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Abstract 

Thaumatotibia leucotreta (Meyrick) (Lepidoptera: Tortricidae) is a significant pest native to 

Africa, causing damage to citrus and posing a threat to the export of fresh citrus in South Africa. 

Classified as a phytosanitary risk by several South African export markets, this pest necessitates 

effective control measures. Baculoviruses emerge as promising biological control agents 

against T. leucotreta due to their inherent safety and eco-friendly characteristics. Among these, 

Cryptophlebia leucotreta Granulovirus (CrleGV-SA) and Cryptophlebia peltastica 

Nucleopolyhedrovirus (CrpeNPV) stand out, both causing larval mortality upon infecting T. 

leucotreta. CrleGV-SA has been formulated into the products Cryptogran™, CryptoMax™ and 

Cryptex®, while CrpeNPV has been formulated into the product Multimax™. Both viruses are 

used in integrated pest management programmes to reduce fruit damage in agricultural fields, 

with CrleGV-SA having been employed against T. leucotreta for nearly 20 years in South 

Africa. However, these control options are limited by factors such as virulence and the slow 

speed of kill. This limitation can be addressed by exploiting potential synergistic relationships 

between baculoviruses infecting the same host. Previous studies have demonstrated that the 

truncated CpGV gp37 can enhance the infectivity of NPVs on other lepidopteran pests, such 

as Spodoptera exigua (Hübner). Although the mechanism behind this phenomenon remains 

unclear, it presents an opportunity to enhance the effectiveness of baculovirus-based 

management strategies. Notably, the genome of CrpeNPV encodes gp37, while CrleGV-SA 

lacks this gene. The potential interaction between CrleGV-SA and CrpeNPV gp37 remains 

unexplored. Therefore, investigating whether they exhibit synergistic or antagonistic effects is 

essential for optimising baculovirus-based management of T. leucotreta. 

This study aims to express CrpeNPV gp37 in a bacterial system and then evaluate its effect on 

larval mortality when combined with CrleGV-SA in laboratory bioassays. The initial step 

involved extracting genomic DNA (gDNA) from occlusion bodies (OBs) of CrpeNPV. A 

modified Quick DNA Miniprep plus kit was utilised, which entailed pre-treatment with Na2CO3 

followed by neutralisation with Tris-HCI before gDNA extraction using the kit. Subsequently, 

the concentration of the gDNA was estimated using a Nanodrop spectrophotometer. 

Oligonucleotides targeting the CrpeNPV gp37 gene were designed for PCR amplification, with 

the gDNA serving as a template. The gp37 amplicon was identified through agarose gel 

electrophoresis and then gel purified in preparation for cloning. 
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Secondly, the purified PCR product was cloned into the intermediate vector pJET1.2/blunt and 

then subcloned into the bacterial expression vector pCA528 through DNA ligation. The 

construction of recombinant plasmids (pJET-gp37 and pCA-gp37) was conducted and verified 

using Colony PCR, plasmid extraction, restriction enzyme analysis, and Sanger sequencing. 

Thirdly, the recombinant protein (6×His-SUMO-gp37) was expressed and purified using 

Nickel affinity chromatography and analysed through SDS-PAGE and Western blot techniques. 

The expression of 6×His-SUMO-gp37 was carried out at both 25 °C and 18 °C. A time course 

induction study was conducted, inducing transformed cells for 0-, 3-, 5-, and 24-hours post 

induction (hpi). SDS-PAGE and Western blotting of samples collected at various time points 

revealed that 6×His-SUMO-gp37, approximately 42 kDa in size, was visible from 3 hpi, with 

maximal expression at 24 hpi. Solubility analysis of 6×His-SUMO-gp37 was performed at both 

temperatures, showing solubility at 18 °C but predominantly present in the insoluble fraction. 

The soluble protein was purified under native conditions, while the insoluble protein was 

purified under denaturing conditions. Despite being unable to elute 6×His-SUMO-gp37 under 

native conditions, successful elution was achieved under denaturing conditions, confirmed via 

Western blot analysis. No further experiments were conducted on the eluted 6×His-SUMO-

gp37 under denaturing conditions. 

Lastly, a preliminary surface dose bioassay was conducted to evaluate the efficacy of pelleted 

bacteria expressing 6×His-SUMO-gp37 in combination with CrleGV-SA against T. leucotreta 

neonates. Two lethal concentration doses of CrleGV-SA were prepared: a low concentration 

(2.96×104 OBs/mL) capable of killing 40 % of the T. leucotreta population, and a high 

concentration (2.96×105 OBs/mL) capable of killing 90 % of the population. The target protein, 

6×His-SUMO-gp37, and the control, pCA528, were obtained by lysing the cells, centrifuging 

the samples, and collecting the insoluble fractions in pellet form. These fractions were then 

resuspended in PBS and used as treatments in combination with the prepared CrleGV-SA 

concentration doses. The concentration of the pellets was estimated using a Nanodrop 

spectrophotometer by measuring the absorbance at 280 nm. The bioassay results revealed that 

the combination of 100 µg/mL of pelleted bacteria expressing 6×His-SUMO-gp37 with 

CrleGV-SA had no effect on T. leucotreta larval mortality compared to CrleGV-SA alone. A 

one-way ANOVA was performed to assess differences among the virus treatment groups, 

concluding that no statistically significant differences were observed among the groups. The 
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experiments in this study provided valuable insights for future research, particularly in 

exploring the use of a protein-virus combination as a novel method for pest control. 
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Chapter 1 

General introduction and literature review 

1.1 Importance of Citrus in South Africa 

South Africa is the world’s second-largest citrus exporter, constituting 10 % of global exports, 

particularly excelling in citrus fruits such as lemons, and limes (Chisoro-Dube & Roberts, 

2021). The industry’s export earnings have significantly increased over the past two decades, 

driven by elevated production and prices. Citrus fruits played a crucial role in the export growth 

from 2010, witnessing an almost fourfold increase from US$202 million to US$730 million by 

2020. Notably, 66 % of citrus production is exported as fresh fruit (Chisoro-Dube & Roberts, 

2021). The citrus sector plays a vital role in job creation, spanning activities across the entire 

value chain, including cultivation, packhouses, marketing, logistics, and upstream in nurseries 

and input supply (DALRRD, 2022). Agriculture as a whole contributes significantly to 

economic development, supporting household food security. It experienced notable growth, 

with a 13.4 % year-on-year increase in 2020 and an 8.3 % growth in 2021. Employment figures 

in the sector remained stable, reaching 868,000 in the fourth quarter of 2021, indicating 

consistent performance over the past few years (DALRRD, 2022). Over the past decade, 

employment in citrus production has grown by more than 50 %. Taking all factors into 

consideration, the citrus value chain is estimated to have accounted for approximately 250,000 

jobs in 2020, with ongoing growth projections (Chisoro-Dube & Roberts, 2021; Idamokoro et 

al., 2022). The citrus industry in South Africa emerges not only as a major global player in 

exports but also as a significant contributor to the country’s employment and economic growth. 

1.2 Insect pests and the threat to crop production 

Agricultural pests cause substantial economic losses to South African crops annually, making 

it essential to identify potential future threats for effective biosecurity. The False Codling Moth 

(FCM), Thaumatotibia leucotreta (Meyrick) (Lepidoptera: Tortricidae), is one of the most 

economically damaging citrus pests in South Africa. Thaumatotibia leucotreta, native to sub-

Saharan Africa, has demonstrated its effectiveness as an invader (Moore, 2021). This pest, 

which directly feeds on citrus fruit, inflicts considerable damage. More significantly, it poses a 

phytosanitary risk in multiple export markets, including the European Union (EU) and the 

United States of America (USA), potentially leading to reduced overall revenues (Hatting et 
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al., 2019; Moore et al., 2015; Moore, 2021). Thaumatotibia leucotreta targets various cultivated 

hosts, including citrus fruit, stone fruit, avocados, pomegranates, persimmons, macadamia 

nuts, and peppers (Malan et al., 2018; Moore, 2021). Thaumatotibia leucotreta’s destructive 

feeding habits and fruit penetration capabilities make it a substantial threat to crop production 

(Love et al., 2014; Moore, 2021). The larva’s tunnelling leads to substantial damage and renders 

fruit unmarketable, causing significant economic losses and impacting export opportunities due 

to quarantine regulations (Hatting et al., 2019; Love et al., 2014; Moore, 2021). Managing T. 

leucotreta poses challenges due to its propensity to develop resistance to commonly used 

insecticides. Confronting the challenges presented by this persistent and destructive pest is 

imperative to secure the future sustainability of South Africa’s agricultural sector. 

1.3 Management of Thaumatotibia leucotreta 

1.3.1 Integrated pest management of Thaumatotibia leucotreta 

Controlling T. leucotreta involves implementing an integrated pest management (IPM) strategy 

that combines various methods to effectively address the pest. These methods include the use 

of chemical pesticides, pheromone traps, mating disruption techniques, sterile insect technique, 

orchard and post-harvest sanitation, as well as the deployment of biological control agents such 

as entomopathogenic fungi, baculoviruses, and parasitoids (Coombes et al., 2016; Hatting et 

al., 2019; Knox et al., 2015; Moore, 2021). Chemical control methods are often favoured due 

to their immediate efficacy against T. leucotreta (Nicolopoulou-Stamati et al., 2016). These 

pesticides demonstrate noticeable effects shortly after application, making them an appealing 

option for pest management (Furlong et al., 2013; Lacey et al., 2015). Nevertheless, concerns 

are rising regarding the detrimental effects of chemical pesticides, such as health risks, 

environmental harm, and the development of insect resistance (Furlong et al., 2013; Lacey et 

al., 2015; Nicolopoulou-Stamati et al., 2016). As a result, there is an increasing interest in 

biological pest control as an alternative method, aiming to decrease reliance on chemical 

pesticides while maintaining effective pest management (Moore & Jukes, 2023). Baculoviruses 

play a significant role in the biological control options available for managing T. leucotreta 

(Moore et al., 2018). Baculoviruses, notably CrleGV-SA and CrpeNPV, currently stand as 

significant biological control options against T. leucotreta (Marsberg et al., 2017; Moore et al., 

2004). The CrleGV-SA isolate has been registered and commercially available for more than 

20 years (Moore et al., 2015; van der Merwe et al., 2017), while the CrpeNPV isolate is now 

registered for commercial use in South Africa beginning in 2023. However, ongoing 
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exploration for novel baculovirus isolates and species is underway to expand biopesticide 

options. The identification and characterisation of new isolates offers potential opportunities 

for innovative biopesticides, which, when integrated into IPM programmes, can improve T. 

leucotreta management. Continuous bioprospecting efforts are crucial for discovering effective 

baculovirus isolates, holding the promise of developing new, sustainable, and environmentally 

friendly biopesticides for pest control (Opoku-Debrah et al., 2013, 2016). Baculoviruses play 

a major role in the IPM programme for controlling T. leucotreta and are highly relevant to this 

project. 

1.3.2 Baculoviruses: their classification, morphology, genome structure and biology 

1.3.2.1 Taxonomy and nomenclature 

Baculoviruses are pathogens that specifically infect arthropods (Rohrmann, 2019). They have 

been found to infect over 600 insect species, including those belonging to the Lepidoptera, 

Hymenoptera, and Diptera orders (Herniou et al., 2003). The Baculoviridae family (Class 

Naldaviricetes, Order Lefavirales) is divided into four genera, determined by phylogenetic 

analysis, genomic structure, and morphological characteristics (van Oers et al., 2023). 

Lepidopteran-infecting viruses are classified in the genera Alphabaculovirus and 

Betabaculovirus, which includes Nucleopolyhedrovirus (NPVs) and Granulovirus (GVs), 

respectively. Viruses that infect Hymenoptera and Diptera are classified in the genera 

Gammabaculovirus and Deltabaculovirus, respectively (Harrison et al., 2018; van Oers et al., 

2023). A phylogenetic analysis using amino acid sequences of core genes divides 

Alphabaculovirus into two branches: Group I and Group II. Similarly, the Betabaculovirus 

genus forms two distinct clusters, labelled as clades a and b (Harrison et al., 2018; Miele et al., 

2011). 

In 2021, the International Committee on Taxonomy of Viruses (ICTV) approved a proposal to 

adopt a binomial virus species naming system based on Linnaeus’ method (van Oers et al., 

2023). According to this system, a species name should consist of two distinct word 

components separated by a space. The first component, beginning with a capital letter, must 

correspond to the genus name. The second component should lack any suffixes specific to 

higher taxa. The complete species name, including both components, is to be italicised (van 

Oers et al., 2023). For example, Cryptophlebia leucotreta Granulovirus is now classified as 

Betabaculovirus cryleucotretae. 

 



4 
 

1.3.2.2 Morphology and classification 

In the replication cycle of baculoviruses, two primary viral forms are produced: occlusion-

derived virus (ODV) and budded virus (BV) (Rohrmann, 2019). The ODV initiates primary 

infections in the host’s midgut, enclosed in crystalline occlusion bodies (OBs) for protection 

against environmental factors. The BV facilitates the virus’s spread throughout the host 

(Rohrmann, 2019). The ODVs contain either a single nucleocapsid or multiple nucleocapsid 

within their envelope (Figure 1.1A), while the BVs contain a single nucleocapsid within their 

envelope that buds from the membrane of the larvae (Figure 1.1B). The OBs are classified into 

two major divisions: granular in granuloviruses (GV) or polyhedral in nucleopolyhedroviruses 

(NPV) in shape. The NPV OBs are formed in the nucleus with a polyhedral structure primarily 

composed of crystalline polyhedra, encapsulating ODVs (Rohrmann, 2019). The polyhedra 

range in diameter from 0.6 to 2 µm. The NPV OBs consist of multiple ODVs. Each ODV may 

contain either a single nucleocapsid, known as single-NPV (SNPV) or multiple nucleocapsids, 

referred to as multiple-NPV (MNPV) (Figure 1.1C). The GVs produce ovicylindrical OBs 

knowns as granules. These granules contain a single ODV characterised by a single 

nucleocapsid surrounded by the crystalline protein granulin (Figure 1.1D). The GV OBs are 

located in the nuclear-cytoplasmic interface via rupture of nuclear membranes (Rohrmann, 

2019). The granules have a diameter of approximately 0.2 to 0.4 µm, and each nucleocapsid 

carries a single viral genome. Notably, OBs exhibit high stability and can endure harsh 

environmental conditions, enabling ODVs to maintain infectivity for prolonged durations. 
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Figure 1.1. The morphology of baculovirus displaying the A) Occlusion derived virus, B) 

Budded virus, C) Nucleopolyhedrovirus occlusion bodies, D) Granulovirus occlusion bodies 

(Jukes, 2018). 

