

 

Fig. 14. Schematic representation of expression constructs containing BUTX Lqq1a/sGFP 

under the control of Mcl1 promoter. 

A B 
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Fig. 15 Time of expressional analysis of BUTX Lqq1a/sGFP from Ma-BUTX Lqq1a/sGFP 

clones using Fluorescence microscopy at 1 h interval.  A and B represents the Ma-BUTX 

Lqq1a/sGFP induced at 1 h interval in bright field as well as fluorescence field. Scale bar 

represents 20 µM. 
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Significant findings: 

• Bacterially purified scorpion recombinant protein β-BUTX Lqq1a caused 

significant reduction in Sf-21 cell proliferation and additionally cytotoxicity 

resulted in severe cell membrane damage, membrane blebbing and apoptosis 

mediated cell death 

• β-BUTX Lqq1a proven to be toxic to H. armigera and S. litura when injected intra 

hemocoelly. 

• M.anisopliae expressing β-BUTX Lqq1a was predicted to be significantly more 

toxic to P. smithi than the wild type. 

• Recombinant GNA and fusion protein containing β-BUTX Lqq1a/GNA causes 

significant reduction in the proliferation and overall G2/M phase cell cycle arrest 

and caspase mediated apoptotic death of Sf-9 and Sf-21 insect cell lines  

• M.anisopliae expressing fusion protein containing β-BUTX Lqq1a/Cyt1Aa exhibit 

significantly increased larval mortality of P. smithi when compared to wild type. 

• M.anisopliae expressing fusion protein containing β-BUTX Lqq1a/tCry1Ac GNA 

exhibit significantly increased larval mortality S. litura when injected. 

• Fluorescence microscopy analysis of real time expression of β-BUTX Lqq1a/sGFP 

in M. anisopliae induced with hemolymph, initial expression was observed at 1 hr 

and more intense sGFP expression was observed at around 3 hr interval.  
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Future Prospects: 

• Bacterial Expression and purification of fusion protein containing truncated 

Cry1Ac-GNA and testing its efficacy against various agricultural insect pests 

• Testing the efficacy of Ma-BUTX Lqq1a and Bb-BUTX Lqq1a against various 

agricultural insect pests 

• Testing the efficacy of Ma-BUTX Lqq1a/tCry1Ac-GNA against other agricultural 

insect pests 
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Introduction, Review of Literature and Objectives
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1.1 General introduction 

Global population projected to increase to 9 billion, and the worldwide 

requirement of nutritional food will increase by 70% in 2050 (Godfray et al. 2010). In 

India alone, it is envisioned to rise to 1.6 billion by 2050 (United Nations 2015). 

Population acclivitous, availability of nutritious foods, and urbanization in developing 

countries, especially in India, requires essential steps to enhance the agricultural 

productivity to cope with the growing necessitate. Various factors govern to influence the 

sustainable agricultural productivity are uncertain climatic conditions, insect pests 

damage, storage loss, and insecticide resistance. Genetically modified organisms 

immensely contribute to the improvement in agricultural production systems, to meet the 

nutritional requirement of individuals and to fight against insect pest damage, thus the 

global food security. Also, synthetic chemical pesticides offer an additional advantage to 

control damages caused by insect pests. Extensive usage of chemical pesticides not only 

had an impact on pests, slightly significantly affected the non-target organisms and the 

environment. To avoid the development of insecticide resistance as well as curbing the 

effect on the non-target organism, biological agents are currently employed as an 

alternative to control insect pest damage.  

Biological organisms are continuously exploited, such as bacteria, fungi, virus, 

and other natural products which are either naturally parasitic to insects or possess 

insecticidal property. Beauveria bassiana and Metarhizium anisopliae are the most 

widely used environmental friendly entomopathogenic fungi against various insect orders 

(Roberts and St Leger 2004). In India alone, more than 200 registered biological pesticide 

formulations based on B. bassiana and M. anisopliae are being utilized to control insect 

pest damage. Bacteria and virus need to be ingested by the host to exert the potential 

action. However, entomopathogenic fungi act by direct penetration of insect cuticle. 
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Direct penetration of insect cuticle is being facilitated by the fungi secretome, which 

consists of chitinase, protease, and lipase. However, in spite of intensive efforts these 

biological pesticides or mycoinsecticides have not fulfilled expectations as biocontrol 

agents because of evolutionary balance between the host and fungi, relatively slow speed 

of killing host, requirement for high amount of inoculum, and inconsistent efficacy 

compared to the synthetic chemical pesticides with which they compete (Gressel 2001, 

StLeger et al. 1996). 

Recent advancements in genetic engineering implicate the use of molecular 

techniques in enhancing the entomopathogenic potency. Improvement in 

entomopathogenic fungi virulence and specificity achieved by either overexpression of 

endogenous genes and heterologous insecticidal genes from plants, bacteria, and 

arthropod origin. Arthropod species such as scorpion, spider, and wasp produce crude 

venom as defensive agents. This crude venom contains a mixture of proteins and peptide 

molecules, which possess insecticidal property, further could be exploited for their 

potential use as insect pest control. Bacteria such as Bacillus sp., are continuously 

explored for their possible use against insects. B. thuringiensis produces crystalline and 

cytolytic toxins with the potential to cause damage to the insect.  Because of the potent 

insecticidal property of these toxins, a variety of agricultural crops such as cotton, maize, 

soybean, and brinjal has been expressed with toxins to counter the insect pest damage. 

The plant produces a variety of primary and secondary metabolites as defense molecule 

during the insect pest attack. These primary metabolites produced majorly of protein 

molecules, which exert insecticidal properties. Lectins are the significant component of 

defense molecule provided by the plant during the herbivore attack. These lectins have 

proven a toxic effect on major agricultural insect pest.  
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1.2 Food security challenges associated with agricultural pest and diseases  

United Nation Food and Agricultural Organization (UNFAO) has projected that 

70% increase in the global demand for food by 2050, and food production has to be 

doubled to feed the projected growth sustainably. Transformative changes in agriculture 

and food systems need to occur to achieve a world without hunger and malnutrition. 

Agricultural productivity is being affected by several factors such as soil health 

deterioration, climatic changes such as temperature, precipitation, and suitable crop 

models. Sudden pest and disease breakouts might constrain expansion and productivity. 

With new agricultural crop protection measures, we can produce only two-third food 

grains, and the remaining one-third loss occurs due to devastating pest and diseases. 

Thirty percent of post-harvest loss occurs to the stored foods due to the insect damages, 

valuing more than 100 billion US dollar (Boyer et al. 2012, Bruce 2012, Godfray et al. 

2010). More than 10,000 insect species have found to damage food crops with an 

estimated annual loss of 13.6% globally and more than 3 million people killed annually 

by the occurrence of malaria, mosquito-borne disease (Ansari et al. 2014).  

Bemisia tabaci (Tobacco whitefly), a polyphagous insect, is one of the significant 

pest prevailing in 156 countries across the globe followed by Aphis gossypii (Cotton 

aphid) in 153 countries, Plutella xylostella (Diamondback moth) and Helicoverpa 

armigera (cotton bollworm) around 135 countries. H. armigera is one of the significant 

polyphagous lepidopteran agricultural pests infesting a broader range of crops such as 

cotton, maize, and other high valued crops reported globally. In India alone, 1063 pests 

said to devastating effect on plants (Bebber et al. 2014). 
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1.3 Global and Indian scenario of insect pest control  

Agriculture belongs to 50% of Indians’ principle livelihood. Primary concern 

prevails in the Indian community in sustainability are bound to land resources, rising 

population, pest associated crop loss, and post-harvest losses. Pesticides immensely used 

for preventing damage to the agricultural crops by insect pests, thus helping to feed the 

overgrowing population and playing an essential role in protecting millions of lives from 

malaria and other insect vector-borne diseases. High incidence of various pests leads to 

the extensive application of synthetic chemical pesticides. Mancozeb, 2,4-D, acephate, 

and profenofos are the primary chemical pesticides produced and used to control pest 

damage in cotton (66.70%) and cereals (64.74%) in India. From crop protection to the 

managing of vector-borne diseases, pesticides are being applied globally, approximately 

4.6 million tonnes (Ansari et al. 2014). Neonicotinoids and fipronil systemic neurotoxic 

insecticides account for more than one-third of the pesticide market globally to control 

insect pest damage (Van der Sluijs et al. 2015). Insecticides which are currently being 

used worldwide mostly target insect receptors such as acetylcholinesterase receptor, 

Gamma-aminobutyric acid (GABA)-gated chloride receptor, and voltage-gated sodium 

(VGSC), chloride (VGCC) channels, mitochondrial complex II electron transport system, 

hormones and the insect feeding behavior (Hardy 2014).  

1.4 Development of pesticide resistance in insect pests 

Due to the indiscriminate use, in recent past, insect pests acquired resistance to the 

widely used insecticides such as pyrethroids, organophosphate, DDT, and to other 

pesticides in different insect pest orders across the globe.  
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1.4.1 Pre-adaptation hypothesis 

Preadaptation is one of the hypotheses of insecticide resistance. Herbivorous 

insect feed on some of the plants which naturally produces secondary metabolites with 

higher toxicity and over the time herbivorous insects have exposed to a broader range of 

secondary metabolites or allelochemicals such as alkaloids, terpenoids, glucosinolates, 

glucosides, and polyketides. These metabolites involved in membrane disruption, 

metabolic inhibition, nutrient uptake prevention, ion transport, and signal transduction 

inhibition, finally distortion in hormonal regulation. Synthetic chemical pesticides 

function also follows allelochemical mechanisms. The herbivorous insects evolved to 

degrade the toxic molecules, sequestration, and excretion metabolically, and target site 

modification of such compounds may lead to pre-adaptation to new generation 

insecticides. In addition, due to an evolutionary relationship with the host plant, insect 

pest may change the relative expression of a set of genes, which helps in detoxification of 

synthetic chemical pesticides (Chen et al. 2018). 

1.4.2 Enhanced detoxification mechanism 

Most of the insects acquire resistance through the mechanism of enhanced 

detoxification by cytochrome P450 complex (CYPs), and a mutation in insecticide 

targeted sites voltage-gated ion channels (Zimmer et al. 2014). A point mutation in VGSC 

leads to the development of resistance to pyrethroid in European mite Panonychus ulmi 

(Rameshgar et al. 2019). Intensive use of fewer active chemical insecticides has led to 

stronger selection pressure on insects for the evolution of pesticide resistance (Storkey et 

al. 2019) . The pollen beetle (Meligethes aeneus F.), a significant pest of oilseed rape 

throughout Europe, reported having high-level resistance to pyrethroid-based insecticides 

(Zimmer et al. 2014). B. tabaci shows a high frequency of resistance to pyrethroid and 

organophosphate because of mutations in VGSC gene and ACE gene (Gauthier et al. 

TH-2353_1361060053



Chapter 1 
 

8 | P a g e  
  

2014). Frequent exposure of Spodoptera litura to profenofos, an acetylcholine esterase 

inhibitor, developed resistance under laboratory conditions (Abbas et al. 2014) and rice 

striped stem borer, Chilo suppressalis (Walker) acquired resistance to triazophos (Su et 

al. 2014) . An elevated level of resistance has been identified in the malaria vector, 

Anopheles gambiae sensu late to deltamethrin and Dichlorodiphenyltrichloroethane 

(DDT) (Nkya et al. 2014). 

1.5 Environmental and human health risks associated with insecticides 

For centuries, human society has benefitted by cultivating essential food crops. 

The green revolution gave rise to agricultural production increase but also contributed to 

a concomitant increase in environmental and health concerns. Although tonnes of 

insecticides used globally, the potential threats they brought to non-target organisms and 

the environment are immeasurable (Enserink et al. 2013). Overuse of synthetic chemical 

pesticides could lead to the contamination of freshwater ecosystems (Deknock et al. 

2019). A recent evaluation of the usage of pesticides in Europe and Australia revealed a 

significant effect on species and family richness in stream invertebrate regional 

biodiversity (Beketov et al. 2013). It has been found that increased exposure of 

insecticide carbaryl to the developing larvae of green frogs (Lithobates clamitans), can 

influence the brain development and could affect the meta-morphogenesis of anurans 

(Boone et al. 2013). Persistence risk of organochlorine pesticides in the soil ecosystem 

reported due to the extensive usage (Helou et al. 2019). Loss of biodiversity in beneficial 

organisms such as natural predators of crop pests, pollinators, and soil microbes. Habitat 

loss and toxic chemical pesticide use threaten the ability of ecosystems to maintain the 

ecological functions and equilibrium between natural flora and fauna.  
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1.5.1 Negative impact on pollinators 

Pollinators are the key components in maintaining biodiversity and ecosystem 

stability. The decline in the pollinator population, negatively influences the terrestrial 

ecosystem stability, crop production, food security, and ultimately, human welfare (Potts 

et al. 2010). The United Nations Food and Agriculture Organization (FAO 2008) reported 

that bees are responsible for the pollination of 71 out of 100 crops, and the annual 

estimated value of those crops are more than 200 billion US dollars. Application of 

insecticides negatively affects honeybees and other non-target insects’ survival, even 

nonlethal exposure to thiamethoxam insecticide, impair honeybees returning to their hives 

(Henry et al. 2012). The realistic field level exposure of Bumblebee to neonicotinoid 

pesticide, imidacloprid significantly reduced the colony growth rate and observed an 85% 

reduction in new queen bee production (Whitehorn et al. 2012). Use of cholinergic 

pesticides clothianidin, coumaphosoxon, causes depolarization block of neuronal firing in 

brain cells of honeybee (Palmer et al. 2013). Considering the risks associated, there is a 

necessity to reduce the chemical synthetic pesticides use and its effect on non-target 

organisms and particularly to the environment.  

1.6 Biological pesticides  

Bio-pesticide is defined as “Any molecules from the biological origin, whole 

organism or product derived from them” (Villaverde et al. 2014).  Different classes of 

bio-pesticide are naturally occurring, such as biochemical, microbial entomopathogens, 

and plant-based active ingredients (Ruiu 2018). Current global bio-pesticide in total crop 

protection market is $ 3 billion and expected to reach beyond $ 4.5 billion by 2023 

(Damalas and Koutroubas 2018). Fifteen microbial agents are currently employed to 

control agricultural crop pest based on 970 commercial formulations. Indian bio-pesticide 
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market covers only 4.2% global bio-pesticide market. In India alone, 14 registered bio-

pesticides are in use, for reliably sustainable and environmentally friendly options and 

India has seen around the 14-fold increase in bio-pesticide use since 1996–2016 (Kumar 

et al. 2019). Delayed or absence of resistance development to the biological control 

agents is an added advantage (Gao et al. 2017). 

1.6.1 Bacteria as insect biological control agent 

Few bacterial species have been reported to pathogenic to insect pest which is 

designated as Entomopathogenic bacterium. The most widely reported entomopathogenic 

bacteria belong to B. thuringiensis subspecies affect mostly Lepidopteran insects. 

However, some other insect pathogenic bacteria have also been reported, such as 

Lysinibacillus (Bacillus) sphaericus, Serratia spp. and Paenibacillus spp.  L. sphaericus 

is a Gram-positive soil bacterium, formerly known as Bacillus sphaericus produces 

spherical spores and various insecticidal toxins such as sphaericolysin a cholesterol-

dependent cytolysin toxin, mosquitocidal toxins (Mtx1 and 2) and Binary prototoxins 

(Bin) (Berry 2012, Kellen et al. 1965). L. sphaericus have been reported to effects mainly 

Dipteran insects such as Culex and Anopheles species (Santana-Martinez et al. 2019). 

Serratia spp. causes amber disease in Costelytra giveni one of the New Zealand grass 

grub that is highly specific to the host (Jackson et al. 1991). It has been reported to cause 

a reduction in feeding as well as insecticidal activity against Scarabaeidae insects such as 

Polyphylla olivieri, C. giveni (Bidari et al. 2018, Hurst et al. 2018).  

1.6.1.1 Bacillus thuringiensis 

Bacteria B. thuringiensis (Bt) is a soil-borne insect pathogen, secretes crystal δ-

endotoxins (Cry), cytotoxins (Cyt), and vegetative insecticidal proteins (Vip) (Yang et al. 

2019). It kills host by effectively binding to insect midgut receptors such as cadherin, 
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aminopeptidase N (APN), and alkaline phosphatase (ALP), leading to the formation of 

pores in the epithelial cells residing on midgut (Bravo et al. 2011). B. thurigiensis based 

formulations have been used to control Ostrinia nubilalis Hubner (Lepidoptera: 

carmbidae), a major pest of corn in temperate regions (Crava et al. 2014), S. exigua (Beet 

armyworm) (Naimov et al. 2014) and combination of toxins also used against S. littoralis 

and Ephestia kuehniella (Elleuch et al. 2014). 

1.6.2 Baculovirus as biocontrol agents 

Baculovirus is a pathogenic insect virus, having circular double-stranded, rod 

shaped DNA molecule with 80-180 kbp size range (van Oers and Vlak 2007). It has 

potential use as bioinsecticide because of their high specificity towards insects and which 

considered as safe to vertebrates and plants (Rao et al. 2015, Shrestha et al. 2018). 

Autographa californica nucleopolyhedrovirus (AcMNPV) is one of the completely 

studied Baculovirus contains circular, double stranded DNA with approximate size of 130 

kbp, which is packaged within the nucleocapsid and highly pathogenic to many 

Lepidopteran insect species. This virus enters into epithelial cells based on endocytosis 

and receptor mediated internalization and causes death of infected insects (Au et al. 2016, 

Hodgson et al. 2019, Peng et al. 2010, Qin et al. 2018). Similar to AcMNPV, other 

nuclear polyhedroviruses also been reported from various lepidopteran insects such as    

H. armigera and S. litura (Ali et al. 2018, Bayramoglu et al. 2018, Chen et al. 2019, 

Cuartas et al. 2015, Ginting et al. 2018, Gross et al. 1994, Ilinsky et al. 2018, Kelly et al. 

1983, Wang et al. 2019). Fusion protein containing insect specific cyto-insectotoxin 

(Cit1a) from spider Lachesana tarabaevi and polyhedrin when recombinantly expressed 

in BmNPV and AcNPV significantly reduced the median lethal time (Ali et al. 2015). 

Fusion of Bt toxins to the baculovirus expression system improves virulence against 
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diamondback moth P. xylostella (Chang et al. 2003), and also expression of insect-

specific neurotoxin AalT along with Cry toxin resulted in high-level insecticidal activity 

against P. xylostella larvae and reduced lethal time against S. exigua (Shim et al. 2009). 

1.6.3 Fungi as biological control agents 

The most significant potential of using entomopathogenic fungi as biopesticide is 

their environmental safety. Beauveria bassiana (Balsamo) Vuillemin, Metarhizium 

anisopliae (Metschnikoff) Sorokin, Isaria fumosorosea ((wize) Brown and Smith) and 

Lecanicillium lecanii (Zimmermann) (formerly Verticillium lecanii) are naturally 

occurring entomopathogenic fungi, which are being used to control crop pests and vectors 

of disease-causing insects (de Faria and Wraight 2007, Wang and Feng 2014). 

Entomopathogenic fungi are virulent against various insect orders including Coleoptera 

(Williams et al. 2013, Long‐Wa Zhang et al. 2011), Diptera (Kim et al. 2014), Hemiptera 

(Lacey et al. 2011), Lepidoptera (Oliveira et al. 2012, Ramzi and Zibaee 2014), 

Siphonaptera (Mnyone et al. 2012), Thysanoptera (Wang et al. 2013, Wu et al. 2013) and 

also against non-insects Acari (Fernandes et al. 2011, Ren et al. 2011).  

1.7 Entomopathogenic fungi Metarhizium anisopliae and Beauveria bassiana 

1.7.1 Metarhizium anisopliae 

Metarhizium species have been widely accepted and best-studied fungi at 

molecular level with a greater potential as a biological control agent against wider range 

of arthropod insects. Initial experimental studies conducted by Metschnikoff (1879) to 

control wheat grain beetle Anisoplia austriaca using M. anisopliae hence the name 

anisopliae. It is also being called as ‘green muscardine fungi’ due to the green color 

sporulation. Metarhizium is the first reported fungi to be bulk produced and utilized 

against insect pests (Krassilstschik 1888). Metarhizium sp. has been reported to be 
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pathogenic to more than 200 insects but not toxic to mammals.  It may not be from insect 

habitats; however, studies suggest that it may be from soil root inter-phase where it grows 

by the influence of root metabolites (Roberts and St Leger 2004).  

The taxonomic classification of Metarhizium is  

Kingdom: Fungi 

Division: Ascomycota 

Class: Sordarimycetes 

Order: Hypocreales 

Family: Clavicipitaceae 

Genus: Metarhizium 

Species: M. anisopliae 

Along with M. anisopliae, other species such as M. flavoviridae and M. acridum 

are among the most abundant entomopathogens. This fungus reportedly cause infection in 

the range of agricultural pests and vectors of disease-causing agents including from 

Lepidopteran (S. litura, H. armigera, H. zea, S. frugiperda, P. xlyostella), Hemipteran 

(Aphis craccivora, Nilaparvatha lugens), Homopteran (Myzus persicae, A. gossypii) 

(Correa-Cuadros et al. 2016, Jaber et al. 2018, Mweke et al. 2018, Ramanujam et al. 

2018, Rivero-Borja et al. 2018, Sahayaraj et al. 2018, Silva et al. 2008, Tahir et al. 2019, 

Tang et al. 2019). 

Metarhizium secretes various secondary metabolites in response to the different 

ecological growth conditions (Rios-Moreno et al. 2016). These secondary metabolites 

play an essential role in determining the virulence of the fungi against various insect pest 

(Lozano-Tovar et al. 2015). Apart from the insecticidal property, they exhibit 

antibacterial (Kao et al. 2015, Tian et al. 2016), antifungal (Lozano-Tovar et al. 2017), 

and cytotoxic potential against various cancerous cell lines (Molnar et al. 2010). These 

secondary metabolites produced by the entomopathogenic fungi are clustered together as 
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biosynthetic gene clusters such as polyketide synthase (PKS), and non-ribosomal peptide 

synthetases (NRPS). Destruxin is one of the secondary metabolite produced by 

Metarhizium that is a cyclic hexadepsipetide compound coded by polyketide synthase 

clusters (Sbaraini et al. 2016). This peptide possess the ability to suppress the drug 

resistant cancerous cells (Wu et al. 2018). Swainsonine is an important metabolite being 

produced by Metarhizum (Singh and Kaur 2014b). It inhibits Golgi α-mannosidase-II 

proteins of the cancerous cells as well as exhibits antil-eukaemic activity (Singh and Kaur 

2014a). 

1.7.2 Beauveria bassiana 

In early 1770s an Italian Scientist Agostino Bassi discovered the appearance of 

white powdery structures devastating the silkworm industry which was later identified as 

Beauveria bassiana, a causative agent of white muscardine fungal disease. At the same 

time Giuseppe Gabriel Balsamo-Crivelli (1800-1874) also identified the fungus as 

bassiana. Later the fungus was named as Beauveria bassiana in 1912, in honor of the 

French scientist Jean Beauverie by Jean Paul Vuillemin (1861-1932) (Paul Vuillemin 

1912). This fungus occurs naturally in soil as white covered mycelium and conidiophores 

are clustered together and appears in dentriculate pattern.  

The taxonomic classification of B. bassiana is as follows: 

Kingdom: Fungi 

Division: Ascomycota 

Class: Sordariomycetes 

Order: Hypocreales 

Family: Cordycipitaceae 

Genus: Beauveria 

Species: B. bassiana 
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Secondary metabolites and secretary enzymes play an essential role in 

determining the virulence of this fungus. Secretary enzymes such as chitinase, cuticle 

degrading proteases, metalloproteases and other enzymes are the primary metabolites in 

determining the virulence. Additionally, secondary metabolites such as beauvetetraones, 

bassiatin, beauverolides, beauvericin, dipicolinic acid, bassianolide, bassianin, oxalic 

acid, tenellin, basiacridin, and oosporin are also produced by the B. bassiana and among 

these metabolites beauvericin, bassianolide, oxalic acid and dipicolinic acid exhibits 

insecticidal activity (Lee et al. 2019). Apart from the insecticidal property of these 

secondary metabolites some exert antifungal, antibacterial and anticancer activity also 

(Lee et al. 2016). These active metabolites are coded by the biosynthetic gene clusters 

such as polyketide synthase and non-ribosomal peptide synthetase present in the             

B. bassiana genome (Molnar et al. 2010).  

B. bassiana has been reported to infect more than 700 insect species from various 

insect orders including from Lepidoptera (S. litura, H. armigera, Chillo partellus and P. 

xylostella), Orthoptera (Locusta migratoriaa manilensis), Coleoptera (Dendroctonus 

rufipennis), Hemiptera (B. tabaci, and A. craccivora), Diptera (Drosophila suzukii) and 

Thysanoptera (Frankliniella occidentalis) (Batcho et al. 2018, Davis et al. 2018, Dhar et 

al. 2019, Jaber and Araj 2018, Mweke et al. 2018, Rhodes et al. 2018, Sangbaramou et al. 

2018, Sufyan et al. 2019, Tahir et al. 2019). 

1.7.3 Entomopathogenic fungi life cycle  

Unlike bacteria and virus, which need specialized routes to be ingested, to act 

upon insects, these fungi do not need to be ingested because of their direct penetrating 

ability into insects. Fig. 1.1 represents the various infection stages of entomopathogenic 

fungi. These fungal infections follow different life stages within insect host. Initial 
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physical contact between the fungal spore and cuticle, it recognizes host, which lead to 

spore germination and production of cuticle penetration structure called appressorium 

(highly specialized cell). In B. bassiana hydrophobins (HYD1, HYD2) and adhesins 

(MAD1, MAD2) play a distinct role in cell surface hydrophobicity, adhesion to insects 

respectively (Wang and St Leger 2007a, Shizhu Zhang et al. 2011). Mitogen-activated 

protein kinase (MAPK) is reported being responsible for appressorium formation and 

insect cuticle penetration (Zhang et al. 2010). Epicuticle contains a mixture of lipids, fatty 

acids, and wax ester layers, which protect insects from desiccation and microbial attack. 

Cytochrome P450 monooxygenase (CYP52X1) from B. bassiana helps in the degradation 

of specific epicuticular wax of insect (Pedrini et al. 2013). 

MrpacC, a pH-responsive transcription factor from M. roberstii contributes to the 

fungal virulence by penetrating insect cuticles, mycosis of insect cadavers and evasion of 

host immunity (Huang et al. 2015). Cuticle degradation is accomplished by enzymes such 

as chitinases (CHIT1) (Fang et al. 2005), proteases (Prl and Pr2) (Bagga et al. 2004, St 

Leger et al. 1987), carboxypeptidases, metalloproteases, aminopeptidases, and possibly 

lipases (Cho et al. 2006, St. Leger 1995). Once inside the insect, the fungi turn into 

blastospores that bud and spread through and invade the hemolymph of insects. Upon the 

death of insect host, hyphae reemerge to cover the corpse and produce a massive number 

of conidia to infect a new host.   

1.8 Major drawbacks associated with entomopathogenic fungi 

One of the significant drawbacks in exploiting these fungi to be used as a 

biopesticide is their slow speed of killing the host even after infection. Use of more 

virulent strain takes 3-10 days to kill the host which would allow the insects to make 

major crop damage even after the infection. Abiotic stress such as temperature, humidity, 
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and UV radiation also influence the virulence. Therefore, effective strategies are required 

to increase the virulence and abiotic stress tolerance and by doing so, the pathogen could 

reduce the median lethal time (LC50) and the dose (LD50) required in achieving the high 

mortality. This may be accomplished by manipulating the fungi genetically through 

transgenic approaches (Leger and Wang 2010, Thomas and Read 2007). 

1.9 Strategies used to improve the virulence of entomopathogenic fungi 

1.9.1 Endogenous genes overexpression 

The most attractive candidate for this approach could be the proteins expressed by 

entomopathogenic fungi during host infection, which includes proteases, chitinases, 

lipases, esterase, and metalloproteases. StLeger et al. (1996) developed a method to 

improve the virulence by overexpressing a toxic protease Pr1 in M. anisopliae, which 

exhibited a decrease in median lethal time to 25%. Insect cuticles are mainly consisting of 

a network of insoluble polysaccharide chitin and proteins. Expression of endochitinase 

gene Bbchit in B. bassiana significantly reduced the level of lethal time to 50% and dose 

to 50% compared to that of wild type strain (Fang et al. 2005). The fusion of chitin 

binding domain BmChBD from Bombyx mori with chitinase from B. bassiana Bbchit1 

increases specific binding to the chitin polymer targets in insects (Fan et al. 2007, Fan et 

al. 2011). Construction of hybrid protease by fusion of a chitin binding domain BbChBD 

from B. mori to the C-terminal end of CDEP-1, subtilisin-like protein from B. bassiana 

increased the ability to bind chitin (Fan et al. 2010). It has been observed that 

transformants overexpressing B. bassiana Pr1A homolog (CDEP1) and Bbchit1 exhibited 

a 24.9% reduction in LT50 and 60.5% reduction in LC50 value (Fang et al. 2009).  
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1.9.2 Heterologous genes overexpression 

1.9.2.1 Scorpion toxins overexpression 

Although endogenous genes mostly used by research communities, an approach 

considered to be an enormous potential is, to engineer the entomopathogenic fungi with 

genes from the heterologous origin. Initially, baculovirus was engineered to express 

AaIT1, a neurotoxin from Andructonus australis, which acts explicitly on insect Na+ 

channel (Stewart et al. 1991). Wang and Leger, (2007) also used the same gene to express 

in M. anisopliae specifically in insect hemolymph using Metarhizium collagen-like 

(Mcl1) promoter, which further increased fungal toxicity 22-fold against tobacco 

hornworm caterpillars and adult yellow fever mosquitoes (Wang and St Leger 2007b). 

Expression of AaIT along with protease Pr1A from M. anisopliae in B. bassiana reduced 

the LT50 value to 40 % against the larvae of pine caterpillar Dendrolimus punctatus (Lu et 

al. 2008). M. acridum genetically modified to express BjαIT, an insect-selective 

neurotoxin from Buthotus judaicus, resulted in increased virulence against locusts            

L. migratoria manilensis (Peng and Xia 2015).  

1.9.2.2 Overexpression of other heterologous proteins 

Melanization is a rapid response of insect immune systems towards invading 

pathogens. During that, a series of serine proteases expressed which in turn activate 

prophenoloxidase (proPO) activation factors (PPAFs). This factor catalyzes the 

conversion of prophenoloxidase to phenoloxidase, which helps in the production of 

melanin. Bumblebee (Bombus ignitus) venom serine protease (Bi-VSP) induces the lethal 

melanization in beet armyworm has also been expressed in B. bassiana (Kim et al. 2013).  

Cloning and expression of the vegetative insecticidal protein (Vip3Aa1) from                 
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B. thuringiensis increased 23-35% virulence against S. litura and higher per os toxicity 

(Qin et al. 2010) and against P. xylostella (Liu et al. 2013).  

1.10 Scorpion and spider toxins 

Venom is one of the essential tools for scorpions to predate and exercise self-

defense. These toxins or crudes are comprised of proteins ranging from 30-80 amino acid 

residues, mainly targeting ion channels. It has been classified based on size, short 

peptides that target K+ channels, and long chains peptides (α-toxins and β-toxins) which 

target Na+ channels. BmK NT1 is a 65 amino acid long peptide produced by scorpion 

Buthus martensii Karsch that primarily act on voltage-gated sodium channel (Zou et al. 

2016). It is further classified as a depressant toxin (blocking the action potentials) and 

excitatory toxin (repetitive firing of the neuron) (Ji et al. 2002, Leipold et al. 2012).  

1.10.1 Voltage-gated channels  

Voltage-gated channels are integral membrane proteins that function as a gateway 

to the passage of sodium, potassium, and calcium ions across the biological membranes. 

Voltage-gated sodium channels (VGSC) generate and propagate action potential in 

neurons (Bosmans and Tytgat 2007). Fig. 1.2 represents the linearized sodium channel α-

subunit structure. It is composed of one α-subunit (220-260 kDa) and one or two β-

subunits. The α-subunit of sodium channels consists of four homologous domains; each 

contains six hydrophobic transmembrane α-helices (S1-S6) segments connected by intra 

and extracellular loops. The loop between S5 and S6 segments form a pore, and S4 part in 

each domain contains positively charged amino acid residues at every third position, 

which believed to play a vital role in channel activation by opening pore. The interloop 

connecting domain S3 and S4 mainly consist of hydrophobic residues; act as inactivation 

gate in VGSCs (Bosmans and Tytgat 2007, Catterall et al. 2007). Scorpion α-toxins bind 

TH-2353_1361060053



Chapter 1 
 

20 | P a g e  
  

to receptor site 3 (extracellular loops S1-S2 and S3-S4 at DIV and S5-S6 at DI) on 

sodium channels which blocks the channel activation. Whereas β-toxins bind to receptor 

site 4 (extracellular loops S1-S2 and S3-S4 at DII and S5-S6 at DIII) and trap inactivation 

channels which induce repetitive firing of action potentials (Cestèle and Catterall 2000, 

Gurevitz 2012).  

1.10.2 BUTX-Lqq1a toxin 

The β-BUTX-Lqq1a is an excitatory insect-selective toxin from Buthidae family 

scorpion Leuirus quinquestriatus quinquestriatus that contains 70 amino acids including 

eight half-cysteine residues at the positions 16-37, 22-42, 26-44, 38-64 and devoid of 

methionine and tryptophan amino acids. Fig. 1.3 represents predicted secondary structure 

of β-BUTX-Lqq1a toxin (unpublished, this study). This toxin causes flaccid paralysis in 

insects by inducing repetitive firing in the VGSCs (Kopeyan et al. 1990, Zlotkin et al. 

1985). It closely resembles insect β-toxin AaIT1 from A. australis (Hector), which has 

been already proven non-toxic to mammals (Ji et al. 2002). 

1.11 Bacillus thuringiensis Cry and Cyt toxins  

Bacillus thuringiensisis a soil born gram-positive insect pathogenic bacterium, 

produces paracrystal inclusions called δ-endotoxins during sporulation. It provides two 

different multigenic forms of endotoxins, which are Crystal (Cry) and Cytolytic (Cyt) 

toxins. Cry toxins are effective against Lepidoptera, Coleoptera, Hymenoptera and 

Diptera. Cyt toxins are active against Diptera and Coleoptera. They are highly insect 

specific and innoxious to human and animals. Initially, B. thuringiensis used as a 

formulation for pest management. Later it has been introduced within the plants to 

counter the insect pests effectively. Until now, 2.3 billion hectares of genetically 

engineered crops cultivated throughout the world since 1996. The United States of 
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America is the largest producer of biotech plants in the world, planting 39.4% of global 

hectares with engineered maize topping the list. India stands 5th among the top countries 

growing biotech crops, particularly B. thuringiensis gene engineered transgenic cotton, 

where cotton cultivation covers 11.4 million hectares of land (Briefs 2017). Due to 

commercial exploitation, the use of chemical pesticide is substantially reduced. Among 

Cry toxins, Cry1A related toxins mostly integrated into transgenic crops to minimize the 

insect pests attack. These cry toxins consist of three domains, where domain I contain α-

helices, which helps in pore formation in insect mid-gut, domain II, and III involve in 

receptor binding and specificity. Receptors for these proteins are catherin like proteins 

(CAD), aminopeptidase N (APN), alkaline phosphatases (ALP), and ABC transporters. In 

insect mid-gut Cry toxin solubilization occur due to the alkaline environment, resulting in 

the inactivated toxin. The toxin oligomerization occurs in the insect midgut with the help 

of Cadherin receptors promoting pore formation in the midgut epithelial cells leading to 

the death of the insects. Meanwhile, due to improper integrated pest management (IPM) - 

refuge method and awareness related to the transgenic crops, insect pests developed 

resistance against these mostly used Cry toxins. Strategies to overcome resistance are to 

either modify the toxin so that binding specificities will be altered or stacking two to three 

different toxins together so that the development of resistance to these toxins can be 

slowed down. Delaying the pest adaptation and broader insecticidal potential could be 

done by fusing one or two different proteins with various activity (Zhao et al. 2017). 