1.3.2.3 Infectious life cycle of baculoviruses 

The baculoviruses comprise two stages in their life cycle: the primary and secondary infection 

(Rohrmann, 2019). The primary infection initiates when susceptible larvae ingest contaminated 

foliage from the environment (Figure 1.2A, and B). The high alkalinity in the midgut triggers 

the breakdown of the crystalline lattice encasing the ODVs, facilitating their passage through 

the peritrophic membrane (PM) (Figure 1.2C). Proteins embedded in the viral envelope aid in 

creating pores large enough for the virions to traverse through (Hunter-Fujita et al., 1998; 

Rohrmann, 2019). The released ODVs infect and fuse with the microvilli of midgut epithelial 

cells (Figure 1.2D), releasing nucleocapsids into the cytoplasm. These nucleocapsids are 

subsequently transported to the nucleus, where they uncoat and initiate viral replication, 

leading to the formation of BVs (Figure 1.2E, and F). The BVs enter cells through endocytosis 

and replicate within the nucleus (Figure 1.2G). They then spread throughout the insect’s 

haemolymph and tracheal system, disseminating the infection to other cells and tissues, thereby 

causing a secondary systemic infection. Infected cells initiate the production of nucleocapsids, 

which acquire an envelope and associated envelope proteins, leading to the formation of ODVs 
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that are occluded into OBs (Figure 1.2H, and I). In the later stages of infection, the host’s tissues 

accumulate millions of OBs containing virions (Figure 1.2J), which are discharged when the 

larva’s body liquefies (Figure 1.2K), releasing additional OBs that contaminate foliage, and 

initiate further cycles of horizontal transmission (Williams et al., 2017). Baculovirus are 

excellent candidates for biological pesticides because of their life cycle. This process not only 

eliminates the target pest but also produces additional virus particles capable of causing 

secondary infections in the field. 

 

Figure 1.2. The schematic representation illustrates the primary and secondary infectious 

cycles of the baculovirus, demonstrating the transmission route through an infected host 

(Adapted from Williams et al., 2017). 

1.3.2.4 Genomic composition and Structural/Non-Structural protein encoded by 

Baculoviruses 

Baculoviruses possess circular double-stranded DNA genomes ranging from 80 to 180 kbp, 

containing 100 to 200 protein-encoding open reading frames (ORFs) that are closely spaced 

and occur in either orientation (van Oers & Vlak, 2007). There can be significant variation in 
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ORF content and order between species, and most genomes include regions with short repeats. 

Despite gene content variations among different baculoviruses, all sequenced genomes have a 

common set of conserved genes called core genes (Garavaglia et al., 2012; Javed et al., 2017). 

These genes are classified into functional groups such as replication, transcription, and 

structural elements (Rohrmann, 2019). Across the family, there are 37 conserved core genes 

present in the genomes of all members (Table 1.1). 

Table 1.1. Core genes conserved among members of family Baculoviridae (Rohrmann, 2019; 

van Oers et al., 2023) 

Per os infectivity factor (PIF) Viral transcription complex 
Pif0/pif4 Late expression factors 4 

Pif1 Late expression factors 8 
Pif2 Late expression factors 9 
Pif3 Late expression factor 5 

Pif5/pdv-es6 Very late factor 1 
Pif6 P47 

Pif8/up91  
Nucleocapsid protein DNA replication 

38k DNApol 
Vp37 Helicase 
P6.9 Alkaline nuclease 
Ac66 Lef 1 
Ac109 Lef 2 
Ac142  
Ac144  
Gp41  

ODV envelope 18  
ODV envelope 25  

Vp39 capsid  
Vp91  

Vp1053  
Unknown functions Sulfhydryl oxidase 

Ac81 P33 
Ac78  
Ac93  
Ac101  
Ac103  

 

Several proteins in baculoviruses are associated with OBs (Rohrmann, 2019). Polyhedrin and 

Granulin, major proteins in OBs, are closely related and serve as structural elements in NPVs 

and GVs respectively (Rohrmann, 2019). Occlusion bodies are associated with viral enhancing 

factors, also known as infectivity proteins (Hara et al., 1976; Tanada et al., 1973), such as 

enhancin, which belongs to a class of metalloproteinases encoded by certain lepidopteran NPVs 
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and GVs, speculated to aid baculovirus infections by breaking down the peritrophic membrane 

(Harrison, 2015; Lepore et al., 1996; Rohrmann, 2019). Per os infectivity factors (PIFs) 

represent another group of proteins associated with the ODV envelope, crucial for midgut 

infection. Initially these were identified for their role in infecting insects, PIFs were later found 

to be non-essential for infecting cultured cells (Boogaard et al., 2018; Wang et al., 2017). The 

PIFs associated with the ODV-envelope aid viral entry into midgut cells (Boogaard et al., 

2018). In Autographa californica multiple nucleopolyhedrovirus (AcMNPV), PIFs combine to 

form a protein complex, indicating collaboration in ODV entry (Peng et al., 2010, 2012). The 

presence of a PIF complex and conservation in baculovirus genomes indicate collaborative 

mediation of oral infectivity (Boogaard et al., 2018). All identified PIF proteins are produced 

by core genes of baculoviruses, showing significant similarity across all sequenced baculovirus 

genomes within the four genera of the Baculoviridae family (Rohrmann, 2019). In viral entry, 

ODVs initially encounter the PM, a barrier composed of chitin, mucopolysaccharides, and 

proteins, shielding midgut cells from gut material and restricting microorganism entry 

(Hegedus et al., 2009; Rohrmann, 2019). Another viral enhancing factor associated with the 

OBs is the glycoprotein, gp37, which has been reported to aid in the ODV passage across the 

PM and fusion with epithelial cells (Gross et al., 1993; Liu et al., 2000, 2011; 2019; Rohrmann, 

2019). Despite variations, most baculovirus species lack enhancin or gp37, raising uncertainties 

about the peritrophic membrane’s role in impeding ODV passage to midgut cells and whether 

PIFs contribute to overcoming this obstacle. PIF8 (P95) is currently the only PIF with 

experimental evidence supporting its involvement in facilitating ODVs passing through the PM 

(Javed et al., 2017; Zhu et al., 2013). The role of PIFs in this process remains unclear, but 

understanding it is crucial for comprehending additional steps required for successful midgut 

epithelium infection beyond ODV binding and fusion (Rohrmann, 2019). 

1.4 Baculoviruses and their role as biological control agents 

1.4.1 Introduction to baculoviruses-based biocontrol 

Baculoviruses are highly effective agents for biological pest control against insect crop pests, 

possessing advantageous qualities such as a rich research history, proven safety, and 

environmental friendliness (Harrison & Hoover, 2012; Mudgal et al., 2013; Rohrmann, 2019). 

Additionally, the practicality of using them as biological pesticides is enhanced by the existence 

of well-developed mass production systems for many baculoviruses, enabling large-scale 

manufacturing (Grzywacz & Moore, 2017). These factors have facilitated the development of 
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a flourishing commercial production of baculovirus insecticides in various regions worldwide, 

including America, Europe, Asia, Australasia, and Africa (Copping, 2004; Lacey et al., 2015; 

Moore & Jukes, 2023). As biopesticides, baculovirus insecticides are viewed as promising 

alternatives to decrease reliance on chemical pesticides, primarily due to safety concerns or 

insect resistance (Furlong et al., 2013; Glare et al., 2012; Lacey et al., 2015). This study aims 

to utilise two baculoviruses, Cryptophlebia leucotreta Granulovirus (CrleGV) and 

Cryptophlebia peltastica Nucleopolyhedrovirus (CrpeNPV), as components of biological 

management strategies against T. leucotreta. The prevalence, effectiveness, and diversity of 

baculovirus utilisation for controlling lepidopteran pests on citrus in South Africa and 

worldwide are expected to increase in the future. 

1.4.2 Betabaculovirus cryleucotretae, Cryptophlebia leucotreta Granulovirus 

The CrleGV was initially identified in infected T. leucotreta larvae found in the Ivory Coast 

(Angélini et al., 1965). Additional isolates of CrleGV, including one from Cape Verde (CrleGV-

CV3) and several from South Africa (CrleGV-SA), were subsequently isolated and genetically 

characterised (Opoku-Debrah et al., 2013). The CrleGV-SA was introduced as a biopesticide 

in South Africa in 1998 and underwent testing in numerous field trials beginning in 2000 

(Moore et al., 2004). In 2003, the first CrleGV product, Cryptogran™ (River Bioscience, South 

Africa), was registered in South Africa for the control of T. leucotreta. Since then, another 

South African isolate, CryptoMax™ (River Bioscience, South Africa), and several distinct 

isolates, Cryptex®, and Gratham® (both Andermatt Biocontrol, Switzerland) (Kessler & Zingg, 

2008), have been registered for field use as commercial products. The extensively tested 

CrleGV-SA has undergone over 50 field trials and has been commercially applied on tens of 

thousands of hectares annually for nearly two decades (Moore et al., 2004; Moore et al., 2011, 

2015). According to trial results, applications of CrleGV-SA consistently led to substantial 

reductions in fruit infestation compared to untreated controls. The highest reduction reported 

was 92 %, while the lowest was 27 % (Moore et al., 2015). Despite the variability in 

suppression levels, it highlights the significance of an IPM programme that utilises diverse 

technologies to gradually diminish pest levels over time (Moore, 2021). Additionally, several 

trials showed that incorporating an adjuvant like molasses significantly improve treatments 

efficacy, often achieving control levels similar to chemical alternatives and, in some instances, 

surpassing certain chemicals (Moore et al., 2015). The CrleGV-SA has proven its efficacy and 

genetic stability for over 15 years as part of the IPM programme for controlling T. leucotreta 
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in South Africa (Moore, 2021; van der Merwe et al., 2017). However, it is imperative to 

continually enhance this programme and tackle emerging challenges. 

1.4.3 Alphabaculovirus Crypeltasticae, Cryptophlebia peltastica Nucleopolyhedrovirus 

Cryptophlebia peltastica (Meyrick), commonly known as the litchi moth, belongs to the 

Lepidoptera family Tortricidae and is a major pest of litchi in several countries across the Sub-

Saharan and Indian Ocean regions, including Mauritius, South Africa, and Réunion Island  

(Manrakhan et al., 2008). The CrpeNPV is a recently discovered alphabaculovirus that has 

undergone genetic and biological characterisation, demonstrating its distinct nature and its 

ability to infect hosts beyond its homologous host (Marsberg, 2016; Marsberg et al., 2017, 

2018). This virus is known to combat Cydia pomonella (Linnaeus) (Lepidoptera: Tortricidae) 

infestations in pome fruit, as well as T. leucotreta and Thaumatotibia batrachopa (Meyrick) 

(Lepidoptera: Tortricidae) infestations in macadamia orchards, and T. leucotreta and C. 

peltastica infestations in litchi crops (Marsberg, 2016; Marsberg et al., 2017). Examination of 

the virus using transmission electron microscopy showed the presence of polyhedral OBs 

containing numerous individually enveloped nucleocapsids (Marsberg et al., 2017). Currently, 

CrpeNPV is undergoing approval processes as a biopesticide for the use in Europe to control 

various pests, including C. pomonella and Grapholita molesta (Busck) (Lepidoptera: 

Tortricidae) on pome fruit and stone fruit (Moore & Jukes, 2023). It has also recently received 

approval for use and is commercially available in South Africa under the name MultiMax™ 

(River Bioscience, South Africa). Preliminary field trials with CrpeNPV against T. leucotreta 

in citrus have been conducted, using rates ranging from 5 × 1011 to 5 × 1013 OBs/ha (Hatting 

et al., 2019). In one case, a single application reduced infestation by over 90 %, showing great 

promise (Hatting et al., 2019; Marsberg et al., 2017). The CrpeNPV has proven to be an 

effective biopesticide not only against T. leucotreta but also against other citrus pests. 

1.4.4 Challenges associated with baculovirus-based biopesticides 

The challenges of developing and applying baculoviruses include concerns about insect 

resistance, virulence, and a slow speed of kill (Moore & Jukes, 2019). A major challenge is the 

potential development of resistance in target insects to commercial products. Notably, 

resistance has been identified in European populations of C. pomonella against a commercially 

formulated baculovirus (CpGV-M) isolated in Mexico (Asser-Kaiser et al., 2007; Jehle et al., 

2017). Studies on resistance in C. pomonella have identified the locus involved and genetic 

differences in isolates to overcome this resistance (Eberle & Jehle, 2006; Gebhardt et al., 2014; 
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Jehle et al., 2017). Laboratory experiments with Adoxophyes honmai (Yasuda) (Lepidoptera: 

Tortricidae) also revealed the potential for resistance development, showing a significant 

decrease in virulence after generations of exposure to Adoxophyes honmai NPV (Nakai et al., 

2017). Resistance occurred in both primary and secondary infection routes and proved stable 

even after ceasing virus exposure. Field populations exhibited faster resistance development 

than laboratory colonies, emphasising the importance of novel control options (Briese & 

Mende, 1983). Although no resistance has been recorded for CrleGV-SA in field applications, 

continuous development of control measures is essential to mitigate potential resistance and 

ensure the long-term viability of the citrus industry in South Africa. 

Baculovirus-based biopesticides face challenges related to their effectiveness in terms of 

virulence and speed of kill against specific hosts. Baculoviruses exhibit a relatively slow speed 

of kill, taking days or weeks, compared to most chemical insecticides, which act within hours 

(typically less than a day) (Beas-Catena et al., 2014; Venette et al., 2003). The delayed action 

of the virus remains problematic for crops with thinner skins, such as avocados and grapes 

(Venette et al., 2003). An additional consequence of short-term crop loss is that it can lead to 

the perception that baculoviruses are ineffective. This perception can discourage farmers from 

using baculoviruses (Moore & Jukes, 2019). Opoku-Debrah et al. (2016) studied the virulence 

of seven CrleGV isolates on diverse populations of T. leucotreta. The results showed that 

certain isolates demonstrated enhanced virulence against particular populations, suggesting 

that the discovery of new isolates could enhance biological control and mitigate resistance 

development to CrleGV isolates. 

1.5 Overcoming challenges associated with baculovirus-based biopesticides 

1.5.1 Evaluating mixtures of baculoviruses in South Africa 

Mixed infections of two different baculoviruses in nature, infecting the same host, have been 

studied to comprehend virus interactions, their impact on susceptible insects, and their 

insecticidal consequences (Ferrelli & Salvador, 2023). In South Africa, CrpeNPV has been 

evaluated for potential use alongside CrleGV-SA. Initial studies indicate that the mixture 

exhibits greater virulence against T. leucotreta compared to either virus alone (Jukes, 2018). 

However, the impact of simultaneous infection by both viruses on the speed of kill was 

unknown. In a study by Taylor (2021), the combination of CrpeNPV and CrleGV-SA 

demonstrated an enhancement in the lethal concentration against T. leucotreta neonates. 

However, it led to a decrease in the speed of kill compared to using either virus alone. The 
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studies suggest that the slowed speed of kill may be attributed to the viruses competing for 

resources within the host insect (Taylor, 2021; Wennmann et al., 2015). Although baculovirus 

mixtures have shown a synergistic effect in enhancing insecticidal activity, the exact reason for 

this enhancement remains unclear. One potential explanation is that one virus releases viral 

enhancing factors that the other lacks (Biedma et al., 2015). For example, CrpeNPV encodes 

gp37, which is absent in CrleGV-SA. Therefore, there is potential to exploit such proteins as a 

means of enhancing baculovirus infectivity. 

1.5.2 Infectivity proteins targeting the peritrophic membrane 

Baculoviruses envelopes are known to be associated with proteins that enhance the infectivity 

of other baculoviruses (Rohrmann, 2019). Several proteins have been identified in association 

with OBs in baculoviruses. An interesting observation reported in the literature is that specific 

baculovirus proteins, such as enhancin and gp37, can enhance the infection of another 

baculovirus (Liu et al., 2011; 2019; Ricarte-Bermejo et al., 2021; Rohrmann, 2019; Yang et al., 

2017). Enhancin genes are more commonly observed in GVs than in NPVs, despite being 

found in both types of viruses (Ferrelli & Salvador, 2023). Most GVs that exhibit increased 

NPV infections are notably found within the phylogenetic clade "a." (Miele et al., 2011). 

Studies involving intact OBs or protein extracts containing enhancin, along with the expression 

and purification of enhancin in heterologous systems, has revealed two main functions: 

enhancing the permeability of the PM and promoting the fusion of virions with midgut cells 

(Hukuhara & Zhu, 1989; Lepore et al., 1996; Tanada, 1985; Wang & Granados, 1997). The GV 

enhancins are typically found within OBs, while NPV enhancin are commonly located in ODV 

envelopes (Slavicek, 2012; Slavicek & Popham, 2005). Other specific proteins, such as Cydia 

pomonella GV gp37, have been identified to possess enhancin-like activities, altering the PM 

structure, and enhancing infectivity (Liu et al., 2011; 2019). The glycoprotein, gp37, has been 

associated with certain baculovirus OBs or BVs (Gross et al., 1993; Liu et al., 2000). In 

instances where GVs lack enhancin or gp37 genes but display synergistic effects, other factors 

are proposed to act as enhancers. For example, Epinotia aporema GV and Spodoptera 

ornithogalli GV, devoid of both gp37 and enhancin genes, exhibit enhancement effects, 

indicating the presence of different enhancing factors (Barrera et al., 2021; Biedma et al., 2015; 

Masson et al., 2019). Epinotia aporema GV, belonging to clade b GV, enhances the virulence 

of Anticarsia gemmatalis MNPV in A. gemmatalis (Masson et al., 2019). Similarly, Spodoptera 

ornithogalli GV has been shown to synergise with Spodoptera ornithogalli NPV action on S. 

ornithogalli (Guenée) (Lepidoptera: Noctuidae) (Biedma et al., 2015). Other proteins have 
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been identified that disrupt the PM, facilitating virion entry. The baculoviral ODV-E66, a 

conserved lepidopteran baculovirus protein, plays a crucial in primary infection by breaking 

down chondroitin sulphate in the PM. Recent studies have highlighted its role in facilitating 

the passage of ODVs across the PM during oral infection by Helicoverpa armigera NPV (Hou 

et al., 2019; Sugiura et al., 2011; Wang & Hu, 2019). Another protein, chitinase, has been 

implicated in disrupting the chitinous PM in AcMNPV OBs, thus facilitating ODV passage 

(Hawtin et al., 1995; Ishimwe et al., 2015). The continual discovery of genes associated with 

virulence and speed of kill will help improve appropriate baculovirus isolates for use in 

biological control. 

1.5.3 The use of gp37 an additive for the potential improvement of infectivity  

The glycoprotein, gp37, has been reported to enhance the infection of another baculovirus (Liu 

et al., 2011; 2019; Ricarte-Bermejo et al., 2021; Yang et al., 2017). The gp37 shares structural 

similarities and amino acid sequence identity (approximately 30-40 %) with the protein fusolin 

found in Entomopoxviruses. Both gp37 and fusolin feature five highly conserved domains, 

including a chitin-binding domain (Cheng et al., 2001). Fusolin has been demonstrated to 

enhance the infectivity of NPVs and Entomopoxviruses, suggesting a potential similar function 

for gp37 (Cheng et al., 2001). Homologues of gp37 have been discovered to contain a chitin-

binding domain in Spodoptera litura NPV, enabling them to bind to chitin (Li et al., 2003). In 

a study by Liu et al. (2011), a truncated gp37 gene from CpGV was cloned into a suitable vector 

and expressed in Escherichia coli cells. The gene was truncated to remove signal sequences 

and transmembrane helices at the N-terminus to ensure maximal expression and solubility of 

gp37 in E. coli. When combined with either SeMNPV or AcMNPV OBs and evaluated against 

third-instar S. exigua larvae by droplet-feeding bioassays, a 13.98- and 20.20-fold improvement 

in LC50 was calculated, respectively. In a similar study by Yang et al. (2017), recombinant 

AcMNPV viruses incorporating truncated gp37 into OBs exhibited 3- to 5-fold lower median 

lethal concentrations (LC50) compared to the control virus, suggesting enhanced baculovirus 

infectivity (Yang et al., 2017). Existing South African baculoviruses provide a rich bioresource 

library, with two isolates, CpGV-SA (Motsoeneng et al., 2019) and CrpeNPV (Marsberg et al., 

2017), each containing the gp37 gene. 

1.6 Motivation 

Thaumatotibia leucotreta is a significant pest that inflicts damage on fruit crops in South 

Africa. Two baculoviruses, CrleGV-SA and CrpeNPV, infect T. leucotreta larvae, resulting in 
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larval mortality. Both viruses are utilised in integrated pest management programmes to reduce 

fruit damage in agricultural fields, with CrleGV-SA being used against T. leucotreta for nearly 

twenty years in South Africa. However, these control options are limited by factors such as 

virulence and the slow speed of kill, which can be addressed by exploiting potential synergistic 

relationships between baculoviruses infecting the same host. Mixed infection of CrleGV-SA 

and CrpeNPV against T. leucotreta larvae were found to improve the lethal concentration 

against T. leucotreta neonates but resulted in a delay in the speed of kill compared to the use of 

either virus separately (Taylor, 2021). Speculation suggests that this delay could be due to 

competition between the two viruses for resources in the insect. Baculovirus proteins, such as 

gp37, play a crucial role in initiating primary infections by aiding the penetration of virions 

through the PM. The CrpeNPV genome encodes gp37, unlike CrleGV-SA. Previous studies 

indicate that bacterially expressed and purified CpGV gp37 notably enhances the infectivity of 

NPVs and the lethality of Bacillus thuringiensis in S. exigua larvae (Liu et al., 2011). However, 

this has never been tested on CrleGV-SA, so it is unknown whether CrleGV-SA and CrpeNPV 

gp37 will show a synergistic effect in terms of dose mortality in T. leucotreta. It is anticipated 

that the inclusion of this protein in baculovirus formulation may lead to increased infection of 

CrleGV-SA, thereby improving the control of T. leucotreta in the field. 

1.7 Aim and objectives 

The overall aim of this study was to express the CrpeNPV gp37 in a bacterial system. The 

specific objectives were: i) to use Benchling to design and test oligonucleotides for PCR 

amplification of the CrpeNPV gp37 gene in preparation for cloning, ii) to clone gp37 into the 

intermediate vector, pJET1.2/blunt, iii) to sub-clone gp37 into the bacterial expression vector, 

pCA528, iv) to express and purify recombinant protein using Nickel column affinity 

chromatography, and analyse it using SDS-PAGE and Western blot analysis, and v) to 

determine the effect of the recombinant protein on the biological activity of CrleGV-SA against 

T. leucotreta neonate in laboratory biological assays. 
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Chapter 2 

Oligonucleotide design and PCR amplification of the gp37 coding 

sequence from CrpeNPV genomic DNA in preparation for cloning 

2.1 Introduction  

Baculovirus genomes encode various structural and non-structural proteins necessary for their 

lifecycle within the host (Rohrmann, 2019). Certain baculovirus proteins, such as enhancin and 

gp37, have been found to enhance the infectivity of other baculoviruses (Granados et al., 2001; 

Lei et al., 2020; Liu et al., 2000, 2011; Peng et al., 1999; Slavicek, 2012). The protein gp37, 

has been reported to facilitate the passage of ODVs across the peritrophic membrane (PM) (Liu 

et al., 2019). Interestingly, bacterially expressed gp37 encoded by CpGV has been shown to 

significantly enhance the infectivity of NPVs (Liu et al., 2011, 2019), as previously described 

in Chapter 1, section 1.5.2. This study aims to clone the CrpeNPV gp37 gene and express the 

recombinant protein in a bacterial system. The CrpeNPV isolate was genetically and 

biologically characterised by Marsberg et al. (2017), and the first complete genome sequence 

for the CrleGV-SA isolate was described by van der Merwe et al. (2017). The CrpeNPV 

encodes gp37, consisting of 252 amino acids and 759 base pair (bp). Notably, the gp37 gene 

was found to be in the reverse orientation within the CrpeNPV genome. The CrpeNPV genome 

spans 115,728 bp (Marsberg et al., 2017), and the complete genome sequence is accessible on 

GenBank (Accession: NC_055500.1). The gp37 coding sequence was obtained from the 

complete genome of CrpeNPV (Accession no: YP_010086923). 

This chapter focuses on the design of oligonucleotides specifically targeting the gp37 gene in 

the genome of CrpeNPV for PCR amplification. Numerous software tools are employed for in 

silico oligonucleotide design, including FastPCR software (Kalendar, 2021), and Primer-

BLAST (Ye et al., 2012). Oligonucleotides targeting gp37 coding sequence were designed 

using the Benchling software, a cloud-based platform designed for life science research and 

development (Benchling, 2023). The software provides numerous benefits, including enhanced 

efficiency, accuracy, seamless integration, flexibility, optimisation and, notably, a user-friendly 

interface. Importantly, it ensures that the designed oligonucleotides contain the necessary 

characteristics such as length (18 - 30 bp), melting temperature (50 - 60 °C), Guanine-Cytosine 

contents (40 - 60 %) and sequence specificity. 
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It’s crucial to use highly sensitive and reliable extraction methods for genomic DNA when 

conducting PCR to amplify the target gene. Several extraction methods have been used for their 

efficiency in isolating viral gDNA, with the CTAB method commonly used (Opoku-Debrah et 

al., 2013). Several studies have reported the efficiency of this method for extracting gDNA 

from baculoviruses (Jukes, 2018; Mela, 2022; Taylor, 2021; van der Merwe et al., 2017). The 

CTAB method effectively isolates gDNA from baculoviruses by dissolving OBs in an alkaline 

solution, although it does have potential drawbacks such as a prolonged two-day procedure. As 

an alternative extraction method for comparison, the Quick-DNA Miniprep Plus Kit (Zymo 

Research, CA, USA), known for its speed and effectiveness in gDNA extraction, was 

employed. A protocol described by Mela (2022) was effectively used to modify this kit. This 

protocol involved the use of sodium carbonate to dissolve the polyhedron matrix and Tris-base 

for pH neutralisation before using the DNA extraction kit. It has demonstrated its speed and 

efficiency in extracting the baculovirus DNA genome (Mela, 2022). 

Once the gDNA has been extracted, and oligonucleotides targeting the gene of interest have 

been designed, DNA amplification of the CrpeNPV gp37 gene can be performed using PCR. 

This method allows the amplification of the desired DNA segment (Mullis, 1990). This 

application includes special features, such as Taq polymerase, which operates at the high 

temperatures required to denature the DNA and make the nucleotides accessible for the 

oligonucleotides to anneal to them (Saiki et al., 1988). The annealing temperature ensures that 

only oligonucleotides with the exact sequence will anneal and allow replication at the desired 

site in the gDNA sequence. After PCR amplification, the resulting PCR product can undergo 

gel purification using a gel purification kit as a step before cloning. Gel purification is crucial 

because it enables the purification of a single type of DNA, particularly in cases of suspected 

DNA contamination, such as primer dimer and nonspecific amplification. 

The chosen expression vector for this study was pCA528 (WISP08-174, DNASU plasmid 

repository), which is 5597 bp in size. This plasmid contains key components, including the T7 

promoter, an N-terminal 6×His-SUMO tag, a kanamycin resistance gene, and sequencing 

primers for both forward and reverse. The presence of the polyhistidine tag facilitates the 

affinity purification of the fusion protein. It has been observed that the SUMO tag positively 

impacts the protein’s solubility, although the exact mechanism behind this solubility 

enhancement remains unclear (Kuo et al., 2014; Marblestone et al., 2006). The presence of an 

antibiotic resistance gene within a plasmid allows for the identification and selection of 
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transformed cells in a culture that includes a particular antibiotic, such as kanamycin, 

distinguishing them from cells lacking this plasmid (Bennett, 2008). 

The aim of this chapter was to design oligonucleotides for the PCR amplification of the gp37 

coding sequence from the genome of CrpeNPV in preparation for cloning. The specific 

objectives were: i) designing forward and reverse oligonucleotides that target the gp37 coding 

sequence, ii) extracting the gDNA of CrpeNPV, and iii) performing PCR amplification of gp37 

and obtaining the PCR product via gel purification in preparation for cloning into the target 

vector. 

2.2 Material and methods 

2.2.1 pCA528 vector and CrpeNPV genome 

The DNA sequence of pCA528 was obtained from DNASU plasmid repository (Seiler et al., 

2014). The pCA528 DNA, kindly provided by Matthias Mayer (Heidelberg University, 

Germany), was used as a target vector for expressing the recombinant protein. The pCA528 

vector features a start codon at its N-terminus, and the gp37 gene possesses a stop codon at its 

C-terminus. The complete genome sequence of CrpeNPV was downloaded from GenBank 

(Accession no: NC_055500). The gp37 coding sequence was obtained from the complete 

genome of CrpeNPV (Accession no: YP_010086923). 

2.2.2 Oligonucleotide design for PCR amplification of gp37 

Oligonucleotides targeting the CrpeNPV gp37 gene were designed using Benchling software 

(Benchling, 2023). This process involved several steps, including accessing the DNA sequence, 

importing these into Benchling, identifying suitable oligonucleotide sequences, incorporating 

restriction sequences, verifying pair selection, checking oligonucleotide specificity, via in silico 

PCR, optimising the oligonucleotides, and finally, sending the designed oligonucleotides for 

synthesis. The designed oligonucleotides were synthesised by Inqaba Biotechnical Industries 

(Pty) Ltd (South Africa). 

2.2.3 Orientation of the gene in the genome 

The schematic representation below shows the full genome of CrpeNPV in a linear 

conformation and the position of the gp37 gene within the genome. In the genome of CrpeNPV, 

the gp37 gene is situated in the reverse orientation relative to the polyhendrin gene, which is 

typically used as a reference frame. As a result, the forward oligonucleotide was designed at 

the gene’s endpoint, and the reverse oligonucleotide at the starting point (Figure 2.1A). The 
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PCR product was then reversed in orientation to ligate the gene into the pCA528 expression 

vector (Figure 2.1B). 