Oligomeric structure formation is the intermediate step in the creation of pores in the mid-

gut of the insects, which is mediated by the binding of toxins to the receptor-like 

cadherin. However, the Cry1A Mod proteins are devoid of helix α-1 which can form 

oligomers in the absence of cadherin receptors. These modified toxins have been reported 
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to kill insects, which express the cadherin receptor at a low level, thus paving the way to 

eliminate the insect resistance (Gómez et al. 2015, Muñóz-Garay et al. 2009).   

1.11.1 General aspects of Cry1Ac toxin and insect resistance development 

Cry1Ac is one of the toxin produced by B. thuringiensis subsp. kurstaki HD-73 

strain. It is a 3-domain Cry toxin, which is a staggeringly studied and characterized pore-

forming toxin, primarily acts by forming pores in the insect mid-gut epithelial cells 

leading to increase in turgor pressure within the cell, cell burst and death of mainly 

lepidopteran insects. Cry1Ac contains 579 amino acids with three different domain 

structure (Fig. 1.4). Region 18-221 amino acids belong to endotoxin N or delta-endotoxin 

N-terminal domain rich in helices. Region 223-431 composed mainly of β-sheets called 

as endotoxin M and region 433-579 called as C-terminal domain or endotoxin N, which 

contains β-sheets throughout the domain (Derbyshire et al. 2001). Cry1Ac Domain III 

loop regions exhibit the lectin-like properties, which in turn recognize and binds to 

carbohydrate N-acetyl D-galactosamine (GalNAc) attached to aminopeptidase receptor. 

GalNAc binding induces relative conformational modification, which further enhances 

the membrane insertion of an oligomeric prepore structure (Derbyshire et al. 2001). 

Cry1Ac profitable activity on various lepidopteran insects, led to engineer the plant 

system to counter against important agricultural pest such as H. armigera (Chakraborty et 

al. 2016, Dourado et al. 2016, Ghosh et al. 2017, Liu et al. 2019), H. zea (Carriere et al. 

2018, Knight et al. 2015) and S. litura (Bernardi et al. 2014, Selvi et al. 2012). 

Fig. 1.5 represents the generalized mode of action of Cry toxins. Initial proteolytic 

processing of crystal and binding to a series of proteins in the insect mid-gut brush border 

membrane, further causes pore formation, ultimate paralysis, and eventual death. Alkaline 

phosphatase (ALP), aminopeptidase N (APN), cadherin (CAD) and the several ABCC 
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transporters have all been reported as putative receptors for Cry1Ac in various insect 

pests (Bernardi et al. 2014, Carriere et al. 2018, Dourado et al. 2016, Liu et al. 2019). The 

main relative interaction between the Cry1Ac and membrane-bound receptors may 

substantially reduce the insect susceptibility to toxin thus developing into resistant against 

Bt toxin (Fabrick et al. 2009, Fabrick et al. 2019, Guo et al. 2019, Zhang et al. 2019).  

1.12 Cytolytic toxin structure overview 

B. thuringiensis subsp. israelensis (Bti) produces crystalline (Cry4Aa, Cry4Ba, 

Cry10Aa, and Cry11Aa) as well as many cytolytic (Cyt1Aa and Cyt2Ba) toxins during 

sporulation. These toxins have proven insecticidal activity against major agricultural pests 

as well as vectors of disease-causing agents such as mosquitoes (Bravo et al. 2018, 

Elleuch et al. 2015, Kang et al. 2018, Torres-Quintero et al. 2018). Unlike Cry toxins, 

Cytolytic toxins do not require to bind to the specific receptors present on the brush 

border membrane. However, it acts by nonspecific interaction. Fig. 1.6 represents the 

Cyt1Aa toxin, which follows the α/β domain structure with inner core rich in β-sheets, 

whereas the outer layer consists of α-helices.  

The β-sheets around the inner core of the protein forms β-barrel structure during 

the membrane insertion (Cohen et al. 2011, Li et al. 1996).After the processing and 

activation of Cyt toxins in the insect mid-gut, mature oligomer toxin inserts into the lipid 

membrane without any receptor-mediated interaction. Fig. 1.7 represents the Cyt toxins 

mode of action. Initially, β-strands (β6-β8) located at the C-terminal domain of Cyt toxin, 

form a core structure of β-barrel, which further perforate the membrane (Promdonkoy and 

Ellar 2003, Rodriguez-Almazan et al. 2011). This event causes the osmotic lysis of cells, 

with increased water influx and cell swelling (Li et al. 1996). Cyt1Aa act synergistically 

as a membrane-bound receptor for other Cry toxins where loop β6-αE and β7 of Cyt1Aa 
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interact directly with Cry11Aa (Perez et al. 2005). Synergistic expression of Cyt1Aa 

along with other Cry toxins (Cry11Aa, Cry1Ac, and Cry3Aa) reported to alleviate the 

resistance mechanism and enhance the activity (Federici and Bauer 1998, Perez et al. 

2005, Pérez et al. 2007, Sayyed et al. 2001).  

1.13 General aspects of Lectins 

In nature, plants evolved numerous defense mechanisms against phytophagous 

insects using morphological, structural, and by the chemical defense. Among the 

chemically synthesized compounds, peptides and proteins, particularly lectins, are one of 

them. It has proven to be toxic to major agricultural insect pests belonging to various 

insect order such as Lepidoptera (Sadeghi et al. 2009), Coleoptera (Dowd et al. 2003, 

Melander et al. 2003, Murdock et al. 1990), Diptera (Zhou et al. 2000), Hemiptera 

(Beneteau et al. 2010) and Homoptera (Sauvion et al. 2004). The word lectin originated 

from the Latin word called “Legere,” which means “to select” because of their ability to 

bind selectively and reversibly to specific mono and oligosaccharides. Plant lectins are a 

heterogeneous group of proteins that recognize and bind reversibly to the carbohydrate 

moieties (Van Damme et al. 2008).  

Initially, lectins were classified based on their agglutination of red blood cells, and 

later it was no longer used since some of the lectins possess catalytic domain other than 

carbohydrate binding domain. Lectins were classified as merolectins, hololectins, 

chimerolectins, and superlectins based on the presence of sugar binding domain and a 

catalytic domain. Merolectins contain single carbohydrate binding domain and do not 

exhibit agglutination property. Hololectins possess multivalent carbohydrate binding 

domains, thus demonstrate agglutinating characteristics. Chimerolectins consist of other 

catalytic domain with distinct biological activity in addition to carbohydrate binding 
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domain such as Urtica dioica agglutinin (UDA) (Does et al. 1999, Van Damme et al. 

2008). Superlectins binds non-specific sugar molecules with two or more carbohydrate 

binding domains.  

Apart from carbohydrate binding properties, some lectins reported to exert 

coagulant in nature (de Oliveira et al. 2011, Gidrol et al. 1994), some involve in transport 

of glycoproteins (Banerjee et al. 2007) and act as regulators of intracellular signaling 

mechanisms in plant (Lannoo and Van Damme 2010). Midgut epithelium of most of the 

insects contains physical barrier peritrophic matrix, which consists of chitin fibrils held 

together by chitin binding domain and glycoproteins such as peritrophins (Hegedus et al. 

2009). These glycoproteins and chitin fibrils are the targets of lectins. Seven lectins have 

proven to be toxic to insects, that include Galanthus nivalis agglutinin (GNA)-related 

lectins, legume lectins, Hevein-related lectins, Nictaba-related lectins, Ricin related 

lectins, Amaranthins and Jacalins (Vandenborre et al. 2011). Toxicity of lectins may be 

attributed to a reduction in the survival of larvae, loss of weight, reduction in the ability of 

feeding, deformation in the pupae, and delay in adult emergence (Fitches et al. 2012). 

1.13.1 GNA Lectin 

The best studied, GNA lectin (Fig. 1.8) is produced by the plant Snowdrop which 

belongs to Amaryllidaceae family. This plant lectin extracted from bulbs specifically 

binds to high mannose containing N-glycan residues which are present abundantly within 

the insect cuticle. GNA contains tetrameric identical subunit protein with three well-

conserved binding sites for to α-1, 3 linked terminal mannose residues. Each subunit 

contains three conserved domains, which are highly folded antiparallel four stranded β-

sheets (Hester et al. 1995, Wright and Hester 1996). Successfully introduced GNA into 

variety of plants such as cotton (Liu et al. 2019), potato (Mi et al. 2017), rice (Rao et al. 
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1998) and wheat (Liang et al. 2004, Miao et al. 2011, Shah et al. 2005, Stoger et al. 1999) 

exhibited insecticidal property against various insect pests, primarily on sap-sucking 

hemipteran insect pests (Liu et al. 2016). 

In addition, a fusion of lectins to neurotoxin or peptide venom acts as a carrier to 

transport peptides or toxins across the gut epithelium and delivering it to the target sites. 

Fig. 1.9 represents the generalized mode of action of Lectins in the insect mid-gut. 

Insecticidal spider neurotoxin SFl1 from Segestria florentina fused with GNA was tested 

against the rice brown planthopper Nilaparvata lugens (Stal) and peach potato aphid 

Myzus persicae (Sulzer) which slowed the development and reproductive capacity (Down 

et al. 2006). The spider venom peptide ω-hexatoxin-Hv1a targets insect voltage-gated ion 

channel, fused with snowdrop lectin GNA, mediated the transport of Hv1a across the gut 

epithelium and delivered the toxin to the site of action (Fitches et al. 2012). 

Amautobitoxin (Pl1a) / GNA tested against housefly Musca domestica and pea aphid 

Acrythosiphon pisum, which caused mortality when delivered orally (Yang et al. 2014). 

Bt Cry1Ac fused with Allium sativum agglutinin (ASAL) caused 100% mortality in H. 

armigera and Pectinophora gossypiella (Tajne et al. 2014).  
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1.13 Lacunae and scope of work 

As it is evident from the literature, there are scarce reports available on the expression 

and purification of arthropod toxins in bacterial system, that are insecticidal in nature as well 

as their expression in entomopathogenic fungi to improve the virulence to tackle against 

economically important agricultural pests. Less popularity in the use of fungal biocontrol 

agents stems from their lower virulence, less tolerance to abiotic stress conditions as well as 

mere field persistence ability, which is all being substantiated by use of chemical pesticides. 

Intensified chemical pesticide applications led to resistance development in insects and un-

controllable impact on non-target organisms.  However, biocontrol agents display added 

advantages by delaying the process of resistance development. The use of heterologous 

proteins offers a reliable solution to increase the tolerance to abiotic stress and to magnify the 

virulence factor towards specific insect pests. Combinatorial effect of multi-functional 

proteins needs to be addressed to dynamically improve the virulence of entomopathogenic 

fungi and thus agricultural productivity.  

 

 

 

 

 

 

 

TH-2353_1361060053



Chapter 1 
 

28 | P a g e  
  

1.14 Objectives 

To increase the virulence of entomopathogenic fungi towards agricultural pest, strategies 

devised based on the literature studies are as follows: 

1. Expression and purification of β-BUTX Lqq1a toxin and its biological activity 

against insect cells and agricultural insect pests. 

2. Cloning and expression of β-BUTX Lqq1a in Beauveria bassiana and Metarhizium 

anisopliae and their insect toxicity assay. 

3. Bacterial expression and purification of fusion protein containing β-BUTX 

Lqq1a/GNA Lectin and their cytotoxicity assay against insect cell lines. 

4. Cloning and expression of β-BUTX Lqq1a, Cyt1Aa and t-Cry1Ac/GNA in 

Metarhizium anisopliae and insect toxicity assay. 

5. Time expression analysis of β-BUTX Lqq1a/sGFP in M. anisopliae. 
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Fig. 1.1 Schematic representation of different life stages of entomopathogen infection on 

insects (Adapted from (Thomas and Read 2007)). 

 

Fig. 1.2 Linearized sodium channel α-subunit with its four domains transmembrane with 

each containing six cylindrical α-helices (Adapted from (Gurevitz 2012)). 
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Fig. 1.3 Predicted β-BUTX Lqq1a structure using QUARK (Xu and Zhang 2012, Xu and 

Zhang 2013). 

Fig. 1.4 Crystal structure of Cry1Ac toxin (PDB:4ARX) (Derbyshire et al. 2001) 
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Fig. 1.5 Schematic representation of B. thuringiensis Cry toxins generalized mode of action (Adapted from (Pardo-Lopez et al. 2013))
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Fig. 1.6 Cyt1Aa protein structure (PDB: 3RON, (Cohen et al. 2011)) 
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Fig. 1.7 Schematic representation of B. thuringiensis subsp. israelensis Cyt toxin generalized mode of action
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Fig. 1.8 GNA lectin bound with three mannose residue (PDB:1JPC, (Wright and Hester 

1996)) 
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Fig. 1.9 GNA lectin generalized mode of action on insect mid-gut cells (Adapted from (Napoleão et al. 2019))
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2.1 Introduction 

The rising population, dietary preferences, and urbanization in developed as well 

as in developing countries require tremendous steps to enhance agriculture production to 

meet the increasing demand. It can only be achieved by considerably increasing 

agricultural yield and modification in the use of input resources. However, agricultural 

productivity is highly demarked by changes in climatic conditions and continuous attacks 

by pests. With the advent of synthetic and biological insecticides/pesticides, the pests 

gradually developed resistance to most of the insecticides, leading to their resurgence 

(Sundstrom et al. 2014). Among the resistant insect pests, tobacco caterpillar, Spodoptera 

litura, is one of the most destructive agricultural pest damaging more than 100 crops in 

Asian countries. It has developed resistance to a wide variety of insecticides, particularly 

organophosphates and pyrethroids (Pattapu et al. 2018, Saleem et al. 2015, Sparks and 

Nauen 2015). Similarly, cotton and other crops are profoundly affected by the presence of 

Helicoverpa armigera (Bird 2018, Kukanur et al. 2018). Worldwide, more than 6 billion 

tonnes of pesticides have been used since the last decade, to control the insect pests. 

Although synthetic pesticides offer a significant advantage in controlling the pest 

population, the appearance of resistance in insects, hazards associated with human health 

and environmental persistence, trigger the need to find suitable alternatives (Vontas et al. 

2011, Zimmer et al. 2014). 

Usage of bio-insecticides, along with integrated pest management strategies, have 

been recently employed, aiming to control the pests attack with minimal risks to health 

and environment. Spider and scorpion produce toxins in secreted venom in the wake of 

defense and predation. These biologically active compounds contain mixture of small 

peptides and proteins with targeted action on neuronal ion channels such as voltage-gated 

TH-2353_1361060053



Chapter 2  

40 | P a g e  
 

sodium channels (Nav) (Yang et al. 2014, Zlotkin et al. 2000), calcium channels (Cav) 

(Khan et al. 2006, Pal et al. 2013), neuronal receptors located on cell membrane and 

presynaptic receptors. Because of selectivity, specificity, and biodegradability, these 

peptides have proven to be agriculturally essential to be used as bio-insecticides 

(Gershburg et al. 1998, Ji et al. 2002, Kopeyan et al. 1974, Tianpei et al. 2014).  

β-BUTX Lqq1a is a β-insect toxin one from scorpion Leiurus quinquestriatus 

quinquestriatus, and this excitatory toxin binds to the receptor site-4 in domain II of 

insect voltage-gated sodium channels (VGSCs). This toxin purified from crude venom 

caused fast excitatory contraction paralysis in the fly larvae and proven 40 times more 

toxic than the crude venom (Kopeyan et al. 1990, Zlotkin et al. 1985), and it shares a high 

degree of similarity with the well-known scorpion β-insect neurotoxin AaIT1 from 

Andructonus australis. β-BUTX Lqq1a was able to bind competitively with synaptosomal 

membrane vesicles that were previously treated with AaIT1 (Loret et al. 1990). It has 

been experimentally proven that β-insect excitatory toxins bind to the voltage sensing 

module in the extracellular loop of S1-S2 and S3-S4 of domain II and pore-forming 

module of domain III in the VGSCs of insects (Song et al. 2011). 

Being one of the most potential candidates which could be used as bio-insecticides 

and there are no reports mentioning the expression of β-BUTX Lqq1a toxin in other 

species, for efficient purification of the toxin in bacteria. The present study is the first 

report demonstrating the expression and purification of β-BUTX Lqq1a toxin protein in 

Escherichia coli. The current research focuses on the development of purified 

recombinant β-BUTX Lqq1a and its toxicological effects on cotton bollworm                  

H. armigera and tobacco cutworm S. litura.  Cytotoxicity assays were also conducted to 

study the activity of the purified recombinant β-BUTX Lqq1a against lepidopteran insect 
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cell lines.  Thus, the present study displays an efficient and economical way of toxin 

production, providing a novel insight into the development of bio-insecticides. 
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2.2 Materials and Methods 

2.2.1 Bacterial strains and reagents 

The E. coli DH5-α strain was used for maintenance of cloning and expression 

vectors. SHuffle T7 Express Lys competent cell (New England Biolabs, USA) was used 

for the expression of β-BUTX Lqq1a. All restriction enzymes, Phusion DNA polymerase, 

and ligation enzymes were purchased from New England Biolabs, USA. Integrated DNA 

Technologies, USA, synthesized all the primers. Plasmid DNA and gel extraction kits 

were purchased from Macherey Nagel, GmBH. 

2.2.2 β-BUTX-Lqq1a gene synthesis  

The protein sequence of β-BUTX Lqq1a was obtained from National Center for 

Biotechnology Information (NCBI) database with the accession number: P19856.1 

followed by its reverse translation into DNA sequence using European Molecular 

Biological Laboratory (EMBL)-EMBOSS Backtranseq software (Rice et al. 2000). The 

reverse translated DNA sequence β-BUTX-Lqq1a was codon optimized for bacterial 

expression. Further, the codon-optimized DNA sequence was synthesized and cloned in 

plasmid-pUC57 flanking EcoRI and HindIII restriction sites (Genscript, USA).  

2.2.3 Expression cassette construction 

Primers were designed to clone β-BUTX Lqq1a N-terminally along with the His-

Tag and thrombin cleavage site in pET28a bacterial expression vector.  β-BUTX Lqq1a 

DNA sequence was amplified with specific primer set Lqq-FP (5’- CGC CAT ATG 

AAG AAA AAC GGT TAT GCG GTG G -3’) and Lqq-RP (5’- CGC GGA TCC TTA 

GTT AAT GGT CAC GAA ATC GC -3’) using plasmid pUC57 β-BUTX-Lqq1a as a 

template. Amplification conditions: initial denaturation for 4 min at 94°C, denaturation at 

94°C for 30 sec, annealing at 61°C for 30 sec, extension at 72°C for 45 sec, the cycle was 
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repeated for 25 times, and then final extension was at 72°C for 10 min. Polymerase Chain 

Reaction (PCR) amplified β-BUTX Lqq1a sequence, and pET28a expression vector was 

digested with NdeI and BamHI restriction enzymes at 37ºC followed by their purification 

using Takara gel purification kit (Takarabio, Japan) 

2.2.4 E. coli chemical competent cell preparation 

The CaCl2 based chemical competent cells were made according to the protocol 

by Cohen et al. (1972) with little modifications. Initially, 5 ml of LB medium was used to 

inoculate single DH5α colony and incubated overnight at 37ºC at 200 rpm in rotatory 

incubator shaker. Next day, 0.1% of overnight grown culture was used to inoculate 500 

ml of LB broth and incubated at 37ºC until the optical density of the culture to reach up to 

OD600 0.3-0.5. Post-incubation, cells were collected by centrifugation at 8000 rpm for 15 

min at 4ºC. The collected cells were washed once with 100 mM CaCl2 and incubated in 

ice-cold 100 mM CaCl2 for 30-45 min. After the incubation, centrifugation was 

performed to obtain the cell pellet and again resuspended in 1.5 ml of ice-cold 200 mM 

CaCl2 prepared with 30% glycerol. A 50 µl cell aliquots were made, flash frozen in liquid 

nitrogen and stored in -80ºC freezer until further use. 

2.2.4.1 E. coli DH5α transfection 

Ligation of the restriction enzyme digested pET28a and β-BUTX Lqq1a purified 

fragments was performed using T4 DNA ligase at 16ºC for 16 hr. Ligated products were 

then transformed into bacterium E. coli DH5α using calcium chloride (CaCl2) chemical 

competent transformation method, and the selection was carried out using antibiotic 

kanamycin (50 µg ml-1). Positive clones were further confirmed by PCR with gene-

specific primers. PCR confirmed positive clones were further used for plasmid DNA 
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isolation. Isolated plasmids were analyzed by using a 1% Agarose gel electrophoresis 

system, and for imaging, Bio-rad ChemiDoc gel documentation system was employed.  

2.2.5 Protein β-BUTX Lqq1a expression and purification 

2.2.5.1 Shuffle T7 express LysY chemical competent cells preparation 

Chemical competent cells of Shuffle T7 express LysY cells were made according 

to the protocol followed in section 2.2.4 of chapter 2. The pET28a-BUTX Lqq1a (1 µg) 

was transformed into bacterial protein expression strain SHuffle T7 Express LysY using 

chemical competent transformation method. The selection was carried out on LB medium 

supplemented with kanamycin (50 µg ml-1) and incubated at 37ºC for overnight. The 

colonies were confirmed for the presence of the plasmid and the BUTX Lqq1a gene by 

PCR based screening method.  

2.2.5.2 The (His)6 β-BUTX Lqq1a toxin expression 

A single colony Shuffle T7 Express carrying the pET28a-BUTX Lqq1a was used 

to inoculate 5 ml of LB broth and incubated overnight at 37ºC at 200 rpm. One percent of 

overnight grown culture was utilized to inoculate into the expression medium. The β-

BUTX Lqq1a protein expression was carried out using Terrific Broth (TB) medium 

(Tryptone 12 g l-1, yeast extract 24 g l-1, K2HPO4 12.54 g l-1, KH2PO4 2.31 g l-1) with 

limited modification in medium composition. Instead of recommended glycerol (0.4%) 

concentration in the TB medium, 1.0 – 2.0% glycerol was used. Initially, bacterial culture 

was grown until OD600 to reach 0.6 at 30ºC and then the culture was induced with 0.5 mM 

isopropyl thiogalactopyranoside (IPTG) and incubated for 16 hr at 16°C in a refrigerated 

incubator shaker at 200 rpm.  
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2.2.5.3 The (His)6 β-BUTX-Lqq1a toxin affinity purification 

Post-incubation, the culture was centrifuged at 10,000 rpm for 30 min at 4ºC, and 

cell pellet was re-suspended in binding buffer A (20 mM Tris-Cl, 300 mM NaCl, 20 mM 

Imidazole, 10% Glycerol, 5 mM Benzamidine HCl, 2 mM DTT), followed by its lysis 

using Vibra cell Sonicator with 2 sec pulse ON and 30 sec pulse OFF conditions. The 

lysate was centrifuged at 13,000 rpm for 1 hr at 4ºC, and the clarified supernatant solution 

was loaded into Nickel- Nitrillo Triacetic Acid (Ni-NTA) affinity chromatography pre-

equilibrated with binding buffer A. Different fractions were eluted with binding buffer A 

containing 300-400 mM imidazole and analyzed by using 16% Sodium Dodecyl Sulfate-

Poly Acrylamide Gel electrophoresis (SDS-PAGE). Gel images were captured using a 

Biorad Gel Doc EZ gel documentation system and analyzed with Image Lab software 4.0 

from Biorad.  

2.2.5.4 The (His)6 tag removal and size exclusion chromatography purification 

Protease thrombin (Sigma, USA) digestion was carried out at 23ºC overnight 

incubation to cleave the N-terminal (His)6-tag fragment from the affinity-purified (His)6-

β-BUTX Lqq1a protein. Further purification of β-BUTX Lqq1a was performed using Size 

Exclusion Chromatography System (AKTA purifier) with Superdex 75 columns 10/300 

GL (GE, USA) to remove the thrombin protease and cleaved (His)6-tag fragments with 

phosphate buffer saline pH 7.2 supplemented with 5% glycerol. Finally, β-BUTX Lqq1a 

protein was concentrated using Amicon ultra-15 centrifugal filter unit with ultracel-3 

membrane. Quality of the purified fragments were analyzed by using 16% Sodium 

Dodecyl Sulfate-Poly Acrylamide Gel electrophoresis (SDS-PAGE) followed by Silver 

staining the gel. Gel images were captured using a Biorad Gel Doc EZ gel documentation 
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system and analyzed with Image Lab software 4.0 from Biorad. Quantification analysis of 

purified β-BUTX-Lqq1a protein was performed using Bradford assay. 

2.2.6 MALDI-TOF molecular mass determination 

The molecular mass of the purified β-BUTX Lqq1a was validated and analyzed 

via mass spectrometry through matrix-assisted laser desorption/ionization time of flight 

(MALDI-TOF/TOF, Bruker Daltonics, Germany). The purified protein was mixed with 

sinapic acid in various (1:1, 2:1, 4:1) proportions and analyzed. The mass spectrum was 

processed using Flex Analysis 2.4 software (Bruker Daltonics, Germany). Based on 

fragment ion calculators, β-BUTX Lqq1a theoretical m/z value was calculated and 

compared with the experimentally determined m/z value of β-BUTX Lqq1a.  

2.2.7 Western blot analysis 

The purified neurotoxin β-BUTX Lqq1a and (His)6-β-BUTX Lqq1a was evaluated 

by western blot analysis. The highly specific antigenic peptide was chosen from Lqq1a 

toxin using OptimumAntigen™ Design Tool, and polyclonal antibodies were generated in 

mouse (Genscript, USA), and anti-mouse IgG secondary antibody which is conjugated 

with alkaline phosphatase was purchased from Genscript, USA. Final purified protein 

concentration was quantified using the Bradford method. Protein sample 10-20 μg were 

separated on a 12-15% SDS-PAGE gel electrophoresis. After the SDS-PAGE separation, 

proteins were transferred onto 0.45 µM Nitrocellulose membrane (Bio-Rad) using the 

Invitrogen power blotter system (Thermo Scientific, USA). The membrane was then 

incubated in blocking buffer (Tris-buffered saline with 3% Bovine serum albumin) for 1 

hr at room temperature and further incubated with primary antibody diluted in blocking 

buffer (1:500 and 1:1000) at 4ºC overnight. Post incubation, the membrane was washed 

3-4 times in TBS containing Tween-20 wash buffer for 5 min each. The diluted secondary 
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antibody in blocking buffer was incubated with the membrane for 1 hr at room 

temperature and then washed with washing buffer. Finally, the detection was performed 

using the Clarity™ Western ECL substrate (Bio-rad, India), and imaging was carried out 

using a ChemiDoc XRS™ gel documentation system (Bio-rad, USA). 

2.2.8 Cytotoxicity assay of purifiedβ-BUTX Lqq1a with Sf-21 insect cell lines 

2.2.8.1 MTT assay 

The biological activity of purified β-BUTX Lqq1a was tested with Lepidopteran 

insect cell line Sf-21 isolated from Spodoptera frugiperda ovaries, obtained from National 

Center for Cell Science (NCCS), Pune, India. The Sf-21 cell lines were maintained in 

TNM-FH (Tricoplusia ni) modified Grace inset cell culture medium with 10% Fetal 

Bovine Serum (FBS, Gibco, USA), final pH 6.2 at 27°C with the aerated condition. For 

β-BUTX-Lqq1a cytotoxicity assay 5 µl of Sf-21 cells were seeded (1×105 cells ml-1) in 96 

well plates with a final volume of 200 µL Stock solutions of purified β-BUTX Lqq1a 

were made in serum-free TNM-FH medium and was added in three different (2.47, 4.95 

and 7.42 µg ml-1) concentrations and incubated for 48 hr to obtain IC50 value. Only the 

serum-free medium was used as control. After the incubation period, 5 µl MTT (5 mg ml-

1, Sigma) solution was added and then incubated for 4-6 hr in dark condition at 27°C or 

until the formation of purple color crystals. Crystals were further pelleted by 

centrifugation at 1000×g for 15 min and then solubilized in 100 µl of dimethyl sulfoxide 

(DMSO). Absorbance was recorded using a Tecan multiplate reader (infinite M200pro) 

with the dual wavelength at A590 and A660 as the reference wavelength. The experiment 

was conducted twice with each concentration in triplicates. 
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2.2.8.2 Light microscopy analysis  

Sf-21 cell morphological changes were observed using Inverted light microscope 

(Nikon TiS, Japan). Sf-21 cells were seeded in 24 well plates (5×104 cells ml-1) and 

treated with 4.95 µg ml-1 β-BUTX Lqq1a protein for 24 and 48 hr for determination of 

action of toxin on a various time interval. Zeocin antibiotic (10 µM) was used as a 

positive control. Post-incubation, cells were centrifuged at 300×g for 10 min and washed 

with phosphate buffered saline (PBS) pH 7 and observed under an inverted fluorescence 

microscope (Nikon Ti-S) at 40×magnification. All the images were processed through 

NIS elements 4.50 analysis software (Nikon, Japan)  

2.2.8.3 Fluorescence microscopy analysis 

Propidium Iodide (PI, Sigma) binds to DNA by intercalation between the bases. It 

is commonly used to detect the dead cells in a population since it is not permeable to 

living cells. PI has maximum excitation and emission wavelength at 535 and 617 nm 

respectively. Here, in the present study, utilizing the property of PI to evaluate the 

cytotoxic effect of the purified β-BUTX Lqq1a protein on Sf-21 insect cell lines was 

undertaken. To study the effect, initially Sf-21 cells were treated for 24 and 48 hr with 

higher concentration of toxic protein at 27ºC in aerated static incubator. Post-treatment, 

cells were collected by centrifugation at 300×g for 10 min at 4ºC and washed with 1 X 

PBS (pH 7.4) buffer and stained with PI (1 mg ml-1). The cells were visualized under 

Inverted Fluorescence Microscopy (Nikon Ti-S, Japan) and obtained image was 

processed with NIS elements 4.50-image analysis software.  

 

 

TH-2353_1361060053



  Chapter 2 

49 | P a g e  
 

2.2.8.4 Ultra-structural analysis using Field Emission Scanning Electron Microscopy 

Field Emission-Scanning Electron Microscopy was used to analyze the 

morphology of treated Sf-21 cell lines. For FESEM analysis, cells were treated with 4.2 

µg ml-1 β-BUTX Lqq1a protein for 24 hr. After treatment, cells were washed with 

phosphate buffered saline and then fixed by using 4% paraformaldehyde and 2.5% 

glutaraldehyde for 24 hr at 4°C. After the fixation, cells were centrifuged at 300×g for 10 

min and washed with phosphate buffered saline. Finally, cells were dehydrated using an 

ethanol gradient series of 10, 30, 50, 70, and 100% for 10 min each. Before sample 

analysis, cells were sputter-coated with gold film (SC7620 “Mini,” Polaron Sputter 

Coater, Quorum Technologies, England) and probed with 2.00 KV electron high tension 

(EHT) in-Lens secondary detectors using FE-SEM, Carl Zeiss, SIGMA VP, USA.  

2.2.8.5 Flow cytometry analysis 

Cell cycle analysis was performed using flow cytometer to evaluate the effect of 

purified recombinant β-BUTX Lqq1a on Sf-21 insect cell line. For flow cytometry 

analysis, cells with a concentration of 2×106 cells ml-1 were seeded and incubated for 24 

hr at 27°C. PBS was taken as control, and for treatment 4.1 and 8.2 µg of β-BUTX Lqq1a 

toxin was taken. Post-incubation, ice-cold 70% ethanol was added dropwise to fix the 

cells at 4°C overnight. After the fixation, centrifugation at 2000 rpm for 10 min was done 

to remove the residual ethanol. Pelleted cells were again re-suspended in phosphate 

buffered saline (PBS, pH 7.4) and Ribonuclease A (RNase A) treatment was done at 37°C 

for 1 hr. The cells were then stained by using propidium iodide (1 mg ml-1) for 10 min 

and analysed using BD FACS Caliber flow cytometer.   
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2.2.9 Bioassay of β-BUTX Lqq1a with H. armigera and S. litura  

2.2.9.1 Maintenance of insect cultures 

 H. armigera and S. litura insect cultures were procured from National Bureau of 

Agricultural Insect Resources (NBAIR), Bangalore, India. Both the insects were 

maintained at 16:8 hr light and dark conditions at 25±3ºC with 60-70% relative humidity 

(RH) on natural castor leaves diet. 

2.2.9.2 Intra-hemocoeilic injection bioassay 

 Intra-hemocoel injection bioassay was performed using 4th to 5th instar larvae of 

H. armigera, and S. litura. Various β-BUTX Lqq1a protein (5 µl) concentrations (2.0, 

1.0, and 0.2 µg insect-1) were used for injection in H. armigera and for injection in S. 

litura (2.0, 1.0, 0.5 and 0.2 µg insect-1) concentrations were used.  PBS (Phosphate 

Buffered Saline, pH 7.4) was taken as a control for the insects. For each dose, twenty H. 

armigera and thirty S. litura larvae were injected with 5 µl of β-BUTX Lqq1a protein and 

mortality rates were scored at 12, 24, 36, 48, and 72 hr post injection time including 

control.  All the insects were starved for 2 hr pre-injection and chilled at 4ºC until torpid 

and before injection. Injected insects were supplied with natural castor leaves diet only. 

All the experiments were conducted at 25-28ºC with 60-70% RH level with 16:8 hr light 

and dark photoperiod. 

2.2.10 Statistical data analysis 

 Data analysis were conducted using GraphPad Prism software (version 6.0). The 

values are expressed as mean with standard deviation. For the MTT assay, the data were 

compared using a one-way analysis of variance (ANOVA) test with Dunnett’s multiple 

comparisons test. Differences were considered statistically significant when the p < 0.05. 

The IC50 value was calculated using GraphPad Prism software with the normalized 
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absorbance percentage vs. log concentration. Kaplan-Meier survival plots were 

constructed using GraphPad Prism software (version 6.0), and comparison of survival 

curve was done using Log-rank (Mantel-Cox) test, and LC50 value was calculated based 

on Probit analysis (Finney 1952). 
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2.3 Results  

2.3.1 Cloning in pET28a expression vector 

In this study, initially, β-BUTX Lqq1a gene sequence was codon optimized with 

higher codon adaptation index (CAI=0.97) (Fig. 2.1) to maximize the soluble expression 

in E. coli SHuffle T7 Express LysY cells and further cloning into pUC57 vector resulted 

in pUC57-β-BUTX Lqq1a (Fig.2.2) Initially, β-BUTX Lqq1a gene was successfully 

amplified using the gene-specific primers from pUC57-β-BUTX Lqq1a with the 

calculated size of 210 base pair (bp) and pET28a double digested fragments were also 

purified (Fig. 2.3). This amplified fragment was further ligated with pET28a vector and 

cloned in DH5-α cells which has been confirmed by PCR (Fig. 2.4). 

2.3.2 Expression and purification using Ni-NTA affinity chromatography 

The β-BUTX Lqq1a expressional studies were performed in E. coli SHuffle T7 

Express LysY cells. Fig. 2.5 indicates the overall schematic representation of steps 

involved in β-BUTX Lqq1a protein expression and purification. Initial expression studies 

with various media such as LB, TB and Auto Induction Medium suggested that Terrific 

broth supplemented with 1.5% glycerol resulted in soluble expression of recombinant 

protein.  Successful purification of (His)6-β-BUTX Lqq1a using Ni-NTA affinity 

chromatography was achieved using the binding buffer added with 10% glycerol which 

enhanced the stability of the recombinant protein as analyzed by SDS-PAGE (Fig. 2.6). 

The calculated molecular mass of the purified (His)6-β-BUTX Lqq1a was 10.5 kDa. 

Reducing the growth temperature to 16ºC after the IPTG induction, resulted in significant 

improvement in the soluble protein fraction in the supernatant, however overall biomass 

obtained was comparatively less than higher temperature growth. Large scale purification 

helps to alleviate the problem with reduced biomass.  
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2.3.3 N-Terminal (His)6 tag removal using Thrombin Protease 

The presence of (His)6 tag at the N-terminal region of the protein would enhance 

the stability and solubility of the recombinant protein as reported by Esen et al. (2019). 

However, N-terminal presence may interfere with the biological activity of the 

recombinant protein. In order to remove the N-Terminal (His)6-tag along with the vector 

sequence (2 kDa) associated with scorpion toxin, thrombin protease treatment was 

performed. Thrombin preferentially recognize the LVPRGS amino acid sequence and 

cleaves between Arg and Gly residues. After initial affinity purification, N-terminal 

(His)6-tag was removed from (His)6-β-BUTX Lqq1a by incubating with protease 

thrombin. Based on the sequence analysis using Protparam (Gasteiger et al. 2005), it has 

been predicted that four extra amino acids (Gly, Ser, His, Met) have added to the N-

terminal region of β-BUTX Lqq1a protein.  

2.3.4 Size exclusion chromatography 

Size exclusion chromatography has become an inevitable technique in the protein 

purification studies as the desired protein separates based on the size. Purification of 

soluble and functional cysteine rich neurotoxic proteins from the aggregated counterparts 

when it is expressed in heterologous expression system and separation from the crude 

venom, gel separation chromatography has played an essential role in many studies 

(Kuzmenkov et al. 2016, Oukkache et al. 2015, Rojas-Azofeifa et al. 2019). 

In the present study, 2 kDa N-terminal peptide part containing (His)6 tag was 

initially removed by thrombin digestion. Fractions consisting of (His)6 tag and 

recombinant protein β-BUTX Lqq1a were further separated and purified to homogeneity 

using size exclusion chromatography system. Fig. 2.7 shows the resulted size exclusion 

chromatogram from the purification where prominent peak 2 shows the (His)6-β-BUTX 
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Lqq1a protein separation from the aggregated protein (peak 1) and other protein debris, 

i.e., peak 3 and 4. Analysis of digested and undigested protein using SDS-PAGE followed 

by silver staining method indicated the removal of N-terminal (His)6 tag and the 

homogeneity of the purified β-BUTX Lqq1a. Fig. 2.8A represents the schematic diagram 

of the construct (His)6-β-BUTX Lqq1a with predicted molecular mass. In Fig. 2.8B Lane 

1 shows the undigested protein fraction, i.e. (His)6-β-BUTX Lqq1a, and the approximate 

calculated molecular weight of 10.05 kDa. Lane 2 shows the N-terminal (His)6 tag 

removed β-BUTX Lqq1a protein, and the theoretically calculated molecular weight being 

8.25 kDa.   

2.3.5 Mass spectrometry and Western blot analysis 

MALTI-TOF mass spectrometry is an inexpensive and effective tool in 

identification of bacteria, fungi and virus (Calderaro et al. 2014, Cornut et al. 2019, Hinse 

et al. 2011, Sonthayanon et al. 2019, Wieser et al. 2012). Apart from organismal 

identification, this technique also helps in comprehensive proteomic analysis of various 

crude venom extracted from arthropod insects that has huge potential of clinical as well as 

biotechnological applications (Huang et al. 2015, Khamessi et al. 2018, Oukkache et al. 

2015). Similar studies conducted with purified recombinant protein using MALDI-TOF 

mass spectrometry analysis further confirmed successful purification of β-BUTX Lqq1a 

with a molecular mass of 8255.95 Da as compared to the predicted theoretical mass of 

8255.81 Da, as shown in Fig. 2.9A. Further western blotting analysis also indicated the 

shift in the molecular weight of the N-terminal His tag removed BUTX Lqq1a 

recombinant toxin (Fig. 2.9B). 
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2.3.6 Cytotoxicity analysis of treated Sf-21 insect cell line using MTT assay 

To detect the potential action of toxins purified from various sources on either 

bacterial, or cancerous cell line, one should be able to detect the metabolic activity of the 

cell of interest upon treatment. Studies conducted with various peptide with different 

potential was tested against microbes as well as cancerous cells indicated the use of MTT 

cell viability assay to assess the anti-proliferative activity (Almaaytah et al. 2012). Here 

in this study, Cytotoxic activity of purified β-BUTX Lqq1a protein towards Sf-21 insect 

cell population was studied using MTT dye-reduction method. Data analysis revealed a 

significant reduction (p < 0.002) in the cell proliferation and viability of the insect cell 

lines in a dose-dependent manner (Fig. 2.10A). After the data normalization, mean IC50 

value was observed to be 1.70 to 3.01 µg ml-1 with 95% confidence interval (n=12, df=10) 

(Fig. 2.10B).  

2.3.7 Morphological assessment using Light microscopy 

To further assess the cytotoxicity of treated cells concerning changes in the cell 

morphology, qualitative analysis using inverted bright field microscopy was performed. 

In PBS treated control (Fig. 2. 11 a and d), the cells were observed to be healthy, regular, 

circular and grainy in structure with no morphological changes, whereas in zeocin 

antibiotic treatment (positive control) (Fig. 2. 11 b and e), most of the cells were 

irregularly shaped depicting disintegration of membrane and formation of apoptotic 

bodies. Correspondingly, insect cells lines treated with β-BUTX Lqq1a toxin (Fig. 2.11 c 

and f) showed significant morphological changes such as blebbing of the membrane, 

irregularly shaped cells, cell bulging as well as the formation of apoptotic cell structures. 
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2.3.8 Fluorescence microscopy analysis 

Propidium iodide based cytotoxic analysis is one of the rapid and highly sensitive 

method to detect the cellular damage caused by particular toxic proteins or metabolites 

particularly membrane damage (Wrobel et al. 1996). This cell membrane impermeable 

dye binds to DNA with the cell membrane impairment. As shown in Fig. 2.12 control 

cells treated with only PBS pH (7.4) exhibited little or no morphological aberrations 

which resulted in insignificant uptake of Propidium iodide and almost 90% cells showed 

negative for PI staining in both 24 and 48 hr treatment.  However, Sf-21 cells treated with 

scorpion recombinant protein β-BUTX Lqq1a resulted in profound uptake of propidium 

iodide in both 24 as well as 48 hr treatment intervals.  

2.3.9 Ultra structural analysis using FE-SEM 

In addition to it, ultra-structural analysis of insect cell lines upon treatment with 

the β-BUTX Lqq1a was experimented using FE-SEM. While the PBS treated (control) 

cells appeared regular and smooth (Fig. 2.13a), upon treatment with the toxin, cell lines 

showed cell shrinkage and shape deformities (Fig. 2.13b). 

2.3.10 Flow Cytometry analysis 

Chromosomal DNA damage could result from oxidative damage caused by the 

external stimuli which possibly affects the cell cycle progression. The effect of purified β-

BUTX Lqq1a toxin was studied by treating the Sf-21 cells followed by flow cytometry 

analysis. ModFit a program was used to analyze the percentage of cells in each phase 

(G1, S and G2) along with control population. As shown in Fig. 2.14, in untreated control 

population, percentage of cells observed in G1, S, and G2 phase were 42.61, 46.13, and 

11.26% respectively. However, Sf-21 cells treated with β-BUTX Lqq1a (4.1 and 8.2 µg) 

exhibited, increased accumulation of cells in G1 phase, 54.61% and 63.78% respectively 
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and only 19.18% and 14.52% cells were observed in S phase of treated population. We 

could observe the increment in G1 population of cells treated with increasing 

concentration of recombinant protein, depicting the dose dependent action.  

2.3.11 Insect bioassay 

2.3.11.1 Helicoverpa armigera 

Biological activity of β-BUTX Lqq1a toxin was examined against two 

lepidopteran insects, H. armigera and S. litura. Injecting H. armigera insect with 

recombinant β-BUTX Lqq1a toxin resulted in significant larval mortality, which occurred 

during the initial 24 hr as shown in Fig. 2.15A, Kaplan-Meier percentage survival 

analysis of three different treatments affected the survival of larvae in a dose-dependent 

manner (Log-rank (Mantel-cox test) χ2=61.74, df=3, and p<0.0001). Compared to the 

control group, 60% of mortality was observed in the treated population after 24 hr of 

injection. Moreover, an increase in the mortality rate was observed after 48 hr. The 

control population injected with only PBS were able to survive even after 72 hr post 

injection. The calculated LD50 value (R2=0.99, df=3, p=0.0023) for the treated                 

H. armigera was found to be 0.13 µg 175 mg-1 or 0.74 µg g-1 of larval body mass. Visual 

observation on toxin treated H. armigera showed partial paralysis and sluggish food 

intake in the initial period of treatment followed by stiffening of the body. Within 36 hr, 

complete paralysis with gradual melanization of the body was observed, ultimately 

leading the death of the insects. The control insects (PBS treated) appeared to be healthy 

and normal, as seen in Fig. 2.15B. 

2.3.11.2 Spodoptera litura 

Mortality of S. litura larvae injected with various doses of recombinant β-BUTX 

Lqq1a protein showed significant differences (Log-rank (Mantel-cox test) χ2=140.4, df=4, 
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and p<0.0001) in the survival rate. Kaplen-Meier survival percentage analysis revealed 

(Fig. 2. 16A) 30-40% reduction in the survival of larvae within 24 hr. More than 90% of 

the population showed larval mortality 36 hr post injection. On the other hand, the control 

population was able to reach the normal pupation stage. Complete death of the S. litura 

was observed after 48 hr of post-injection. The calculated (R2=0.93, df=3, p=0.0005) 

LD50 value for the treated S. litura was 0.147 µg 210 mg-1 that is 0.7 µg g-1  of insect 

body mass. Both the insect’s cultures showed paralysis immediately after the injection 

along with skin blackening, shortened body, and reduced feeding, as shown in Fig. 2.16B.  

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2353_1361060053



  Chapter 2 

59 | P a g e  
 

2.4 Discussion 

The present study is the first report documenting the expression and purification 

of scorpion based β-BUTX Lqq1a neurotoxin in the bacterial system and its putative 

application as a bio-insecticide. β-BUTX Lqq1a consists of four intrinsic disulfide bond 

that bridges together the protein in an adequately folded three-dimensional structure. This 

folding allows for more natural interaction with insect sodium channels.  Codon 

optimization of the gene of interest, solubilization tag, and expression host selection all 

are an essential strategy for obtaining properly folded protein in soluble form. To achieve 

this, when the eukaryotic β-BUTX Lqq1a gene codon optimized for the bacterial 

expression system, it enhanced the solubility and expression of scorpion toxin. However, 

most of the spider or scorpion neurotoxins expressed in heterologous systems such as      

E. coli produced as inclusion bodies because of improper folding and absence of oxidized 

or reduced environment (Dai et al. 2012, Down et al. 2006, Dutra et al. 2008, Fitches et 

al. 2004, Yang et al. 2018). 

Moreover, obtaining a reasonable amount of accurately folded soluble protein is 

vital to structural and functional studies, especially when the molecule of research is to 

dealt with in vivo experiments. A similar toxin such as AaIT expressed in bacterium 

resulted in inclusion bodies formation (Ji et al. 2002). However, when β-BUTX Lqq1a 

toxin was expressed by using SHuffle T7 express LysY strain, which favored the 

formation of disulfide bonds in the cytoplasm itself, easing out to purify the protein in 

soluble form. In addition to it, purification of β-BUTX Lqq1a toxin in its proper folded 

way was achieved by using size exclusion chromatography, aiding its usage in the 

cytotoxicity and insect bioassays. 
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MTT assay is one of the vital approaches to quantify the metabolically active 

cells, which can cleave tetrazolium salts into insoluble purple formazan crystals. The 

amount of crystals formed is directly proportional to the activity of the proliferation of 

cells. MTT assay with the purified β-BUTX Lqq1a toxin on insect cell line Sf-21 resulted 

in a dose-dependent decrease in the viable cell population. Ji et al. (2002) conducted 

cytotoxicity studies with recombinant Aa IT1 toxin on insect cell line Sf-9, resulted in 

reduced cell viability with deficient concentration and the LC50 value determined to be 

0.13 µM (i.e., 0.913 µg ml-1). Although the β-BUTX Lqq1a toxin reduced the viability of 

Sf-21 cells, calculated IC50 value is moderately higher (1.70-3.01 µg ml-1) than Aa IT1 

toxin. The difference in the concentration may be due to a small degree of variation 

(10%) in the amino acids sequence between the two recombinant proteins. In addition, the 

cytotoxic study of similar neurotoxin Aa IT1 from A. australis on Sf-9 cell line 

demonstrated that small intrusion in the plasma membrane caused the cells to swell and 

resulting in membrane blebbing (Ji et al. 2002). It may be due to binding of Aa IT1 do the 

putative sodium channel protein present in the plasma membrane increasing the influx of 

sodium ions. When Trichoplusia ni insect cell line (BTI-TN-5B1-4) was treated with the 

venom purified from Nasonia vitripennis, it allowed more flow of sodium ions and also 

increased the permeability of plasma membrane (Rivers et al. 2002). Similar 

morphological changes like membrane blebbing, the formation of apoptotic structures, 

and cell shrinkage were observed in the present study when β-BUTX Lqq1a treated Sf-21 

insect cell lines were observed microscopically. Therefore, this study suggests that 

apoptosis could be a causative nature of the cytotoxic activity of β-BUTX Lqq1a.  

MTT cell viability assay offers a quantitative estimation of proliferating cells in 

the particular cell population. However, membrane compromised cells could not be 
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detected using the MTT assay. Cellular staining which provide detailed information about 

the damage caused by the other proteins would offer an added advantage. Various stains 

interact with the chromosomal DNA such as propidium iodide, DAPI not only reveal the 

membrane impairment, and fragmentation of the nucleus also can be studied. Several 

studies have reported the use of PI staining principle in studying the effect of secondary 

metabolites, proteins, and various nanoparticles action on cancerous cell lines through 

fluorescence microscopy, spectrophotometry as well as flow cytometry analysis (Dengler 

et al. 1995, Jones and Senft 1985, Şahin et al. 2018). Present study, β-BUTX Lqq1a 

treated Sf-21 cells stained with PI revealed initial membrane impairment. In addition to 

that, it also clearly suggested the presence of apoptotic bodies and fragmented nucleus in 

the treated population.  

Recombinant β-BUTX Lqq1a showed insecticidal activity on injection into          

H. armigera and S. litura with paralysis and mortality symptoms. The intra-hemocoelic 

injection caused initial flaccid paralysis in H. armigera immediately after the injection. 

Recovery from paralysis was observed after 2 hr of post-injection; however, the feeding 

behavior completely stopped after 24 hr. Similar studies by Khan et al. (2006) reported 

that topical application of bacterially expressed spider neurotoxin ω-ACTX-Hv1a toxin 

(Hvt) from Hadronyche versuta onto H. armigera resulted in severe mortality within      

24 hr post application. It required only 4 pmol g-1of body weight to kill the population. 

Whereas, in the present study, the needed recombinant β-BUTX Lqq1a only 0.074 µg 100 

mg-1 of larval weight. Upon treatment with Hvt toxin, behavioral symptoms such as lack 

of coordination and head shaking were noticed in H. armigera. However, with an intra-

hemocoelic injection of β-BUTX Lqq1a, complete lack of coordination, movement, and 

feeding were observed. This action probably may be due to the different mode of action 
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of Hvt, which acts preferably on calcium channel, and β-BUTX Lqq1a effect on voltage-

gated sodium channels of H. armigera. In similar studies with insect depressant scorpion 

neurotoxin from Buthus martensii Karsch insect toxin 4 (BmK IT4) showed treated larvae 

with significantly reduced weight and mortality in cotton bollworm. Though it took 98 hr 

to kill 50% of the bollworm population, 77% mortality was achieved with an almost 

negligible amount of feeding (Jiang et al. 2001). Nevertheless, within 48 hr of treatment, 

nearly 90% of the bollworm larvae died due to β-BUTX Lqq1a toxicity. Hence, β-BUTX 

Lqq1a could be one of the useful tools in controlling the cotton bollworm population 

despite the appearance of resistance due to synthetic chemical insecticides. 

β-BUTX Lqq1a affected the survival of S. litura in a dose dependent manner. 

After toxin injection, average larvae weight increased to a range of 0.9 - 17.4% from the 

initial average weight. Whereas in control population, 25.97% increase was observed 

within 24 hr of injection. In the treated population after 24 hr, there was no increase in the 

average weight of the insect due to complete lack of feeding, whereas in PBS treated 

control, regular feeding was observed, and also the insects were able to attain pupation or 

continued with the normal life cycle. Biological activity of δ-palutoxins (Pl1a) from 

Paracoelotes luctuosus tested against S. litura resulted in a significant increase in the 

mortality rates. The LD50 value was reported to be 0.95 to 4.48 µg 100 mg-1 of insect 

body weight (Corzo et al. 2000). In the present study, the recombinant β-BUTX Lqq1a 

required only 0.7 µg g-1 of insect body mass to kill 50% population within 36 hr injection. 

Recombinant β-BUTX Lqq1a is 12 times more potent when compared with reported        

δ-palutoxins or Pl1a (Corzo et al. 2000). These experiments suggest that β-BUTX Lqq1a 

was biologically active against Sf-21 insect cell lines as well as the two major significant 

agricultural pests viz., H. armigera and S. litura. 
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2.5 Conclusion 

Aa IT is the most widely studied neurotoxin from A. australis, which has been 

expressed in various microorganisms such as baculovirus and entomopathogenic fungi 

and being used or tested as a potential biopesticide (Khan et al. 2006, Zlotkin et al. 2000). 

Likewise, the present study demonstrated the molecular cloning, soluble expression, and 

purification of recombinant β-BUTX Lqq1a in a bacterial system. Moreover, the 

successful application of purified β-BUTX Lqq1a toxin on Sf-21 insect cell lines also 

suggested the possible cytotoxicity. Due to the high potency, if this toxin can express via 

a suitable delivery system such as Metarhizium anisopliae, Beauveria bassiana, and other 

entomopathogenic fungi into the insect circulatory system, it could turn out to be a 

potential alternative to the synthetic chemical insecticides.  
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5’AAGAAAAACGGTTATGCGGTGGACAGCAGCGGCAAGGCGCCGGAGTGCCTGCTGA

GCAACTACTGCTATAACGAATGCACCAAGGTTCACTACGCGGATAAAGGTTATTGCT

GCCTGCTGAGCTGCTACTGCGTGGGCCTGAGCGACGATAAGAAAGTTCTGGAGATCA

GCGACGCGCGTAAGAAATATTGCGATTTCGTGACCATTAAC3’ 

Fig. 2.1 Scorpion neurotoxic β-BUTX Lqq1a sequence codon optimization. Gene 

sequence codon optimized using commercially available Optimumgene™ codon 

optimization analysis tool. Optimized gene sequence length is 210 bp with codon 

adaptation index (CAI) value 0.97. 

 

 

Fig.2.2 Plasmid map showing the pUC57 vector harboring β-BUTX Lqq1a gene. 
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Fig. 2.3 Agarose gel electrophoresis analysis of Gel 

purified DNA fragments of 1) β-BUTX Lqq1a gene 

(210 bp), 2) pET28a expression vector (5369 bp) and 

M- ‘O’GeneRuler 1 Kbplus DNA ladder (Fermentas, 

USA). Both the vector and gene sequence were 

digested with NdeI and EcoRI restriction enzymes 

overnight at 37ºC. Gel purified fragments were 

analyzed on 0.8% agarose gel electrophoresis 

Fig. 2.4 Agarose gel electrophoresis analysis of 

clone confirmation of pET28a-β-BUTX Lqq1a using 

polymerase chain reaction with gene specific 

primers. M is O GeneRuler 1 Kbplus DNA ladder 

(Fermentas, USA) and 1) β-BUTX Lqq1a gene (210 

bp) amplified using the pET28a-β-BUTX Lqq1a 

colony. 
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Fig. 2.5 Schematic representation of recombinant β-BUTX Lqq1a expression and purificati
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Fig. 2.6 SDS-PAGE analysis of (His)6-β-BUTX Lqq1a protein expression and Ni-NTA 

affinity purification. (His)6-β-BUTX Lqq1a protein expression was successfully 

optimized in TB medium supplemented with 1% glycerol with 0.5 mM IPTG at 16ºC for 

16 hr at 200 rpm in refrigerated shaking incubator and subsequently purified using Ni-

NTA affinity chromatography. Initial affinity purified fractions were analyzed in 18% 

Tris-Glycine buffer based SDS-PAGE gel electrophoresis. (His)6-β-BUTX Lqq1a protein 

size is approximately 10.08 kDa. Fraction 1, 2, and 3 shows the near homogeneity-

purified protein. 

Fig. 2.7 Typical 

chromatogram from size 

exclusion chromatography 

purification of β-BUTX 

Lqq1a protein using column 

Superdex 75 10/300 GL 

Chromatogram indicates the 

differentially eluted protein 

fractions against absorbance 

at 220 nm. 
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Fig. 2.8 Purification of recombinant (His)6-β-BUTX Lqq1a A) Schematic representation 

of construct showing predicted molecular mass of (His)6 tag and β-BUTX Lqq1a as well 

as the total (His)6 β-BUTX Lqq1a mass. B) SDS-PAGE (16% acrylamide gel in Tris- 

Glycine buffer) analysis of undigested and digested (His)6-β-BUTX Lqq1a protein after 

size exclusion chromatography purification. Marker denotes the standard low range 

protein molecular weight marker.  
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Fig. 2.9 MALDI mass spectrometry (A) and Western blot analysis (B) of purified β-

BUTX Lqq1a protein. Arrow indicates the average mass of column purified β-BUTX 

Lqq1a protein. 

 

 

 

A 
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Fig. 2.10 Effect of various concentration of purified β-BUTX Lqq1a toxin on the viability 

of Sf-21 insect cell lines determined by MTT assay A) One-way ANOVA followed by 

Dunnett’s pairwise multiple comparison analysis indicated that β-BUTX Lqq1a affected 

cell viability in dose dependent manner (p <0.002) when compared with control. 

Asterisks indicate the results that were significantly different from the control. *, p< 

0.027, **, p< 0.002 and ***, p< 0.001.  All data are the average of three independent 

experiments with three replications for each along with standard deviation (±SD). B) 

Nonlinear fit of normalize transform data was performed to deduce the IC50 value purified 

β-BUTX Lqq1a toxin on the viability of Sf-21 insect cell lines determined by MTT assay.  
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Fig. 2.11 Morphological analysis of treated Sf-21 cell lines at 24 and 48 hr time interval 

Inverted microscopy used for observing the cells under 40 X magnification. The bar 

represents 50 µM.  
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Fig. 2.12 Fluorescence Microscopy analysis of Sf-21 cells treated with β-BUTX Lqq1a 

for 24 and 48 hr respectively and further stained with PI. Images were taken in both 

bright field and fluorescence for the control (only PBS treated) and β-BUTX Lqq1a 

treatment at 40 X magnification. 

Fig. 2.13 Ultra structural analysis of β-BUTX Lqq1a treated Sf-21 insect cell lines using 

scanning electron microscopy.  The bar represents 2 µM for control a and 3 µM for b. 
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Fig. 2.14 Cell cycle analysis of β-BUTX Lqq1a treated Sf-21 insect cell line using ModFit 

analysis software. Control cells were treated only with PBS (pH 7.4), and two various 

concentrations of β-BUTX Lqq1a treated Sf-21 insect cell line. Data represents three 

independent experiments with standard deviation (SD) 

Control 
(PBS treated) 

β-BUTX  Lqq1a 
(4.1 µg) 

β-BUTX  Lqq1a 
(8.2 µg)

TH-2353_1361060053



Chapter 2 

74 | P a g e

Fig. 2.15 Injection bioassay of Helicoverpa armigera A) Kaplan-Meier survival plot of 

H. armigera (n=20) injected with β-BUTX Lqq1a at the stated doses. Only PBS buffer

used for injecting the control population.  B) Photographic image shows the β-BUTX

Lqq1a toxin treated and PBS treated H. armigera larvae
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Fig. 2.16 Injection bioassay Spodoptera litura A) Kaplan-Meier survival plot of S. litura 

(n=30) injected with β-BUTX Lqq1a at the stated doses. Only PBS buffer used for 

injecting the control population. B) Photographic image shows the β-BUTX Lqq1a toxin 

treated and PBS treated S. litura larvae. 
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3.1 Introduction  

Scorpion and spider possess untapped repository of biologically active molecules 

in the venom which is being predominantly used as defense molecule and for predation. 

In recent past, these biologically active molecules incessantly exploited for their immense 

potential for the control of major agriculturally important insect pests and vectors of the 

disease-causing agent. These arthropod insect toxins classified into α and β toxins based 

on the peptide sequence length where 30-40 amino acid containing peptides are called as 

α-toxins, whereas 70-80 amino acid containing peptides called as β-toxins. These toxins 

further classified into excitatory and depressant toxin based on their action on voltage-

gated sodium channels, voltage-gated calcium channels, calcium- voltage-activated 

potassium channels, and chloride channels.  

AaIT is a 70 amino acid neurotoxic peptide produced by Buthid scorpion 

Andructonus australis. Physio-chemical studies revealed that this toxin binds to voltage-

gated sodium channel causing repetitive firing of motor neurons and ultimately causes 

flaccid paralysis in insects (Zlotkin et al. 2000). Similarly, another insect-selective 

neurotoxic peptide ω-atracotoxin-Hv1a from funnel web spider Hadronyche versuta also 

caused blockage in voltage-gated calcium channel (Cav) leading to acute toxicity in house 

cricket insect as a result of flaccid paralysis (Chong et al. 2007). LqhαIT is an insect-

specific α-toxin from Israeli desert scorpion, Leiurus quinquestriatus hebraeus primarily 

acts on voltage-gated sodium (Nav) channel (Peng and Xia 2014).  

For the control of insect pests and vectors of disease-causing agents, synthetic 

chemical insecticides being perpetually employed against various insect pests (Saeed et 

al. 2019, Shah et al. 2019). Pesticide persistence in the environment causes considerable 

damage to aquatic ecosystems, humans, and animals. Effect of neonicotinoid pesticides 
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on butterflies, caused a reduction in survival, interruption in the feeding behaviour as well 

as abnormalities in ovipositional response (Mulé et al. 2017). Beneficial predatory mite, 

Neoseiulus fallacis exposure to carbaryl insecticide caused high mortality with a shortest 

lethal period (Jamil et al. 2019). Arthropod pesticide resistance database reported that 

field-evolved resistance in H. armigera, S. litura, and S. exigua for almost all the 

neonicotinoid insecticides with a higher incidence of S. litura resistant population. 

Availability of fewer chemically active ingredients led to intense selection pressure for 

the evolution of pesticide resistance. Use of biological organisms to control insect pest 

population necessitated to reduce the impact of synthetic chemical pesticides and to avoid 

resistance development. B. bassiana and M. anisopliae are most widely used biocontrol 

agents against a broad range of agricultural pest population (Alikhani et al. 2019, Deng et 

al. 2019, Gindin et al. 2006, Jiang et al. 2019, Lo Verde et al. 2015, Mahot et al. 2019, 

Song et al. 2019, Tuncer et al. 2019).  

In spite of the general usage of entomopathogenic fungi, limited shelf life, slow 

speed of kill, and lack of field persistence due to a higher temperature and UV-radiation 

pose major constraint in competing with chemical pesticides. Due to the intrinsic property 

of the neurotoxins, some of the toxins has further been expressed in and delivered using 

entomopathogenic fungi such as Metarhizium spp, Beauveria spp and in plants systems. 

AaIT expressed in M. anisopliae under the control of hemolymph specific promoter 

increased the fungal toxicity towards insect pest tobacco hornworm Manduca sexta 

(Wang and St Leger 2007). Similarly, AaIT expressed in B. bassiana, which increased the 

insecticidal efficiency of entomopathogen against mosquito, Aedes albopictus adults 

(Deng et al. 2017). Hv1a neurotoxin caused severe mortality against sucking pests 

Aphids, Acyrthosiphon pisum and Myzus persicae when delivered orally as well as when 
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expressed in plant system (Nakasu et al. 2014, Pal et al. 2013). M. acridum expressing 

LqhIT2 insect toxin exhibited increased virulence against Locusts Locusta migratoria 

manilensis (Peng and Xia 2014). 

In the present study, B. bassiana and M. anisopliae have been exploited to express 

heterologous insect-specific Buthid scorpion neurotoxin β-BUTX Lqq1a from Leiurus 

quinquestriatus quinquestriatus. This toxin shares higher homology to the thoroughly 

studied AaIT toxin. Upon successful expression of the toxic protein, bioassay with 

engineered fungi was performed to evaluate the potential efficacy against H. armigera,       

S. litura, and white grub Phyllophaga smithi. 
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3.2 Materials and Methods 

3.2.1 Strains and culture conditions 

For bacterial cloning and maintenance of plasmids, Escherichia coli DH5-α cells 

were used and maintained in Luria Bertani (LB) medium at 37ºC.  Agrobacterium 

tumifaciens EHA 105 strain was grown in LB medium supplemented with Rifampicin    

(10 µg ml-1). B. bassiana (MTCC 984) and M. anisopliae (MTCC 892) cultures were 

procured from Microbial Type Culture Collection and Gene Bank (MTCC, India) and 

maintained on SDA (Sabroud Dextrose Agar) and PDA (Potato Dextrose Agar) medium 

respectively at 28ºC. 

3.2.1.1 Fungal spore collection 

 Initially, both B. bassiana and M. anisopliae spores (1×106 ml-1) were inoculated 

in 100 ml Sabroud Dextrose Agar (pH 5.6) and Potato Dextrose agar (pH 5.6) 

respectively and incubated for 7-10 days at 25±2ºC in an orbital shaker incubator. Post-

incubation, plates containing spores were flooded with 0.05% Triton X-100 solution and 

collected using a pipette. Finally, spores were counted using Neubauer-haemocytometer 

and stored at 4ºC until further use.   

3.2.2 Gene synthesis 

The β-BUTX Lqq1a protein sequence was retrieved from the NCBI database 

(P19856.1) and followed by the reverse translation using EMBL-EMBOSS Backtranseq 

software (Rice et al. 2000). The reverse translated sequence was then codon-optimized for 

the expression in M. anisopliae and B. bassiana. Along with β-BUTX Lqq1a codon-

optimized sequence, 5’-untranslated region, and Metarhizium collagen-like promoter 

signal sequence (Mcl1-sp) was added and cloned in pUC57 vector harboring ampicillin-

resistant marker (Genscript, USA).  
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3.2.3 Vector construction 

Two different strategies were followed for the development of expression vector 

to transfer into B. bassiana and M. anisopliae. 

3.2.3.1 Vector construction for B. bassiana 

For the cloning of neurotoxic β-BUTX Lqq1a, fungal expression vector pAL1 was 

used and obtained from Fungal genetic stock center (FGSC, USA) and maintained in      

E. coli DH5-α supplemented with ampicillin (100 µg ml-1). Fig. 3.1 indicates the 

schematic representation of B. bassiana vector construction method. 

3.2.3.1.1 Overlap extension PCR 

For the expression vector construction initially, β-BUTX Lqq1a gene along with 

5’-UTR and Mcl1sp was amplified using pUC57-BUTX Lqq1a as a template with gene-

specific primers with overhangs for pAL1 vector and promoter sequence (Table 3.1). The 

final 50 µL amplification reaction mixture contains 1x HF buffer, 1 µl of 10 mM dNTPs 

(200 µM) 2.5 µl of 10 µM Forward primer (500 nM), 2.5 µl of 10 µM Reverse primer 

(500 nM), 1.5 µl of DMSO (3%), 1 µl of plasmid DNA (20 ng), and 1 unit of Phusion 

DNA Polymerase (ThermoScientific, USA). The amplification conditions are initial 

denaturation at 98ºC for 3 min, denaturation at 98ºC for 20 sec, annealing at 60-70ºC for 

45 sec and extension for 90 sec at 72ºC and cycles were repeated for 25-30 times. The 

final extension was performed at 72ºC for 10 min. Similarly, Metarhizium collagen-like 

promoter (PMcl1) was amplified using M. anisopliae genomic DNA as a template with 

specific primers with an annealing temperature of 60ºC designed to include vector and 

Lqq1a overhangs (Table 3.1). Plasmid pAL1 vector digested with NcoI and EcoRI 

restriction enzymes in NEB cutsmart buffer at 37ºC for 3-4 hr and gel purified using 

TAKARA gel purification kit (Takarabio, Japan)  
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PMcl1 and β-BUTX Lqq1a gene along with 5’-UTR and Mcl1sp were fused using 

overlap extension polymerase chain reaction (PCR) with the following reaction mixtures 

1x HF buffer, 1 µl of 10 mM dNTPs (200 µM) 2.5 µl of 10 µM pAL1 overhang Mcl1pro 

Forward primer (500 nM), 1.5 µl of PCR purified 5’UTR Mcl1sp-BUTX Lqq1a fragment 

as reverse primer, 1.5 µl of DMSO (3%), 1 µl gel-purified PMcl1 fragment (20 ng) as 

template and 1 unit of Phusion DNA Polymerase (ThermoScientific, USA). PCR 

amplified fragments were further gel purified using Takara gel purification kit 

(TAKARA, Japan). Both the purified vector and insert fragments were analyzed by using 

agarose gel electrophoresis (1%) and visualized using a ChemiDoc XRS™ gel 

documentation system (Bio-rad, USA).  

3.2.3.1.2 E. coli chemical competent cell preparation and transfection 

E. coli chemical competent cell was prepared, as mentioned in chapter 2 section 

2.2.4. and stored at -80ºC until further use. Gibson assembly reaction was performed to 

clone 5’UTR Mcl1sp-BUTX Lqq1a into the digested pAL1 vector at 50ºC for 45-60 min. 

Post incubation, the whole reaction mixture was transformed into chemically competent 

E. coli DH5-α cells, and positive clones screened on LB agar supplemented with 

ampicillin (100 µg ml-1).  