 

Figure 2.1. Schematic representation depicting the position of the gene in the vector. A: Linear 

representation of the CrpeNPV genome and the orientation of the gp37 gene, B: PCR product 

(gp37) and pCA528 expression vector. 

2.2.4 Genomic DNA extraction  

The CrpeNPV OBs were provided by Rhodes University, South Africa. A protocol described 

by Mela (2022) was effectively employed to pre-treat the CrpeNPV OBs. A 100 µL sample of 

CrpeNPV OBs was mixed with 45 µL of 1 M Na2CO3 and incubated at 37 °C for 30 minutes 

to solubilise the polyhedron matrix. The sample was then treated with 60 µL 1 M pH 6.8 Tris-

HCL to neutralise the pH for DNA extraction (Mela, 2022). The gDNA of CrpeNPV was 

extracted using the Quick-DNA Miniprep Plus Kit (Zymo Research, CA, USA) according to 

the manufacturer’s instruction and eluted with 35 µL to concentrate the DNA. The 

concentration was measured using a Nanodrop® 2000 spectrophotometer (Thermo Fisher 

Scientific, USA) in triplicate. The gDNA was analysed by 1 % agarose gel electrophoresis 

(AGE). 
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2.2.5 Agarose gel electrophoresis  

Agarose gels (1 % [w/v]) were prepared using LE agarose (Benchmark Scientific, USA), 

1×TAE buffer (40 mM Tris base; 20 mM glacial acetic acid; 1 mM ethylenediaminetetraacetic 

acid (EDTA) pH 8) was prepared and heated in a microwave for 1-2 minutes until the agarose 

was completely dissolved. A 5 µL volume of the gDNA was prepared with 6× loading dye and 

analysed using 1 % AGE stained with ethidium bromide (0.4 µg/mL), run at 90 V for 30 

minutes. The GeneRuler 1 Kb plus DNA ladder (Thermo Fisher Scientific, USA) was used to 

estimate the size. Agarose gels were visualised using the ChemiDoc™ XRS+ (Bio-Rad, USA) 

with Image Lab™ (Bio-Rad, USA) software. 

2.2.6 PCR amplification and gel purification 

A reaction mixture of 25 µL was prepared based on the instructions provided in Table 2.1. 

Genomic DNA extracted from CrpeNPV OBs was used as template in the PCR.  A no-template 

control (NTC) was performed, where no template DNA was used as a control reaction (Table 

2.1). A SimpliAmp™ Thermal cycler (Thermo Fisher Scientific, USA) was used to carry out 

the PCR amplification. The PCR cycling parameters involved an initial denaturation step at 95 

°C for 3 minutes, followed by 30 cycles of denaturation at 95 °C for 1 minute, annealing at 57 

°C for 30 seconds, extension at 72 °C for 1 minute, and a final elongation step at 72 °C for 3 

minutes. The PCR product was analysed by 1 % AGE as described in section 2.2.5. The gp37 

amplicon was purified from the agarose gel using the GeneJET™ PCR Purification Kit (Thermo 

Fisher Scientific, USA), following the manufacturer’s instructions, and analysed by 1 % AGE 

as described in section 2.2.5. 
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Table 2.1. PCR set up. 

Reagent Sample NTC 

2× Taq master mix 12.5 µL 12.5 µL 

gp37-F  

(10 µM) 

1 µL 1 µL 

gp37-R 

(10 µM) 

1 µL 1 µL 

Template (3.23 

ng/µL) 

3 µL - 

Double distilled 

water 

7.5 µL 10.5 µL 

Total 25 µL 25 µL 

 

2.3 Results 

2.3.1 The pCA528 expression vector 

Figure 2.2 illustrates the structure of the target bacterial expression vector, pCA528, as 

generated using SnapGene® software. This vector comprises several key components: KanR, 

which generates aminoglycoside phosphotransferase and confers resistance to kanamycin in 

bacteria; Ori, ensuring high copy number through the ColE1/pMB1/pBR322/pUC origin of 

replication; Rop, maintaining plasmids at a low copy number; and LacI, which binds to the lac 

operator to inhibit transcription in E. coli. This inhibition can be relieved by adding lactose or 

isopropyl-β-D-thiogalactopyranoside (IPTG) (QIAexpressionist, 2002). Additionally, the 

vector includes a T7 promoter, providing a promoter for bacteriophage T7 RNA polymerase; 

RBS, an efficient ribosome binding site from bacteriophage T7 gene (Olins & Rangwala, 

1989); 6×His affinity tag: aiding in detecting the protein of interest (QIAexpressionist, 2002), 

SUMO, a cleavable ubiquitin-like protein tag known to enhance the solubility of the protein 

(Guerrero et al., 2015; Kuo et al., 2014; Marblestone et al., 2006); T7 terminator, allowing 

transcription termination for bacteriophage T7 RNA polymerase (QIAexpressionist, 2002); and 

an MCS containing unique restriction enzyme recognition sites for gene cloning. Analysis of 

the MCS of pCA528 indicates a single BamHI digestion site at position 5395 and an XhoI 

digestion site at position 5435 (Figure 2.2). 
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Figure 2.2. The annotated pCA528 expression vector. Abbreviations used: KanR- Kanamycin 

resistance gene, SUMO- Small ubiquitin-related modifier tag, 6×His- Polyhistidine tag, RBS: 

Ribosome binding site, Ori- Origin of replication, bom- Basis of mobility, rop- Rop protein, 

lacI- Lac repressor, and MCS- Multiple cloning site. 

2.3.2 Oligonucleotides design  

Oligonucleotides were designed to target the CrpeNPV gp37 gene. A XhoI restriction site was 

incorporated into the forward oligonucleotide and a BamHI restriction site was incorporated in 

the reserve oligonucleotide (Table 2.2). The forward oligonucleotide was 34 bp in length and 

the reverse oligonucleotide was 35 bp in length. These oligonucleotides are presented in the 

5’- 3’ directions. Additionally, A-tailing nucleotides (AAA) were added to the oligonucleotides. 

To ensure in-frame cloning of the gp37 coding sequence into the pCA528 expression vector 

with the 6×His-SUMO tag, a thymine nitrogenous base pair, marked in red, was included 

within the reverse oligonucleotide (Table 2.2). The melting temperature of the nucleotide 

sequences for the forward and reverse oligonucleotides was 62 °C and 55 °C, respectively 
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(Table 2.2). The GC content of the forward and reverse oligonucleotides was 41 % and 22 %, 

respectively (Table 2.2). 

Table 2.2. Oligonucleotides targeting gp37 gene in CrpeNPV genome. Sequences for the 

restriction sites are underlined, the gp37 target sequence is shown in bold, and the additional 

thymine nitrogenous base pair is marked in red. 

Names  Sequences 5’-3’ Restriction 

enzyme 

Tm 

(°C) 

GC 

% 

     

gp37-F AAACTCGAGTTAAAACTCATAGTGTGTACGGTCG 

 

XhoI 62 41 

gp37-R AAAGGATCCTATGATTTTAATTAATTTTGCTATAG 

 

BamHI 55 22 

 

2.3.3 Genomic DNA extraction 

Genomic DNA was extracted from CrpeNPV OBs and analysed by 1 % AGE (Figure 2.3). 

Figure 2.3 below shows a band in lane 1 running above 20,000 bp. The expected size of 

CrpeNPV genome was 115,728 bp. Due to limitations in gel resolution, the exact size of the 

DNA could not be accurately determined, primarily because of its large size.  

 

Figure 2.3. Agarose gel image of genomic DNA extracted from CrpeNPV OBs. Lane L: 

GeneRuler 1 Kb plus DNA ladder and lane 1: CrpeNPV gDNA. 
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2.3.4 PCR amplification and gel purification of gp37 

The gp37 gene was amplified by PCR (Figure 2.4). The PCR product was detected running 

between 1000 and 700 bp at approximately 800 bp. The expected size of the PCR fragment 

was 778 bp. The agarose gel indicates the presence of a band at a higher molecular weight in 

lane 2, suggesting non-specific binding. The PCR product was recovered by gel purification as 

shown in lane 3. As expected, no band was detected in the NTC in lane 1. 

 

Figure 2.4. Agarose gel image showing the amplification and gel purification of the CrpeNPV 

gp37 gene. Lane L:1 Kb plus GeneRuler DNA ladder, lane 1: NTC, lane 2: PCR amplicon 

(gp37), and lane 3: Purified gp37 product 

2.4 Discussion  

The aim of this chapter was to design and test oligonucleotides targeting the CrpeNPV gp37 

gene in preparation for cloning. The first objective was to design oligonucleotides that target 

the gp37 coding sequence using the Benchling software (Benchling, 2023). To achieve this, the 

complete genome sequence of CrpeNPV was analysed to locate the position of the gp37 coding 

sequence in silico. The position of gp37 in the genome of CrpeNPV was identified, and 

oligonucleotides were designed to meet specific criteria, including length, melting 

temperatures and GC content. The length of an oligonucleotide directly correlates with its 

specificity, stability, and efficiency (Domingues, 2017). Each oligonucleotide contained either 

a BamHI or XhoI restriction site, targeting the gp37 gene within the CrpeNPV genome. These 

restriction sites were incorporated into the oligonucleotides to facilitate downstream ligation 

into the pCA528 expression vector. 

The second objective was to extract gDNA from purified CrpeNPV OBs. The expected size of 

the extracted DNA was 115,728 bp (Marsberg et al., 2018). However, the extracted DNA 
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produced a band greater than 20,000 bp, exceeding the gel’s resolution capacity. The gDNA 

was extracted in preparation for PCR amplification. The concentration of the CrpeNPV gDNA 

was 3.23 ng/µL. The modified Quick-DNA miniprep plus kit protocol described by Mela 

(2022) proved to be an effective tool for extracting gDNA from baculoviruses. 

The third objective was to PCR amplify and isolate the gp37 gene from the CrpeNPV gDNA. 

PCR was conducted using the designed oligonucleotides at an annealing temperature of 57 °C. 

Both the gp37-F and the gp37-R oligonucleotides were designed to produce an amplicon with 

a size of 778 bp. PCR amplification was performed, and the resulting PCR amplicon was 

generated at approximately 800 bp. However, nonspecific bands were also observed, which 

can occur when oligonucleotides bind to unintended regions of the template DNA, resulting in 

the amplification of nonspecific products. This issue can be mitigated by optimising the 

annealing temperature, as oligonucleotides may fail to bind to the template if the annealing 

temperature is too low (Domingues, 2017). Alternatively, the target amplicon can be isolated 

and extracted from an agarose gel and purified. In this study, the latter option was chosen, 

which involved gel purifying the target amplicon to isolate it from nonspecific bands. The gp37 

purified product was recovered from the agarose gel in preparation for cloning. 

In conclusion, oligonucleotides were designed to target the CrpeNPV gp37 gene in preparation 

for PCR amplification. Genomic DNA was extracted from CrpeNPV OBs and used as a 

template for PCR amplification of gp37. The resulting PCR product was detected at the 

expected size and isolated for gel purification in preparation for cloning. The next chapter 

involves cloning the purified gp37 product into pJET1.2/blunt and subcloning it into pCA528 

expression vector through DNA ligation, followed by the verification of the constructed 

recombinant plasmids. 
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Chapter 3 

Cloning of the gp37 gene into pJET1.2/blunt and subsequent sub-

cloning into pCA528 for protein expression 

 3.1 Introduction 

In the previous chapter, oligonucleotides that target the CrpeNPV gp37 gene were designed for 

PCR amplification to generate the gp37 amplicon. The gp37 amplicon was then gel-purified in 

preparation for cloning. In this study, pJET1.2/blunt served as an intermediate vector prior to 

sub-cloning into the target vector. It is a linearised cloning vector with a length of 2974 bp, 

featuring a T7 promoter, ampicillin resistance gene, multiple cloning site (MCS), and the lethal 

eco47IR gene, among other components. When the DNA insert is ligated into the MCS of 

pJET1.2/blunt, the lethal gene is disrupted (Daryaei et al., 2017; Nawawi et al., 2022). As a 

result, only bacterial cells with the recombinant plasmid can form colonies. In cases where no 

DNA insertion occurs, the lethal gene remains intact, leading to cell death and consequently, 

enabling positive selection of the recombinant plasmid (Reece-Hoyes & Walhout, 2018). 

Blue/white screening is unnecessary, and the vector is suitable for DNA fragments produced 

with either sticky ends or blunt ends, allowing for the cloning of inserts ranging from 6 bp to 

10 Kb. Chemically competent E. coli host strains are commonly used for the propagation of 

recombinant plasmids (Casali, 2003). In this study, TOP10 E. coli competent cells were chosen 

as the model system for transforming the recombinant plasmids. These cells are derived from 

MC1061 and have a genotype similar to DH10B (Casadaban & Cohen, 1980; Durfee et al., 

2008). Their cloning efficiency, versatility, and genotype made them preferred options for this 

study (Casali, 2003). 

To confirm the presence of inserts in recombinant plasmids, it is necessary to conduct screening 

experiments such as colony PCR, restriction enzyme analysis and Sanger sequencing. In this 

study, colony PCR and restriction enzyme analysis were used to confirm the presence of the 

insert in both pJET1.2/blunt and pCA528. Colony PCR was conducted using oligonucleotides 

that flank the insert region on pJET1.2/blunt, and oligonucleotides designed for cloning, which 

target gp37 on pCA528. Following plasmid extraction, XhoI and BamHI restriction enzymes 

are employed to confirm insert presence. These enzymes facilitate both single and double 

digestion of recombinant plasmids, crucial for ensuring correct cohesive ends. Sanger 

sequencing was used to validate and verify the pCA528 construct. This technique is highly 



27 
 

effective in verifying the open reading frame (ORF) in the expression vector and detecting 

mutations, including single nucleotide polymorphisms (SNPs) and base pair insertions or 

deletions (indels) that may have occurred during PCR amplification and/or cloning (Behjati & 

Tarpey, 2013; Men et al., 2008; Sanger et al., 1977). Ensuring the accuracy of the inserted DNA 

sequence is essential in plasmid construction for subsequent applications such as protein 

expression. 

The aim of this chapter was to construct a recombinant plasmid containing the gp37 gene by 

DNA ligation in preparation for protein expression and purification. The specific objectives 

were: i) to clone gp37 into pJET1.2/blunt and verify the recombinant plasmid, and ii) to sub-

clone gp37 into the pCA528 expression vector and verify the recombinant plasmid through 

colony PCR, restriction enzyme analysis, and Sanger sequencing. 

3.2 Methods and materials 

3.2.1 Cloning of gp37 into pJET1.2/blunt 

3.2.1.1 In silico construction of pJET-gp37 plasmid 

In silico ligation of gp37 into pJET1.2/blunt was conducted using SnapGene® software (GSL 

Biotech LLC, San Diego, CA), resulting in the pJET-gp37 map. The pJET1.2/blunt sequence 

was downloaded from the SnapGene website (https://www.snapgene.com). The gp37 sequence 

was retrieved from the GenBank database (Accession no: YP_010086923). 