3.2.3.1.3 Colony PCR 

PCR confirmation of the positive clones was performed by the colony PCR based 

method with gene-specific primers. The overnight grew culture was transferred into 5 µl 

of nuclease-free H2O, and PCR was performed with Taq DNA polymerase with 1x 

standard Taq DNA polymerase buffer with β-BUTX Lqq1a gene-specific primers. Final 

amplified PCR products were analysed using 1% Agarose gel electrophoresis.   
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3.2.3.1.4 Plasmid DNA isolation  

Plasmid DNA was isolated according to Bimboim and Doly (1979) modified 

alkaline lysis method with modifications. Colony PCR confirmed clones were inoculated 

in 5 ml of LB broth and incubated overnight at 37ºC at 180 rpm in an orbital shaker 

incubator. Overnight grown cultures were then centrifuged at 10,000 rpm for 30 sec, at 

4ºC to collect the cells. The pelleted cells were resuspended in 200 µl Resuspension 

buffer (50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 mM EDTA (pH 8.0), and 200 µl 

lysis solution (0.2 N NaOH, 1% (w/v) SDS) was added and further incubated for 2 min or 

until clear lysis. Then the suspension was neutralized using 300 µl Neutralization buffer 

(5 M potassium acetate, glacial acetic acid) and incubated at room temperature for 5-10 

min. The lysate was centrifuged at 12,000 rpm, for 10 min at 4ºC and the upper aqueous 

layer was treated with RNase A and Proteinase K at 37ºC for 30-60 min. post-treatment, 

200 µl of ice-cold Chloroform was added and vortexed briefly and further centrifuged to 

remove the chloroform. The upper aqueous layer was added with 1 volume of ice-cold 

isopropanol and centrifuged at 12,000 rpm, for 10 min at 4ºC, and the DNA pellet was 

washed once with 70% ice-cold ethanol. The finally obtained plasmid DNA pellet was 

dissolved in nuclease-free water and analysed on 1% Agarose gel electrophoresis.  

3.2.3.1.5 Clone confirmation by double digestion 

Double digestion was performed in NEB cutsmart buffer with NcoI and EcoRI-

HF restriction enzymes with 2 µg of isolated plasmid DNA at 37ºC for 2 hr and digested 

fragments were analyzed on 1% Agarose Gel electrophoresis, and imaging was performed 

in ChemiDoc XRS™ gel documentation system (Bio-rad, USA). 
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3.2.3.2 Vector construction for M. anisopliae 

3.2.3.2.1 Cloning Mcl1 gene downstream of β-BUTX Lqq1a gene 

To clone PMcl1 and β-BUTX Lqq1a along with Mcl1 gene into pAL1 vector, 

PMcl1-BUTX Lqq1a-Bar was PCR amplified from previously cloned plasmid pMcl1-

BUTX Lqq1a using gene-specific primers flanking overhangs for the Mcl1 gene and 

pAL1 vector (Table 3.2). Fig. 3.2 indicates the schematic representation of the vector 

construction procedure followed for M. anisopliae. The amplification reaction mixture 

contains 1x HF buffer, 1 µl of 10 mM dNTPs (200 µM) 2.5 µl of 10 µM pAL1 overhang 

Mcl1pro forward primer (500 nM), 2.5 µl of 10 µM Mcl1 gene overhang Bar gene 

reverse primer (500 nM), 1 µl of pMcl1-BUTX Lqq1a (20 ng), and 1 unit of Q5 DNA 

polymerase (New England Biolabs, USA). The PMcl1-BUTX Lqq1a-Bar gene 

amplification conditions were initial denaturation was performed at 98ºC for 3 min, 

denaturation at 98ºC for 20 sec, annealing at 60-70ºC for 45 sec and extension for 150 sec 

at 72ºC and cycles were repeated for 25-30 times. The final extension was performed at 

72ºC for 10 min. Similarly, Mcl1 gene was amplified from the genomic DNA (50 ng) 

isolated from M. anisopliae using High Fidelity Phusion Polymerase in 50 µl 

amplification reaction containing 500 nM Mcl1 gene-specific primers carrying pAL1 

vector and bar gene overhangs (Table 3.2). The annealing temperature of the primers was 

60ºC. Both the PCR amplified fragments were separated on 1.5% Agarose gel 

electrophoresis system and extracted using TAKARA gel purification kit.  

Gibson assembly reaction was performed with purified PMcl1-BUTX Lqq1a-Bar 

gene fragment, Mcl1 gene fragment, and double digested pAL1 vector at 50ºC for 45-60 

min. Post incubation, the reaction mixture was used to transfect E. coli TOP10 chemical 

competent cells. Colony PCR experiment was conducted to identify the positive clones 
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using gene specific primers, and further plasmid pMcl1-BUTX Lqq1a-Bar-Mcl1 was 

isolated from the PCR confirmed clones using Alkaline lysis method.  

3.2.3.2.2 pCAMBIA cloning 

The binary vector pCAMBIA3300 was digested with EcoRI and HindIII 

restriction enzymes in NEB cutsmart buffer at 37ºC for 3-4 hr and gel purified using 

TAKARA gel purification kit. PMcl1-BUTX Lqq1a-Bar-Mcl1 gene fragment was PCR 

amplified from the plasmid pMcl1-BUTX Lqq1a-Bar-Mcl1 using the specifically 

designed primers flanking the vector overhangs. Both the purified vector pCAMBIA3300 

and insert fragments (PMcl1-BUTX Lqq1a-Bar-Mcl1 gene) were analysed by using 

agarose gel electrophoresis (1%) and visualized using a ChemiDoc XRS™ gel 

documentation system (Bio-rad, USA).  

3.2.3.2.3 E. coli chemical competent cell preparation and transfection 

E. coli chemical competent cell was prepared as mentioned in chapter 2 section 

2.2.4. and stored at -80ºC until further use. Both the digested pCAMBIA vector and insert 

were fused using Gibson assembly reaction at 50ºC for 45-60 min. Post incubation, the 

whole reaction mixture was transformed into chemically competent E. coli DH5-alpha 

cells, and positive clones were screened on LB agar supplemented with kanamycin       

(50 µg ml-1). PCR further confirmed positive clones with PMcl1-Β-BUTX Lqq1a gene-

specific primer and plasmid double digestion.  

3.2.3.2.4 Colony PCR 

PCR confirmation of the positive clones was done by the colony PCR based 

method with PMcl1-Β-BUTX Lqq1a gene-specific primers as mentioned in the section 

3.2.3.1.2.  
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3.2.3.2.5 Plasmid isolation  

Plasmid DNA was isolated from the selected clones as mentioned in the section 

3.2.3.1.3 and further analyzed by using 1% Agarose gel electrophoresis 

3.2.3.2.6 Double digestion 

Restriction enzyme digestion was performed in NEB cutsmart buffer with EcoRI-

HF enzyme with two µg of isolated plasmid pCAMBIA3300 PMcl1 β-BUTX-Lqq1a at 

37ºC for 2 hr and digested fragments were analyzed in 1% Agarose Gel electrophoresis, 

and imaging was performed in ChemiDoc XRS™ gel documentation system (Bio-rad, 

USA) 

3.2.4 Protoplast based transformation of B. bassiana 

3.2.4.1 B. bassiana protoplast preparation 

B. bassiana protoplast were prepared according to Pfeifer and Khachatourians 

(1987) with modifications. For protoplast preparation (Fig. 3.3), spores were collected 

from 15 days old culture grown on Potato Dextrose Agar (PDA), pH 5.6 and counted 

using Neubauer hemocytometer. Spores (2×106 ml-1) were inoculated in 100 ml of PDB 

and incubated for 30-40 hr at 28°C. Post incubation, cultures were collected by 

centrifugation at 10,000 rpm for 15 min and washed twice with sterile water and 

phosphate buffer (pH 7.4). Initially, fungal mycelium was treated with 10 mM 

Dithiothreitol (DTT) for 30 min and washed twice with phosphate buffer (20 mM). DTT 

treated mycelium was further re-suspended in 20 ml of buffer containing 20 mM 

KH2PO4, 0.7 M KCl and 0.7 M (NH4)2SO4 (pH 6.8) and 1% lysing enzyme (from 

Trichoderma harzianum, Sigma) and incubated at 28°C for 4-5 hr on rotatory incubator 

shaker at 100 rpm. Protoplast formation was periodically observed under a light 

microscope. After consistent protoplast formation, protoplast was removed from cell 
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debris and collected using centrifugation at 5,000 rpm for 15 min. Collected protoplast 

were then washed twice with 1M sorbitol. Finally, 200 µl aliquots were made and used 

for electroporation.  

3.2.4.2 B. bassiana protoplast electroporation 

Vector pMcl1-Β-BUTX Lqq1a (3-10 µg) was mixed with 150 µl of B. bassiana 

protoplasts (1×108 protoplast ml-1) and incubated on ice for 15-30 min in 0.2 cm 

electroporation cuvette. Then, 700-1000 V was applied using Biorad Gene PulserXcell™ 

electroporation system. Immediately, 1 ml of 1 M sorbitol was added and incubated for 3 

hr at 28°C in static condition. Later this was plated on Czapek Dox Agar (K2HPO4 1 g l-1, 

FeSO4.7H2O 0.01 g l-1, MgSO4.7H2O 0.5 g l-1, KCl 0.5 g l-1, NaNO3 3 g l-1, 

Sucrose 30 g l-1, 0.7 M (NH4)2SO4) with 300 µg ml-1 Glufosinate ammonium (Sigma, 

USA) as selection agent. Initial 12 hr post-incubation at 28°C, Czapek dox soft agar 

containing glufosinate-ammonium (300 µg ml-1) was poured as top agar. Transformants 

appeared on selective medium after 10-12 day post-incubation, and were transferred and 

sub-cultured for three consecutive generations to obtain mitotically stable transformants.  

3.2.5 Agrobacterium-mediated transformation of M. anisopliae 

3.2.5.1 Electro-competent cell preparation 

A. tumifaciens EHA105 (At-EHA105) strain was used for electro-competent cell

preparation (Shaw 1995) and M. anisopliae transformation. A single colony of 

At-EHA105 cells was grown in LB broth containing rifampicin (10 µg ml-1) at 28ºC in an 

orbital shaker at 200 rpm. Overnight grown culture (1 ml) was further inoculated into 

200 ml of LB broth and grown for 4-5 hr until OD600 ~0.8. Cells were collected by 

centrifugation at 5,000 rpm for 10 min. Cell pellets were washed in 10 mM HEPES buffer 

(pH 7.0) twice and finally, cells were resuspended in 10% glycerol and stored at -80 ºC.  
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3.2.5.2 Electroporation 

Plasmid pCAMBIA3300 harboring PMcl1-Β-BUTX Lqq1a construct was mixed 

with At-EHA105 electro-competent cells and electroporated at following conditions 1200 

V, 25 µF, 600 Ω using Biorad Gene Pulser Xcell™ electroporation apparatus.  

Electroporated cultures were then mixed with LB broth and incubated for 2 hr at 28ºC in 

200 rpm shaking conditions. Post incubation At-EHA105 cells were plated on LB Agar 

containing rifampicin (20 µg ml-1) and kanamycin (50 µg ml-1) and then incubated for 

two days at 28ºC in static condition. The plasmid was isolated from the randomly selected 

clones and gene-specific PCR and restriction digestion based confirmation was carried 

out on (1%) agarose gel electrophoresis system.  

3.2.5.3 Agrobacterium and Metarhizium co-cultivation 

Agrobacterium-mediated transformation was carried out according to the protocol 

by Sevim et al. (2012) with little modifications. Fig. 3.4 represents the schematic diagram 

for the Agrobacterium-mediated transformation procedure. Initially, Agrobacterium 

harboring PMcl1-Β-BUTX Lqq1a was grown in LB medium supplemented with 

kanamycin (50 µg ml-1, Sigma, USA) and rifampicin (20 µg ml-1, Himedia, India) for two 

days at 28ºC on orbital incubator shaker (200 rpm). Optical density (OD600) of grown 

culture was adjusted to 0.17 with induction medium (dos Reis et al. 2004) containing 200 

µM acetosyringone (Sigma, USA) and incubated for 4-5 hr at 28ºC until OD600 ~0.45. M. 

anisopliae (2×107 Spores ml-1) was mixed with an equal volume of Agrobacterium 

pMcl1-BUTX Lqq1a (OD600 ~0.4-0.5) and incubated for 2 hr at 28ºC. Then, cultures 

were spread on sterile nitrocellulose filter paper, which further was placed on Induction 

medium containing Acetosyringone (200 µM) and co-cultivated for two days at 28ºC in 

static conditions. Post-co-cultivation, the filter paper was transferred to M-100 minimal 
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medium (Stevens 1974) supplemented with glufosinate ammonium (300 µg ml-1 Sigma, 

USA) and cefotaxime (50 µg ml-1 Himedia, India) and incubated for 5-10 days at 28ºC 

until colony formation.  

Transformants were sub-cultured for two consecutive generations without any 

selection pressure and then confirmed for PMcl1-BUTX Lqq1a genomic DNA 

integration. For confirmation of genomic DNA integration, spores were grown for two 

days in PDA broth at 28ºC with 180 rpm shaking conditions. Mycelial biomass was 

obtained by centrifugation and used for genomic DNA isolation. PCR was done using 

isolated genomic DNA from transformants with gene-specific primers. 

3.2.6 Clone confirmation by isolating genomic DNA  

Both B. bassiana and M. anisopliae carrying PMcl1-BUTX Lqq1a were 

confirmed by genomic DNA isolation followed by PCR confirmation with gene-specific 

primers. For genomic DNA isolation, both fungi spores were inoculated in 20 ml of 

potato dextrose broth and grown for 48 hr to obtain mycelial biomass. The grown culture 

was centrifuged at 4000 rpm for 30 min to remove the supernatant from the mycelial 

biomass. Then the whole biomass was ground using 1 ml of lysis buffer containing 40 

mM Tris-HCl, 600 mM NaCl, and 2 mM EDTA. After the lysis 200 µl of 10% SDS, 5 µl 

Proteinase K (1 mg ml-1) and 5 µl RNase A (10 mg ml-1) were added and incubated at 

60ºC for 1 hr. Post incubation, 150 µl of 6M NaCl was added thoroughly mixed by vortex 

for the 30 sec followed by centrifugation for 30 min at 13,000 rpm at 4ºC. Recovered 

supernatant was mixed with 200 µl phenol: chloroform: isoamyl alcohol and centrifuged 

for 15 min at 13,000 rpm at 4ºC. Chloroform treatment was done to remove any residual 

phenol from the supernatant. Genomic DNA was precipitated by adding ice-cold 

isopropanol and incubated for 30-60 min in -20ºC. Post incubation, DNA precipitate was 
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collected by centrifugation at 10,000 rpm for 10 min at 4ºC. DNA pellet was then washed 

with 70% ethanol once and air-dried. Qualitative and quantitative analysis was done by 

Agarose gel electrophoresis and NanoDrop method. 

3.2.7 Haemolymph induction and Reverse transcription-PCR analysis 

Initially, inoculum culture (B. bassiana and M. anisopliae) was grown in 

Sabouraud Dextrose Broth (SDB) for two days at 28ºC in orbital incubator shaker. Post-

growth, wet culture (1 g) was transferred onto 10 ml of silkworm hemolymph. 

Hemolymph was extracted from 5th instar Eri silkworm and stored in phosphate buffer 

(PBS, pH 7.2) containing 2 mM EDTA. After culturing at 28ºC for 12 hr, mycelium was 

collected by centrifugation for RNA extraction, and the filtrate was stored in -20ºC for 

further western blot analysis. Total RNA was extracted using RNAiso Plus kit (Takara, 

Japan) and genomic DNA contamination was removed by using DNAse I treatment 

(Promega).  One microgram of total RNA was used for cDNA synthesis (SuperScript™ 

III first-strand synthesis system, Invitrogen, USA). Synthesized cDNA was used for semi-

quantitative RT-PCR analysis based on BUTX Lqq1a specific primers. 

3.2.8 Western blot analysis 

The neurotoxin BUTX Lqq1a expression in M. anisopliae isolates was evaluated 

by western blot analysis. The highly specific antigenic peptide was chosen from BUTX 

Lqq1a toxin using OptimumAntigen™ Design Tool, and polyclonal antibodies were 

generated in mouse (Genscript, USA), and anti-mouse IgG secondary antibody which is 

conjugated with alkaline phosphatase was purchased from Genscript, USA. Initially, for 

the crude protein sample preparation, wild type M. anisopliae and Ma-BUTX Lqq1a 

strains as well as wild type B. bassiana and Bb-BUTX Lqq1a strains were grown in 

potato dextrose broth for two days at 28ºC. Post-incubation, 1 g of wet mycelial biomass 
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was transferred into 10 ml of Eri silkworm hemolymph and further grown overnight at   

27ºC in shaking conditions.  Post-incubation, the supernatant was collected, and protein 

concentration was quantified using the Bradford method and crude protein sample        

10-20 μg were separated on a 12-15% SDS-PAGE gel electrophoresis. After this, proteins 

were transferred onto 0.45 µM Nitrocellulose membrane (Bio-Rad) using the Invitrogen 

power blotter system (ThermoScientific, USA). The membrane was then incubated in 

blocking buffer (Tris-buffered saline with 3% Bovine serum albumin) for 1 hr at room 

temperature and further incubated with primary antibody diluted in blocking buffer 

(1:500 and 1:1000) at 4ºC overnight. Post incubation, the membrane was washed 3-4 

times in TBS containing Tween-20 wash buffer for 5 min each. The diluted secondary 

antibody in blocking buffer was incubated with the membrane for 1 hr at room 

temperature and then washed with washing buffer. Finally, the detection was performed 

using the Clarity™ Western ECL substrate (Bio-rad, India), and imaging was carried out 

using a ChemiDoc XRS™ gel documentation system (Bio-rad, USA). 

3.2.9 Insect bioassay 

Insect bioassay was conducted to study the efficacy of recombinant M. anisopliae 

harboring PMcl1-BUTX Lqq1a constructs. Insect culture Phylophaga smithi adults were 

collected locally from Indian Institute of Technology Guwahati, Guwahati, Assam, India 

and maintained on 10% sucrose solution. Dipping or topical application method was 

performed with 2×107 Spores ml-1 for recombinant and wild type control strain for the 

bioassay. The excess liquid on each insect was removed by placing them on dry sterile 

tissue paper and placed on natural castor leaves diet with 16:8 hr light and dark condition 

at 25-28ºC with 60-70% relative humidity level. Insect mortality was recorded every 24 

hr. 
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3.2.10 Statistical data analysis 

Data analysis was conducted using GraphPad Prism software (version 6.0). The 

values are expressed as mean with standard deviation. The p-value < .05. was considered 

statistically significant data and the Kaplan-Meier survival plots were constructed using 

GraphPad Prism software (version 6.0), and comparison of survival curve was made 

using Log-rank (Mantel-Cox) test, and LT50 value was calculated based on Probit analysis 

(Finney 1952). 
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3.3 Results  

3.3.1 pMcl1-Β-BUTX Lqq1a vector construction for B. bassiana 

In the present study, BUTX-Lqq1a was successfully codon optimized with higher 

codon adaptation index (CAI= 9.0) using OptimumGene-Codon Optimization tool for 

both B. bassiana and M. anisopliae. Along with BUTX Lqq1a, 5’-Untranslational region 

and Metarhizium collagen like protein signal peptide sequence was also codon-optimized 

successfully and cloned in pUC57 vector which resulted in pUC57-5’UTR Mclsp-BUTX 

Lqq1a plasmid which has been further confirmed by restriction enzyme digestion (Fig. 

3.5) and PCR amplification of BUTX Lqq1a gene sequence (Fig. 3.6).  

After the successful codon optimization and cloning, 5’UTR Mclsp-BUTX Lqq1a 

fragment was amplified (Fig. 3.7), and fused downstream of Metarhizium collagen-like 

promoter (PMcl1) to express the BUTX Lqq1a protein in soluble form in B. bassiana 

when induced with hemolymph conditions. Further to deliver the protein into the insect 

cavity during the infection process, BUTX Lqq1a was tagged N-terminally with 

Metarhizium collagen-like protein signal peptide sequence (Mcl1-sp) along with             

5’ Untranslated region (5’UTR). Initially, BUTX Lqq1a along with Mcl1-sp and 5’UTR 

regions were successfully amplified and fused downstream of the MCL1 promoter region 

and theses fragments were successfully cloned in a pAL1 expression vector which have 

been confirmed by restriction enzyme digestion (Fig. 3.8) and PCR confirmation (Fig. 

3.9). This cloning led to development of pMcl1-BUTX Lqq1a expression system for       

B. bassiana. Fig. 3.10 indicates the schematic representation of the BUTX Lqq1a 

arrangement in the pMcl1-BUTX Lqq1a vector. 
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3.3.2 pMcl1-BUTX Lqq1a transformation into B. bassiana 

Initially, B. bassiana protoplast was successfully prepared using the 40 hr old 

grown mycelia which resulted better yield, as well as a significantly higher number of the 

protoplasts (5×109 ml-1), was obtained when treated with lytic enzymes for 3 hr in mild 

agitation conditions (Fig. 3.11). The DTT treatment improved the efficiency of protoplast 

formation when compared to the untreated mycelia. The plasmid carrying PMcl1-BUTX 

Lqq1a was efficiently transferred into B. bassiana using protoplast cum electroporation 

mediated transformation. A Nine hundred voltage was found to be more efficient in 

transferring the plasmid DNA into protoplast. Colony growth observed after 10 day post-

selection plating in Czapek Dox agar containing 300 µg ml-1 resulted in a significantly 

higher number of colonies (Fig. 3.12).  

3.3.3 pMcl1-BUTX Lqq1a binary vector construction for M. anisopliae 

Initially, pMcl1-Lqq1a construct alone was used to transform M. anisopliae. 

However, the reduced transformation efficiency and absence of complete PMcl1-BUTX 

Lqq1a construct in the genome prompted to design another transformation strategy to 

integrate the whole construct into the genome of M. anisopliae.  

In the present study, PMcl1-BUTX Lqq1a, along with bar gene was successfully 

amplified using pMcl1-BUTX Lqq1a vector, which was designed to transform into         

B. bassiana. To create a vector which enhances homologous recombination, Mcl1 gene 

was successfully amplified from the M. anisopliae genomic DNA and designed to place 

downstream of BUTX Lqq1a gene. The resulted two fragments were successfully cloned 

in pAL1 expression vector (Fig. 3.13), which lead to the development of homologous 

recombination plasmid (pMcl1-BUTX Lqq1a-Bar-Mcl1) (Fig. 3.14).  
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To further enhance the integration of BUTX Lqq1a into M. anisopliae, PMcl1-

BUTX Lqq1a-Bar-Mcl1 fragment was amplified and cloned in Agrobacterium binary 

vector pCAMBIA3300 (Fig. 3.15) which resulted in pCAM PMcl1-BUTX Lqq1a binary 

vector (Fig. 3.16). Restriction enzyme digestion of the resulted plasmid revealed the 

presence of 3 kbp fragment, PMcl1-BUTX Lqq1a (Fig.3.17). Schematic arrangement of 

PMcl1-BUTX Lqq1a-Mcl1 gene in the binary vector is represented in Fig. 3.18. 

3.3.4 Genomic integration of BUTX Lqq1a analysis in B. bassiana 

To continuously express the BUTX Lqq1a within the hemolymph of insect, the 

gene of interest along with the Promoter should integrate into the genome of the fungi 

since B. bassiana does not possess any extra-chromosomal DNA. The integration of the 

gene of interest could be assessed by PCR with gene-specific primers or Southern blotting 

analysis. In the present study, the genomic combination of BUTX Lqq1a using PCR with 

primers designed to amplify the gene of interest was evaluated. For the amplification, 

genomic DNA was successfully isolated using optimized extraction procedure from B. 

bassiana clones which appeared in the glufosinate-ammonium selection medium (Fig. 3. 

19). Upon successful isolation, genomic DNA was used as a template to amplify the gene 

of interest, BUTX Lqq1a. Successful amplification of BUTX Lqq1a from B. bassiana 

clones further showed the significant integration of BUTX Lqq1a within the genome 

(Fig. 3.20). 

3.3.5 Genomic integration of BUTX Lqq1a analysis in M. anisopliae 

The scorpion gene BUTX Lqq1a integration into the genome of M. anisopliaewas 

assessed in a similar method to the BUTX Lqq1a genomic DNA integration analysis in      

B. bassiana. Initially, genomic DNA was successfully isolated from selected                  

M. anisopliae clones, which were growing on glufosinate ammonium screening medium 
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(Fig. 3. 21). Isolated genomic DNA was further tested for the presence of complete 

PMcl1- Β-BUTX Lqq1a construct within the genome using PCR with the promoter and 

gene-specific primers. The PMcl1-BUTX Lqq1a amplified fragment from the genomic 

DNA, further confirms the presence of genomically integrated BUTX Lqq1a (Fig. 3.22) 

3.3.6 BUTX Lqq1a transcript analysis in B. bassiana and M. anisopliae 

Successful integration of BUTX Lqq1a transgene into the genomic DNA was also 

tested by analyzing the inducible expression of the transgene in hemolymph using semi-

quantitative RT-PCR and western blot. For RT-PCR analysis, initially total RNA was 

successfully isolated from the PCR confirmed clones of Bb-BUTX Lqq1a (Fig. 3.23) and 

Ma-BUTX Lqq1a (Fig. 3.24). After the successful isolation, total RNA has been 

converted into cDNA, and further semi-quantitative RT-PCR analysis resulted in the 

presence of the significant amount of BUTX Lqq1a transcript (Fig. 3.25 Bb-BUTX 

Lqq1a and Fig. 3.26 Ma-BUTX Lqq1a). The western blot analysis also revealed the 

presence of expressed BUTX Lqq1a protein in the hemolymph induced fraction of Bb-

BUTX Lqq1a (Fig. 3.27 and Ma-BUTX Lqq1a clones (Fig. 3.28). These RT-PCR and 

western blot analysis results indicate that the scorpion gene BUTX Lqq1a integrated into 

the genome of B. bassiana and M. anisopliae and could be inducible with insect 

hemolymph, and significant expression also could be achieved.  

3.3.7 Virulence assay 

The wildtype and Ma-BUTX Lqq1a strain virulence was assessed based on the 

half-maximal lethal time (LT50) value. Topical application bioassay of white grub           

P. smithi with Ma-BUTX Lqq1a had significantly lower survival than the white grub 

infected with Ma-Wildtype strain (Fig. 3.29), Kaplan-Meier survival plot (n=15, Log-

rank (Mantel-Cox) test p=0.0009)). The calculated LT50 value for the Ma-Wildtype was 
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4.5 days (R2=97.38) and for the Ma-BUTX Lqq1a, it was3.4 days (R2 =96.63). Fungal 

mycelia emergence was observed two days of post-treatment and MaLqq1a growth was 

more vigorous when compared to wild type strain. Also, the blackening of the whole 

insect was found as a result of fungal infection (Fig. 3.30).  
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3.4 Discussion  

To deliver the recombinant DNA, the development of a suitable transformation 

system is very much crucial in fungal genome modification. Several transformation 

methods were developed for B. bassiana, such as Protoplast mediated (Eley et al. 2007, 

Kosir et al. 1991, Pfeifer and Khachatourians 1987, Pfeifer and Khachatourians 1992), 

blastospore mediated (Chen et al. 2017, Ying and Feng 2006), blastospore cum restriction 

enzyme-mediated integration, electroporation-based transformation (Jiang et al. 2007, 

Lee et al. 2015), and Agrobacterium-mediated transformation (dos Reis et al. 2004, Fang 

et al. 2004, Leclerque et al. 2004, Wu et al. 2008). Pfeifer and Khachatourians (1987) 

reported the protoplast preparation using blastospore and mycelia, yielded 100% efficient 

protoplast from 24 hr old culture. However, B. bassiana protoplast prepared from 40 hr 

old mycelia with 1% lytic enzymes from T. harzianum generated 100% protoplast within 

3 hr post-treatment (Fig. 3.11). The use of stabilizers such as (NH4)2SO4 and KCl at      

0.7 M concentration increased the stability of protoplast. To transfer the DNA into the 

protoplast physical method such as electroporation and chemical method such as Poly 

Ethylene Glycol (PEG) mediated processes were employed (Eley et al. 2007, Pfeifer and 

Khachatourians 1992, Ying and Feng 2006). In the present study, optimized Protoplast 

cum electroporation mediated transformation was employed to transfer the PMcl1-BUTX 

Lqq1a construct into B. bassiana. A voltage at 900 V was found to be capable of 

transferring the construct into B. bassiana using electroporation. 

Previous reports suggested that homologous recombination improves the 

efficiency of gene integration into genome of the filamentous fungi Metarhizium (Lin et 

al. 2011, Michielse et al. 2005, Staats et al. 2007, Z. X. Wang et al. 2019, Xie et al. 2019, 

Xu et al. 2014). In the present study, to increase the frequency and efficiency of the 

BUTX Lqq1a gene integration into Metarhizum, homologous recombination strategy was 
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followed. Mcl1 gene (~1.5 Kbp fragment) was amplified from M. anisopliae genomic 

DNA and placed downstream of PMcl1-Lqq1a construct, which resulted in PMcl1-BUTX 

Lqq1a-Mcl1 gene. Agrobacterium offers reliable transformation method in various 

filamentous fungi because of simplicity and efficiency (Duarte et al. 2007, Fang et al. 

2006, Goettel et al. 1990, Hu and Xia 2019, Kanjo et al. 2019, Zhang et al. 2019). After 

the successful construction, PMcl1-BUTX Lqq1a-mcl1 gene was transferred into 

Metarhizium using the optimized Agrobacterium-mediated transformation method. 

Putative transformants, which showed optimal growth in the selection medium containing 

glufosinate ammonium, were selected for further analysis. 

Stable integration of the transgene into the chromosome is very much essential to 

investigate the stable expression of the transgene. Previous studies reported that the 

transgene integration using protoplast mediated transformation was less efficient 

compared to other transformation methods (Bogo et al. 1996, Goettel et al. 1990). 

However, the number of transformants obtained was comparatively higher using 

protoplast cum electroporation mediated transformation. M. anisopliae transformed using 

Agrobacterium yielded a higher number of transformants after 7-10 days of incubation. In 

spite of the laborious nature of this method, it is one of the superior technique opted for 

gene transfer because of higher frequency of T-DNA integration (Gao et al. 2019, Hu and 

Xia 2019, Z. K. Wang et al. 2019, Zhang et al. 2019). All the putative transformants from 

B. bassiana and M. anisopliae were subcultured for five consecutive generations without 

glufosinate ammonium. PCR confirmed BUTX Lqq1a gene integration with gene-specific 

primer using genomic DNA isolated from the selected clones. The results obtained from 

the B. bassiana and M. anisopliae genomic DNA isolation and clone confirmation 

suggested that the occurrence of BUTX Lqq1a integration in the genome.  
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AaIT1 expressed under the control of hemolymph specific MCL1 promoter 

increased amount of transcripts significantly when exposed to hemolymph containing 

medium as experimented by RT-PCR (Wang and Leger, 2006, 2007). The RT-PCR 

analysis of the B. bassiana clones carrying the BUTX Lqq1a when exposed to 

hemolymph isolated from Muga silkworm resulted in significant detection of transcript 

expression. Similarly, semi-quantitative RT-PCR analysis performed with cDNA 

synthesized from total RNA isolated using hemolymph induced M. anisopliae carrying 

transgene, resulted in significant presence of BUTX Lqq1a transcripts in the hemolymph 

induced fraction. Western blot analysis of 3-day old M. anisopliae expressing BUTX 

Lqq1a also indicated the secretion of toxin in the hemolymph 

LqhIT2 expression enhanced the virulence of M. acridum and exhibited reduced 

half-maximal lethal time (29.6%) towards Locust (Peng and Xia 2014). High-level 

expression of insect-specific neurotoxin AaIT1 in M. anisopliae increased the virulence 

against tobacco hornworm (22-fold) and A. aegypti (9-fold) (Wang and St Leger 2007). 

Furthermore, M. anisopliae expressing various channel acting hybrid toxins also 

synergistically work with AaIT to kill the mosquitoes and required 45% fewer spores 

compared to wild type strains (Bilgo et al. 2017). Similarly, expression of BUTX Lqq1a 

in M. anisopliae reduced the lethal time to 24.4% when compared to genetically 

unmodified wild type strain, suggesting that BUTX Lqq1a possess immense potential to 

increase the virulence of M. anisopliae. 

TH-2353_1361060053



 Chapter 3 

103 | P a g e  
 

3.5 Conclusion 

In conclusion BUTX Lqq1a was successfully cloned and transformed using 

protoplast cum electroporation mediated transformation in B. bassiana as well as in        

M. anisopliae and the expression of neurotoxin was further confirmed by semi-

quantitative RT-PCR analysis. Future studies with the genetically modified Bb-BUTX 

Lqq1a clones against various agricultural insect pests would pave the way to the 

development of novel biological pesticide. 

Furthermore, expression of BUTX Lqq1a in M. anisopliae showed that neurotoxin 

increased the virulence the against white grub. These findings suggest that genetically 

engineered M. anisopliae might render a relatively cost-effective solution to counter the 

damage caused by P. smithi and other insect pests.  
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Table 3.1 List of primers used for pMcl1-BUTX Lqq1a vector construction in B. bassiana 

 

 

 

 

 

 

Table 3.2 List of primers used for pMcl1-BUTX Lqq1a vector construction in M. anisopliae 

Primer 5’--------------------------------------------3’ 

PtrpC OH-XbaI-HR mcl1 FP CATTCAATATCATCTTCTGTCGAGTCTAGACAGGATCCTGCCGCCCTGCTCAAC  

pAL OH-Xba1-HR mcl1 RP GCACAGAGGCCGCAGAATGTGCTCTAGAGGCATCAGAGCCAGCACCGGTG 

Ptrpc-RP-XbaI-HR Mcl1 OH GTTGAGCAGGGCGGCAGGATCCTGTCTAGACTCGACAGAAGATGATATTGAATGCC 

pCAM OH-EcoRI-Mcl1Pro-FP GGAAACAGCTATGACCATGATTACGAATTCAATCATGCAGCGCTATGAGAGC 

pCAM OH-HindIII-mcl1 gene-

RP 

CGTTGTAAAACGACGGCCAGTGCCAAGCTTGGCATCAGAGCCAGCACCGGTG 

LqqIT1 RP HindIII pCAM OH CGTTGTAAAACGACGGCCAGTGCCAAGCTTATTGTTGATGGTGACAAAGTCGC 

Primer 5’----------------3’ 

MCl1Pro FP NcoI pAL1 OH CCAGTTCCGCCCATTCTCCGCCCCATGGAATCATGCAGCGCTATGAGAGC 

MCl1 SP RP Lqq1a OH CAGCGTAGCCGTTCTTCTTTGCCGACGCCAGGGCCAGC 

Lqq1a FP MCl1 SP OH GCTGGCCCTGGCGTCGGCAAAGAAGAACGGCTACGCTG 

Lqq1a RP EcoRI pAl1 OH CGGTATCGATAAGCTTGATATCGAATTCTTAGTTGATGGTGACAAAGTCG 
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Fig.3.1 Schematic representation of pMcl1-BUTX Lqq1a vector construction 
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Fig.3.2 Schematic representation of pMcl1-BUTX Lqq1a-Bar-Mcl1 vector construction for M. anisopliae cloning 
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Fig. 3.3 Schematic representation of B. bassiana protoplast preparation and transformation method.
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Fig. 3.4 Schematic representation of Agrobacterium-mediated transformation of M. anisopliae.
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Fig. 3.5 Agarose gel electrophoresis analysis of plasmid pUC57 harboring codon 

optimized 5’UTR Mclsp-BUTX Lqq1a sequence. Lane 1: Restriction enzyme digested 

results yielding pUC57 vector backbone (2700 bp) and the insert (364 bp). Lane 2: 

Undigested pUC57 5’UTR Mclsp-BUTX Lqq1a (3064 bp) and Lane 3: 1Kb plus gene 

ruler. 

 

Fig. 3.6 Agarose gel electrophoresis analysis of BUTX Lqq1a PCR amplification from 

plasmid pUC57 harboring codon optimized 5’UTR Mclsp-BUTX Lqq1a sequence. Lane 

1:1Kbplus Gene O Ruler and Lane 2: PCR amplified BUTX Lqq1a product (210 bp). 
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Fig. 3.7 Agarose gel electrophoresis analysis of 

PMcl1-BUTX Lqq1a cloning in pAL1 vector. 

Lane 1: plasmid pAL1 digested (4830 bp) Lane 

2: PMcl1 (Metarhizium collagen-like Promoter 1 

(2854 bp), Lane 3- Mcl1sp-BUTX Lqq1a (295 

bp), and Lane M: O GeneRuler 1Kb plus DNA 

Ladder 

Fig. 3.8 Agarose gel electrophoresis image of 

clone confirmation analysis by restriction enzyme 

digestion. Double digestion confirmation of 

pMcl1-BUTX Lqq1a clone. Lane 1: Digested 

empty pAL1 vector (4830 bp), Lane 2: Clone 

digested with NcoI and EcoRI enzymes (Size 4830 

bp, 1709 bp, 569 bp, 391 bp and 359 bp (391 and 

359 bp are not differentiable)), and Lane 3: 

Undigested clone (size 7866 bp). Lane M: O 

GeneRuler 1Kb plus DNA Ladder 
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Fig. 3.9 Agarose electrophoresis analysis of pMcl1-BUTX Lqq1a clone confirmation by 

colony PCR amplification. Lane M: Marker 1 kbp plus Gene Ruler, and Lane 1,2 and 3: 

PCR amplified product of PMcl1-BUTX Lqq1a (Size 3092 bp). 

Fig. 3.10 The schematic representation of the BUTX Lqq1a arrangement in the pMcl1-

BUTX Lqq1a vector 
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Fig. 3.11 Light microscopy studies of B. bassiana protoplast preparation. A) B. bassiana 

spores, B) 40 hr grown mycelium and C and D) protoplast. B. bassiana BUTX Lqq1a 

transformants. The Bar represents 50 µM scale.  

Fig. 3.12 B. bassiana BUTX Lqq1a clones observed on Czapek Dox agar with (300 µg 

ml-1) glufosinate ammonium selection media. A) Negative control, B and C are

B. bassiana clones.
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Fig. 3.13 Agarose gel electrophoresis analysis of gel purified products for M. anisopliae 

vector construction.  Lane 1: PMcl1-BUTX Lqq1a-Bar (5059 bp), Lane 2: Mcl1 gene 

(1560 bp), Lane 3: pAL1 digested with NcoI and XbaI (2650 bp), Lane M: O GeneRuler 

1Kb plus DNA Ladder 

Fig. 3.14 Agarose gel electrophoresis analysis of purified plasmids from selected pMcl1-

BUTX Lqq1a- Bar-Mcl1 gene clones. Lane 1: pMcl1-BUTX Lqq1a clone alone (7991 

bp), Lane 2,3,4,5: pMcl1-BUTX Lqq1a-Bar-Mcl1 clones (~10 000 bp), Lane M: O 

GeneRuler 1Kb plus DNA Ladder. 
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Fig. 3.15 Agarose gel electrophoresis images of gel purified products for pCAMBIA3300 

binary vector cloning. Lane 1: pCAMBIA3300 digested with EcoRI and HindIII (8378 

bp), Lane 2: PMcl1-BUTX Lqq1a-Bar-Mcl1 fragment (~6.9 kbp).  

Fig. 3.16 Agarose gel images of Plasmid DNA isolated from selected pMcl1-BUTX 

Lqq1a clones. Lane 1, 2, 3, 4: pMcl1 BUTX Lqq1a clones (~15 kbp), M: 1 Kb O Plus 

Gene Ruler 
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Fig. 3.17 Agarose gel electrophoresis analysis of pMcl1-BUTX Lqq1a clone confirmation 

by restriction enzyme digestion. Lane 1, 2, 3, 4: pMcl1-BUTX Lqq1a clones digested 

with EcoRI, Lane 5: pCAMBIA3300 empty vector.  

Fig. 3.18 The schematic representation of the BUTX Lqq1a arrangement in the pMcl1-

BUTX Lqq1a  
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Fig. 3.19 Agarose gel electrophoresis analysis of B. bassiana genomic DNA isolation. 

Lane M: 100 bp DNA marker, Lane 1,2,3 and 4: Genomic DNA isolated from selected 

clones. 

Fig. 3. 20 Agarose gel electrophoresis analysis of B. bassiana clone confirmation by PCR 

with gene-specific primers. The calculated size of the gene was 257 bp.  Lane M: 100 bp 

DNA marker, Lane1: Positive control (BUTX Lqq1a amplicon), Lane 2, 3, and 4 

observed amplicons with positive selected B. bassiana BUTX Lqq1a clones.  
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Fig. 3.21 Agarose gel electrophoresis analysis of M. anisopliae genomic DNA isolation 

and PCR clone confirmation studies. Lane 1, 2, 3, 4, 5, 6, and 7: selected Ma-BUTX 

Lqq1a clones genomic DNA isolated and Lane M: O’GeneRuler 1Kb Plus DNA ladder.  

Fig. 3.22 Agarose gel image of PCR products amplified using M. anisopliae clones 

genomic DNA. A) Full length construct amplification. Lane 1, 2, and 3: PMcl1-BUTX 

Lqq1a PCR products for M. anisopliae clone confirmation (~3 Kbps). 

B) Agarose gel image of PCR products amplified using Ma-BUTX Lqq1a clones genomic

DNA. Lane 1, 2, 3, and 4: BUTX Lqq1a PCR products of Ma-BUTX Lqq1a clones (295

bp) and Lane M: O’GeneRuler 1Kb Plus DNA ladder.
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Fig. 3.23 Agarose gel electrophoresis analysis of total RNA isolated from B. bassiana 

BUTX Lqq1a clones. Lane 1 to 7: Bb-BUTX Lqq1a total RNA, Lane M: O’ GeneRuler 1 

Kb Plus DNA ladder. 

Fig. 3.24 Agarose gel electrophoresis analysis of total RNA isolated from M. anisopliae 

BUTX Lqq1a clones. Lane 1 to 6: Ma-BUTX Lqq1a total RNA. 
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Fig. 3.25 Semi-quantitative RT-PCR analysis of cDNA synthesized from B. bassiana 

clone totals RNA. Lane 1,2,3,4: BUTX Lqq1a PCR products from cDNA synthesized 

from Bb-BUTX Lqq1a clones Lane M: O’geneRuler 1 Kb Plus DNA Ladder. 

Fig. 3.26 Semi-quantitative RT-PCR analysis. Agarose gel image of BUTX Lqq1a PCR 

products amplified using cDNA synthesized from M. anisopliae clones. Lane 1,2, and 3: 

BUTX Lqq1a PCR products (295 bp) from cDNA synthesized from Ma-BUTX Lqq1a 

clones, M: O’GeneRuler 1 Kb Plus DNA ladder. 
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Fig. 3.27 Western blotting analysis of hemolymph induced Bb-wild type and Bb-BUTX 

Lqq1a strain and Loading control (β-tubulin). Lane 1: shows the unmodified wild type B. 

bassiana and Lane 2, 3,4 and 5 indicates the Bb-BUTX Lqq1a. 

Fig. 3.28 Western blotting analysis of hemolymph induced wild type and Ma-BUTX 

Lqq1a strain and Loading control (β-tubulin). Lane 1, 2, and 3 indicates the Ma-BUTX 

Lqq1a and Lane 4 shows the unmodified wild type M. anisopliae. 
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Fig. 3.29 Kaplan-Meier survival plot of Phyllophaga smithi (n=15, Log-rank (Mantel-

Cox) test p=0.0009) bioassay conducted with M. anisopliae wildtype and Ma-BUTX-

Lqq1a strain.  

Fig. 3.30 Topical application Bioassay conducted with Ma-BUTX Lqq1a and unmodified 

wild type strain. Scale bar represents 1 cm.  
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4.1 Introduction 

Plants execute an arsenal of defense strategies against herbivory attack by 

producing defense-related peptides and proteins. Lectin is one of the primary defense 

protein produced by both monocot as well as dicot plants, and it binds reversibly to 

carbohydrate-containing proteins or glycol-conjugates. Lectin binding leads to the 

polysaccharides precipitation as well as agglutination of cells rich in receptors containing 

carbohydrate moieties (Vandamme et al. 1991). Galanthus, which is a bulbous perennial 

herbaceous plan produces active lectin or agglutinin as one of the defensive protein in the 

bulb. This GNA is a 13-kDa tetramer and bind specifically to α-D mannose residues and 

readily agglutinates rabbit erythrocytes (Vandamme et al. 1987). 

Due to the intrinsic mannose-binding property, GNA lectin exhibited insecticidal 

activity against various pests including sap sucking brown planthopper, aphids, mites, 

tomato pests (Bharathi et al. 2011, Birch et al. 1999, Fitches et al. 1997, McCafferty et al. 

2008) and also nematicidal activity against plant parasitic root-knot nematode (Ripoll et 

al. 2003). The exact mode of action of mannose lectins in insect is attributed to binding 

and blocking the absorption of nutrients by mid-gut epithelial cells (Agra-Neto et al. 

2014). Also, GNA lectin disrupts and traverse across insect mid-gut barrier peritrophic 

matrix and exert action in the hemolymph (Powell et al. 1998). Besides, insecticidal 

activity, GNA lectin demonstrated activity against various cancerous cells (Gondim et al. 

2017). Anti-tumor activity of lectin may be associated with DNA synthesis inhibition 

(Karasaki et al. 2001), reduction in the mitochondrial membrane potential (MMP) and 

caspase-dependent induction of apoptosis and autophagy (Liu et al. 2009). Oxidative 

stress and release of a cascade of apoptosis-related proteins were evident in lectin 

cytotoxicity (de Andrade Luz et al. 2017). It has proven potential activity against human 
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immune deficiency virus-HIV1 (Ye et al. 2001) and influenza virus H1N1-2009 (Sato et 

al. 2011). Lectin inhibited the entry of HIV-1 into the cells by binding to envelope 

protein. It also exhibited anti-influenza activity by directly binding to the viral envelope, 

thus blocking entrance (Sato et al. 2011).  

In recent past, GNA combined with other neurotoxic peptides from either spider 

or scorpion is being exploited for their immense potential as an alternative to synthetic 

chemical pesticide. Liu et al. (2016) expressed GNA fused with Andructonus australis 

insect toxin (AaIT) in tobacco, which exhibited a potential increase in toxicity towards 

Helicoverpa armigera. Also, another recombinant fusion protein Hv1A/GNA containing 

spider toxin from Hadronyche versuta reduced the survival of aphid Myzus persicae 

(Nakasu et al. 2014). Though GNA/GNA fusion proteins were effectively utilized to 

control the agricultural pests, their mode of action on insect cell line is yet to be exploited. 

Buthidae family excitatory insect toxin β-BUTX Lqq1a, from Scorpion Leiurus 

quinquestriatus quinquestriatus exhibited cytotoxic as well as insecticidal potential 

towards H. armigera and S. litura (Kopeyan et al. 1990, Murugan and Saini 2019). This 

toxin is a cysteine-rich peptide which binds to the voltage sensing module in the 

extracellular loop of S1-S2 and S3-S4 of domain II and pore-forming module of domain 

III in the voltage-gated sodium channels (VGSC) of insects (Song et al. 2011).  

The present study pioneers in analyzing the potential of both the neurotoxin Lqq1a 

and GNA action on Spodoptera and mouse macrophage cell line. Cytotoxicity studies by 

various bioassays and basic cytotoxic mechanisms were also evaluated for both the 

proteins. 
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4.2 Materials and Methods 

4.2.1 Bacterial strain, Cell lines and chemicals 

For bacterial cloning and maintenance, Escherichia coli DH5α strain and for 

protein expression, E. coli SHuffle T7 express LysY strain was employed (New England 

Biolabs, USA). Luria Bertani medium was used to maintain bacterial cultures at 37ºC. All 

restriction enzymes, Phusion DNA polymerase, and ligation enzymes were purchased 

from New England Biolabs, USA. Integrated DNA Technologies, USA, synthesized all 

the primers. Plasmid DNA and gel extraction kits were purchased from Macherey Nagel, 

GmBH. Thiazolyl Blue Tetrazolium Bromide-MTT, Propidium Iodide, and Fluorescein 

diacetate (FDA) were purchased from Sigma Aldrich Inc, USA. 

4.2.2 β-BUTX Lqq1a and GNA gene synthesis 

The protein sequence of β-BUTX Lqq1a was retrieved from National Center for 

Biotechnology Information (NCBI) database with the accession number: P19856.1 

followed by its reverse translation into DNA sequence using European Molecular 

Biological Laboratory (EMBL)-EMBOSS Backtranseq software (Rice et al. 2000). The 

reverse translated DNA sequence β-BUTX Lqq1a was codon optimized for bacterial 

expression. Further, the codon-optimized DNA sequence was chemically synthesized and 

cloned in pUC57 vector flanking EcoRI and HindIII restriction sites (Genscript, USA). 

The protein sequence of GNA lectin and flexible Linker sequence (17 amino acid residue) 

was obtained from Longstaff et al. (1998) and Chen et al. (2013) respectively and then 

reverse translated into DNA sequence using (EMBL)-EMBOSS Backtranseq software 

(Rice et al. 2000). The reverse translated DNA was further codon-optimized for bacterial 

expression. Then codon optimized Linker GNA DNA sequence was synthesized and 

cloned in pUC57 vector flanking NdeI and EcoRI restriction sites (Genscript, USA). 
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4.2.3 Expression vector construction 

Overlap extension PCR was performed to clone GNA along with N-terminal His-

Tag in pET28a bacterial expression vector, and for fusing the β-BUTX Lqq1a with GNA. 

The primers used for the fusion are listed in the Table 4.1.  Both PCR amplified DNA 

fragments, pET28a expression vector was digested with NdeI, and EcoRI restriction 

enzymes and gel purified using Takara gel purification kit.  Ligation of the purified 

fragments was performed using T4 DNA ligase (NEB, USA) at 16ºC for 16 hr duration.  

4.2.4 E. coli DH5α chemical competent cell preparation 

The CaCl2 based chemical competent cells were made according to the protocol 

Cohen et al. (1972) with little modifications. Initially, 5 ml of LB medium was used to 

inoculate single DH5α colony and incubated overnight at 37ºC at 200 rpm in rotatory 

incubator shaker. Next day, 0.1% of overnight grown culture was used to inoculate      

500 ml of LB broth and incubated at 37ºC until the optical density of the culture reached 

up to OD600 0.3-0.5. Post-incubation, cells were collected by centrifugation at 8000 rpm 

for 15 min at 4ºC. The collected cells were washed once with 100 mM CaCl2 and 

incubated in ice-cold 100 mM CaCl2 for 30-45 min. After the incubation, centrifugation 

was performed to obtain the cell pellet and again resuspended in 1.5 ml of ice-cold       

200 mM CaCl2 prepared with 30% glycerol. The volume of 50 µl cell aliquots was made, 

flash-frozen in liquid nitrogen and stored in -80ºC freezer until further use. 

4.2.4.1 E. coli DH5-α transfection 

Ligated products were then transformed into E. coli DH5-α using calcium chloride 

(CaCl2) chemical competent transformation method, and the selection was carried out 

using antibiotic kanamycin (50 µg ml-1). Positive clones were further confirmed by PCR 

with gene-specific primers. PCR confirmed positive clones were further used for plasmid 
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DNA isolation. Isolated plasmids were analyzed by using a 1% Agarose gel 

electrophoresis system, and for imaging, Bio-rad ChemiDoc gel documentation system 

was employed. 

4.2.5 GNA and β-BUTX Lqq1a/GNA expression and purification 

4.2.5.1 Shuffle T7 express LysY chemical competent cells preparation  

Chemical competent cells of Shuffle T7 express LysY cells were according to the 

protocol followed in section 2.2.4 of chapter 2. The plasmid pET28a β-BUTX 

Lqq1a/GNA and pET28a GNA were transformed into bacterial protein expression strain 

SHuffle T7 Express LysY using chemical competent transformation method. The 

selection was carried out on LB medium supplemented with kanamycin (50 µg m-l) and 

incubated at 37ºC for overnight.  Again the colonies were confirmed for the presence of 

the plasmid and the BUTX Lqq1a gene by PCR based screening method.  

4.2.5.2 GNA and β-BUTX Lqq1a/GNA expression 

The recombinant β-BUTX Lqq1a/GNA and GNA protein expression were carried 

out using Terrific Broth (TB) medium (Tryptone 12 g l-1, yeast extract 24 g l-1, K2HPO4 

12.54 g l-1, KH2PO4 2.31 g l-1) supplemented with 1.0% glycerol.  Initially, bacterial 

culture was grown until OD600 to reach 0.6 at 30ºC and then it was induced with 0.5 mM 

isopropyl thiogalactopyranoside (IPTG) and incubated for 16 hr at 16°C in a refrigerated 

incubator shaker at 200 rpm.  

4.2.5.3 GNA and β-BUTX Lqq1a/GNA affinity purification 

Post-incubation, the culture was centrifuged, and cell pellet was re-suspended in 

binding buffer A (20 mM Tris-HCl, 300 mM NaCl, 20 mM Imidazole, 10% Glycerol, 5 

mM Benzamidine HCl, 2 mM DTT), followed by lysis using Vibra cell Sonicator with 2 
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sec pulse ON and 30 sec pulse OFF conditions. Further, the crude lysate was centrifuged 

at 13,000 rpm for 1 hr at 4ºC, and the filtered supernatant solution was loaded into 

Nickel-Nitrillo Triacetic Acid (Ni-NTA) affinity chromatography column pre-

equilibrated with binding buffer A. Different fractions were eluted with binding buffer A 

containing 300-400 mM imidazole and buffer exchanged with phosphate buffered saline 

(PBS, pH 7.4) using Amicon ultra-cell centrifugal filter (3000 kDa Molecular weight 

cutoff, Merck millipore). Concentrated fractions were further analysed by using 16% 

Sodium Dodecyl Sulfate-Poly Acrylamide Gel electrophoresis (SDS-PAGE). Gel images 

were captured using a Biorad Gel Doc EZ gel documentation system and analysed with 

Image Lab software 4.0 from Biorad. Quantification analysis of purified β-BUTX-

Lqq1a/GNA and GNA protein was performed using Bradford assay. 

4.2.6 Cell culture and maintenance 

Spodoptera frugiperda insect cell line Sf-9 and Sf-21 and Mouse Macrophage cell 

line J774a.1 (National Centre for Cellular Science, India) were used to evaluate the 

cytotoxicity of purified recombinant proteins. Insect cell lines were maintained in 

Trichoplusia ni (TNM-FH) medium (Sigma, USA) supplemented with 10% Fetal Bovine 

Serum (FBS) in an aerated incubator at 27ºC. Mouse cell lines were grown in RPMI-1640 

(Roswell Park Memorial Institute medium, Sigma, USA) medium supplemented with 

10% FBS at 37ºC with 5% CO2.  

4.2.7 Cell Viability Assay 

The viability of Sf-9, Sf-21, and J774a.1 cell were evaluated by MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) based colorimetric assay. 

Healthy cells with more than 95% viability were chosen for the cell viability experiment. 

Initially 1×106 cells from Sf-9 and Sf-21 cultures were incubated in TNM-FH insect 
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medium, and subsequently different concentrations of GNA (62.8, 125, 252, 376,         

501 µg ml-1) and β-BUTX Lqq1a/GNA (15, 30, 45, 60, 75 µg ml-1) was added and 

incubated for 6-12 hr at 27ºC under aerated conditions. Also, for J774a.1 cells, cultures 

were incubated in RPMI-1649 medium with various concentrations of GNA and β-BUTX 

Lqq1a/GNA for 24 hr at 37ºC under 5% CO2 conditions. PBS (pH 7.4) was taken as a 

control treatment for both the cell lines. After the respective incubation period, 10 µl of 

MTT solution was added and incubated at least 4-5 hr. MTT along with medium was 

removed by centrifugation at 2000×g for 30 min. Then the crystals were dissolved in 

100% DMSO (Dimethyl Sulfoxide), and absorbance at 570 nm with reference 660 nm 

was measured using Tecan Multiplate reader (Infinite Pro 200, Austria).  

4.2.8 Microscopy analysis 

For microscopy analysis, initially, Sf-9 and Sf-21 cells with more than 95% 

viability were chosen. Then 1×106 cells from Sf-9 and Sf-21 cultures were incubated in 

TNM-FH insect medium, and subsequently, GNA and β-BUTX Lqq1a/GNA were added 

at higher concentration and incubated for 24-48 hr at 27ºC under aerated conditions. Also, 

for J774a.1 cells, cultures were incubated in RPMI-1640 medium with higher 

concentration of GNA and β-BUTX Lqq1a/GNA for 24-48 hr at 37ºC under 5% CO2 

conditions. Insect and mouse cell lines treated with PBS (pH 7.4) were taken as control. 

Dual staining method using Fluorescein Diacetate (FDA) and Propidium Iodide (PI) was 

performed to differentiate the live cells from dead cells. DAPI (4′,6-diamidino-2-

phenylindole) staining was also performed to visualize the chromosomal DNA damage of 

treated as well as control cells. Imaging was performed with the help of Inverted 

Fluorescence Microscope (Nikon-Ti-S, Japan). 
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4.2.9 Mitochondrial membrane potential assay 

 Mitochondrial membrane potential analysis was performed using Rhodamine 123 

based fluorescence microscopy assay. Initially Sf-9 and Sf-21 cells at a density of 2×106 

cells ml-1 were seeded along with the GNA and β-BUTX Lqq1a/GNA and incubated for 

12 hr at 27°C in an aerated incubator and only PBS (pH 7.4) treated cells were taken as 

control. Post-incubation, treated and control cells were centrifuged at 500×g for 5 min at 

4ºC and Rho 123 was added at a final concentration 50 nM in PBS (pH 7.4) and 

incubated for 15 min. Treated and untreated cells were washed twice with PBS (pH 7.4) 

and analysed by using Inverted Fluorescence Microscope (Nikon-Ti-S, Japan).  

4.2.10 Cell cycle analysis 

Cell cycle analysis was performed using flow cytometer to evaluate the effect of 

purified GNA and β-BUTX Lqq1a/GNA on the insect cell line. For flow cytometry 

analysis, cells with a concentration of 2×106 cells ml-1 were seeded along with the GNA 

and β-BUTX Lqq1a/GNA and incubated for 24 hr at 27°C aerated incubator. Post-

incubation, ice-cold 70% ethanol was added dropwise to fix the cells at 4°C overnight. 

After the fixation, centrifugation at 2000 rpm for 10 min was done to remove the residual 

ethanol. Pelleted cells were again re-suspended in phosphate buffered saline (PBS, pH 

7.4) and Ribonuclease A (RNase A) treatment was done at 37°C for 1 hr. Then, cells were 

stained by using propidium iodide (1 mg ml-1) for 10 min and analyzed using BD FACS 

Caliber flow cytometer.   

4.2.11 Gene expression analysis by Real-time quantitative PCR  

The RT-qPCR analysis was carried out using complementary DNA (cDNA) 

synthesized from total RNA which was isolated from the treated as well as untreated 

control cells to assess the differential expression of genes in the wake of GNA and          
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β-BUTX Lqq1a/GNA treatment in Sf-9 and Sf-21 cells. The Sf-9 and Sf-21 cells (2×106 

cells ml-1) were seeded with GNA and β-BUTX Lqq1a/GNA, incubated for 24-48 hr at 

27°C in an aerated incubator. Total RNA was isolated using RNAisoPlus kit (Takara, 

Japan) according to the manufacturer protocol and converted into cDNA using 

Primescript 1st strand cDNA synthesis kit (Takara, Japan). After cDNA synthesis, RT-

qPCR was performed with a set of primers (Table 4.2) using PowerUp SYBR Green 

master mix (Applied Biosystems, USA) using ABI7500 RT-PCR system.  

4.2.12 Insect bioassay of GNA and β-BUTX Lqq1a/GNA with S. litura  

4.2.12.1 Maintenance of insect cultures 

 S. litura insect eggs were procured from National Bureau of Agricultural Insect 

Resources (NBAIR), Bangalore, India and maintained in a 16:8 hr light and dark 

photoperiod conditions at 25±3ºC in natural castor leaves diet at 60-70% relative 

humidity (RH).  

4.2.12.2 Intra-hemocoeilic injection bioassay 

 Intra-hemocoel injection bioassay was performed using 5th instar larvae of          

H. armigera, and S. litura. A 10 µl of GNA and β-BUTX Lqq1a/GNA protein (10 µg 

insect-1) was used for injection in S. litura (n=30). PBS (pH 7.4) was taken as a control 

for the injection. All the insects were starved for 2 hr pre-injection and chilled at 4ºC until 

torpid before injection. Injected insects were supplied with natural castor leaves diet only. 

All the experiments were conducted at 25-28ºC with 60-70% RH level with 16:8 hr light 

and dark photoperiod. 
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4.2.13 Statistical data analysis 

Data analysis were conducted using GraphPad Prism software (version 6.0). The 

values are expressed as mean with standard deviation. For the MTT assay, the data were 

compared using a one-way analysis of variance (ANOVA) test with Dunnett’s multiple 

comparisons test. Differences were considered statistically significant when the p-value < 

0.05. The IC50 value was calculated using GraphPad Prism software with the normalized 

absorbance percentage vs. log concentration. Microscopy images were processed with the 

help of NIS element analysis 4.5 (Nikon, Japan). Cell cycle data analysis was carried out 

using FCS Express (6.0) software and threshold cycle (CT) values for control gpdh, and 

other genes were determined using ABI 7500 system software, and 2-ΔΔCT values were 

determined based on Livak and Schmittgen (2001) method.  
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4.3 Results  

4.3.1 Cloning GNA and β-BUTX Lqq1a/GNA in pET28a expression vector 

In the present study, initially codon optimized GNA (Fig. 4.1) was successfully 

amplified and cloned in pET28a expression vector yielding pET28a GNA (Fig. 4.2). 

Further PCR with gene specific primers also confirmed the presence of GNA (Fig. 4.3). 

Later codon optimized β-BUTX Lqq1a (Fig. 4.4) was successfully fused with the 

upstream end of GNA using overlap extension PCR and cloned in expression vector 

pET28a yielding pET28a β-BUTX Lqq1a/GNA (Fig. 4.5). Cloning was further confirmed 

by digestion with restriction enzymes (Fig. 4.6).  

4.3.2 GNA and fusion protein β-BUTX Lqq1a/GNA expression and purification 

In the present study, both the GNA and β-BUTX Lqq1a were codon optimized to 

maximize the soluble expression in E. coli SHuffle T7 express LysY system. For fusion, 

GNA was C-terminally fused with β-BUTX Lqq1a toxin with the help of flexible linker 

sequence (AEAAAKEAAAKEAAAKA) by PCR based fusion method (Fig. 4.7). After 

the successful confirmation, GNA (Fig. 4.8) and fusion protein β-BUTX Lqq1a/GNA 

(Fig. 4.9) were successfully expressed and purified using Ni-NTA affinity 

chromatography system. Finally, both the purified proteins were analysed by using SDS-

PAGE and molecular weight was confirmed to be 16.9 kDa and 25.2 kDa, respectively 

(Fig. 4.10 A and B).  

4.3.3 Cell viability assay 

MTT dye-reduction method was performed to evaluate the effect of recombinant 

GNA and β-BUTX Lqq1a/GNA action on Sf-9, Sf-21, and J774a.1 cell lines. As seen in 

Fig. 4.11, GNA significantly affected the cell proliferation of Sf-9 (p < 0.0001) and 

J774a.1 (p < 0.0001) in dose-dependent manner except for the Sf-21 insect cell line. 
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Significant effect (p = 0.01) was found for the Sf-21 cell only at higher concentration of 

recombinant GNA. The calculated IC50 value for the Sf-9, Sf-21, and J774a.1 cell lines 

were 106.3, 187.5, and 89.5 µg ml-1, respectively. Cell viability assay conducted with 

various concentrations of recombinant fusion β-BUTX Lqq1a/GNA also significantly (p 

≤ 0.0001) affected the cell proliferation in a dose-dependent manner in all the three cell 

lines (Fig. 4.12). The calculated normalized mean IC50 value of Sf-9, Sf-21, and J774a.1 

cell lines were 26.5, 39.6, and 14.2 µg ml-1, respectively.  

4.3.4 Dual staining assay 

To evaluate the cytotoxicity, Sf-9, Sf-21, and J774a.1 cells were exposed to a 

higher concentration of recombinant GNA and fusion protein β-BUTX Lqq1a/GNA. As 

seen in Fig. 4.13, the control cells were positive for the FDA, and an almost negligible 

amount of PI-positive cells was observed. However, in GNA treated cells lines, all the 

cells detected to be PI positive. Also, an insignificant number of cells exposed to FDA 

were positive. The Fig. 4.14 represents the fusion protein β-BUTX Lqq1a/GNA treatment 

with Sf-9, Sf-21 and J774a.1 cells and stained with live cell stain FDA and nuclear stain 

PI. Untreated control cells were able to metabolize the FDA and resulted in green 

fluorescence. Whereas in the treated population, all the cells observed to have stained 

with nuclear stain PI, indicating the damage caused by the combined action of fusion 

protein β-BUTX Lqq1a/GNA.  

4.3.5 DAPI staining assay 

The change in chromosomal DNA pattern was analysed by staining the treated 

and untreated cells using a nucleic acid stain DAPI. As seen in Fig. 4.15 GNA treated 

insect and mouse cell lines exhibited aberration in chromosomes or nucleus structure 

when compared with untreated or PBS treated control cells. Similarly, fusion protein β-
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BUTX Lqq1a/GNA treatment in Sf-9, Sf-21, and J774a.1 cells indicated the chromosomal 

alteration when compared to PBS treated control (Fig. 4.16) 

4.3.6 Mitochondrial membrane potential assay 

The membrane electrochemical potential generated in mitochondria using proton 

gradient was assessed by Rho 123 fluorescence quenching. Initial staining of untreated 

cells exhibited higher Rho 123 fluorescence both in Sf-9 and Sf-21 cells (Fig. 4.17 and 

4.18). However, in the GNA and β-BUTX Lqq1a/GNA treated insect cell population, 

reduction in the fluorescent intensity was observed due to quenching in Rho 123 

fluorescence by reactive oxygen species. This indicate the cytotoxic activity of both GNA 

and fusion protein in insect cell lines.  

4.3.7 Flow cytometry analysis 

To determine the effect of purified recombinant GNA and β-BUTX Lqq1a/GNA 

on cell cycle progression, flow cytometry analysis was performed with treated and 

untreated Sf-9 and Sf-21 insect cell lines. As shown in Fig.4.19, purified GNA treated Sf-9 

cells (Fig. 4.19C) accumulated in the G2 phase with a significant increase in the cell 

number as compared to control. Also, GNA treated Sf-21 cells (Fig. 4.19D) also showed a 

substantial increase in the G2 population as compared to Sf-21 control. Correspondingly, 

the number of cells in the G2 and S phase was significantly reduced. Similar effects were 

observed with the Sf-9 (Fig. 4.19E) and Sf-21(Fig. 4.19F) cells treated with purified 

fusion protein β-BUTX Lqq1a/GNA, where significantly increased number of cells 

accumulated in the G2 phase of the cell population. The corresponding reduction in cell 

numbers was observed in G1 and S phase of treated cells.  
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4.3.8 Gene expression analysis 

RT-PCR analysis was performed to study the GNA and β-BUTX Lqq1a/GNA 

induced effects on the expressional gene level, with the selected set of caspase-dependent 

and caspase-independent genes. The relative expression of Caspase 2 in GNA treated Sf-9 

cell increased to 1.1 fold more when compared to control (Fig. 4.20A). Similarly, 

Caspase 5, AIF, IAP, and Survivin expression increased to 6.2, 0.2, 5.0, and 1.9 fold, 

respectively. While Sf-21 cells treated with GNA observed for the increased relative fold 

expression in Caspase 2 (1.1), Caspase 5 (0.1) and IAP (7.8). However, the relative 

expression of AIF (0.2) and Survivin (0.4) were lower when compared to control.  

When the expression of caspase-dependent and independent genes of β-BUTX Lqq1a-

GNA treated Sf-9 and Sf-21 cell were evaluated, a significant increase in the interpretation 

of Caspase 2, Caspase 5 and IAP was observed (Fig. 4.20B) The expression of AIF and 

Survivin was not substantial in treated Sf-21 cells compared to control. Overall, both 

GNA and β-BUTX Lqq1a/GNA had significantly affected the insect cell line survival.  

4.3.9 Insect bioassay with S. litura 

Insect bioassay was performed with 5th instar stage S. litura larvae, to evaluate the 

insecticidal toxicity of the purified recombinant proteins. Insects injected with purified 

recombinant GNA and β-BUTX Lqq1a/GNA exhibited significant mortality in the 5th 

instar larvae with initial reduction in the feeding, and mortality of the injected insects. 

More than 60% reduction in survival was observed within 24 hr post-injection and 

complete mortality was observed after 48 hr. Severe melanization of insect body was 

associated with insect mortality in hemocoilic injected insects.  Fusion protein showed 

relatively immediate death of S. litura larvae than GNA treated larvae. However, the PBS 

treated insect population observed to be healthier and reached the pupation stage. This 
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assay suggests that both the GNA and β-BUTX Lqq1a/GNA could cause severe insect 

morality in S. litura (Fig. 4.21) 
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4.4 Discussion 

The present study, details the GNA and fusion protein β-BUTX Lqq1a/GNA 

expression and purification using optimized codon sequence in SHuffle T7 express LysY 

bacterial system, which allows the disulfide bonding within the cytoplasm. The first 

report on native GNA purification directly from Snowdrop plant was done by Vandamme 

et al. (1987) followed by the recombinant expression and purification of GNA using       

E. coli as the host system (Longstaff et al. 1998, Luo et al. 2005). Recombinant GNA 

purified from E. coli reportedly expressed as inclusion bodies, due to the richness in 

cysteine amino acid (Longstaff et al. 1998, Luo et al. 2005). However, soluble expression 

of GNA was achieved using the optimized expression method, which includes the 

addition of 1.0% glycerol in growth medium and by reducing the growth temperature to 

16ºC. Numerous studies have reported the use of fusion protein containing GNA with 

other spider or scorpion neurotoxin for the control of insect pests by overexpression in 

plants (Down et al. 2006, Fitches et al. 2002, Fitches et al. 2004, Fitches et al. 2010, 

Fitches et al. 2012, Liu et al. 2016, Trung et al. 2006, Yang et al. 2015, Yang et al. 2014). 