3.2.1.2 Ligation of gp37 into pJET1.2/blunt 

The purified gp37 PCR product was cloned into pJET1.2/blunt cloning vector using the 

CloneJET PCR cloning kit (Thermo Fisher Scientific, USA) following the manufacturer’s 

guidelines. A ligation reaction was prepared with a total volume of 18 μL. The reaction 

consisted of 10 μL of 2× Reaction Buffer, 1 μL (13,92 ng/µL) of PCR product (gp37), 6 μL of 

double distilled water (ddH2O) and 1 μL of DNA blunting enzyme. The ligation was incubated 

at 70 °C for 5 minutes to activate the DNA blunting enzyme. Subsequently, 1 μL of 

pJET1.2/blunt Cloning Vector (50 ng/μL) and 1 μL of T4 DNA Ligase were added to the 

mixture, which was vortexed, centrifuged for 3-5 seconds, and then incubated at room 

temperature (22 °C) for 5 minutes. The resulting recombinant plasmid was named pJET-gp37. 
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3.2.1.3 Transformation of pJET-gp37  

Transformation was carried out by mixing 100 µL of TOP10 E. coli competent cells with the 

ligation reaction and cooled on ice for 20 minutes. The cells were then heat shocked at 42 °C 

for 30 seconds, followed by a cooling step on ice for 2 minutes. Subsequently, the cells were 

allowed to recover in 950 µL of Luria broth (LB) at 37 °C for 60 minutes and were then spread 

onto LA plates containing ampicillin (100 µg/mL) (LA-AMP plates). The plates were incubated 

overnight at 37 °C. 

3.2.1.4 Colony PCR and plasmid extraction 

Colony PCR was performed on four colonies following the protocol provided by the CloneJET 

PCR cloning kit (Thermo Fisher Scientific, USA) in accordance with the manufacturer’s 

guidelines. Colony PCR reactions were prepared, with each containing 12.5 µL of 2× Taq 

Master Mix, 1 μL of a 10 μM pJET1.2 forward sequencing primer, 1 μL of a 10 μM pJET1.2 

reverse sequencing primer, a single transformed colony containing template DNA, and 10.5 μL 

of ddH2O, resulting in a total reaction volume of 25 µL. A control reaction (NTC) was set up 

as described above. A SimpliAmp™ Thermal cycler (Thermo Fisher Scientific, USA) was used 

to carry out the PCR amplification. The PCR cycle parameters included an initial denaturation 

step at 95 °C for 3 minutes, followed by 25 cycles consisting of denaturation at 94 °C for 30 

seconds, annealing at 60 °C for 30 seconds, and elongation at 72 °C for 30 seconds. The PCR 

amplicons were analysed by 1 % AGE as described in section 2.2.5. 

The same four colonies selected from the agar plate for colony PCR were inoculated into 5 mL 

of LB containing ampicillin (100 µg/mL) and incubated at 37 °C overnight. The recombinant 

pJET-gp37 vector was then extracted from the overnight cultures using the GeneJET Plasmid 

Miniprep Kit (Thermo Fisher Scientific, USA), following the manufacturer’s provided 

guidelines. The extracted plasmids were analysed by 1 % AGE as described in section 2.2.5. 

3.2.1.5 Restriction enzyme analysis  

The restriction digestion reaction consisted of 4 µL of 2× Tango Buffer (Thermo Fisher 

Scientific, USA), 0.5 µL of BamHI (10 U/µL) (Thermo Fisher Scientific, USA), 0.5 µL of XhoI 

(10 U/µL) (Thermo Fisher Scientific, USA), 5 µL of plasmid DNA, and 10 µL ddH2O, making 

a total volume of 20 µL. Both single and double digests were set up as described above. The 

reactions were centrifuged and then incubated at 37 °C for 1 hour and 30 minutes. The samples 

were analysed by 1 % AGE as described in section 2.2.5. 



29 
 

3.2.1.6 Gel purification of gp37 product 

Prior to sub-cloning into the target vector, the gp37 insert was gel-purified following double 

digest with BamHI and XhoI using the GeneJET Purification Kit (Thermo Fisher Scientific, 

USA) following the manufacturer’s guidelines, with the exception that the insert was eluted in 

20 µL of elution buffer. The purified amplicon was analysed by 1 % AGE as described in 

section 2.2.5. 

3.2.2 Sub-cloning of gp37 into pCA528 

3.2.2.1 Target vector preparation 

Glycerol stocks of pCA528 were streaked onto LA plates supplemented with kanamycin (50 

µg/mL) and then incubated at 37 °C overnight. Subsequently, four distinct colonies were 

selected from the plate and inoculated in 5 mL of LB containing kanamycin (50 µg/mL) and 

left to grow overnight at 37 °C. The pCA528 plasmid was extracted from the bacterial culture 

using the GeneJET Gel Extraction kit (Thermo Fisher Scientific, USA), following the provided 

manufacturer’s instructions. Plasmid DNA was analysed by 1 % AGE as previously described 

in section 2.2.5. 

The pCA528 plasmid was then subjected to restriction digestion with both BamHI and XhoI to 

linearise the pCA528 in preparation for ligation with the insert. The digested pCA528 plasmid 

was analysed by 1 % AGE, as previously described in section 2.2.5. The pCA528 vector 

backbone was purified from the agarose gel using the GeneJET Purification Kit (Thermo Fisher 

Scientific, USA) following the manufacturer’s instructions. The purified plasmid was analysed 

by 1 % AGE, as previously described in section 2.2.5. 

3.2.2.2 In silico construction of the pCA-gp37 map 

In silico ligation of gp37 into pCA528 was conducted using Benchling software. The resulting 

sequence was used to create the pCA-gp37 map using SnapGene® software (GSL Biotech LLC, 

San Diego, CA). The pCA528 vector sequence was downloaded from the DNASU database 

(WISP08-174, DNASU plasmid repository). The gp37 sequence was retrieved from the 

GenBank database (Accession no: YP_010086923). 

3.2.2.3 Ligation of gp37 into pCA528 and bacterial transformation 

A ligation reaction was prepared with a total volume of 20 μL. The reaction included 2 μL of 

10× ligase buffer, 1.5 μL (3.93 ng/µL) of vector DNA (pCA528), 8 μL (0.9 ng/µL) of insert 
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DNA (gp37), 1 μL of T4 DNA ligase (5 U/µL) (Thermo Fisher Scientific, USA), and 7.5 μL of 

ddH2O. The ligation mixture was vortexed, centrifuged, and incubated at room temperature 

(±22 °C) for 2 hours. The resulting recombinant plasmid was named pCA-gp37. 

Transformation of TOP10 E. coli was carried out as described in section 3.2.1.3, and then 

spread onto LA plates containing kanamycin (50 µg/mL) (LA-KanR plates). The plates were 

incubated overnight at 37 °C. The successfully transformed bacteria were screened using 

colony PCR, restriction enzyme analysis, and Sanger sequencing. 

3.2.2.4 Colony PCR and plasmid extraction 

A colony PCR reaction was prepared with a total volume of 25 µL. The reaction included 12.5 

µL of 2× Amplicon Taq Master Mix, 2 µL of a 10 µM gp37-F oligonucleotide, 2 µL of a 10 

µM gp37-R oligonucleotide, a single transformed colony containing template DNA, and 8.5 

µL of double distilled water. A control reaction (NTC) was set up in the same manner as 

described above. A SimpliAmp™ Thermal cycler was used to carry out the PCR amplification. 

The PCR cycle parameters included an initial denaturation step at 95 °C for 1 minute, followed 

by 30 cycles consisting of denaturation at 95 °C for 1 minute, annealing at 57 °C for 30 seconds, 

and elongation at 72 °C for 1 minute. This was followed by a final extension step at 72 °C for 

3 minutes. The PCR amplicons were analysed by 1 % AGE, as described in Chapter 2, section 

2.2.5. Subsequently, three distinct colonies were selected from the plate and inoculated in 5 mL 

of LB containing kanamycin (50 µg/mL), and left to grow overnight at 37 °C. The pCA-gp37 

plasmids were extracted from the overnight cultures using the GeneJET Plasmid Miniprep Kit 

(Fisher Scientific, USA) according to the manufacturer’s instructions. Plasmids were analysed 

by 1 % AGE, as previously described in Chapter 2, section 2.2.5. 

3.2.2.5 Restriction enzyme analysis 

The pCA-gp37 DNA obtained after extraction was subjected to restriction digestion using 

BamHI and XhoI as described in section 3.2.1.5. Subsequently, the plasmid samples were sent 

to Inqaba Biotechnical Industries (Pty) Ltd (South Africa) for sequencing using the plasmid 

sequencing primers, T7 forward and T7 terminator reverse, respectively. 

3.2.2.6 Sanger sequencing 

The chromatogram file generated from Sanger sequencing was processed using the ABI base 

recall programme (Elyazghi et al., 2017) to automatically correct ambiguities in both the 

forward and reverse sequences. Poor-quality sequence of regions at the beginning and end of 
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fragments were automatically identified and trimmed. The trimmed sequences were then 

analysed in Geneious R11. Using the ABI recall programme as reference, the trimmed 

sequences underwent manual trimming to further remove regions of poor-quality sequence that 

were not trimmed automatically by the ABI base recall programme. The reference sequence 

for pCA-gp37 was obtained from Benchling as a FASTA-formatted file and was processed 

using Geneious R11. A multiple alignment was performed for both the forward and reverse 

sequences against the pCA-gp37 as reference, using the Clustal W method in Geneious R11. 

This was done to confirm the reading frame of 6×His-SUMO-gp37 in pCA528. 

3.3 Results  

 3.3.1 Cloning of gp37 into pJET1.2/blunt 

3.3.1.1 In silico pJET-gp37 plasmid map 

Figure 3.1 illustrates the structure of the recombinant plasmid pJET1.2/blunt containing the 

gp37 insert, generated using SnapGene® software. The plasmid map illustrates the position of 

gp37 in the MCS, the incorporated restriction enzyme recognition sites (BamHI and XhoI), and 

the pJET sequencing primer positions. The size of the recombinant pJET-gp37 was 3752 bp. 

  

Figure 3.1. In silico construction of the pJET-gp37 map. Abbreviation used: AmpR- Ampicillin 

resistance gene, MCS- Multiple cloning site, Eco47IR- Lethal gene and Ori- origin of 

replication. 
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3.3.1.2 Confirmation of pJET-gp37 

To confirm the presence of the insert in pJET2.1/blunt, colony PCR was performed, followed 

by plasmid extraction and restriction enzyme analysis. The results are presented in Figure 3.2 

below. Figure 3.2A shows colony PCR of pJET-gp37 from four different colonies. The expected 

size of the PCR amplicon was 897 bp. A PCR amplicon band was observed running above 700 

bp at approximately 900 bp in lanes 2-4, while no band was observed in the NTC as expected 

in lane 1. Figure 3.2B shows plasmid extraction of pJET-gp37 from the same four colonies 

mentioned above. The expected size of the pJET-gp37 was approximately 3752 bp. A bright 

supercoiled DNA band was observed running above 2000 bp in lanes 1-4. A linear band was 

expected above the supercoiled band at approximately 3752 bp, but it was not present. Figure 

3.2C shows the results of the restriction enzyme analysis of the plasmid DNA extracted in 

Figure 3.2A lane 2. Lane 1 shows the undigested pJET-gp37, revealing a supercoiled DNA 

band running above 2000 bp. Lanes 2 and 3 show single digestions with BamHI and XhoI, 

respectively, which reveal clear, linearised bands at approximately 4000 bp. Lane 4 shows a 

double digestion with both BamHI and XhoI, which revealed two distinct bands, one running 

above 3000 bp and the other running above 700 bp at approximately 800 bp. Figure 3.2D shows 

the gel purified gp37 fragment isolated from the double-digested plasmid DNA, detected 

running at approximately 800 bp in lane 1. 
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Figure 3.2. Agarose gel images showing colony PCR, plasmid extraction, restriction enzyme 

analysis of pJET-gp37 and gel purification of the gp37 fragment. A: Colony PCR, lane 1: NTC, 

lane 2-5: gp37 PCR product (colonies 1-4). B: Plasmid extraction, lane 1-4: Recombinant 

pJET-gp37. C: Restriction enzyme analysis of plasmid 2 (colony 2), lane 1: Undigested pJET-

gp37, lane 2: Single digest with BamHI, lane 3: Single digest with XhoI, and lane:4 Double 

digest with XhoI and BamHI. D: Gel purification, lane 1: Purified gp37 fragment. For all 

panels, lane L: GeneRuler 1 Kb plus DNA ladder. 

3.3.2 Sub-cloning gp37 into pCA528 

3.3.2.1 Target vector preparation 

To prepare the pCA528 backbone, plasmid extractions were performed, followed by restriction 

enzyme analysis and gel purification as shown in Figure 3.3 below. The pCA528 vector was 

extracted from four overnight cultures, with the resulting plasmid DNA shown in Figure 3.3A. 

The expected size of pCA528 was 5597 bp. Bright supercoiled DNA bands were observed 

running above 3000 bp in lanes 1-4, followed by faint linearised bands running above 5000 bp. 
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Figure 3.3B shows the results of the restriction enzyme analysis of pCA528. A bright 

supercoiled DNA band was observed running above 3000 bp in lane 1, representing the 

undigested DNA. Lane 2 shows the double digestion of the pCA528 backbone with BamHI 

and XhoI. The expected size of the digested backbone was approximately 5557 bp. A bright 

linear DNA band was observed running above 5000 bp. The linearised pCA528 backbone was 

purified from the agarose gel, as shown in Figure 3.3C. A purified pCA528 backbone was 

observed running at approximately 5000 bp, as expected. 

 

Figure 3.3. Agarose gel images showing plasmid extraction, restriction enzyme analysis and 

gel purification of pCA528. A: Plasmid extraction, lane 1-4: pCA528 DNA. B: Restriction 

enzyme analysis, lane 1: Undigested pCA528, and lane 2: Double digest with BamHI and XhoI. 

C: Gel purification, lane 1: Purified pCA528 backbone. For all panels, lane L: GeneRuler 1 Kb 

plus DNA ladder. 

3.3.2.2 In silico pCA-gp37 map 

Figure 3.4 illustrates the structure of the recombinant plasmid pCA528 containing the gp37 

insert, generated using SnapGene® software. The vector map shows the position of gp37 in the 

vector and the recognition sites for BamHI and XhoI restriction enzymes, respectively. The 

gp37 was strategically positioned to be in frame with the 6×His-SUMO tag, as illustrated 

below. The size of the pCA-gp37 was 6323 bp. 
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Figure 3.4. In silico construction of the pCA-gp37 map.  Abbreviation used: RBS- Ribosome 

binding site, SUMO- Small ubiquitin-like modifier, 6×His- Polyhistidine tag, LacI- Lac 

repressor, gp37- The insert, 6×His-SUMO-gp37- Recombinant protein, KanR- Kanamycin 

resistance gene and Ori- Origin of replication. 