In the present study, GNA lectin was C-terminally fused to the scorpion toxin via linker 

sequence that is rich in Alanine and Lysine amino acids, which makes the linker to be 

more rigid and further increases the stability and folding of the fusion protein (Takamatsu 

et al. 1990). The fusion β-BUTX Lqq1a/GNA protein was successfully expressed in 

SHuffle T7 expression system in a soluble form and purified using single step Ni-NTA 

affinity chromatography. However, all the reported fusion proteins were tested for oral 

toxicity towards agriculturally important insect pests, a detailed study on the mechanism 

of fusion protein action on the cellular level was requisite. 
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MTT cell viability assay demonstrated that both GNA and fusion protein β-BUTX 

Lqq1a/GNA affected the viability of Sf-9, Sf-21, and J774a.1 cells in a dose-dependent 

manner. Susceptibility of Sf-21 cells towards GNA was 1.7 fold higher than Sf-9 and two-

fold higher than J774a.1 cell lines. Differential susceptibility of various cell lines toward 

GNA lectin may be attributed to the availability of mannose residues on the cell 

membrane surface. Sf-21 sensitivity towards GNA may be due to the presence of less 

number of mannose residues compared to Sf-9, albeit it is a parental cell line. Liu et al. 

(2009) showed that mannose/glucose binding lectin ConA anti-proliferative activity 

correlated with the carbohydrate binding activity and lead to autophagy-mediated death of 

human melanoma cells. Coagulant Moringa oleifera lectin (cMoL) and peanut agglutinin 

(PNA) exhibited potential cytotoxic activity against various cancerous cell lines despite 

the non-significant action on healthy cells (de Andrade Luz et al. 2017, Mukhopadhyay et 

al. 2014). Correspondingly, GNA also exhibited prospective cytotoxic as well as anti-

proliferative action on insect and macrophage cells.  

Fusion protein β-BUTX Lqq1a/GNA showed dose-dependent activity against a 

variety of cell lines with the possible mechanism of cytotoxicity. A fusion protein 

containing ButaIT/GNA from Buthidae family, Mesobuthus tamulus insect toxin and 

Snowdrop caused severe mortality when fed orally to a variety of insect belongs to 

Lepidopteran, Dipteran, and Coleopteran insects (Fitches et al. 2010). Likewise, SFI1 

protein from Segestria florentina showed increased mortality when fused with GNA 

against tomato pests, Lacanobia oleracea (Fitches et al. 2004). Both studies represented 

that either neurotoxin or GNA alone could not exhibit significant mortality. However, 

when combined, mortality increased to a considerable level. Recombinant GNA alone 

required higher concentration to exert the cytotoxic activity, however, when fused with 

TH-2353_1361060053



Chapter 4  

142 | P a g e  
 

neurotoxin β-BUTX Lqq1a, dosage against Sf-9 reduced almost four-fold, 4.7 fold against 

Sf-21 and 6.3 fold against J774a.1 with increased activity.  

Dual staining with FDA-PI offers a reliable, consistent, and rapid method of 

determining the cellular viability where live cell would be able to metabolize the non-

fluorescent FDA into green fluorescein molecule due to the action of esterase present in 

the metabolically active cell. Whereas dead cell would be able to take up more amount of 

cell-impermeable DNA binding PI dye, due to the damages in the cellular membrane 

(Jones and Senft 1985). Moringa coagulant lectin (cMoL) treated melanoma cells stained 

with Annexin V and PI, clearly indicated more population of PI-stained cells than 

Annexin stained cells. Moreover, the visible damages of cMoL on melanoma cells were 

the appearance of nuclear fragmentation and reduction in the cellular volume, 

chromosomal condensation and plasma membrane blebbing (de Andrade Luz et al. 2017). 

Similar observations were made in the Sf-9, Sf-21 and J774a.1 cells treated with both 

GNA and β-BUTX Lqq1a/GNA, where treated cells were able to take up PI whereas 

control cells were able to metabolize the FDA. Initial membrane blebbing and DNA 

fragmentation were evident for the cells treated with both the recombinant protein. These 

experiments suggested the possible binding of GNA to the mannose residues present on 

the cell surface receptors, reducing or blocking the transport of essential nutrients across 

the membrane or induction of cascade of the signalling pathway, which lead to the 

production of ROS with associated DNA damage. The action of GNA and fusion protein 

on mouse cell line at lower dosage signifies the presence of mannose residues on the 

cellular surface, as confirmed by the high agglutinated population in the treatment than 

the untreated population. Reduction in the fusion protein dosage may be attributed to the 

presence of GNA binding mannose residues and putative voltage-gated sodium ion 

channel.  
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Cytotoxic activity may lead to oxidative damage of a cell, which in turn causes 

chromosomal DNA damage and ultimately affects the cell cycle progression (AshaRani et 

al. 2009). Gondim et al. (2017) demonstrated the activity of Dioclea lasiocarpa lectin 

(DlasiL) against A2780 ovarian cancer cell lines where it caused arrest in G2/M phase 

cell cycle. Another mannose-binding lectin from Sophora flavescens caused cell cycle 

arrest at G2/M phase and lead to caspase-dependent apoptosis of tumor cell (Liu et al. 

2008). Recombinant GNA demonstrated significant G2 phase cell cycle arrest in treated 

Sf-9 and Sf-21 cells. Correspondingly, fusion protein treated Sf-9, and Sf-21 cells were 

also observed to be arrested in the G2/M phase of the cell cycle. These results are by 

other lectin mechanism of cell cycle arrest, suggesting the possible correlation between 

DNA damage and apoptosis mediated cell death.  

Lectin induces programmed cell death by caspase-mediated apoptotic pathway 

(Kim et al. 1993). It's binding to the cell surface may produce the intracellular signals that 

may modulate the cell to express the proteins which are related to programmed cell death 

(Lichtenstein and Rabinovich 2013). Moringa lectin (cMoL) caused caspase 3 and 8 

mediated cell death in B6-F10 cancerous cells where it has been postulated that binding 

of cMoL to glycans present on the cell surface triggered endocytosis by the cell and 

ultimate deregulation of homeostasis, which resulted in activation of caspase and ROS 

production (de Andrade Luz et al. 2017). Complexing of a high mannose-binding lectin 

from S. flavescens with cell surface receptors of HeLa cells triggered the recruitment of 

procaspase eight protein, resulted in caspase 8 activation (Liu et al. 2008). Caspase 2 

expression may be attributed to stress-induced apoptosis, where it complexed with a 

cascade of other caspase-related proteins and induced cell death (Lopez-Cruzan et al. 

2016, Tinel and Tschopp 2004). Similar findings were observed in the present study 
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where expression of Caspase 2 in GNA, as well as β-BUTX Lqq1a/GNA, treated insect 

cells suggest that both the proteins induced cell death by caspase-dependent manner. In 

the case of human tumor cell lines, more expression of survivin, which is an inhibitor of 

apoptosis, related protein correlated with reduced apoptosis (Garg et al. 2016). However, 

in the case of Sf-9 treated with GNA as well as β-BUTX Lqq1a-GNA appeared to 

overexpress survivin in the wake of stress. Contrarily, the expression of survivin in Sf-21 

was lesser compared to Sf-9 cells. These results suggested that binding of lectin and 

fusion protein would trigger either the endocytosis mediated pathway where 

simultaneously inducing other caspase-dependent signalling molecules, ultimately led to 

the death of treated cells for biocontrol of insect pests. 
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4.4 Conclusion 

Successfully purified GNA and fusion β-BUTX Lqq1a/GNA were adequately 

tested for the cytotoxic activity against insect as well as mouse cell lines. MTT assay 

resulted in a dose-dependent reduction of cell viability and fluorescence microscopy 

analysis also revealed the possible effects on a cell such as membrane damage, DNA 

fragmentation, and cell shrinkage. Cell cycle progression and the qRT-PCR report 

suggested the caspase-dependent death of GNA and β-BUTX Lqq1a/GNA treated insect 

cell lines. Insect bioassay with purified protein also resulted in significant mortality in 

treated larvae.  Because of the higher potency of the fusion protein, when expressed in the 

proper host such as plants and entomopathogenic fungi, it could be a potential insecticidal 

candidate protein for biocontrol. 
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Table 4.1 List of primers used for GNA and β-BUTX Lqq1a/GNA fusion 

Primer Name 5’----------3’ 

Bac-LqqIT1-RP-

Linker OH 

CGCTTCTTTAGCAGCCGCTTCAGCGTTAATGGTCACGA

AATCGC 

Bac-Linker FP-

LqqIT1 OH 

TATTGCGATTTCGTGACCATTAACGCTGAAGCGGCTGC

TAAAGAAGCG 

Bac-GNA RP-

EcoRI OH 

GCTTATTTAATTACCTGCAGGGAATTCTTAGTGGTGAT

GGTGATGGTGGTG 

 

Table 4.2 List of Primers used for RT-qPCR analysis 

Primer 5’---------------------3’ 

Sf-caspase-2-RT-F TAGCAGCAATAATGGAGGACGC 

Sf-caspase-2-RT-R CTCGGTACTTGTGGTTGGTGTTG 

Sf-caspase-5-RT-F GATACTGGGACTTGGTGCGTGAT 

Sf-caspase-5-RT-R TGCGTGTTGTTTCTGTTGGGTT 

Sf-IAP-RT-F AAAACCGACAACCACGACACC 

Sf-IAP-RT-R CCCTCCACCCACCTCATAATCT 

Sf-Survivin-RT-F TTGGGCGGAGCACAAAAGC 

Sf-Survivin-RT-R GCACTGCCTTTGCCTTCTCATC 

Sf-GAPDH-RT-F TTGACGGACCCTCTGGAAAA 

Sf-GAPDH-RT-R ACGTTAGCAACGGGAACACG 

Sf-AIF1-RT-F CAAGCACTACACGCACCAGAG 

Sf-AIF1-RT-R CTGCCGAGAAGACACCCACT 
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GCT GAA GCG GCT GCT AAA GAA GCG GCG GCT AAA GAA GCG GCT GCT 

AAA GCGTCC TGC CTG AGC GAT AAC ATC CTG TAT TCC GGC GAA ACC 

CTG AGC ACC GGC GAG TTC CTG AAC TAC GGT AGC TTC GTT TTC ATC 

ATG CAA GAG GAC TGC AAC CTG GTG CTG TAC GAC GTT GAT AAG CCG 

ATT TGG GCC ACC AAC ACC GGC GGT CTG AGC CGT AGC TGC TTC CTG 

AGC ATG CAG ACC GAT GGC AAC CTG GTT GTC TAC AAC CCG AGC AAC 

AAG CCG ATC TGG GCG AGC AAC ACC GGC GGT CAG AAC GGT AAC TAC 

GTC TGC ATT CTG CAA AAG GAC CGT AAC GTG GTC ATT TAC GGC ACC 

GAC CGC TGG GCT ACC GGCCAC CACCAC CAT CAC CAT CAC CACTAA 

# Linker sequence 

#GNA sequence 

# C-terminal His tag sequence 

# Stop codon 

Fig. 4.1 Codon-optimized Linker GNA sequence to be expressed in a bacterium with CAI 

index of 0.88. 
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Fig. 4.2 Gel images of pET28a and Linker GNA cloning and its confirmation by PCR. A) 

pET28a and Linker GNA cloning Lane 1: pET28a expression vector (5369 bp), Lane 2: 

Linker GNA DNA sequence (417 bp) and M- O GeneRuler 1 Kb plus DNA ladder 

(Fermentas, USA). Both the vector and gene sequence was digested with NdeI and EcoRI 

restriction enzymes overnight at 37ºC. Gel purified fragments were analyzed on 0.8% 

agarose gel electrophoresis.  

 

Fig. 4.3 Agarose gel electrophoresis analysis of pET28a-Linker GNA clone confirmation 

by PCR. Linker GNA amplified using pET FP and T7 RP. Lane 1-3 are the Linker GNA 

amplified sequence (Calculated Size 688 bp) and M: O GeneRuler 1 Kb plus DNA ladder 

(Fermentas, USA). 
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AAG AAA AAC GGT TAT GCG GTG GAC AGC AGC GGC AAG GCG CCG GAG 

TGC CTG CTG AGC AAC TAC TGC TAT AAC GAA TGC ACC AAG GTT CAC  

TAC GCG GAT AAA GGT TAT TGC TGC CTG CTG AGC TGC TAC TGC  GTG 

GGC CTG AGC GAC GAT AAG AAA GTT CTG GAG  ATC AGC GAC GCG CGT 

AAG AAA TAT TGC GAT TTC GTG ACC ATT AACGCT GAA GCG GCT GCT 

AAA GAA GCG GCG GCT AAA GAA GCG GCT GCT AAA GCGTCC TGC CTG 

AGC GAT AAC ATC CTG TAT TCC GGC GAA ACC CTG AGC ACC GGC GAG 

TTC CTG AAC TAC GGT AGC TTC GTT TTC ATC ATG CAA GAG GAC TGC 

AAC CTG GTG CTG TAC GAC GTT GAT AAG CCG ATT TGG GCC ACC AAC 

ACC GGC GGT CTG AGC CGT AGC TGC TTC CTG AGC ATG CAG ACC GAT 

GGC AAC CTG GTT GTC TAC AAC CCG AGC AAC AAG CCG ATC TGG GCG 

AGC AAC ACC GGC GGT CAG AAC GGT AAC TAC GTC TGC ATT CTG CAA 

AAG GAC CGT AAC GTG GTC ATT TAC GGC ACC GAC CGC TGG GCT ACC 

GGCCAC CACCAC CAT CAC CAT CAC CACTAA 

# β-BUTX Lqq1a sequence 

# Linker sequence 

#GNA sequence 

# C-terminal His tag sequence 

# Stop codon 

Fig. 4.4 Bacterial codon optimized fused β-BUTX Lqq1a and Linker GNA sequence with 

C-terminal His tag and stop codon 
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Fig. 4.5 Agarose gel images of pET28a and β-

BUTX Lqq1a/Linker GNA cloning and its 

confirmation by PCR. The pET28a and β-BUTX 

Lqq1a/Linker GNA cloning Lane 1: pET28a 

expression vector (5369 bp), Lane 2: Fused β-

BUTX Lqq1a/Linker GNA DNA sequence (650 

bp) and Lane M: O GeneRuler 1 Kb plus DNA 

ladder (Fermentas, USA). Both the vector and 

gene sequence was digested with NdeI and EcoRI 

restriction enzymes overnight at 37ºC. Gel purified 

fragments were analysed on 0.8% agarose gel 

electrophoresis 

Fig. 4.6 Agarose gel electrophoresis analysis 

of pET28a-BUTX Lqq1a/GNA clone 

confirmation by double digestion method. 

Lane 1: Linearized empty pET28a vector (5369 

bp), Lane 2-4: pET28a-BUTX Lqq1a/GNA 

digested with NdeI and EcoRI restriction 

enzymes (5369 bp+650 bp) and Lane M: O 

GeneRuler 1 Kb plus DNA ladder (Fermentas, 

USA). 
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Fig. 4.7 Schematic representation of GNA and fusion protein β-BUTX Lqq1a/GNA with 

N-terminal (His)6 – tag. 

 

 

 

 

 

 

 

Fig. 4.8 The SDS-PAGE analysis of Ni-NTA affinity purified Linker GNA protein. 

Linker GNA protein expression was successfully optimized in TB medium supplemented 

with 1% glycerol with 0.5 mM Isopropyl thiogalactopyranoside at 16ºC for 16 hr at 200 

rpm in refrigerated shaking incubator and subsequently purified using Ni-NTA affinity 

chromatography. Initial affinity purified fractions were analyzed in 16% Tris-Glycine 

buffer based SDS-PAGE gel electrophoresis. M-protein marker low range from 

Thermofisher scientific. Linker GNA protein size is approximately 16.9 kDa. 
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Fig. 4.9 The SDS-PAGE analysis of Ni-NTA purified β-BUTX Lqq1a /Linker GNA 

protein.  β-BUTX Lqq1a/Linker GNA protein expression was successfully optimized in 

TB medium supplemented with 1% glycerol with 0.5 mM IPTG at 16ºC for 16 hr at 200 

rpm in refrigerated shaking incubator and subsequently purified using Ni-NTA affinity 

chromatography. Initial affinity purified fractions were analyzed in 16% Tris-Glycine 

buffer based SDS-PAGE gel electrophoresis. M-protein marker low range from 

Thermofisher scientific. β-BUTX Lqq1a /Linker GNA protein size is approximately 25.2 

kDa.  
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Fig. 4.10 SDS-PAGE (16% Acrylamide gel in Tris-Glycine buffer) analysis of purified 

recombinant GNA. A) Recombinant GNA purified using Ni-NTA affinity 

chromatography. Lane 1 is GNA, size approximately 16.9 kDa protein. Lane 2 is a low 

range molecular weight marker. B) Recombinant fusion protein β-BUTX Lqq1a/GNA 

purified using affinity chromatography. Lane 1: fusion protein containing β-BUTX Lqq1a 

and GNA predicted theoretical molecular weight is approximately 25.2 kDa. 
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Fig. 4.11 Cytotoxicity assay on the various concentration of recombinant purified GNA 

on the viability of Sf-9, Sf-21 insect cell lines, and J774a.1 mouse cell lines as determined 

by MTT assay. One-way ANOVA, followed by Dunnett’s pairwise multiple comparison 

analysis, indicated that GNA had affected cell proliferation in a dose-dependent manner 

(p < 0.0001) when compared to control. Asterisks indicate the results that were 

significantly different from the control. **, p< 0.01, ***, p = 0.0001 and ****, p< 0.0001.  

All data are the average of two independent experiments with three replications for each 

along with standard deviation (±SD).  
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Fig. 4.12 Cell viability assay with various concentration of recombinant purified β-BUTX 

Lqq1a/GNA on the viability of Sf-9, Sf-21 insect cell lines, and J774a.1 mouse cell lines 

as determined by MTT assay. One-way ANOVA, followed by Dunnett’s pairwise 

multiple comparison analysis, indicated that β-BUTX Lqq1a/GNA had affected cell 

proliferation in a dose-dependent manner (p < 0.0001) when compared with control. 

Asterisks indicate the results that were significantly different from the control. ***, p = 

0.0001 and ****, p < 0.0001.  All data are the average of two independent experiments 

with three replications for each along with standard deviation (±SD).  
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Fig. 4.13 Fluorescence microscopy analysis of recombinant GNA treated Sf-9, Sf-21, and 

J774a.1 cell lines stained with FDA and PI. Images were representative of two 

independent experiments. The bar represents 50 µM. 
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Fig. 4.14 Fluorescence microscopy analysis of recombinant β-BUTX Lqq1a/GNA treated 

Sf-9, Sf-21, and J774a.1 cell lines stained with FDA and PI. Images were representative of 

two independent experiments. The bar represents 50 µM. 
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Fig. 4.15 Fluorescence microscopy analysis of recombinant GNA treated Sf-9, Sf-21 and 

J774a.1 cell lines stained with DAPI. Images were representative of two independent 

experiments. The scale bar represents 50 µM. 

 

Fig. 4.16 Fluorescence microscopy analysis of recombinant β-BUTX Lqq1a/GNA treated 

Sf-9, Sf-21 and J774a.1 cell lines stained with DAPI. Images were representative of two 

independent experiments. The scale bar represents 50 µM. 
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Fig. 4.17 Mitochondrial membrane potential assay of recombinant GNA treated Sf-9, and 

Sf-21 insect cell lines. Images were representative of two independent experiments. The 

scale bar represents 50 µM. 

 

 

 

 

 

 

TH-2353_1361060053



Chapter 4  

160 | P a g e  
 

 

 

Fig. 4.18 Mitochondrial membrane potential assay of recombinant β-BUTX Lqq1a/GNA 

treated Sf-9, and Sf-21 insect cell lines. Images were representative of two independent 

experiments. The scale bar represents 50 µM. 

 

 

 

 

 

 

TH-2353_1361060053



 Chapter 4 
 

161 | P a g e  
 

 

Fig. 4.19 Cell cycle analysis of GNA and β-BUTX Lqq1a/GNA treated Sf-9 and Sf-21 

insect cell lines. A) Sf-9, B) Sf-21 Control cells, C) Sf-9, D) Sf-21 cells treated with GNA 

and E) Sf-9, F) Sf-21 cells treated with β-BUTX Lqq1a/GNA fusion protein. Data 

represent the average of two independent experiments. 
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A 

Fig. 4.20 RT-qPCR based gene expressional analysis of treated insect cell lines. A) 

Represents Sf-9 and Sf-21 cells treated with recombinant GNA. B) Graphical 

representation of Sf-9 and Sf-21 cells treated with recombinant β-BUTX Lqq1a/GNA 

fusion protein. Data represent two independent experiments with three replications, each 

with a mean± standard deviation. 

 

 

 

B 
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Fig. 4.21 Injection bioassay performed with purified recombinant proteins in S. litura. A) 

Only PBS buffer used for injecting the control population. B) Represents GNA treated 

larvae and C) indicates the β-BUTX Lqq1a/GNA toxin treated S. litura larvae. The scale 

bar represents 1 cm in length. 
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5.1 Introduction  

Bacillus thuringiensis is a Gram-positive soil bacterium and produces para-sporal 

inclusion bodies during sporulation. This inclusion contains Crystalline (Cry) toxins 

called δ-endotoxins, and Cytolytic (Cyt) toxins. Besides this toxin, other Vegetative 

insecticidal proteins (Vip) are also produced during the vegetative stage of the bacterial 

growth (Lee et al. 2006). These Cry and Cyt toxins gained momentum across the 

scientific community because of its specific insecticidal activity against various 

agriculturally important insect pests. Among the Cry toxins, Cry1Ac is the most widely 

expressed protein in broader crops against major economically important pests such as 

Trichoplusia ni, Helicoverpa armigera, H. zea, Heliothis viresens, and Spodoptera litura 

and one of the advantages is that they do not harm the non-target organisms (Ba et al. 

2018, Hernandez and Ferre 2005, Marques et al. 2018, Rukarwa et al. 2014, Tian et al. 

2018, Wang et al. 2019, Xing et al. 2019, Yu et al. 2014, Zhang et al. 2019).  

Primarily, crystalline protoxin is solubilized in the insect mid-gut protease 

environment releasing the active toxin. This active toxin then binds to a series of mid-gut 

membrane receptors, forming functional oligomeric structure which then perforates the 

mid-gut epithelial layer, causing osmotic lysis and ultimate death of the insect.  Receptors 

reported to be involved in the Cry1Ac binding are alkaline phosphatase (ALP), 

aminopeptidase N (APN), cadherin (CAD) and ABC transporters (Ocelotl et al. 2017, Qiu 

et al. 2017, Qiu et al. 2015, Ren et al. 2016, Wang et al. 2016, Wei et al. 2016, Zhang et 

al. 2019). Reduced binding, reduced expression, reduced toxin activation and mutations 

in the receptor binding site reported to cause the development of resistance in various 

insect species (Fabrick et al. 2019, Jakka et al. 2015, Nakaishi et al. 2018, Zhang et al. 

2019). Indirect modulation by transcriptional factors and signalling mechanisms alter the 
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expression of mid-gut receptors and thus susceptibility and resistance to Cry toxins (Guo 

et al. 2015, Mi et al. 2017). Modification in the protoxin and binding improves the insect 

susceptibility to Cry toxins. In a subsequent interaction with mid-gut cadherin receptors, 

N-terminal region of the Cry toxin is involved in oligomeric structure formation. Other 

receptors such as GPI-anchored ALP and APN is necessary for the oligomer membrane 

insertion. Modification of Cry toxins by removing N-terminal helix α-1 improved the 

susceptibility of Cadherin mediated resistant insects toward Cry toxins (García-Gómez et 

al. 2013, Gómez et al. 2015, Munoz-Garay et al. 2010, Soberon et al. 2007).   

Unlike Cry, Cyt toxins act directly on the insect mid-gut lipid membrane, not 

requiring of binding with receptors sequentially, causing increased water influx and cell 

swelling. This Cyt1Aa produced by B. thuringiensis subsp. israelensis (Bti) acts 

specifically against Dipteran insect species. Cyt1Aa toxin acts as a receptor for Cry 

toxins, which further enhances toxin oligomerization and pore formation. Synergistic 

interaction with other Cry toxin such as Cry1Ac, Cry2Aa, Cry3Aa, Cry4a, Cry10a, and 

Cry11A increases the susceptibility of single toxin-resistant insects (Bideshi et al. 2013, 

Elleuch et al. 2015, Federici and Bauer 1998, Perez et al. 2007, Sayyed et al. 2001, Wirth 

et al. 2005). The Modified Cyt1Aa hybrid toxins, which carry domain II loop 3 part from 

Cry1Ab increases the specificity of Cyt1Aa to Lepidopteran insects (Torres-Quintero et 

al. 2018). Delayed resistance, lack of receptors, and synergistic effect with other Cry 

toxins offer Cyt1Aa as a potential candidature protein in insect pest management.  

Modification in the protoxin activation, mid-gut enzyme-mediated processing, 

receptor binding, oligomer formation could potentially improve the susceptibility of 

resistant insects toward Bt Cry toxins. Modification of Cry1Ab and Cry1Ac toxin binding 

site in cadherin receptor by removing the N-terminal and α-1 helix of domain I, enhanced 
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the toxicity against Manduca sexta (Munoz-Garay et al. 2010, Soberon et al. 2007). Apart 

from deletions, domain swapping is becoming an essential approach in countering insect 

resistance and enhancing the toxicity (Bosch et al. 1994). Hybrid toxin constructed by 

fusing Cry1Ab domain I and II with Cry1C domain III resulted in magnified toxicity than 

the wild type toxin (de Maagd et al. 2000). Similar domain swapping studies with Cry1Ia 

(I, II) and Cry1Ba (III), as well as Cry3Aa (I, II) and Cry1Ab (III) improved the hybrid 

Cry proteins toxicity against various pests (Hibbard et al. 2011, Naimov et al. 2001, 

Walters et al. 2010). In the three-domain Cry1Ac toxin, domain III is a δ-endotoxin C 

which contains carbohydrate binding module (CBM) 6, CBM35 and CBM36 like sites. 

These modules are non-catalytic, usually associated with catalytic glycoside hydrolase 

domain (Madej et al. 2014). Replacement of domain III of Cry1Ac with Allium sativum 

carbohydrate-binding lectin module (ASAL) enhanced the toxic effect of the fusion 

protein against Lepidopteran and Hemipteran insects (Boddupally et al. 2018).  

The carbohydrate binding lectins present in the plant are primarily produced 

during the herbivore attack. Galanthus nivalis (Snowdrop plant) synthesize a 52 kDa 

tetrameric protein present in a higher amount within bulbs, that bind specifically to α-D 

mannose sugar residues. Red blood cells agglutinated readily by incubating with the GNA 

but not human red blood cells (Vandamme et al. 1987). This GNA when delivered orally, 

it has been proven toxic to many Lepidopteran, Dipteran, Homopteran and Hymenopteran 

insects (Bell et al. 1999, Li and Romeis 2009, Nagadhara et al. 2004, Ripoll et al. 2003, 

Wang et al. 2005). Functional expression of GNA in rice and wheat caused antifeedant 

activity in brown planthopper Nilaparvata lugens and reduction in the fecundity of grain 

aphids (Powell et al. 1995, Stoger et al. 1999). In addition to the insecticidal property, 
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GNA also helps in delivering the protein across the mid-gut peritrophic matrix to 

hemolymph of insects (Fitches et al. 2002, Fitches et al. 2004, Fitches et al. 2001).  

The present study reports the fusion of GNA with the truncated Cry1Ac and 

cloning and expression in M. anisopliae along with β-BUTX Lqq1a neurotoxic peptide. 

In addition, Cyt1Aa along with β-BUTX Lqq1a was also fused and expressed in            

M. anisopliae.   M. anisopliae expressing these pyramided toxins were further tested for 

its effect on agricultural insect pests.  
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5.2 Materials and Methods 

5.2.1 Microbial strains and Culture conditions 

For bacterial cloning and maintenance of plasmids, Escherichia coli DH5-α cells 

were used and maintained in Luria Bertani (LB) medium at 37ºC.  Agrobacterium 

tumifaciens EHA 105 strain was grown and maintained in LB medium supplemented with 

Rifampicin (10 µg ml-1). M. anisopliae (MTCC 892) culture was procured from 

Microbial Type Culture Collection and Gene Bank (MTCC, India) and maintained in 

Potato Dextrose Agar at 28±2ºC.  

5.2.2 Cyt1Aa expression vector construction 

5.2.2.1 Cyt1Aa amplification 

 Bacillus thuringiensis subsp. israelensis strain was procured from Bacillus 

Genetic Stock Centre (BGSC-4Q1), Ohio State University, Columbus, USA and 

maintained in Nutrient Agar at 30ºC. For amplification of Cyt1Aa, gene-specific primers 

(Table 5.1) were designed (Integrated DNA Technologies, Malaysia) based on the 

reference sequence number obtained from NCBI: LC128536.1. Reaction components 

such as Phusion Polymerase and dNTPs were purchased from ThermoFisher, USA and 

New England Biolabs, USA respectively.  

 The total DNA was extracted by mixing small loop full of culture in sterile MilliQ 

water and boiled for 5 min at 98ºC and further clarified by centrifuging at 13,000 rpm for 

5 min. The clarified supernatant was used as template for Cyt1Aa amplification with 

following reaction conditions step 1: Initial denaturation 98ºC for 3 min, step 2: 

Denaturation 98ºC for 15 sec, step 3: Annealing 60ºC for 45 sec, step 4: Extension 72ºC 

for 1 min and step 5: Final extension 72ºC for 10 min. After the Cyt1Aa amplification, 

PCR products were separated on 1% Agarose gel electrophoresis system (Amersham, 
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USA) and extracted using Takara Bio gel purification kit by following manufacturer 

protocol. Finally, purified fragments were analyzed on 1% Agarose gel electrophoresis 

and quantified using NanoPhotometer (Implen, USA).  

5.2.2.2 GPDH promoter (Pgpdh) amplification 

5.2.2.2.1 M. anisopliae genomic DNA isolation 

 Initially, M. anisopliae genomic DNA was isolated using the following modified 

protocol. M. anisopliae spores (1×107 ml-1) was inoculated in 20 ml of Potato Dextrose 

broth (PDB, pH 5.6±0.2), and incubated at 27ºC for 48 hr in a rotatory incubator shaker. 

Post incubation, mycelial biomass was harvested by centrifugation at 5,000 rpm for 10 

min at 4ºC. Mycelial biomass (500 mg) was homogenized with ice-cold pestle and mortar 

added with DNA extraction buffer (Tris-Cl 40 mM, NaCl 150 mM, Ethylene Diamine 

Tetra Acetic acid (EDTA) 2 mM). After the thorough homogenization, 200 µl of 20% 

SDS was added with brief vortex for 30 s and incubated for 1-2 hr at 60ºC.  Post 

incubation, 150 µl of 6M NaCl and 200 µl of Phenol: Chloroform: Isoamyl alcohol 

(25:24:1) was added and thoroughly mixed extracts were further clarified by 

centrifugation at 13,000 rpm for 30 min at 25ºC. The clarified supernatant was further 

treated with RNase A (20 mg ml-1) and Proteinase K (1 mg ml-1) at 37ºC for 1 hr. Final 

removal of proteins and other debris was performed by adding 200 µl of chloroform and 

centrifuged at 13,000 rpm for 15-30 min. To the clarified supernatant, an equal volume of 

ice-cold isopropanol was added and incubated at -20ºC for 30 min. Precipitated DNA was 

washed once with 70% Ethanol, and air dried DNA was finally dissolved in nuclease-free 

water (Ambion, Invitrogen, USA). DNA quality and quantity were analyzed by using 

0.8% Agarose Gel electrophoresis and NanoPhotometer, respectively.  
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5.2.2.2.2 Pgpdh amplification 

 The promoter gpdh, promoter-specific primers were designed (IDT, Malaysia) 

with Cyt1Aa and pCAMBIA3300 vector overhangs (Table 5.1). Genomic DNA isolated 

from M. anisopliae was used as a template. Following reaction conditions were set up to 

amplify the Pgpdh using Phusion polymerase, step 1: Initial denaturation 98ºC for 3 min, 

step 2: Denaturation 98ºC for 15 sec, step 3: Annealing 60ºC for 45 sec, step 4: Extension 

72ºC for 1 min and step 5: Final extension 72ºC for 10 min. Post-amplification, Pgpdh 

PCR products were separated in 1% Agarose gel electrophoresis system (Amersham, 

USA) and extracted using Takara Bio gel purification kit by following manufacturer 

protocol. Finally, the DNA fragments were analyzed again on 1% Agarose gel 

electrophoresis and quantified using NanoPhotometer (Implen, USA).  

5.2.2.3 GPDH promoter (Pgpdh) fusion with Cyt1Aa  

 Metarhizium collagen-like protein signal peptide (Mcl1sp) sequence was fused 

upstream of Cyt1Aa to secrete the Cyt1Aa outside the cell and placed downstream of 

Pgpgh. Apart from Cyt1Aa and gpdh promoter, Mcl1sp was also amplified from the 

genomic DNA of M. anisopliae using primer designed (Table 5.1) with overhangs for 

Cyt1Aa and gpdh promoter region. Initially, Cyt1Aa was fused with Mcl1sp using 

overlap extension PCR and gel purified. This fused gel purified fragment was then fused 

with Pgpdh using the overlap extension PCR (annealing temperature: 62ºC). Pgpdh-

Mcl1sp-Cyt1Aa fragment was finally gel purified and quantified using NanoPhotometer.   

5.2.2.4 Pgpdh-Mcl1sp-Cyt1Aa cloning in pMcl1-BUTX-Lqq1a vector 

 Initially, pMcl1-BUTX-Lqq1a vector was digested with BamHI and HindIII 

restriction enzymes at 37ºC for 3-4 hr and gel extracted using Takara gel purification kit. 

Both Pgpdh-Mcl1sp-Cyt1Aa and double digested pMcl1-BUTX-Lqq1a was taken in 
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equal molar concentration and mixed with homemade Gibson assembly master mix, and 

the reaction was performed at 50ºC for 45-60 min. Following Gibson assembly reaction,    

5 µl of the reaction was used to transfer into the chemically competent E. coli cells and 

selection was carried out in LB medium supplemented with 50 µg ml-1 kanamycin 

antibiotic and incubated at 37ºC. Putative transformants were selected and confirmed 

using colony PCR. For colony PCR, loop full of cultures were used as a template for 

amplification. Also, putative transformants were grown in 5 ml of liquid LB medium 

supplemented with 50 µg ml-1 kanamycin and plasmids were isolated using TakaraBio 

plasmid isolation kit. Restriction enzyme confirmation was done for the plasmid DNA 

(pBUTX-Lqq1a/Cyt1Aa) isolated from putative transformants. Both colony PCR 

products and digested plasmids were separated on 1% Agarose Gel electrophoresis, and 

images were taken using Bio-rad Gel Doc™ XR gel documentation system.  