3.3.2.3 Colony PCR and plasmid extraction 

To confirm the presence of the insert in pCA528, colony PCR was performed, followed by 

plasmid extraction as shown below (Figure 3.5). Figure 3.5A shows colony PCR conducted 

using the oligonucleotides designed for cloning. The expected size of the gp37 amplicon was 

approximately 778 bp. A bright band was observed running above 700 bp at approximately 800 

bp. No band appeared in the NTC in lane 4 as expected. The pCA-gp37 DNA was extracted 

from 4 overnight cultures, with the resulting DNA shown in Figure 3.5B. Bright supercoiled 

DNA bands were observed running above 4000 bp in lanes 1-3, followed by a linear band 

running above 5000 bp at approximately 6000 bp. 
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Figure 3.5. Agarose gel images showing colony PCR and plasmid extraction of the pCA-gp37. 

A: Colony PCR, lane 1-3: gp37 PCR product (colonies 1-3), and lane 4: NTC. B: Plasmid 

extraction, lane 1-3: pCA-gp37 from colonies 1-3. For both panels, lane l: GeneRuler 1 Kb plus 

DNA ladder. 

3.3.2.4 Restriction enzyme analysis 

To confirm the integrity of the pCA-gp37, a restriction enzyme analysis was conducted, as 

shown below (Figure 3.6). Lane 1 shows the undigested pCA-gp37 DNA, exhibiting 

supercoiled DNA above 4000 bp. Single digests using BamHI and XhoI were observed in lanes 

2 and 3, respectively, each revealing a clear, single linearised band above 5000 bp. In lane 4, 

the double digest with both BamHI and XhoI shows two distinct bands: one above 5000 bp and 

the other around 800 bp. 

 

Figure 3.6. Agarose gel image showing the restriction enzyme analysis of the pCA-gp37. Lane 

L: GeneRuler 1 Kb plus DNA ladder, lane 1: Undigested pCA-gp37 DNA, lane 2: Single digest 

with BamHI, lane 3: Single digest with XhoI, and lane 4: Double digest with BamHI and XhoI. 
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3.3.2.5 Sanger sequence analysis of pCA-gp37 

To validate the pCA-gp37, Sanger sequencing was performed by Inqaba Biotechnical 

Industries (Pty) Ltd (South Africa), and the resulting sequences underwent analysis using 

Geneious R11 software, as detailed in Figure 3.7. The alignment presents a continuous 

sequence from the start codon (5072 bp) to the stop codon (6160 bp) of the pCA-gp37 across 

Figure 3.7A, B, and C. The pCA-gp37 served as the reference sequence, as indicated in Figure 

3.7. Sequence 1 represents the forward sequenced-version, while sequence 2 represents the 

reverse-sequenced version. Regions of poor sequencing in both the forward and reverse 

sequences were trimmed at the ends, as depicted in Figure 3.7A and C. Both sequences were 

aligned to pCA-gp37, as shown in Figure 3.7. In Figure 3.7A, the depiction illustrates the N-

terminus of the recombinant protein, containing a start codon, 6×His, and the initial 24 amino 

acids of the SUMO tag. Figure 3.7B provides an overview of the C-terminus of the SUMO tag, 

highlighting the BamHI restriction site and introducing the N-terminus of gp37. Finally, Figure 

3.7C presents the C-terminus of the recombinant protein, displaying the tail region of gp37 

terminated by an in-frame stop codon, along with the location of the XhoI restriction site. The 

alignment confirmed 100 % identity between the sequenced regions and the reference 

sequence. No SNPs or indels were detected between the start and stop codons in both the 

forward and reverse sequenced versions of pCA-gp37. 
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Figure 3.7. Sequence alignment of the regions flanking the gp37 insert in pCA-gp37. The pCA-gp37 was used as a reference sequence, Sequence 

1 and 2 are the forward and reverse sequences generated following Sanger sequencing of pCA-gp37. A) shows N-terminus of the recombinant 

protein, B) shows the central region of the recombinant protein, and C) shows the C-terminus of the recombinant protein. The translated amino 

acid sequence is shown from the start and to the stop codons in blue, with the 6×His tag in purple, the SUMO tag in red, the enzyme recognition 

sites of BamHI and XhoI in yellow, and the recombinant protein denoted as 6×His-SUMO-gp37 in orange.
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3.4 Discussion 

The aim of this chapter was to construct a recombinant plasmid containing the gp37 gene in 

preparation for protein expression and purification. This was achieved by initially cloning the 

purified gp37 amplicon into pJET1.2/blunt and verifying the recombinant plasmid. Cloning is 

a crucial step in thoroughly investigating genetic elements. This process combines a vector 

with an insert, facilitated by an enzyme such as DNA ligase. Subsequently, the recombinant 

plasmid is reproduced in a bacterial host cell, generating numerous identical copies of the DNA 

fragment for further analysis (Green & Sambrook, 2020). 

In this study, pJET1.2/blunt was used as an intermediate vector as it offers a screening method 

for transformants containing the insert, via insertional inactivation lethal gene (eco47IR), which 

is not the case with direct cloning into the target vector. Additionally, restricting the 

recombinant plasmid yields the insert with the correct sticky ends for gel purification and 

ligation, making it a more efficient process than restricting a PCR amplicon for direct cloning. 

This is because restricting a PCR product may yield fragments cut once with either enzyme 

(incorrect sticky ends) or fragments cut with both enzymes (correct sticky ends), which makes 

it difficult to distinguish as they appear the same size on the gel. Another advantage of using 

an intermediate vector it that it serves as a stable source of the PCR product for downstream 

applications. This means that PCR doesn’t have to be repeated since the product is already 

cloned into a vector and the recombinant plasmid can be stored for long periods of time as a 

glycerol stock. The gp37 amplicon was ligated into pJET1.2/blunt, to generate the pJET-gp37. 

The presence of the insert was confirmed by colony PCR, and plasmid extraction, followed by 

restriction enzyme analysis. Restriction enzyme analysis using BamHI and XhoI successfully 

produced the gp37 product at approximately 800 bp which was gel purified in preparation for 

sub-cloning into the pCA528 expression vector. 

The pCA528 vector contains a T7 promoter that is inducible by IPTG, a kanamycin gene for 

the selection of bacterial cells carrying the plasmid, a 6×His tag consisting of six histidine 

residues that coordinate with transition metal ions such as Ni2+ immobilized on beads or resin 

for purification (Puckett, 2015), and a SUMO protein tag that has been demonstrated to 

significantly improve protein stability and solubility when used as an N-terminal fusion 

(Guerrero et al., 2015; Marblestone et al., 2006). The chosen expression vector, pCA528, is 

compatible with Rosetta (DE3) host cells. It features an inducible promoter regulated by IPTG 

for controlling gene expression levels. The plasmid is capable of accommodating the target 
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gene, and the chosen restriction enzymes are compatible with it. To prepare for sub-cloning the 

insert DNA, the pCA528 vector was restricted using BamHI and XhoI, and the resulting vector 

backbone was purified from an agarose gel. This was done to ensure that the backbone contains 

compatible cohesive ends with the gp37 product. The purified gp37 product was successfully 

ligated into the expression vector pCA528 and transformed into E. coli bacterial cells. 

In this study, TOP10 E. coli competent cells were used to transform pJET-gp37 and pCA-gp37 

after DNA ligations. This bacterial strain provides a transformation efficiency of 1×109 colony-

forming units (CFUs) per microgram (µg) of supercoiled DNA, indicating that for every 

microgram of supercoiled DNA used, approximately 10 billion viable bacterial cells are 

expected to successfully take up the introduced DNA (Pope & Kent, 1996). TOP10 E. coli cells 

are well characterised, making it easier to troubleshoot and optimise cloning. 

To ensure correct ligation, the pCA-gp37 was verified by colony PCR, plasmid extraction, and 

restriction enzyme analysis. Screening of colonies was conducted using oligonucleotides 

designed for cloning, revealing bands of the expected size. The recombinant plasmid was 

detected at the expected size, approximately 6323 bp. The recombinant plasmid was 

successfully digested using both BamHI and XhoI during restriction enzyme analysis, resulting 

in a band of approximately 800 bp. The recombinant plasmids sent for Sanger sequencing were 

analysed using Geneious R11 software. Initially, both forward and reverse sequences were 

trimmed to remove low-quality regions, typically found at the ends, which are the most 

ambiguous. This step increase’s identity and coverage rates while reducing the occurrences of 

mismatches and gaps (Elyazghi et al., 2017). The purpose of this was to confirm in-frame 

cloning of the gene and verify whether the inserted DNA sequence is correct and matches the 

intended sequence. Sequence analysis of the recombinant plasmids confirmed that the gp37 

gene was in-frame with the 6×His-SUMO tag, displaying 100 % identity with the reference 

sequence. No SNPs or indels were detected between the start and stop codons. 

In conclusion, the gp37 purified amplicon was cloned into pJET1.2/blunt. The resulting pJET-

gp37 was successfully verified by colony PCR, plasmid extraction and restriction enzyme 

analysis. The digested gp37 product was gel-purified and sub-cloned into the expression vector, 

pCA528. Subsequently, the pCA-gp37 was successfully verified by colony PCR, plasmid 

extraction, restriction enzyme analysis, and sequencing. The next chapter involves expressing 

the recombinant protein in Rosetta (DE3) E. coli cells for downstream experiments, such as 

solubility analysis and protein purification. 
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Chapter 4 

Expression and purification of 6×His-SUMO-gp37 in Rosetta 

(DE3) Escherichia coli competent cells 

4.1 Introduction   

In chapter 3, a recombinant plasmid was constructed for expression and purification of 6×His-

SUMO-gp37 in a bacterial system for downstream bioassay evaluation. This chapter describes 

the expression of the recombinant protein in Rosetta (DE3) E. coli cells, followed by detection 

using Western analysis, solubility analysis, and purification under native and denaturing 

conditions. The Rosetta (DE3) E. coli host strain, a derivative of BL21, was chosen for 

expressing the recombinant protein (Baca & Hol, 2000; Kane, 1995). It is specifically designed 

to improve the expression of eukaryotic proteins with rarely used E. coli codons. This strain 

carries the chloramphenicol-resistant plasmid pRARE, which supplies tRNAs for AGG, AGA, 

CUA, CCC, and GGA codons (Novy et al., 2001). The DE3 designation indicates lysogeny for 

a λ prophage containing an IPTG-inducible T7 RNA polymerase, facilitating protein expression 

using T7 promoters in vectors (Rosano & Ceccarelli, 2009). 

The expression of recombinant protein begins with a plasmid encoding the desired protein. The 

plasmid is then introduced into designated host cells, followed by the cultivation of these cells 

and induction of protein expression. The process ends with cell lysis and analysis to verify the 

presence of the protein (QIAexpressionist, 2002). In this study, expression of 6×His-SUMO-

gp37 was conducted at different temperatures, and a time-course induction study was 

conducted to assess the level of protein expression. This involved collecting samples at various 

time points, including the control, and then adjusting the volume to account for cell growth 

(Vera et al., 2007). The empty vector was used as a control, to ensure that no other protein is 

being expressed other than the target protein. The recombinant protein was expressed using the 

pCA528 vector, which features a high-copy-number origin of replication and utilises the T7 

promoter for gene transcription. Expression is controlled by the presence of the lac operon, to 

which the lac repressor (LacI) binds blocking gene transcription. Protein expression is induced 

by adding isopropyl β-D-1-thiogalactopyranoside (IPTG), which binds to the lac repressor 

protein, inactivating it (Rosano & Ceccarelli, 2014). Once the lac repressor is inactivated, the 

RNA polymerase of the host cells transcribes the sequence downstream from the promoter. 

Subsequently, the generated transcripts undergo translation to form the recombinant protein 
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(QIAexpressionist, 2002; Rosano & Ceccarelli, 2014). To visualise the protein being induced 

at different time points post induction, samples were analysed by Sodium dodecyl-sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining. Western blotting 

analysis was subsequently employed to identify the recombinant protein, using a monoclonal 

Histidine antibody that specifically recognises the Histidine tag attached to the recombinant 

protein. This monoclonal His-antibody provides high specificity, ensuring that it binds to the 

target protein with precision and lowers the chances of nonspecific binding (Nguyen et al., 

2007; Shivachandra et al., 2012). 

To purify the recombinant protein, it is necessary to perform a solubility analysis to confirm if 

the target protein is in a soluble or insoluble state. Soluble protein is required for downstream 

applications, such as protein purification and quantification. The host strain, vectors and growth 

conditions play a significant role in the solubility of the recombinant protein (Rosano & 

Ceccarelli, 2014). The temperature used to grow E. coli for protein expression can affect protein 

solubility and yield, with temperatures of 15 - 25 °C often proving optimal for poorly soluble 

proteins (Geng & Carstens, 2006; San-Miguel et al., 2013). In this study, 6×His-SUMO-gp37 

was expressed at lower temperatures. High-temperature growth yields more protein synthesis 

but often results in a significant portion of recombinant protein being incorporated into 

inclusion bodies (Peti & Page, 2007). In contrast, lower temperatures facilitate better folding 

of the recombinant protein, maintaining its solubility (Geng & Carstens, 2006; Hwang et al., 

2014; Peti & Page, 2007; Rosano & Ceccarelli, 2014). The formation of these inclusion bodies 

is also influenced by factors such as the nature of the protein, the host cell, and the expression 

level, which is determined by the choice of vector, growth conditions and induction (Bhat et 

al., 2018; Hwang et al., 2014). Therefore, it is important to optimise induction conditions prior 

to protein purification. The purification of 6×His-SUMO-gp37 was carried out using Nickel- 

Nitrilotriacetic acids (Ni-NTA) affinity chromatography. This technique consists of Ni-NTA 

attached to Sepharose® CL-6B, providing a substantial binding capacity and minimal 

occurrence of nonspecific binding (QIAexpressionist, 2002). Protein purification under both 

native and denaturing conditions can be conducted using this method (De Young et al., 1993; 

Franken et al., 2000; QIAexpressionist, 2002; Rashid et al., 2005). Most proteins in the 

inclusion bodies are solubilised with detergents or denaturants, such as 8 M Urea, before the 

purification process begins (Franken et al., 2000). 

The aim of this chapter was to express the recombinant 6×His-SUMO-gp37 in Rosetta (DE3) 

E. coli competent cells in preparation for purification. The specific objectives were: i) to 
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transform pCA-gp37 into Rosetta (DE3) E. coli competent cells, ii) to express 6×His-SUMO-

gp37 at different temperatures and analyse by SDS-PAGE, followed by Western blot detection, 

and iii) to purify the 6×His-SUMO-gp37 under both native and denaturing conditions. 

4.2 Methods and materials 

4.2.1 Competent cell preparation 

A starter culture of Rosetta (DE3) E. coli cells was prepared by inoculating a single colony into 

5 mL of fresh LB broth (10 g/L Tryptone, 5 g/L Yeast Extract, and 10 g/L NaCl) and allowing 

the cells to grow overnight in a shaking incubator at 37 °C. The cells were then diluted by 

transferring 5 mL of the overnight culture into 95 mL of fresh LB broth and incubated at 37 °C 

in a shaking incubator while measuring the optical density at OD600 until it reached the mid-

log phase (0.4 to 0.6). The grown cell culture was incubated on ice for about 30 minutes. The 

culture was split into two 50 mL centrifuge tubes and centrifuged at 4000 ×g for 5 minutes at 

4 °C. The supernatant was discarded, and the pellets were resuspended in 30 mL of ice-cold 

100 mM MgCl2 by gently vortexing, then incubated on ice for 20 minutes. The cells were 

centrifuged at 4000 ×g for 5 minutes at 4 °C, and the supernatants were discarded. The pellets 

were resuspended in 25 mL of ice-cold 100 mM CaCl2 by gently pipetting and incubated on 

ice for 2 hours. The tubes were then centrifuged at 4000 ×g for 5 minutes at 4 °C, and the 

supernatants were discarded. The cells were resuspended in 5 ml of ice-cold 100 mM CaCl2 

and 5 mL of ice-cold 15 % glycerol. The cells were then transferred into sterile 1.5 mL tubes 

to make 200 µL aliquots and stored at -80 °C. 

4.2.2 Transformation of Rosetta (DE3) E. coli competent cells 

To transform Rosetta (DE3) E. coli competent cells, 2 µL (46.5 ng/µL) of pCA-gp37 and 2 µL 

of pCA528 (94.5 ng/µL) as a negative control were transferred into two separate tubes, each 

containing 50 µL of Rosetta (DE3) E. coli competent cells. The tubes were then placed on ice 

for 20 minutes and heat-shocked at 42 °C for 45 seconds. Subsequently, 950 µL of fresh LB 

broth was added, and the tubes were incubated in a 37 °C shaking water bath for 60 minutes. 

The cells were harvested by centrifugation at 5000 ×g for 1 minute, and 900 µL of the 

supernatant was discarded. The remaining 100 µL of cells were resuspended and spread onto 

the LB agar plate containing 50 µg/mL kanamycin. The plates were then placed in an incubator 

overnight at 37 °C. 
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4.2.3 The expression of 6×His-SUMO-gp37 in Rosetta (DE3) E. coli cells 

The transformed Rosetta (DE3) E. coli competent cells, containing pCA-gp37 and pCA528 as 

a negative control, were inoculated into 5 mL of LB broth containing 50 µg/mL kanamycin and 

incubated overnight at 37 °C with shaking. The cells were then diluted by transferring 5 mL of 

the overnight culture into 95 mL of fresh LB broth containing 50 µg/mL kanamycin. The 

mixture was incubated at 37 °C in a shaking incubator while measuring the optical density at 

OD600 until it reached a range between 0.6 and 0.8. Expression was induced with 1 mM IPTG, 

and a time course induction study was performed at 18 °C and 25 °C, respectively, with samples 

collected at 0-, 3-, 5-, and 24- hours post-induction (hpi). The cells were harvested by 

centrifugation at 5000 ×g for 5 minutes, and the pellets were resuspended in phosphate-

buffered saline (PBS) (137 mM NaCl, 27 mM KCL, 10 mM KH2PO4, 1.8 mM Na2HPO4, pH 

7.4), determined by the absorbance reading to standardise the OD600 to 0.5 using the formula: 

Volume of PBS (µL) = (OD600 ÷ 0.5) × 150 µL. The samples were prepared for SDS-PAGE 

and Western blot analysis. 

4.2.4 SDS-PAGE analysis 

The harvested cells, following induction and resuspension in PBS, were treated by boiling with 

the addition of 4× SDS sample buffer (0.1 % Bromophenol blue; 10 % SDS; 30 % glycerol 

(v/v); 50 mM Tris; 0.5 % β-mercaptoethanol) in a ratio of 4:1 for 10 minutes at 100 °C. The 

samples were then resolved using a 4 % acrylamide stacking gel (SureCast™ Acrylamide 

Solution (40 %) (Thermo Fisher Scientific, USA), 0.5 M Tris pH 6.8, 10 % SDS, 10 % APS, 

0.3 % TEMED, and ddH2O) and a 12 % acrylamide resolving gel (SureCast™ Acrylamide 

Solution (40 %) (Thermo Fisher Scientific, USA), 1.5 M Tris pH 8.8, 10 % SDS, 10 % APS, 

0.3 % TEMED, and ddH2O). The gels were then transferred into the electrophoresis tank, and 

electrophoresis buffer (250 mM Tris-base, 1.92 M glycine, and 1 % (w/v) SDS) was added. 

The boiled samples and PageRuler™ prestained protein ladder (Thermo Fisher Scientific, USA) 

were loaded into the wells. The samples were electrophoresed for 60 minutes at 200 Volts (V) 

using the Bio-Rad Mini protein 3 electrophoresis system (Bio-Rad, USA) or Invitrogen™ Mini 

Gel Tank (Thermo Fisher Scientific, USA). The gels were stained overnight with Coomassie 

brilliant blue R250 stain (3 g/L Coomassie dye R250, 40 % methanol, and 7 % Glacial acetic 

acid) overnight. Then they were destained with destain buffer (40 % methanol and 7 % Glacial 

acetic acid), which was changed by adding a fresh solution. The gels were visualised using the 

ChemiDoc™ XRS+ (Bio-Rad, USA) with Image Lab™ (Bio-Rad, USA) software. 
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4.2.5 Western blot analysis 

Samples were again resolved on SDS-PAGE gels as per Section 4.2.4 above without Coomassie 

staining for analysis by Western blot. The gel and nitrocellulose membrane (Bio-Rad, USA) 

were sandwiched between sheets of filter paper and then transferred into the electrophoresis 

tank. The tank was filled with Western transfer buffer (25 mM Tris; 192 mM glycine, 20 % 

methanol), and the protein transfer was initiated at 90 V for 60 minutes. Western blotting was 

conducted using the BM Chemiluminescence Western Blotting Kit (Mouse/Rabbit) (Roche, 

Germany), following the manufacturer’s guidelines. The membrane was recovered and 

incubated overnight in 1 % blocking reagent prepared in Tris-buffered saline (TBS) (50 mM 

Tris-HCl, pH 7.5, 150 mM NaCl). The membrane was washed twice for 10 minutes each with 

10 ml of TBS-T buffer (0.1 % Tween20 in TBS), followed by a 10-minute wash with 10 mL of 

TBS buffer. The membrane was then incubated with primary anti-His6(2) antibodies (Roche, 

Germany) diluted 1:3000 in 0.5 % blocking reagent for 1 hour with shaking, followed by two 

10-minute washes with TBS-T and a 10-minute wash with TBS buffer. The membrane was 

further incubated with secondary POD-labelled mouse/rabbit antibodies (BM Western blotting 

kit) (Roche, Germany), diluted 1: 12000 in 0.5 % blocking reagent for 30 minutes, followed 

by two 10-minute washes with TBS-T, and then 10-minute washes with TBS buffer. The 

detection solution was pre-mixed and applied to the membrane. Proteins were visualised using 

the ChemiDoc™ XRS+ (Bio-Rad, USA) with Image Lab™ (Bio-Rad, USA) software. 

4.2.6 Solubility analysis of 6×His-SUMO-gp37 

To prepare the lysate, a 50 mL culture induced for 24 hours at 18 °C with 1 mM IPTG to express 

6×His-SUMO-gp37 was harvested by centrifugation at 5000 ×g for 10 minutes at 4 °C. The 

pellets were resuspended in 2.5 mL of lysis buffer (100 mM Tris, 300 mM NaCl, and 10 mM 

imidazole, pH 8), which contained 100 µg/mL of lysozyme and 1 mM of the protease inhibitor 

Phenylmethylsulphonyl fluoride (PMSF). The lysates underwent three freeze-thaw cycles and 

were sonicated on ice (5 cycles with 15-second pulses). Subsequently, 1 mL of the sonicated 

whole lysate sample representing total protein was collected. The remaining sample was 

centrifuged at 5000 ×g for 20 minutes to obtain the supernatant (soluble fraction) and cell pellet 

(insoluble fraction). The pellets were resuspended in 2.5 mL of PBS and each sample prepared 

for analysis by SDS-PAGE and Western blot analysis as previously described in section 4.2.4 

and 4.2.5, respectively. 
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4.2.7 Purification of 6×His-SUMO-gp37 and SUMO-GFP using Ni-NTA affinity 

chromatography 

4.2.7.1 Green Fluorescent Protein (GFP) 

A plate containing the recombinant pCri-11b-GFP transformed in XJb::λ (DE3) E. coli cell was 

provided by Dr G. Abrahams (Rhodes University, South Africa). The vector used to clone GFP 

contained both SUMO and His-Tag, which facilitate protein purification The expressed protein 

was denoted as SUMO-GFP and was expressed for 24 hours at 18 °C, as previously described 

in section 4.2.3 for protein purification preparation. The purification of 6×His-SUMO-gp37 

and SUMO-GFP was conducted simultaneously under the same conditions.  

4.2.7.2 Protein purification of 6×His-SUMO-gp37 and SUMO-GFP under native 

conditions 

To purify the recombinant protein under native conditions (cells lysed with lysozyme), the 

samples were prepared as previously described in section 4.2.6. 0.2 mL of clarified 

supernatants (soluble fraction) were purified using the His Pur™ Ni-NTA Spin Purification kit, 

0.2 mL (Thermo Fisher Scientific, USA), following the manufacturer’s guidelines. The 

columns were washed five times with 0.4 mL washing buffer (200 mM sodium phosphate, 300 

mM NaCl, and 25 mM imidazole, pH 7.4), and the proteins were eluted with 0.2 mL elution 

buffer (200 mM sodium phosphate, 300 mM NaCl, and 250 mM imidazole, pH 7.4) in 

triplicate. The proteins were analysed using SDS-PAGE and Western blot analysis as 

previously described in section 4.2.4 and 4.2.5, respectively. 

4.2.7.3 Protein purification of 6×His-SUMO-gp37 and SUMO-GFP under denaturing 

conditions 

To purify the recombinant proteins under denaturing conditions (cells lysed with Urea), the 

bacterial pellet obtained through centrifugation after cell culturing was resuspended in 2.5 mL 

of lysis buffer (8 M Urea, 100 mM Tris, 300 mM NaCl, and 10 mM imidazole, pH 8). The cells 

were lysed by sonication (5 cycles with 15-second pulses) on ice. 1 mL of the sonicated sample 

was collected and represented the whole lysate for SDS PAGE analysis, and the remaining cell 

lysates were centrifuged at 5000 ×g for 20 minutes to collect the supernatants (soluble fraction). 

The pellets were resuspended in 2.5 mL of PBS and prepared for SDS-PAGE analysis. The 

clarified supernatants, 0.2 mL in volume, were purified using the His Pur™ Ni-NTA Spin 

purification kit (Thermo Fisher Scientific, USA). The columns were washed twice with a series 
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of Urea concentrations, using 0.4 mL of each of the washing buffers as shown in Table 4.1. The 

proteins were then eluted with 0.2 mL of elution buffer (100 mM Tris, 300 mM NaCl, and 250 

mM imidazole, pH 8). The proteins were analysed using SDS-PAGE and Western blot as 

previously described in section 4.2.4 and 4.2.5, respectively. 

Table 4.1. Description of wash buffers used in denaturing purification experiments. 

Washes Compositions 

Wash 1 8 M Urea, 100 mM Tris, 300 mM NaCl, and 25 mM imidazole, 

pH 8 

Wash 2 6 M Urea, 100 mM Tris, 300 mM NaCl, and 25 mM imidazole, 

pH 8 

Wash 3 4 M Urea, 100 mM Tris, 300 mM NaCl, and 25 mM imidazole, 

pH 8 

Wash 4 2 M Urea, 100 mM Tris, 300 mM NaCl, and 25 mM imidazole, 

pH 8 

Wash 5 100 mM Tris, 300 mM NaCl, and 25 mM imidazole, pH 8 

 

4.3 Results  

4.3.1 Expression of 6×His-SUMO-gp37 at 25 °C and 18 °C 

A time-course induction study of the total 6×His-SUMO-gp37 was conducted against the 

empty vector control at different temperatures, as depicted in Figure 4.1. The results show the 

total protein expressed in different time points (0-, 3-, 5- and 24-hours post-induction) at both 

25 °C and 18 °C. The expected size of 6×His-SUMO-gp37 was 42 kDa. At 25 °C (Figure 

4.1A1), a protein of approximately 42 kDa was visible at 3 hours post-induction (hpi) in lane 

4, with increased intensity at 5 hpi (lane 6) and 24 hpi (lane 8). Western blot analysis using 

anti-His antibodies confirmed the expression of 6×His-SUMO-gp37 as a 42 kDa His-tag fusion 

protein (Figure 4.1A2). At 0 hpi (lane 2), no His-tagged protein was expressed, as confirmed 

by Western blot analysis showing the absence of 6×His-SUMO-gp37 (Figure 4.1A2). In lanes 

1, 3, 5, and 7 of the empty vector, there was no protein expression, as confirmed by Western 

blot, indicating the absence of the His-tagged protein at the expected size (Figure 4.1A1). 

Additionally, nonspecific bands were detected with increasing intensity between 25 and 35 kDa 
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in lanes 6 and 8 (Figure 4.1A1), which were not detected by the Western blot analysis (Figure 

4.1A2). 

Similar outcomes were observed at 18 °C (Figure 4.1B1), where a protein of approximately 42 

kDa was visible at 3 hpi (lane 4) and increased in intensity at 5 hpi (lane 6) and 24 hpi (lane 8). 

Western blot analysis using anti-His antibodies confirmed the expression of 6×His-SUMO-

gp37 as a 42 kDa His-tag fusion protein (Figure 41B2). At 0 hpi (lane 2), no protein was 

observed, as confirmed by Western blot analysis showing no detection of 6×His-SUMO-gp37 

(Figure 4.1B2). In lanes 1, 3, 5, and 7 of the empty vector, there was no protein expression, as 

confirmed by Western blotting, indicating the absence of the His-tagged protein at the expected 

size (Figure 4.1B1). Additionally, nonspecific bands were also detected with increasing 

intensity at approximately 25 kDa in the empty vector (Figure 4.1B1), and these bands were 

also detected by Western blot analysis (Figure 4.1B2) 
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Figure 4.1. Expression of 6×His-SUMO-gp37 at two different temperatures. Panel A1 shows 

SDS-PAGE analysis at 25 °C, while Panel B1 shows SDS-PAGE analysis at 18 °C. Panel A2 

and B2 show Western blot analyses. Lane M represents the protein ladder in kilodaltons (kDa), 

lanes 1,3,5, and 7 represent samples taken at 0-, 3-, 5- and 24- hpi (empty vector control), and 

lanes 2, 4, 6 and 8 represent samples taken at 0-, 3-, 5- and 24 hpi (6×His-SUMO-gp37), 

respectively. 