5.2.3 Truncated Cry1Ac-GNA expression vector construction 

5.2.3.1 Cry1Ac truncation 

 The B. thuringiensis subsp. kurstaki HD73 (4D1) was procured from BGSC, 

Columbus, USA, and maintained in Nutrient agar medium. Loopful of a bacterial culture 

grown for two days was used to isolate total DNA by boiling at 98ºC for 5 min in 

nuclease-free water. Cellular debris was removed by centrifuging boiled culture at 12,000 

rpm for 15-30 min. The clarified supernatant was used as a source for Cry1Ac 

amplification. Based on the bioinformatics analysis, the Cry1Ac sequence was retrieved 

from NCBI GenBank with the following accession number: NC_020249.1, which 

corresponds to the Cry1Ac gene located in the plasmid pH73 of B. thuringiensis ssp. 

kurstaki str. HD73 (4D1). From the conserved domain structure study, primers were 

designed with vector and GNA overhangs to amplify the Endotoxin-N and -M domain 
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excluding the 141 bp from the Endotoxin-N as well as the whole Endotoxin-C domain 

(Table 5.2). Truncated Cry1Ac (tCry1Ac) amplification reaction conditions were step 1: 

Initial denaturation 98ºC for 4 min, step 2: Denaturation 98ºC for 15 sec, step 3: 

Annealing 60ºC for 45 sec, step 4: Extension 72ºC for 1.5 min and step 5: Final extension 

72ºC for 10 min. Post-amplification, tCry1Ac PCR products were separated in 1% 

Agarose gel electrophoresis system (Amersham, USA) and extracted using Takara Bio 

gel purification kit by following manufacturer protocol. Finally, fragments were analyzed 

again in 1% Agarose gel electrophoresis and quantified using NanoPhotometer (Implen, 

USA).  

5.2.3.2 GNA amplification 

 The protein sequence of GNA lectin was retrieved from Longstaff et al., (1998) 

and then reverse translated into DNA sequence using (EMBL)-EMBOSS Backtranseq 

software (Rice et al. 2000). The reverse translated DNA was further codon-optimized for 

fungal expression. Then codon optimized DNA was chemically synthesized and cloned in 

pUC57 vector flanking NdeI and EcoRI restriction sites (Genscript, USA) and used as a 

template for GNA amplification with primers (Table 5.2) designed with Cry1Ac and 

vector over-hangs. GNA was amplified with the following reaction conditions, step 1: 

Initial denaturation 98ºC for 4 min, step 2: Denaturation 98ºC for 15 sec, step 3: 

Annealing 60ºC for 45 sec, step 4: Extension 72ºC for 1.5 min and step 5: Final extension 

72ºC for 10 min. Post-amplification, GNA PCR products were separated in 1% Agarose 

gel electrophoresis system (Amersham, USA) and extracted using Takara Bio gel 

purification kit by following manufacturer protocol. Finally, PCR fragments were 

analyzed again on 1% Agarose gel electrophoresis and quantified using NanoPhotometer 

(Implen, USA). 
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5.2.3.3 Pgpdh-Mcl1sp-tCry1Ac/GNA fusion 

 To fuse all four fragments overlap extension PCR was performed with fragments 

bearing extension of one another gene fragment either at 3’ or 5’ end. Initially, Pgpdh 

along with Mcl1 signal sequence was amplified from previously cloned pMcl1-Lqq1a-

Cyt1Aa vector with over-hang for the pCAMBIA3300 and Cry1Ac gene. Secondly, 

overlap extension PCR was performed to fuse tCry1Ac and GNA bearing vector and 

Mcl1sp over-hangs. Finally, these two fragments were fused, which resulted in Pgpdh-

Mcl1sp-tCry1Ac/GNA.  

5.2.3.4 Pgpdh-Mcl1sp-tCry1Ac/GNA Cloning in pMcl1-BUTX Lqq1a vector 

 Initially, pMcl1-BUTX Lqq1a vector was digested with BamHI and HindIII 

restriction enzymes at 37ºC for 3-4 hr and gel extracted using Takara gel purification kit. 

Both Pgpdh-Mcl1sp-tCry1Ac/GNA and double digested pMcl1-BUTX Lqq1a was taken 

in equal molar concentration and mixed with homemade Gibson assembly master mix, 

and the reaction was performed at 50ºC for 45-60 min. Following Gibson assembly 

reaction, 5 µl of the reaction was used to transfer the chemically competent E. coli cells 

and selection was carried out in LB medium supplemented with 50 µg ml-1 kanamycin 

and incubated at 37ºC. Putative transformants were selected and confirmed using colony 

PCR. A loopful of cultures used as a template for colony PCR amplification. Also, liquid 

LB medium supplemented with 50 µg ml-1 kanamycin antibiotic was used to grow 

putative transformants and plasmids were isolated using TakaraBio plasmid isolation kit. 

Plasmid DNA (pBUTX-Lqq1a/tCry1Ac-GNA) isolated from putative transformants was 

confirmed based on restriction enzyme digestion analysis. Both colony PCR products and 

digested plasmids were separated on 1% Agarose Gel electrophoresis, and images were 

taken using Bio-rad Gel Doc™ XR gel documentation system.  
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5.2.4 Agrobacterium-mediated transformation of M. anisopliae 

5.2.4.1 Agrobacterium electro-competent cell preparation 

For electro-competent cell preparation, A. tumifaciens EHA105 (At-EHA105) 

strain was used (Shaw 1995). A single colony of At-EHA105 cells was grown in LB broth 

containing rifampicin (10 µg ml-1) at 28ºC in an orbital incubator shaker at 200 rpm. 

Overnight grown culture (1 ml) was further inoculated in 200 ml of LB broth and grown 

for 4-5 hr until OD600 ~0.8. Cells were collected by centrifugation at 5,000 rpm for 10 

min, and the cell pellets were washed in 10 mM HEPES buffer (pH 7.0) twice. Finally, 

cells were resuspended in 10 % glycerol and stored at -80 ºC.  

5.2.4.2 Electroporation 

Plasmids pBUTX-Lqq1a/Cyt1Aa and pBUTX-Lqq1a/tCry1Ac-GNA construct 

was mixed with At-EHA105 electro-competent cells and electroporation was performed at 

following conditions 1200 V, 25 µF, 600 Ω using Biorad Gene PulserXcell™ 

electroporation apparatus.  Electroporated cultures were then mixed with LB broth and 

incubated for 2 hr at 28ºC in 200 rpm shaking conditions. Post incubation, At-EHA105 

cells were plated on LB Agar containing rifampicin (20 µg ml-1) and kanamycin          

(50 µg ml-1) and then incubated for two days at 28ºC in static condition. The plasmid was 

isolated from the randomly selected colonies to confirm the clones, and gene-specific 

PCR and restriction digestion based confirmation were carried out on (1%) agarose gel 

electrophoresis system.  

5.2.4.3 Agrobacterium and Metarhizium co-cultivation 

Agrobacterium-mediated transformation was carried out according to the protocol 

by Sevim et al. (2012) with little modifications. Initially, Agrobacterium harbouring 

pBUTX-Lqq1a/Cyt1Aa and pBUTX-Lqq1a/tCry1Ac-GNA was grown in LB medium 
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supplemented with kanamycin (50 µg ml-1, Sigma, USA) and rifampicin (20 µg ml-1, 

Himedia, India) for two days at 28ºC on orbital incubator shaker (200 rpm). Optical 

density (OD600) of grown culture was adjusted to 0.17 with induction medium (dos Reis 

et al., 2004) containing 200 µM acetosyringone (Sigma, USA) and incubated for 4-5 hr at 

28ºC until OD600 ~0.45. M. anisopliae (2×107 Spores ml-1) was mixed with an equal 

volume of Agrobacterium pBUTX-Lqq1a/Cyt1Aa and pBUTX-Lqq1a/tCry1Ac-GNA 

(OD600 ~0.4-0.5) and incubated for 2 hr at 28ºC. Then cultures were spread on sterile 

nitrocellulose filter paper, which were further placed on Induction medium containing 

Acetosyringone (200 µM) and co-cultivated for two days at 28ºC in static conditions. 

Post-co-cultivation, the filter paper was transferred to M-100 minimal medium (Stevens 

R., 1974) supplemented with glufosinate ammonium (300 µg ml-1 Sigma, USA) and 

cefotaxime (50 µg ml-1 Himedia, India) and incubated for 5-10 days at 28ºC until colony 

formation.  

Transformants were sub-cultured for two consecutive generations without any 

selection pressure and then confirmed for PMcl1-BUTX Lqq1a genomic DNA 

integration. For confirmation of genomic DNA, integrations spores were grown for two 

days in PDA broth at 28ºC with 180 rpm shaking conditions. Mycelial biomass was 

obtained by centrifugation and used for genomic DNA isolation. PCR was done using 

isolated genomic DNA from transformants with gene-specific primers. 

5.2.5 Genome integration analysis 

Integration of T-DNA containing fusion genes BUTX-Lqq1a/Cyt1Aa and BUTX-

Lqq1a/tCry1Ac-GNA into the chromosomal DNA of M. anisopliae is essential to express 

the pyramided genes. Putative transformants growing on glufosinate ammonium 

supplemented medium was randomly selected and sub-cultured for at least five 
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consecutive generations. Randomly selected clones were inoculated in 20 ml of Potato 

dextrose broth and incubated for 48 hr. Post incubation genomic DNA was isolated as 

mentioned in materials and methods (5.2.2.2.1 M. anisopliae genomic DNA isolation). 

After the genomic DNA isolation, DNA agarose gel electrophoresis was performed to test 

the genomic DNA integrity. Isolated DNA was used as a template for PCR to confirm the 

Genomic DNA integration, both Cyt1Aa and tCry1Ac/GNA clones. 

5.2.6 Semi-quantitative RT-PCR analysis 

Initially, inoculum culture (Ma-BUTX Lqq1a/Cyt1Aa and Ma-BUTX 

Lqq1a/tCry1Ac-GNA) was grown in Potato Dextrose Broth (SDB) for two days at 28ºC 

in orbital incubator shaker. Post-growth, wet culture (1 g) was transferred onto 10 ml of 

silkworm hemolymph. Hemolymph was extracted from 5th instar Eri silkworm and stored 

in phosphate buffer containing 2 mM EDTA. After culturing at 28ºC for 12 hr, mycelium 

was collected by centrifugation for RNA extraction, and the filtrate was stored at -20ºC 

for further western blot analysis. Total RNA was extracted using RNAiso Plus kit 

(Takara, Japan) and genomic DNA contamination was removed by using DNAse I 

treatment (Promega).  One microgram of total RNA was used for cDNA synthesis 

(SuperScript™ III first-strand synthesis system, Invitrogen, USA). Synthesized cDNA 

was used for semi-quantitative RT-PCR analysis based on BUTX Lqq1a, Cyt1Aa and 

tCry1Ac/GNA specific primers (Table 5.3) 

5.2.7 Western blot analysis 

Western blot analysis of BUTX Lqq1a was performed according to the protocol 

followed in the Chapter 3, section 3.2.8.  
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5.2.8 Insect Bioassay 

Insect bioassay was conducted to study the efficacy of recombinant M. anisopliae 

harboring BUTX-Lqq1a/Cyt1Aa and BUTX-Lqq1a/tCry1Ac-GNA constructs. Insect 

culture S. litura (National Accession No: NBAII-MP-NOC-02) eggs were procured from 

NBAIR, Bangalore, India and maintained on natural castor leaves diet with 16:8 hr light 

and dark condition at 25-28ºC with 60-70% relative humidity level. P. smithi adults were 

collected locally from Indian Institute of Technology Guwahati, Guwahati, Assam, India 

and maintained on 10% sucrose solution. Dipping or topical application procedure was 

performed with recombinant and wild type control strains at 2×107spores ml-1 to test the 

fungal virulence. The excess liquid on each insect was removed by placing them on dry 

sterile tissue paper and placed on natural castor leaves diet with 16:8 hr light and dark 

condition at 25-28ºC with 60-70% relative humidity. Insect mortality was record at every 

24 hr interval. 

5.2.9 Statistical analysis 

Data analysis were conducted using GraphPad Prism software (version 6.0). Mean 

with standard deviation were used to express the values. The p-value < .05 was considered 

statistically significant data and the Kaplan-Meier survival plots were constructed using 

GraphPad Prism software (version 6.0), and comparison of survival curve was made 

using Log-rank (Mantel-Cox) test, and LT50 value was calculated based on Probit analysis 

(Finney 1952).  
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5.3 Results  

5.3.1 pBUTX Lqq1a/Cyt1Aa vector construction 

In the present study, initially codon optimized 5’UTR, Mcl1 signal peptide 

sequence and BUTX Lqq1a was successfully placed downstream of Mcl1 promoter 

(PMcl1) using Gibson assembly method which resulted in PMcl1-5’UTR-BUTX Lqq1a 

construct. This resultant construct was further cloned successfully in Agrobacterium 

binary vector pCAMBIA3300 which lead to pMcl1-BUTX Lqq1a vector development 

carrying scorpion toxic gene under the control of haemolyph specific promoter.  

The Cytolytic toxin Cyt1Aa was cloned under the control of Glyceraldehyde 3-

phosphate dehydrogenase promoter which allows the constitutive expression of Cyt1Aa. 

Initially, Cyt1Aa gene sequence was analysed and retrieved from NCBI: LC128536.1 and 

successfully amplified from the total genomic DNA isolated from B. thuringiensis subsp. 

israelensis using Cyt1Aa specific primers (Fig. 5.1). Similarly, GPDH promoter (Pgpdh) 

and Mcl1 signal peptide sequence was also successfully amplified from M. anisopliae 

genomic DNA (Fig. 5.1). To further fuse all three fragments together, initially signal 

sequence was fused with Cyt1Aa successfully and this fragment was later placed 

successfully downstream of GPDH promoter (Fig. 5.1). The whole construct was 

successfully cloned in pCAMBIA binary vector which resulted in pBUTX-Lqq1a/Cyt1Aa 

expression vector which was further successfully confirmed by colony PCR (Fig. 5.2). 

Fig. 5.3 depicts the arrangement of BUTX Lqq1a and Cyt1Aa in the Agrobacterium 

binary vector. Additionally, plasmids were isolated from the selected clones and 

successfully confirmed for the presence of scorpion and B. thuringiensis toxic genes (Fig. 

5.4).  
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5.3.2 pBUTX Lqq1a/tCry1Ac-GNA vector construction 

For the construction of gene pyramided vector, initial truncation studies were done 

in B. thuringiensis Cry1Ac gene sequence. Based on the Cry1Ac sequence analysis, it 

was successfully truncated to 1239 bp length from the full length construct amplified 

from genomic DNA of B. thuringiensis subsp. kurstaki (HD73) and GNA was also 

successfully amplified from plasmid pUC57 harboring Linker GNA (Fig. 5.5). Both the 

truncated Cry1Ac and GNA was effectively fused together using Gibson assembly which 

further resulted in fusion product tCry1Ac-GNA with the 1566 bp length (Fig. 5.5). The 

truncation and fusion strategies are clearly depicted in the Fig. 5.6.  

The GAPDH promoter along with Mcl1 signal sequence was also amplified from 

the pBUTX Lqq1a/Cyt1Aa vector and successfully placed upstream of tCry1Ac-GNA 

fusion product which resulted in Pgpdh-tCry1Ac-GNA fragment (Fig. 5.7). The final 

construct was successfully cloned in the pMcl1-BUTX Lqq1a binary vector which was 

confirmed by colony PCR with tCry1Ac-GNA specific primers (Fig. 5.8) and also by 

restriction enzyme digestion of isolated plasmid DNA (Fig. 5.9). The effective placement 

of fusion construct downstream of BUTX Lqq1a gene in the pMcl1-BUTX Lqq1a binary 

vector resulted in the development of expression vector containing scorpion toxin under 

the control of haemolymph specific Mcl1 promoter and fused truncated Cry1Ac and GNA 

under the control of constitutive GAPDH promoter. The arrangement of scorpion BUTX 

Lqq1a and truncated Cry1Ac-GNA in the recombinant Agrobacterium binary vector is 

depicted in the Fig. 5.10.  

5.3.3 Genome integration analysis of BUTX Lqq1a and Cyt1Aa in M. anisopliae 

Chromosomal integration is necessary for the proper expression of heterologous 

genes in the fungal system particularly M. anisopliae. In order to integrate scorpion and 
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Cyt1Aa, binary vector harbouring BUTX Lqq1a and Cyt1Aa was efficiently transferred 

into M. anisopliae using the optimized Agrobacterium mediated transformation and 

selected on glufosinate ammonium containing M-100 screening medium. To confirm the 

genomic integration of heterologous genes in M. anisopliae clones, genomic DNA was 

successfully isolated from the selected clones (Fig. 5.11) and PCR confirmation revealed 

that BUTX Lqq1a (Fig. 5.12) and Cyt1Aa (Fig. 5.13) was successfully integrated in the 

M. anisopliae.

5.3.4 Genome integration analysis of BUTX Lqq1a and tCry1Ac-GNA 

Similar to Cyt1Aa and BUTX lqq1a clone confirmation, genomic integration of 

Scorpion and truncated Bt genes in the M. anisopliae was also confirmed by successfully 

isolating the genomic DNA (Fig. 5.14) from the selected M. anisopliae clones which have 

been consecutively grown without any selection pressure. Fig. 5.15 represents the 

Scorpion BUTX Lqq1a gene amplified from the M. anisopliae clones indicating the 

successful integration. Additionally, truncated Cry1Ac/GNA (Fig. 5.16) as well as the 

BUTX Lqq1a along with Mcl1 promoter (Fig. 5.17) amplification clearly indicated the 

effective integration of both scorpion and Bt Cry genes.  

5.3.5 Cyt1Aa and BUTX Lqq1a transcript analysis 

The expression of Cyt1Aa and BUTX Lqq1a in both the modified transgenic and 

unmodified M. anisopliae clones was analysed by semi-quantitative RT-PCR. The 

modified clones showed varied accumulation of Cyt1Aa (Fig. 5.18) and BUTX Lqq1a 

(Fig. 5.19) whereas unmodified counterpart i.e. wildtype did not exhibited transcripts 

amplification thus clearly indicating the integration and expression of transgene from the 

modified M. anisopliae. 
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5.3.6 BUTX Lqq1a and tCry1Ac/GNA transcript analysis 

The relative expression of BUTX Lqq1a and tCry1Ac-GNA in both the modified 

and unmodified M. anisopliae clones was analysed by semi-quantitative RT-PCR.  The 

results exhibited substantial presence of transcripts such as BUTX Lqq1a (Fig. 5.19) and 

tCry1Ac-GNA (Fig. 5.18) in M. anisopliae clones carrying BUTX Lqq1a and tCry1Ac-

GNA transgenes. However, no expression was observed in the unmodified wildtype       

M. anisopliae. Fig. 5.20 represents the GNA transcripts amplified from tCry1Ac-GNA 

synthesized cDNA and Fig. 5.21 represents the gpdh gene internal control. 

5.3.7 Western blot analysis of BUTX Lqq1a 

The expression of BUTX Lqq1a protein in both the transgenic M. anisopliae 

harbouring Cyt1Aa and tCry1Ac-GNA was evaluated using western blot analysis. The 

western blot analysis revealed that anti-BUTX Lqq1a antibody specifically reacted with 

BUTX Lqq1a expressed in the transgenic M. ansiopliae harbouring BUTX Lqq1a along 

with Cyt1Aa and tCry1Ac-GNA pyramided genes. Fig. 5.22 represents the results of 

western blot hybridization experiment conducted with PCR-positive entomopathogenic 

fungi. The results clearly indicated that the BUTX Lqq1a gene had been integrated into 

the genome of the fungi as well as it was also able to translated into active BUTX Lqq1a 

protein. 

5.3.8 Insect Bioassay  

The entomopathogenecity of M. anisopliae expressing BUTX Lqq1a/Cyt1Aa and 

tCry1Aa-GNAwas performed on P. smithi based on topical application of spores. Kaplan-

Meier survival plot of P. smithi (n=15, Log-rank (Mantel-Cox) test p=0.0082) bioassay 

conducted using M. anisopliae wildtype and M. anisopliae β-BUTX-Lqq1a/Cyt1Aa 

resulted in significant reduction in the survival where modified fungi exhibited LT50 of 
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3.7 days (R2 = 96.53) post inoculation, however wild type fungus exhibited LT50 of 4.5 

days (R2 = 97.38) to kill the insect (Fig. 5.23). In addition, no difference in the mycelial 

growth of both wild type and modified fungal growth was observed (Fig. 5.24). In both, 

fungal infection lead to the severe mealanization of insect body within 48 hr post 

inoculation. Mycelial outgrowth was observed after 3 days of inoculation.  

M. anisopliae expressing BUTX Lqq1a/tCry1Ac-GNA also acted on P. smithi,

however, complete mortality of insects was observed after 8th day post application when 

compared to control (Fig. 5. 25). This mortality is not significant when compared to 

M. anisopliae expressing BUTX Lqq1a alone or in combination with Cyt1Aa.

Predominant melanisation was observed in the infected insects of wild type as well as 

transgenic fungi. S. litura (4th instar) larvae injected with the modified fungi exhibited 

severe mortality when compared to control (Fig. 5.26). Fungal outgrowth was observed 

on 2nd day post injection, and complete sporulation was evident after 4th day post 

injection.  
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5.4 Discussion 

The present study was experimented to determine the potency of combinatorial 

effect of scorpion, bacterial and plant insecticidal toxins on agricultural insect pests when 

delivered using entomopathogenic fungus M. anisopliae. Scorpion toxin such as AaIT1, 

LqhIT2, BmKIT and BjαIT  were expressed in the entomopathogenic fungal system to 

control agricultural pests as well as vectors of disease causing agents (Chen et al. 2015, 

Deng et al. 2017, Peng and Xia 2014, Xie et al. 2015). Bacillus thuringiensis toxin, 

Cry1Ac is one of the important insecticidal toxic protein, being expressed in major 

agricultural crops such as cotton and maize to control variety of insect pests, particularly,  

H. armigera, H. zea and Pectinopora gossypiella (Li et al. 2019, Wang et al. 2019, Zhang 

et al. 2019). The Cytolytic toxin Cyt1Aa from B. thuringiensis subsp. israelensis has 

proven toxic to insect pest as well as synergistically acts to improve the toxicity of other 

Cry toxins when co-expressed (Zribi Zghal et al. 2019). Similarly, plant defense protein 

Galanthus nivalis agglutinin (GNA) from Snowdrop plant has also been expressed in 

many plant systems such as potato, wheat, and rice against aphids, green leafhopper and 

brown planthopper (Foissac et al. 2000, Mi et al. 2017, Stoger et al. 1999). 

Despite the widespread usage and expression of the Cry toxins in the plant 

systems, fewer reports were available on expression of insecticidal toxins from B. 

thuringiensis in fungal system particularly entomopathogenic fungi. Zhang et al. (2014)  

expressed the Vegetative insecticidal protein (Vip3A1), an insect midgut specific toxin 

from B. thuringiensis in M. anisopliae for the management of S. litura. Similarly  Vip3A1 

was also expressed in Beauveria bassiana to protect the crop plants against S. litura (Qin 

et al. 2010). 
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The present study reported the use of heterologous Aspergillus nidulens 

glyceraldehyde 3-phosphate dehydrogenase promoter to express the heterologous toxic 

proteins. The Cyt1Aa a cytolytic toxic gene (NCBI:LC128536.1:99192-99941) from B. 

thuringiensis subsp. israelensis was successfully fused with the constitutive GPDH 

promoter from M. anisopliae. Use of endogenous promoter improved the typical 

expression of transgene than non-native promoters (Cao et al. 2012). In the present study, 

M. anisopliae GPDH promoter located 1773 bp upstream of GPDH gene 

(AZNF01000010.1 (region: 1053433-1055206)) was chosen based on the comparative 

studies with the M. acridum GPDH promoter (Cao et al. 2012, Hu et al. 2014). The 

comparative sequence analysis with the M. acridum GPDH promoter sequence 

(EFY84384.1) clearly indicated the presence of CT-rich region (166 bp) upstream of 

transcription start site (TSS) (Fig. 5.27).  

For the Cry1Ac truncation, initial studies performed on full length Cry1Ac amino 

acid sequence (NCBI: AGE81486.1) which contains 1178 amino acids. However, upon 

maturation and proteolytic processing, 47 amino acids from N-terminal and 565 amino 

acids from C-terminal region were found to be absent which further resulted in 566 amino 

acid containing active mature Cry1Ac protein. This 566 amino acids code for three 

domains with distinct functional property. C-terminal domain of the mature protein code 

for carbohydrate and receptor binding property. Recent studies suggested that the frequent 

mutation in the insect midgut receptors cadherin, ABC transporters for these C-terminal 

domain lead to the development of resistance (Guo et al. 2019, Walsh et al. 2018). To 

avoid the resistance development, GNA (109 amino acids) from the Snowdrop was 

successfully fused by replacing the C-terminal domain from the mature Cry1Ac which 

resulted in 523 amino acid containing truncated Cry1Ac with GNA toxic protein in the 
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present study. The successfully fused DNA sequence was driven by M. anisopliae GPDH 

promoter. Additionally, the scorpion toxin BUTX Lqq1a was also driven by the native 

haemolymph specific promoter of Metarhizium collagen like protein (MCL1). Secretion 

of these two toxic proteins Cyt1Aa and tCry1Ac-GNA were controlled by Mcl1 signal 

peptide sequence. 

 These two toxin genes were successfully placed in the binary vector expression 

system to transfer into M. anisopliae using Agrobacterium tumifaciens EHA105 strain. 

Genome integration is an inevitable mechanism for the transgene expression, present 

study using the property of Agrobacterium. The BUTX Lqq1a/Cyt1Aa containing          

T-DNA was successfully integrated into the genome of M. anisopliae as confirmed by 

PCR.  Similarly, BUTX Lqq1a/tCry1Ac-GNA successful PCR amplification confirmed 

the efficiency of T-DNA integration.  

The presence of BUTX Lqq1a transcripts in the haemolymph induced fractions in 

both the clone was observed. Additionally, semi-quantitative RT-PCR analysis also 

suggested the presence of Cyt1Aa and tCry1Ac transcripts. However, the absence of 

transcripts in the wild type depicts the functional part of inducibility of Metarhizum 

collagen like promoter.  The Metarhizium carrying the BUTX Lqq1a/Cyt1Aa and BUTX 

Lqq1a/tCry1Ac-GNA when analysed for the presence of scorpion toxin in the inducible 

fraction using western blot analysis, also suggested the presence of 8.3 kDa protein, while 

it is absent in wildtype.  

Cyt1Aa is one of the promising insecticidal toxin which is being explored as an 

redressel to terminate the resistance development in insects. Cyt1Aa-hybrid toxins led to 

the development of lepidopteran specific Cyt1Aa toxin with reduced dipteran specificity 

(Torres-Quintero et al. 2018). Similarly, a mutated Cyt1Aa in the alpha-helical region 
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reduced the haemolytic activity, however 11-fold increase in insecticidal activity was 

observed against western corn rootworm (Bravo et al. 2018). In the present study,           

M. anisopliae expressing BUTX Lqqa and Cyt1Aa effectively acted on P. smithi which is 

one of the invasive pest of sugarcane. When compared to wildtype, significant 17% 

reduction was observed in half maximal lethal time. However, the percentage reduction 

was less compared to the M. anisopliae expressing only the scorpion toxin. Post topical 

application, infected insects movement was drasticically reduced and vigourous mycelial 

growth was observed in both the wild type and transgenic fungi after 3 days. Nearly 20% 

mortality was observed in transgenic fungal infected P. smithi when compared to 

wildtype. Complete mortality was observed on 6th day in both wildtype and transgenic 

fungi, post inoculation.  

Similar to the Cyt1Aa, action of M. anisopliae carrying truncated Cry1Ac-GNA 

along with BUTX Lqq1a was also evaluated on P. smithi based on topical application 

method. Transgenic rice expressing full length Cry1Ac and GNA conferred broad level 

resistance against rice leaf folder, yellow stem borer and brown plant hopper (Loc et al. 

2002, Maqbool et al. 2001). Similarly, when Cry1Ac along with Pinellia ternata 

agglutinin (PTA) expressed together in Isatis indigotica significantly inhibited the growth 

of diamondback moths and peach potato aphids (Xiao et al. 2012). Additionally Knight et 

al. (2004) identified the putative carbohydrate moieties as fucosylated mannose residues 

which could be a putative carbohydrate binding site of one of the domain of Cry toxins. 

In the present study, based on the semi quantitative RT-PCR analysis, presence of 

transcript confirms the constitutive expression of tCry1Ac-GNA, however, since Cry1Ac 

and GNA act on insect midgut receptors, these fungi need to be ingested to act on insect 

pests. 
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5.5 Conclusion 

In the present study scorpion toxin along with Cytolytic toxin Cyt1Aa from B. 

thuringiensis subsp. israelensis, midgut acting crystal toxin Cry1Ac from B. thuringiensis 

subsp. kurstaki and plant defense protein GNA was successfully fused together using 

overlap extension PCR and Gibson assembly. Their integration into the genome and 

expression of the pyramided genes in the fungus was also successfully confirmed by 

transcript analysis and western blot. Potential of these transgene expressing fungal 

evaluation also suggested that it could be a prospective candidate fungus for biocontrol.  

These studies clearly suggest the potential development of a biological insecticide 

based on M. anisopliae with heterologous genes, that would pave the way to reduce the 

impact of synthetic chemical pesticides on environment thus increasing the agricultural 

productivity.  
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Table 5.1 List of primers used for Pgpdh and Cyt1Aa cloning 

 

Table 5.2 List of primers used for Pgpdh and tCry1Ac-GNA cloning 

Primers 5’----------------------3’ 

pCAM OH HindIII-GNA RP CACGACGTTGTAAAACGACGGCCAGTGCCAAGCTTTTATTAGCCGGTAGCCCAGCGGTC 

Mcl1 RP-Cry1Ac OH TCCAGCACCGGGAACAAATTCACTTGCCGACGCCAGGGCCAG 

Cry1Ac FP-Mcl1sp OH TTGCTGGCCCTGGCGTCGGCAAGTGAATTTGTTCCCGGTGCTGGA 

Primers 5’----------------------3’ 

LqqIT1 OH BamHI GPDH FP GCGACTTTGTCACCATCAACTAATAAGGATCCGGCGTGGCAGGATGCCGGATATTT 

GPDH RP Mcl1sp OH CGAAGAAAGTTCACGCATTTTGCGTGTGTGTATATGGAGAGAGCTGGAG 

GPDH OH Mcl1Sp FP CTCCAGCTCTCTCCATATACACACACGCAAA ATG CGT GAA CTT TCT TCG GTT 

Mcl1sp RP Cyt1Aa OH TTCTAATGGACAATGATTTAAATTTTCCATTGCCGACGCCAGGGCCAG 

Mcl1sp OH Cyt1Aa FP TTGCTGGCCCTGGCGTCGGCAATGGAAAATTTAAATCATTGTCCATTAGAA 

pCAM Hind III OH Cyt1Aa RP TTGTAAAACGACGGCCAGTGCCAAGCTTTTATTAGAGGGTTCCATTAATAGCG 
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Table 5.3 List of primers used for semi-quantitative RT-PCR analysis 

Primers 5’----------------------3’ 

RT-Lqq FP AAGAAGAACGGCTACGCTG 

RT-Lqq RP GTTGATGGTGACAAAGTCG 

RT-Cry1Ac FP GAATTTGTTCCCGGTGCTGGA 

RT-Cry1Ac RP AGGATCTGCTTCCCACTCTCT 

RT-GNA FP TGCCTGAGCGATAACATCCTG 

RT-GNA RP TAGTTACCGTTCTGACCGCC 

RT-Cyt1Aa FP CCATGGAAAACCCCTCAATCA 

RT-Cyt1Aa RP CATAACTCACTACAGCACCCA 

RT-GPDH FP TGAAGCTCCGGGAAAGATG 

RT-GPDH RP GACTTGCTGCTGACTCACG 
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Fig. 5.1 Agarose gel electrophoresis analysis of PCR amplified and gel purified products for 

GPDH promoter, Mcl1sp and Cyt1Aa fusion. Lane 1: GPDH promoter amplified from 

M. anisopliae genomic DNA (1833 bp), Lane 2: Bt Cyt1Aa gene product (810 bp) from

Bacillus thuringiensis HD-522, Lane 3: Mcl1 signal peptide (117 bp) from M. anisopliae,

Lane 4: Mcl1 signal sequence and Bt Cyt1Aa fused product (867 bp), Lane 5: GPDH

promoter, Mcl1 sp and Bt Cyt1Aa fused product (2,640 bp), and Lane M: O’ GeneRuler 1

Kb Plus DNA Ladder.

Fig. 5.2 Agarose gel electrophoresis analysis of Colony PCR clone confirmation for the 

pBUTX Lqq1a/Cyt1Aa clones. GPDH Cyt1Aa specific primers was employed to confirm the 

clones. Lane 1to 4: GPDH Cyt1Aa sequence amplified from Clones (size 2.580 Kbp), Lane 

M: O’GeneRuler 1 Kb Plus DNA Ladder.  
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Fig. 5.3 Schematic representation of arrangement of BUTX Lqq1a and Cyt1Aa constructs in 

the binary vector. 

Fig. 5.4 Agarose gel electrophoresis analysis of plasmids isolated from pBUTX 

Lqq1a/Cyt1Aa clones. Lane 1: pCAMBIA 3300 binary vector alone (~8.3 Kbp), Lane 2: 

pMcl1-BUTX Lqq1a vector (~11.5 Kbp), Lane 3: pBUTX Lqq1a/Cyt1Aa (~15 Kbp), Lane 4 

to 7: pBUTX Lqq1a/Cyt1Aa plasmids linearized with HindIII (~15 Kbp) and Lane M: 

O’GeneRuler 1 Kb Plus gene ruler. 

Fig. 5.5 Agarose gel electrophoresis image analysis of PCR amplified and gel purified 

fragments. Lane 1: Bt truncated Cry1Ac gene product (1239 bp), Lane 2: GNA product (327 

bp), Lane 3: Bt truncated Cry1Ac/GNA product (1566 bp) and Lane M: O’ GeneRuler 1 Kb 

Plus DNA Ladder. 
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Fig. 5.6 Schematic representation of Cry1Ac truncation and fusion with GNA. 
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Fig. 5.7 Agarose gel electrophoresis analysis of restriction enzyme digested plasmids and 

PCR purified fusion fragments. Lane 1: Empty pCAMBIA vector (~8.34 Kbp), Lane 2: 

pMcl1-BUTX Lqq1a (~11.4 Kbp), Lane 3: Pgpdh-Mcl1sp-tCry1Ac/GNA pcr product (~3.4 

Kbp), and Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder.  

Fig. 5.8 Agarose gel electrophoresis analysis of colony PCR clone confirmation. Lane 1 to 4 

tCry1Ac-GNA sequence amplified from slected pBUTX Lqq1a/tCry1Ac-GNA Clones (size 

1.572 Kbp), and Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder. 
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Fig. 5.9 Agarose gel electrophoresis analysis of pBUTX Lqq1a/tCry1Ac-GNA clone 

confirmation by restriction enzyme digestion. Lane 1: pMcl1-BUTXLqq1a vector (~11.5 

Kbp), Lane 2 to 5: pBUTX Lqq1a/tCry1Ac-GNA clonal plasmids linearized with Hind III 

restriction enzyme (~15 Kbp), and Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder. 

Fig. 5.10 Graphical representation of arrangement of pyramided genes in the binary vector 

pBUTX Lqq1a/tCry1Ac-GNA.  
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Fig. 5.11 Agarose gel electrophoresis analysis of genomic DNA isolated from Ma-BUTX 

Lqq1a/Cyt1Aa clones. Lane 1 to 8 Ma-BUTX Lqq1a/Cyt1Aa genomic DNA and Lane M: O’ 

GeneRuler 1 Kb Plus DNA Ladder. 

Fig. 5.12 Agarose gel electrophoresis analysis pBUTX Lqq1a/Cyt1Aa PCR clone 

confirmation. Lane 1 to 8: BUTX Lqq1a gene amplified from Ma-BUTX Lqq1a/Cyt1Aa 

clones (size 327 bp), Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder and M-represents 500, 

400, 300, 200 bp bands from top to bottom order.  

Fig. 5. 13 Agarose gel electrophoresis analysis pBUTX Lqq1a/Cyt1Aa PCR clone 

confirmation. Lane 1,2,3,4,5,6, and 8: Cyt1Aa gene amplified from Ma-BUTX 

Lqq1a/Cyt1Aa clones (size 810 bp), Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder, and M-

represents 1000, 700, 500 bp bands from top to bottom order.  
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Fig. 5.14 Agarose gel electrophoresis analysis of genomic DNA isolated from selected 

clones. Lane 1 to 8: genomic DNA isolated from M. anisopliae BUTX Lqq1a/tCry1Ac-GNA 

clones and Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder. 

Fig. 5.15 Agarose gel electrophoresis analysis of PCR clone confirmation. Lane 1 to 8 

BUTX Lqq1a gene amplified from Ma-BUTX Lqq1a/tCry1Ac GNA clones genomic DNA 

(size 327 bp), Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder, and M- represents 1000, 750, 

500, 400, 300, 200 bp bands from top to bottom order. 
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Fig. 5.16 Agarose gel electrophoresis analysis of PCR clone confirmation. Lane 1 and 4: 

tCry1Ac-GNA gene amplified from Ma-BUTX Lqq1a/tCry1Ac GNA clones genomic DNA 

(size 1567 bp), Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder, and M- represents 4000, 

3000, 2000, 1500 bp bands from top to bottom order. 

Fig. 5.17 Agarose gel electrophoresis analysis of PCR clone confirmation. Lane 1, 2, 3, 5, 6, 

and 7: PMcl1-BUTX Lqq1a gene amplified from Ma-BUTX Lqq1a/tCry1Ac GNA clones 

genomic DNA (size 3.21 kbp), Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder, and M- 

represents 5000, 4000, 3000, 2000 bp bands from top to bottom order. 
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Fig. 5.18 Semi-quantitative RT-PCR analysis. Lane 1: M. anisopliae wild type control, Lane 

2 and 3: tCry1Ac transcripts from Ma-BUTX Lqq1a/tCry1Ac-GNA clones, Lane 4, 5, and 6: 

Cyt1Aa transcripts amplified from Ma-BUTX Lqq1a/Cyt1Aa clones, Lane M: O’ GeneRuler 

1 Kb Plus DNA Ladder, and M- represents 200, 75 bp bands from top to bottom order. 

Fig. 5.19 Semi-quantitative RT-PCR analysis. Lane 1: M. anisopliae wild type control, Lane 

2 and 3: BUTX Lqq1a transcript from Ma-BUTX Lqq1a/tCry1Ac-GNA clones, Lane 4, 5, 

and 6: BUTX Lqq1a transcript amplified from Ma-BUTX Lqq1a/Cyt1Aa clones, Lane M: O’ 

GeneRuler 1 Kb Plus DNA Ladder, and M- represents 500, 400, 300, 200, 75 bp bands from 

top to bottom order. 
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Fig. 5.20 Semi-quantitative RT-PCR analysis. Lane 1: M. anisopliae wild type control, Lane 

2 and 3: GNA transcript from Ma-BUTX Lqq1a/tCry1Ac-GNA clones, Lane M: O’ 

GeneRuler 1 Kb Plus DNA Ladder, and M- represents 300, 200 bp bands from top to bottom 

order. 

Fig. 5.21 Semi-quantitative RT-PCR analysis gpdh internal control. Lane 1: M. anisopliae 

wild type control, Lane 2 and 3: gpdh transcript from Ma-BUTX Lqq1a/tCry1Ac-GNA 

clones, Lane 4, 5, and 6: gpdh transcript amplified from Ma-BUTX Lqq1a/Cyt1Aa clones, 

Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder, and M- represents 300, 200 bp bands from 

top to bottom order. 

Fig. 5.22 Western blotting analysis of hemolymph induced Ma-wild type and Ma-BUTX 

Lqq1a/Cyt1Aa and tCry1Ac-GNA strain and Loading control (β-tubulin). Lane 1 represents 

the unmodified wild type M. anisopliae, Lane 2, and 3 indicates the BUTX Lqq1a from Ma-

BUTX Lqq1a/tCry1Ac-GNA strain and Lane 4, 5, and 6 indicates Ma-BUTX Lqq1a/Cyt1Aa 

strain.
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Fig. 5.23 Insect bioassay performed with wild type M. anisopliae and Ma-BUTX 

Lqq1a/Cyt1Aa clones. Kaplan-Meier survival plot of Phyllophaga smithi (n=15, Log-rank 

(Mantel-Cox) test p=0.0082) bioassay conducted with M. anisopliae wild type and 

M. anisopliae β-BUTX-Lqq1a/Cyt1Aa.

Fig. 5.24 Phyllophaga insect bioassay. A) M. anisopliae wild type infected Phyllophaga and 

B) M. anisopliae expressing BUTX-Lqq1a/Cyt1Aa infected Phyllophaga insects. Scale bar

represents 1 cm.
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Fig. 5.25 Phyllophaga insect bioassay with M. anisopliae expressing BUTX Lqq1a/tCry1Ac-

GNA A) M. anisopliae wild type infected Phyllophaga and B) M. anisopliae expressing β-

BUTX Lqq1a/Cyt1Aa infected Phyllophaga insects. Scale bar represents 1 cm. 

Fig. 5.26 Injection bioassay conducted with M. anisopliae spores on S. litura.  A) 

M. anisopliae wild type and B) M. anisopliae expressing BUTX Lqq1a/tCry1Ac-GNA

infection on S. litura.
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GGCGTGGCAGGATGCCGGATATTTCGCACAGGGCATCGAATTCCGGAGCGCTGGCAG
CGGTGATGAGGCGGTTGGACAGCGACGGCCACCTTTGCGTCCTGATTATTCCATGCG
CGGCGAAGCGTGCGTCATCCGCCATTTGCTGGCGTCTCAAAGCGCAGGATTTTGCTG
ATGCTTGAATGAGGCATGAGCCAATTTTGGGACTGTCTACACCACAATAGAATGGAT
GAACCGGCGATTGTCTCGCAAATTATCTGCCGTGTAGGATGGAAACATTAAACATGG
CACACTGGTGGAGACGATTTCATGGATGGCAAGACTAAGCATTGGGCCCAGACACGG
GGGTTGACACACGGGCAGGTTGCCCCGGTCCAGGTGGAAGTTTACGATTGAAAACTT
CCGAAGAGCTTGTATTCCCTGTGGGCAAAGTTCGGGACGACGAGAACTGTTCCTGGT
GTTCCCGACGACTGTCCCCGGGCGGACGCGGCTGCAAAGGCCAGAGCCGCCCGCAGC
CGTGAAGCTCCGGGAAAGATGGGCAAAACGGGCGAATGGATGGCCAATACAGATGA
ACCATTTCCCGCCATGCATCCGAGCCGCCCACACGACCAGAGGGGCCCCGGAATTAA
TTAGATTGAGGTCATCGTGAAGGCATTCCGCTGCTGAGAGTGCGACAGAGCTGGCGT
CGGTACATTTTGGACATGTCTGGGCCGTCTGATTTTTTTTTCCGTCTCCTCTCACACCT
GACCCTGCGTGAGTCAGCAGCAAGTCGTCACCGCGACCGGAGACACGTTTTGAGTGA
TTTATCATGGCTATTACTCGCGGTCTTGCTGCCAGCAGGCATATCTACAACACGATAA
GGCCAGCAGGGCCTACCACGGGGGTACATGGACGCCAGGCTGCGACAACCATGGAA
CAGCGGGTACCCCTCATGTCCATGTTTTTTTTCTCTCTCAAGGTGGTGCTCATGTGCTC
GTCGGTGTGGTTGAGAGAGCGTTTCTATTAACGAATTGTGTCCCCGCCGGATCCGTAA
AAAGACGCATCGGCTGGGTGGAGCAAGGCGAGGCCCGTCAAAGCATCATCAATGGC
TGAGCTCATTCGATTCCTCATCAAATTACATGGCGCAGGGAAGCATCGTTGGCGAATT
TTGCCTTTGCGGTGCATGCAAGTGGCGGCTGGCTGGGATATTGGATGGCCACTTGCAC
GACCACGGCGAGGATGGACATGAAGCCCGCGGCGTCTGGCATGGCAAGGCAATTGA
AATATCGTCTCGTTGAATAGCGTGAATAGTAGTACCGCTCGTGTATCAGAACCGGGC
TCCGTCTCACGGTGCAAGTGTGAATGATGCATGCACCCGCTTGGCTAGGTTTGCGTGC
ACCAGTTGTTGGCCGCTGACGTCTGCTGGTCTCAACAGTCCCGACGCCGTGGCCAGCC
AAGACGCAGCCAGTTGCGCGCCCAGCAACACACCAGACACCCCAAGCACCAGACCC
AAGCTCCCAAGCTCCAGGGACATGGACTGACCACTATTTTGTCCCGCCTTCCCTCCGT
CCCCTCCGACTCCATCCTCTTCCCTCTTCCTCTTCCTTTTTCTTCTTTTCTTCCCGCTCTT
CATACAACTTCACCATTCTTTCCACCAGGCACTTTGTCCGGTATGTATCCCATCCTGC
ATTGGCTGAGCAGAGCTTGACCACAGCTCGACACCAGCTCCGTCTCTAGCTTCCCAG
ACTCCCGTGCTGACGTCCAAGCTCCAGCTCTCTCCATATACACACACGCAAA 

Fig. 5.27 M. anisopliae GPDH promoter sequence retrieved from NCBI M. anisopliae 

ARSEF 549 scaffold_10, whole genome shotgun sequence (Genbank: AZNF01000010.1, 

region 1053433-1055206). Highlighted region represents CT-rich region of the promoter.  
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6.1 Introduction 

The green fluorescent protein (GFP) has unprecedentedly become an inevitable 

tool in studying gene expression as well as real time localization of biological 

macromolecule in biological sciences since its discovery in 1960s (Chalfie et al. 1994). It 

has been widely used in the protein-protein interaction studies such as fluorescence 

resonance energy transfer (FRET) and bioluminescence resonance energy transfer 

(BRET) (Felce et al. 2019, Okamoto et al. 2019, Sun et al. 2019, Tóth et al. 2019). This 

28 kDa, β-barrel fluorescent protein was first discovered and extracted from  Aequorea 

victoria by Shimomura et al. (1962) and structurally elucidated further by many 

researchers globally (Ormö et al. 1996, Prasher et al. 1992, Yang et al. 1996). Since then 

many variants of GFP have evolved due to the structural modification with enhanced 

spectral as well as fluorescent properties to be utilized in the bacterial, fungal, plant and 

animal models (Andersen et al. 1998, Davis and Vierstra 1998, Heim and Tsien 1996, 

Lozoya-Pérez et al. 2018, Pédelacq et al. 2006).  

M. anisopliae is a filamentous, entomopathogenic fungus extensively studied and

applied as biological control agent that is being regarded as environmental friendly 

(Roberts and St Leger 2004). This biocontrol agent is reported to be pathogenic against 

diversified agricultural insect pests since it possess the ability to penetrate insect cuticle 

based on contact infestation (Thomas and Read 2007). This entomopathogen secrete 

various pathogenicity related proteins during the infection process such as cuticle 

degrading chitinase and protease (Fang et al. 2005). In addition to that, several regulatory 

proteins also play role in spore attachment, appressorium formation and insect immune 

evasion (Wang and Leger 2006, Wang and Leger 2007, Wang and St Leger 2007a).  
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Fluorescent labelling studies in the biological organisms help in augmenting the 

relationship between host-pathogen interaction such as Metarhizum interaction with 

maize roots and bean plants (Barelli et al. 2018, Cai et al. 2019). The importance of 

Laccase in determining the virulence, conidiation, pigmentation and abiotic stress related 

factors was studied by fluorescently labelling the laccase gene from Metarhizum (Fang et 

al. 2010). Another protein Perilipin homolog MPL1 from M. anisopliae was also studied 

for their regulatory role in lipid metabolism, virulence and appressorium turgor pressure 

during the pathogenesis by tagging the perilipin with the GFP (Wang and Leger 2007). 

Infectivity in the non-target organism could be easily monitored by fluorescent labelling 

of the transgene of interest (Hu and Leger 2002).  

In the present study, fluorescently tagging the scorpion neurotoxin BUTX Lqq1a 

from Leiurus quinquestriatus quinquestriatus which is driven by hemolymph specific 

promoter Mcl1 from M. anisopliae localized as well as the real time expression of BUTX 

Lqq1a during the insect pathogenesis was carried out. 
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6.2 Materials and Methods 

6.2.1 Microbial strains and culture conditions 

Metarhizum anisopliae (MTCC 892) cultures procured from Microbial Type 

Culture Collection and Gene Bank (MTCC, India) and further maintained in PDA (Potato 

Dextrose Agar) medium at 25±2ºC. Escherichia coli DH5-α was used for bacterial 

cloning and maintenance of plasmids, and culture was maintained in Luria Bertani (LB) 

medium at 37ºC.  Agrobacterium tumifaciens EHA 105 strain grown in LB medium 

supplemented with Rifampicin (10 µg ml-1) was used for transferring the binary vector 

and M. anisopliae transformation 

6.2.2 Vector construction 

6.2.2.1 BUTX Lqq1a gene synthesis 

Entomopathogenic fungi codon optimized BUTX Lqq1a gene was synthesized as 

mentioned in the section 3.2.2 of Chapter 3. BUTX Lqq1a with 5’-untranslated region 

and Mcl1 signal sequence was cloned into pUC57 vector (Fig. 6.1) and maintained in 

E.coli DH5-α with ampicillin supplemented LB medium.  

6.2.2.2 Synthetic Green Fluorescent Protein (sGFP) coding gene amplification 

The sGFP harboring vector pAL1 was procured from Fungal Genetic Stock 

Center, USA (Fig. 6.2). The pAL1 was maintained in E. coli DH5-α with ampicillin 

supplemented LB medium. Primers specific for sGFP were designed with BUTX Lqq1a 

and binary vector overhangs and synthesized (Table 6.1) (IDT, Malaysia). The sGFP 

gene sequence was amplified using pAL1 as a template DNA. The PCR reaction 

components were 1x HF buffer, 1 µl of 10 mM dNTPs (200 µM), 2.5 µl of 10 µM 

Forward primer (500 nM), 2.5 µl of 10 µM Reverse primer (500 nM), 1.5 µl of DMSO 

(3%), 1 µl of plasmid DNA (20 ng), and 1 unit of Phusion DNA Polymerase 
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(ThermoScientific, USA). The amplification conditions are initial denaturation at 98ºC 

for 3 min, denaturation at 98ºC for 20 sec, annealing at 62ºC for 45 sec and extension for 

45 sec at 72ºC and cycles were repeated for 25-30 times. The final extension was 

performed at 72ºC for 10 min. Similarly, Promoter Mcl1 along with BUTX Lqq1a was 

amplified from pMcl1 BUTX Lqq1a using the primers designed to contain the overhangs 

of binary vector and sGFP gene sequence with annealing temperature of 59ºC. The sGFP 

and PMcl1-BUTX Lqq1a PCR amplified fragments were gel purified and analyzed using 

1% agarose gel electrophoresis.  

6.2.2.3 Overlap extension PCR 

The PMcl1-BUTX Lqq1a and sGFP fragments were fused using overlap extension 

PCR. The PCR reaction mixture used were 1x HF buffer, 1 µl of 10 mM dNTPs (200 

µM), 2.5 µl of 10 µM Forward primer (500 nM), 1.5 µl of PCR purified sGFP fragment 

containing BUTX Lqq1a and pCAMBIA overhangs, 1.5 µl of DMSO (3%), 1 µl of 

plasmid DNA (20 ng), and 1 unit of Phusion DNA Polymerase (ThermoScientific, USA). 

The amplification conditions used initial denaturation at 98ºC for 3 min, denaturation at 

98ºC for 20 sec, annealing at 59ºC for 90 sec and extension for 45 sec at 72ºC and cycles 

were repeated for 30-35 times. The final extension was performed at 72ºC for 10 min. 

The final PCR products were gel purified and analyzed using 1% agarose gel 

electrophoresis. 

6.2.2.4 Gibson assembly reaction 

The Agrobacterium binary vector pCAMBIA3300 (5 µg) was double digested 

with EcoRI and HindIII restriction enzymes in NEB cutsmart buffer at 37ºC for 3-4 hr 

and gel extracted using TAKARA Gel extraction kit. The purified plasmid was analyzed 

in 1% agarose gel electrophoresis and visualized using a ChemiDoc XRS™ gel 
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documentation system (Bio-rad, USA). The double digested binary vector and the PCR 

fragments were taken in different ratios (1:1, 3:1 and 1:3) and ligated using Gibson 

assembly reaction at 50ºC for 45-60 min. The ligated product (5 µl) was transferred into 

DH5-α chemical competent cell prepared using the protocol followed in the 

section3.2.3.1.2 of Chapter 3 and screening was performed in the kanamycin antibiotic 

(50 µg ml-1) containing LB medium.  

6.2.2.5 Colony PCR clone confirmation 

Colony PCR was performed on the colonies growing on the antibiotic selection 

medium. A loop full of cultures were transferred into 5 µl nuclease free water and PCR 

reaction components containing BUTX Lqq1a specific primers were added and reaction 

was performed with normal PCR conditions using Taq DNA polymerase (NEB, USA) 

and the annealing temperature 57ºC was followed for the amplification. The amplified 

PCR products were analyzed using 1% agarose gel electrophoresis and visualized using 

ChemiDoc XRS™ gel documentation system (Bio-rad, USA). 

6.2.2.6 Plasmid isolation 

Plasmid DNA was isolated according to Bimboim and Doly (1979) modified 

alkaline lysis method with modifications. Plasmid DNA isolation was performed 

according to the modified protocol mentioned in the section 3.2.3.1.4 of Chapter 3.  

6.2.2.7 Clone confirmation by Double digestion 

The plasmid (2 µg) isolated was double digested in NEB cutsmart buffer with 

XbaI and HindIII restriction enzymes at 37ºC for 1 hr and the digested fragments were 

analyzed in 1% Agarose gel electrophoresis, and imaging was performed in ChemiDoc 

XRS™ gel documentation system (Bio-rad, USA). 
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6.2.3 Agrobacterium mediated transformation 

6.2.3.1 Agrobacterium electro-competent cell preparation 

Electro-competent Agrobacterium cells were prepared according to the protocol 

followed in the Chapter 3 of section 3.2.5.1.  

6.2.3.2 Electroporation 

PCR positive clones were used for the electroporation. The plasmids suspended in 

nuclease free water were used to avoid the arching during the electroporation. Plasmid (5 

µg) was mixed with 100 µl electro-competent Agrobacterium cells and transferred into 

0.2 cm electroporation cuvette and incubated for 20-30 min on ice. Further 

electroporation was performed at following conditions 1000-1200 V, 25 µF, 600 Ω using 

Biorad Gene PulserXcell™ electroporation apparatus. LB medium was immediately 

added to the electroporated cultures aseptically and incubated for 2 hr at 28ºC in 200 rpm. 

Post-incubation Agrobacterium cells were plated on LB Agar containing rifampicin      

(20 µg ml-1) and kanamycin (50 µg ml-1) and then incubated for two days at 28ºC in static 

condition. The plasmid was isolated from the randomly selected clones and gene-specific 

PCR confirmation was carried out on (1%) agarose gel electrophoresis system.  

6.2.3.3 Co-cultivation with M. anisopliae 

Agrobacterium harboring plasmids were used for the co-cultivation with             

M. anisopliae. Co-cultivation was performed according to the protocol Sevim et al. 

(2012) with little modifications that is mentioned in the section 3.2.5.3 of Chapter 3. 

Transformants selection was carried out in the glufosinate ammonium containing M-100 

minimal medium. 
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6.2.4 M. anisopliae clonal confirmation 

Clonal confirmation was performed by isolation of genomic DNA from the        

M. anisopliae clones consecutively grown for 3-4 generations without any selection 

pressure. Genomic DNA isolation was performed according to the protocol followed in 

Chapter 3: Section 3.2.6 and PCR was performed with gene specific primers and 

analyzed using 1% agarose gel electrophoresis.  

6.2.5 Haemolymph induction and Reverse transcription-PCR analysis 

6.2.5.1 Haemolymph induction 

All clones and control were evaluated for the hemolymph inducing ability of the 

promoter, using the hemolymph extracted from Samia Cynthia silk worm. Initially, 

inoculum culture was grown in Potato Dextrose Broth (PDB) for two days at 28ºC in 

orbital incubator shaker. Post-growth, wet culture (1 g) was transferred onto 10 ml of 

silkworm hemolymph. After culturing at 28ºC for 12 hr, mycelium was collected by 

centrifugation for RNA extraction, and the filtrate was stored in -20ºC for further western 

blot analysis.  

6.2.5.2 RNA extraction and transcript analysis 

Total RNA was extracted using RNAiso Plus kit (Takara, Japan) and genomic 

DNA contamination was removed by using DNAse I treatment (Promega).  One 

microgram of total RNA was used for cDNA synthesis (SuperScript™ III first-strand 

synthesis system, Invitrogen, USA). Synthesized cDNA was used for semi-quantitative 

RT-PCR analysis based on BUTX Lqq1a gene specific primers and GPDH used as 

internal control (Table 6.2). 
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6.2.6 Western blot analysis 

The relative expression of fusion protein was evaluated based on the hemolymph 

induction and specific binding affinity to the antibody. The western blotting analysis was 

performed according to the protocol followed in the Chapter 3 of Section 3.2.8.  

6.2.7 Fluorescence microscopy analysis 

Expressional pattern of scorpion toxin fused with sGFP was evaluated using 

fluorescent microscopy analysis. Initially, M. anisopliae initial inoculum was prepared by 

growing the culture for 36-48 hr in the potato dextrose broth. Harvested mycelial culture 

was inoculated in the hemolymph added medium and observed under Nikon Eclipse Ti2 

inverted fluorescence microscope using excitation filter 490 nm at 0, 1, 3 and 6 hr interval 

to assess the time of expression of sGFP. Image processing was performed with NIS 

elements (V4.5) analysis software.  
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6.3 Results 

6.3.1 pBUTX Lqq1a/sGFP vector construction 

In the present study to express the fusion protein containing scorpion toxin and 

fluorescent probe sGFP protein, initially scorpion toxin was codon optimized successfully 

to express in the entomopathogenic fungus M. anisopliae. This codon optimized gene 

along with Mcl1 promoter (PMcl1), 5’-untransllated region and Mcl1 signal peptide 

sequence were successfully amplified form the plasmid pMcl1-BUTX Lqq1a (Fig. 6.3). 

Subsequently, sGFP amplified from pAL1 vector was efficiently fused downstream of 

BUTX Lqq1a using Gibson assembly reaction which further resulted in the fusion 

fragment containing PMcl1-BUTX Lqq1a/sGFP (Fig. 6.3). Following the successful 

fusion, fragment was ligated with vector pCAMBIA 3300, which led to the development 

of Agrobacterium binary vector pBUTX Lqq1a/sGFP. The confirmation of PMcl1-BUTX 

Lqq1a/sGFP ligation in the binary vector was successfully done by PCR amplification 

(Fig. 6.4) followed by plasmid isolation (Fig. 6.5) and restriction enzyme digestion (Fig. 

6.6). Fig. 6.7 represents the schematic arrangement of fused fragments in the binary 

vector.  

6.3.2 Genomic integration analysis 

Genomic integration is an essential requisite step in the stable expression of the 

transgene in M. anisopliae. Agrobacterium carrying the BUTX Lqq1a/sGFP in the binary 

vector was successfully used to transfer the transgene into M. anisopliae and the clones 

were further screened on glufosinate-ammonium containing selection medium. 

Subsequently, mitotically stable clones were selected by growing in the PDA without any 

selection pressure. Genomic DNA was isolated successfully from the randomly selected 

positive clones (Fig. 6.8). Having isolated genomic DNA, clonal confirmation was 
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successfully done by PCR with initially bar gene specific primers (Fig. 6.9), BUTX 

Lqq1a/sGFP specific primers (Fig. 6.10) and finally with PMcl1-BUTX Lqq1a/sGFP 

specific primers (Fig. 6.11). 

6.3.3 Semi-quantitative RT-PCR analysis 

Semi-quantitative RT-PCR analysis was performed to assess the relative 

expression of transcripts at the mRNA level. Total RNA was successfully isolated from 

the hemolymph induced clones and the wild type and converted into cDNA. The use of 

cDNA as template for the amplification of BUTX Lqq1a clearly indicated the presence of 

transcripts at relatively greater density and absence of the same transcript in the wild type 

suggested that not only the genomic integration but also the expression of BUTX 

Lqq1a/sGFP (Fig. 6.12) 

6.3.4 Western blot analysis 

Western blott analysis was carried out to analyze the ability of the Mcl1 promoter 

to induce the expression of scorpion toxic gene fused with the fluorescent probe sGFP. 

Hemolymph induced fractions when analyzed by western blot specified the inducing 

ability of Promoter Mcl1, which could be observed through the ability of BUTX Lqq1a 

antibody binding (Fig. 6.13). 

6.3.5 Fluorescence microscopy analysis 

The relative time of BUTX Lqq1a expressional analysis was assessed based on the 

sGFP expression when induced with hemolymph for various time interval. Initial 

assessment of sGFP expression at 0 hr resulted in almost negligible intensity of 

fluorescence signal as observed in the induced as well as the wild type control (Fig. 6.14). 

However, the fluorescence intensity of sGFP at 1 hr (Fig. 6.15) and 3 hr (Fig. 6.16) 
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interval have increased exponentially when compared to the wild type control Subsequent 

analysis resulted in the relatively reduced expression when compared to 1 and 3 hr 

expression. 
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6.4 Discussion 

The present study was experimented to ascertain the relative expressional time of 

scorpion toxic protein during the insect pathogenesis process that has been driven by 

hemolymph specific inducible promoter Mcl1 by coupling with fluorescent molecule. 

Fluorescent markers played a major role in the development of effective eukaryotic 

promoter with reduced size and magnified transgene expression. GFP which is driven by 

Metarhizium collagen like promoter truncation studies have led to the development of 

efficiently reduced size promoter with enhanced GFP expression (Kanjo et al. 2019). The 

expression of class 1 laccase (MLac1) by GFP fusion led to understanding ultimate 

changes attributed to the laccase expression during pathogenesis (Fang et al. 2010). 

Similarly, F-actin dynamic studies were also conducted in Neurospora crassa by co-

expressing the fluorescent protein with the actin binding proteins (Berepiki et al. 2010). 

In the present study, in order to monitor expression in real-time, synthetic green 

fluorescent protein was fused C-terminally to the scorpion toxic gene BUTX Lqq1a 

successfully. The most widely studied toxin AaIT was also fused N-terminally to the 

green fluorescent protein and its relative expression was studied by RT-PCR as well as 

microscopic analysis. A fluorescently labelled AaIT, which is a neurotoxic insecticidal 

protein from Androctonus australis when expressed under the control of PMcl1, led to the 

understanding of AaIT relative expression during pathogenesis of Manduca sexta and 

Aedes aegypti.  Real time analysis of AaIT expression in the hemolymph by using RT-

PCR analysis revealed the abundance of AaIT transcripts within 30 minutes of induction 

(Wang and St Leger 2007b). Similarly, BUTX Lqq1a coupled with sGFP also revealed 

the inducability of PMcl1 promoter. Initially negligible GFP expression was observed 

however, enhanced GFP fluorescence intensity was observed after 1 hr of hemolymph 
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induction. M. anisopliae transformed to express GFP constitutively, was able to track the 

expression in the thorax of A. aegypti mosquito (Wang and St Leger 2007b). 

These experiments suggested that, functionally tagging the fluorescent molecule 

with the protein of interest or particular microorganism, could pave the way to understand 

the host-pathogen interactions dynamically in real time as well as the expression of gene 

of interest in real time in localized position within the host or pathogen when driven by 

specific promoter.  
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6.5 Conclusion 

In the present study, BUTX Lqq1a was fused with synthetic green fluorescent 

protein and cloned in pCAMBIA binary vector which resulted in the development of 

hemolymph specific expression vector pBUTX Lqq1a/sGFP which was further used to 

transform M. anisopliae. Semi-quantitative RT-PCR and western blot analysis indicated 

the genomic integration and functional expression of the fusion protein. Fluorescent 

microscopy analysis also led to the understanding of the sGFP expression during the 

hemolymph induction. This suggests that, functionally fusing the sGFP with virulence 

factors, their expression could be monitored in real time, and also could help us to 

understand the host range of fluorescently tagged entomopathogenic fungi. 
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Table 6.1 List of primers used for BUTX Lqq1a and sGFP fusion 

 

Table 6.2 List of primers used for semi-quantitative RT-PCR analysis 

Primers 5’----------------------3’ 

RT-Lqq FP AAGAAGAACGGCTACGCTG 

RT-Lqq RP GTTGATGGTGACAAAGTCG 

RT-GPDH FP TGAAGCTCCGGGAAAGATG 

RT-GPDH RP GACTTGCTGCTGACTCACG 

Primers 5’----------------------3’ 

LqqIT1 RP-GFP OH CAGCTCCTCGCCCTTGCTCACCATGGCGGCGGCCTCGGCGTTGATGGTGACAAAGTCGC 

LqqIT1-Linker-GFP-FP GCGACTTTGTCACCATCAACGCCGAGGCCGCCGCCATGGTGAGCAAGGGCGAG   

pCAM OH-EcoRI-MCL1 PRO-FP GGAAACAGCTATGACCATGATTACGAATTCAATCATGCAGCGCTATGAGAGC 

sGFP-RP-HindIII- pCAM OH CGTTGTAAAACGACGGCCAGTGCCAAGCTTTTACTTGTACAGCTCGTCCATGCC 

TH-2353_1361060053



Chapter 6 

224 | P a g e

Fig. 6.1 Plasmid map of pUC57 harboring BUTX Lqq1a 

Fig. 6.2 Plasmid map of pAL1 harboring sGFP 
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Fig. 6.3 PCR fragments amplified for BUTX Lqq1a/sGFP cloning into pCAMBIA3300 

vector. Lane 1: Mcl1 Promoter (calculated size ~2.9 kb), Lane 2: PMcl1 BUTX Lqq1a 

(calculated size ~3.1 Kbp), Lane 3: PMcl1-BUTX Lqq1a/sGFP (Size ~3.8 Kbp) and Lane 

M: O’ GeneRuler 1 Kb Plus DNA Ladder. 

 

 

Fig. 6.4 Colony PCR confirmation for BUTX Lqq1a/sGFP cloning into pCAMBIA 

vector. Lane 1: Positive control (calculated size ~3.8 Kbp), Lane 2 and 3: PMcl1-BUTX-

Lqq1a/sGFP (calculated size ~3.8 Kbp), and Lane M: O’ GeneRuler 1 Kb Plus DNA 

Ladder. 
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Fig. 6.5 Plasmids isolated from the pBUTX Lqq1a/sGFP clones. Lane 1: pCAMBIA 

3300 alone, Lane 2-5: pBUTX Lqq1a/sGFP (calculated size ~12 Kbp), and Lane M: O’ 

GeneRuler 1 Kb Plus DNA Ladder. 

Fig. 6.6 Clone confirmation by restriction enzyme digestion of pBUTX Lqq1a/sGFP 

clonal plasmids. Lane 1-4: pBUTX Lqq1a/sGFP digested with XbaI and HindIII 

(calculated size ~3.150 Kbp), and Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder. 
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Fig. 6.7 Schematic representation of pBUTX Lqq1a/sGFP binary vector 
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Fig. 6.8 Genomic DNA isolated from M. anisopliae carrying BUTX Lqq1a/sGFP. Lane 1 

to 7: Genomic DNA isolated from clones Ma-BUTX Lqq1a/sGFP, and Lane M: O’ 

GeneRuler 1 Kb Plus DNA Ladder. 

Fig.6.9 Clonal confirmation by bar gene amplification for M. anisopliae carrying BUTX 

Lqq1a/sGFP. Lane 1 to 7: bar gene amplified from clones Ma-BUTX-Lqq1a/sGFP 

(size~552 bp), and Lane M: O’ GeneRuler 1 Kb Plus DNA Ladder. 
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Fig. 6.10 PCR clonal confirmation by BUTX Lqq1a/sGFP gene amplification from Ma-

BUTX Lqq1a/sGFP. Lane 1 to 4: BUTX Lqq1a/sGFP gene amplification from clones 

Ma-BUTX Lqq1a/sGFP (size~930 bp), and Lane M: O’ GeneRuler 1 Kb Plus DNA 

Ladder. 

Fig. 6.11 PCR clonal confirmation for the PMcl1-BUTX Lqq1a/sGFP gene amplified 

from Ma-BUTX Lqq1a/sGFP. Lane 1 to 5: PMcl1-BUTX Lqq1a/sGFP gene amplified 

from clones Ma-BUTX-Lqq1a/sGFP (size~3815 bp), and Lane M: O’ GeneRuler 1 Kb 

Plus DNA Ladder. 
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Fig. 6.12 Semi-quantitative RT-PCR analysis of BUTX Lqq1a transcripts amplification 

from Ma-BUTX Lqq1a/sGFP clones. A) Lane 1: Ma-wild type, Lane 2-4: BUTX Lqq1a 

amplified from Ma-BUTX Lqq1a/sGFP clones. B) GPDH internal control amplified from 

wild type (Lane 1) and clones (Lane 2-4), and Lane M: O’ GeneRuler 1 Kb Plus DNA 

Ladder. Bands represent 500, 400, 300, 200 and 75 bp from top to bottom order.  

Fig. 6.13 Western blot analysis of fusion protein BUTX Lqq1a/sGFP expression from 

Ma-BUTX Lqq1a/sGFP clones and Loading control (β-tubulin). Lane 1: Wild type M. 

anisopliae induced with hemolymph and Lane 2 to 5: BUTX Lqq1a/sGFP detected using 

BUTX Lqq1a primary antibody.  
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Fig. 6.14 Time of expressional analysis of BUTX Lqq1a/sGFP from Ma-BUTX 

Lqq1a/sGFP clones using Fluorescence microscopy.  A and B indicates the wild type M. 

anisopliae induced with hemolymph at 0 hr in bright field as well as fluorescence field. 

C and D represents the Ma-BUTX Lqq1a/sGFP induced at 0 hr in bright field as well as 

fluorescence field. Scale bar represents 20 µM.  
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Fig. 6.15 Time of expressional analysis of BUTX Lqq1a/sGFP from Ma-BUTX 

Lqq1a/sGFP clones using Fluorescence microscopy at 1 hr interval.  A and B represents 

the Ma-BUTX Lqq1a/sGFP induced at 1 hr interval in bright field as well as fluorescence 

field. Scale bar represents 20 µM.  

 

Fig. 6.16 Time of expressional analysis of BUTX Lqq1a/sGFP from Ma-BUTX 

Lqq1a/sGFP clones using Fluorescence microscopy at 3 hr interval.  A and B represents 

the Ma-BUTX Lqq1a/sGFP induced at 3 hr interval in bright field as well as fluorescence 

field. Scale bar represents 20 µM.  
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