4.3.2 Solubility analysis of 6×His-SUMO-gp37 under native conditions 

The results show cells that were lysed with lysozyme under native conditions and centrifuged 

to separate the whole lysate (total protein), insoluble (pellet fraction), and soluble (supernatant 

fraction). 6×His-SUMO-gp37 was harvested 24 hours post-induction at both 25 °C and 18 °C, 

as shown in Figure 4.2 below. At 25 °C (Figure 4.2A1), both the whole lysate and pellet 

fractions show the presence of 6×His-SUMO-gp37 with high band intensity, visible in lanes W 

and P, respectively. This was confirmed by Western blot analysis using the anti-His antibodies 

which showed the detection of bands between 55 and 40 kDa for both the whole lysate and 

pellet fractions (Figure 4.2A2). No 6×His-SUMO-gp37 was detected in the soluble fraction, as 

shown in lane S (Figure 4.2A1), and this absence was further confirmed by Western blot 

analysis using the anti-His antibodies (Figure 4.2A2). 

At 18 °C (Figure 4.2B1), similar outcomes were observed in both the whole lysate and pellet 

fractions in lanes W and P, respectively. However, a band of 6×His-SUMO-gp37 was detected 

in the soluble fraction, as shown in lane S (Figure 4.2B1), and this observation was further 
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confirmed by Western blot analysis using the anti-His antibodies, which detected the respective 

target bands (Figure 4.2B2).  

 

Figure 4.2. Solubility analysis of 6×His-SUMO-gp37 under native conditions (cells lysed with 

lysozyme) at two different temperatures. Panel A1 shows SDS-PAGE analysis of proteins 

expressed at 25 °C, while Panel B1 shows SDS-PAGE analysis of proteins expressed at 18 °C. 

Panel A2 and B2 show Western blot analyses of proteins expressed at 25 and 18 °C, 

respectively. Lane M represents the protein marker in kilodaltons (kDa), lane W represents the 

whole lysate (total protein), lane P represents the pellet fraction (insoluble after centrifugation), 

and lane S represents the supernatant fraction (soluble after centrifugation). 

4.3.3 Purification of 6×His-SUMO-gp37 and SUMO-GFP using affinity chromatography  

6×His-SUMO-gp37 and SUMO-GFP were expressed at 18 °C, purified under native conditions 

(cells lysed with lysozyme) and denaturing conditions (cells lysed with Urea) (Figure 4.3). This 

section refers to bacterial cells that were lysed with lysozyme. Under native conditions (Figure 

4.3A and B), 6×His-SUMO-gp37 was detected in the flow-through, as shown in lane FT, 

however, no protein was eluted, as indicated in lanes E1-E3 (Figure 4.3A). No band running at 

the size of 6×His-SUMO-gp37 was detected in the wash fraction, as expected in lane W1 

(Figure 4.3A). Bands of approximately 42 kDa representing SUMO-GFP, were observed in the 

whole lysate (lane W) and Supernatant (lane S), while no band was observed in the pellet (lane 

P) fraction. SUMO-GFP was lost in the flow-through, as shown in lane FT, but was 

subsequently eluted with a clear band observed in each lane, E1-E3 (Figure 4.3B). 
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This section refers to bacterial cells that were lysed with Urea. Under denaturing conditions 

(Figure 4.3C1 and D), a 42 kDa band representing 6×His-SUMO-gp37 was observed in the 

whole lysate (lane W), supernatant (lane S), and pellet (lane P) fractions. A band of lower 

intensity representing 6×His-SUMO-gp37 was observed in the flow through, as shown in lane 

FT, and in lanes E1-E3, with nonspecific bands detected between 25 and 35 kDa (Figure 

4.3C1). Only a little protein was detected in the wash fraction, as shown in lane W1 (Figure 

4.3C1). This was confirmed by Western blot analysis using anti-His antibodies, which showed 

the expected bands at approximately 42 kDa, along with nonspecific bands detected at a higher 

molecular weight. SUMO-GFP also exhibited bands of high intensity in the whole lysate (lane 

W) and Supernatant (lane S), while a low intensity band was observed in the pellet (lane P). 

No protein was lost in flow-through, as shown in lane FT, with SUMO-GFP subsequently 

eluted, producing clear high intensity bands in lanes E1-E3 (Figure 4.3D). 
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Figure 4.3. Purification of 6×His-SUMO-gp37 and SUMO-GFP under native (cells lysed with 

lysozyme) and denaturing conditions (cells lysed with Urea). SDS-PAGE analysis under native 

conditions of A) 6×His-SUMO-gp37 and B) SUMO-GFP. SDS-PAGE analysis under 

denaturing condition of C1) 6×His-SUMO-gp37 and D) SUMO-GFP. Panel C2 shows Western 

blot analysis of 6×His-SUMO-gp37 under denaturing conditions. Lane M represents the Page 

Ruler pre-stained protein marker in kilodalton (kDa), lane W represents the whole lysate (total 

protein), lane P represents the pellet fraction (insoluble after centrifugation), lane S represents 

the supernatant fraction (soluble after centrifugation). Lane FT represents the flow-through 

fraction, lane W1 represents the wash fraction, and lanes E1-E3 represent the eluates, 

respectively. 

4.4 Discussion  

The overall aim of this chapter was to express 6×His-SUMO-gp37 in a bacterial system at 

different temperatures and then analyse the protein through SDS-PAGE with Coomassie 

staining and Western blot analysis using anti-His antibodies.  

The host cell plays a significant role in the production of the target protein. In this study, E. coli 

was chosen as a host organism due to the utilisation of a bacterial expression vector, its fast 

growth rate (Sezonov et al., 2007), well characterised biology, ability to achieve high density 

using inexpensive culture reagents (Shiloach & Fass, 2005), and efficient transformation with 

exogenous DNA (Pope & Kent, 1996). However, the heterogeneous expression of recombinant 

protein in E. coli often leads to protein aggregation into inclusion bodies. This presents a 

significant challenge in producing soluble recombinant proteins with proper biological 

functions (Bhatwa et al., 2021). 

A time course induction study was performed in which transformed cells were induced at 25 

°C and 18 °C for 0-, 3-, 5- and 24 hours. The results of SDS-PAGE of samples collected at 

various time points showed that a protein of approximately 42 kDa was visible at 3 hpi, with 

maximal expression at 24 hpi. Western blot analysis of the samples using anti-His antibodies 

confirmed that 6×His-SUMO was expressed as a 42 kDa His-SUMO-tag fusion protein. No 

leaky expression was observed before IPTG induction, as confirmed by Western blot analysis, 

indicating tight regulation of the gene in the plasmid. Additionally, a preliminary time course 

induction study of 6×His-SUMO-gp37 was performed at 37 °C, yielding similar results (results 

not shown). Inducing at 37 °C has disadvantages despite the high protein synthesis rate, it often 

leads to the incorporation of recombinant protein into inclusion bodies (Geng & Carstens, 
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2006). To optimise solubility of 6×His-SUMO-gp37, the recombinant protein was expressed at 

lower temperatures. At lower temperatures, aggregation is reduced due to the temperature-

dependent nature of hydrophobic interactions (Kataeva et al., 2005; Pinsach et al., 2008; 

Sahdev et al., 2008; Volontè et al., 2008). Additionally, decreased temperature slows protein 

production rates, allowing newly transcribed recombinant proteins with more time for proper 

correct folding (Chou, 2007; QIAexpressionist, 2002; Rosano & Ceccarelli, 2014). The next 

step involved conducting a solubility analysis at both 18 °C and 25 °C. Solubility analysis is a 

critical step in protein purification as it ensures that the target protein is in a soluble form, 

essential for downstream applications such as protein purification and quantification (Rosano 

& Ceccarelli, 2014; Vera et al., 2007). The solubility analysis revealed that some 6×His-

SUMO-gp37 was soluble at 18 °C but predominantly present in the insoluble fraction at both 

18 °C and 25 °C. Additionally, a preliminary solubility analysis of 6×His-SUMO-gp37 

harvested at 5- and 24 hpi at 37 °C showed that the protein was predominantly present in the 

insoluble fraction rather than soluble fraction (results not shown). This suggests that the protein 

might be aggregating, resulting in the formation of inclusion bodies. The formation of protein 

inclusion bodies in E. coli is a result of an unbalance equilibrium involving proper folding, 

aggregation, and degradation (Donovan et al., 1996). Various factors contribute to this process, 

including host cell metabolism, protein synthesis, modification machinery, properties of the 

target protein such as signal peptides or transmembrane domains, and environmental conditions 

(Bhatwa et al., 2021). 

The Rosetta (DE3) cells were used as a host strain for expressing the recombinant protein. 

These cells carry the chloramphenicol-resistance plasmid, pRARE, which supplies tRNAs for 

AGG, AGA, CUA, CCC, and GGA codons under the control of their native promoter (Novy et 

al., 2001). In silico analysis revealed that 6×His-SUMO-gp37 contains 12 AGG, 27 AGA, 6 

CCC, 14 CUA and 18 GGA codon, with expression likely benefiting from the presence of the 

pRARE plasmid. These rare codons are capable of causing translational frame shifting, 

premature translation termination, and misincorporation of amino acids that reduce the quality 

of the product or prevent a good expression yield (Calderone et al., 1996; Gerchman et al., 

1994; Kane, 1995; Spanjaard & Van Duin, 1988). Rosetta (DE3) cells were initially cultured 

on chloramphenicol LB agar plates to verify the presence of the plasmid. The cells were able 

to grow abundantly, confirming the presence of the chloramphenicol resistance plasmid, 

pRARE. Even though Rosetta (DE3) cells improve expression yield, it has been reported that 

using bacterial strains that overcome codon bias can also lead to protein misfolding and 
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insolubility (Rosano & Ceccarelli, 2009). This suggests that such may be the case with 6×His-

SUMO-gp37, which was predominantly found in the insoluble fraction. Eukaryotic proteins 

expressed in E. coli cells often form insoluble inclusion bodies (Rosano & Ceccarelli, 2014). 

This is due to the inability of bacterial cells to carry out post-translational modifications such 

as, glycosylation, phosphorylation, acetylation, and proteolytic processing, which are critical 

for the formation of folded, active protein (Wingfield, 2015; Zhang et al., 2004). The SUMO 

tag has been demonstrated to significantly improve protein stability and solubility when used 

as an N-terminal fusion (Guerrero et al., 2015; Marblestone et al., 2006). However, the 

mechanism behind the solubility enhancement by the SUMO tag is unknown. Surprisingly, the 

presence of the SUMO tag in pCA528 did not enhance the solubility of 6×His-SUMO-gp37, 

as the protein remained predominantly in the insoluble fraction at both temperatures. The 

solubility of the protein can be improved by changing expression conditions, such as lowering 

temperatures (25 - 15 °C), media, host strains, expression vector, and concentrations of the 

inducer. All these options were implemented, except for lowering the concentration of IPTG. 

In this study, a high concentration of 1 mM IPTG was used to induce expression of 6×His-

SUMO-gp37. It has been observed that reducing the concentration of IPTG improves solubility 

of the protein. For example, the solubility of recombinant cyclomaltodextrinase (CDase) is 

notably influenced by the inducer concentration. Specifically, when induced with 0.05 mM 

IPTG, the protein remains soluble and active. However, doubling the inducer concentration to 

0.1 mM results in the expressed protein becoming insoluble and inactive (Turner et al., 2005). 

This can be explored in future experiments. 

Proteins that are soluble in the cytoplasm can be purified under native conditions (Bornhorst 

& Falke, 2000). In this study, affinity purification under native conditions revealed that 6×His-

SUMO-gp37 was mainly in the flow-through, indicating poor binding to the purification 

column. Consequently, a soluble SUMO-GFP was utilised to confirm the integrity of the 

purification kit. The SUMO-GFP was successfully purified under both native conditions (cells 

lysed with lysozyme) and denaturing conditions (cells lysed with Urea), showing high levels 

of elution of a GFP sized protein, indicating the efficiency of the purification kit. However, 

even after thorough testing of the purification kit, 6×His-SUMO-gp37 under native conditions 

could still not be purified. There are several reasons reported in the literature as to why the 

recombinant protein may not bind to the column, such as the His-tag not being accessible, 

protein precipitation in the column, and protein aggregation or existing in a multimeric form 

(Bornhorst & Falke, 2000; QIAexpressionist, 2002; Rosano & Ceccarelli, 2014). Purification 
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under native conditions may face hindrances if the target protein is insoluble, forms aggregates 

in inclusion bodies, or possesses a tertiary structure that occludes the polyhistidine affinity tag 

(Bornhorst & Falke, 2000; Francis & Page, 2010). Consequently, protein purification may 

require the use of denaturing detergents such as 8 M urea during the process. 

Affinity purification under denaturing conditions successfully resulted in the elution of 6×His-

SUMO-gp37 with contaminants at a lower molecular weight. The contaminants may be 

attributed to binding and washing conditions not being stringent enough, contaminations that 

are associated with tagged proteins, or contamination in the form of truncated protein 

(Bornhorst & Falke, 2000). Western blot analysis was used to confirm the denatured target 

protein, and nonspecific bands were observed at higher molecular weights in both the flow-

through and the eluates, but not at lower molecular weights. This suggests that nonspecific 

bands at high molecular weights may be caused by high concentrations of antibodies or may 

have resulted from denaturing conditions. The use of 8 M urea increases solubility of the 

protein by disrupting the non-covalent interactions that maintain its native, folded structure, 

causing the protein to lose its three-dimensional structure and unfold (De Young et al., 1993; 

Rashid et al., 2005). 

Proteins purified under denaturing conditions need to be refolded into their active state by 

dialysing away the denaturants (Bornhorst & Falke, 2000). In some cases, protein refolding 

can occur while the protein is bound to the resin (Sinha et al., 1994). At high urea concentration 

(8 M), proteins are denatured due to the chaotropic effect. In contrast, at low urea 

concentrations, they tend to stabilise the structure of the target protein and facilitate protein 

refold (Hevehan & De Bernardez Clark, 1997; Singh & Panda, 2005). In this study, a series of 

urea concentration ranging from 6 M to 1 M, was used to refold the denatured protein. The 

wash buffers during purification contained urea (6- 1 M) to wash away nonspecific proteins 

and simultaneously refold the protein, yielding pure refolded protein. However, the gradual 

removal of urea from the solubilised protein is required to achieve high refolding efficiency 

(Okada et al., 2009), which can be time consuming. No protein degradation was observed in 

the SDS-PAGE analysis in this study, suggesting that the protein was stable. However, due to 

time constraint, no experiments were conducted to validate the refolded recombinant protein, 

and no downstream applications were performed, such as dialysis and quantification. 

Subsequently, the pelleted fraction of 6×His-SUMO-gp37 obtained under native condition was 

used to conduct a preliminary biological assay. 
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In conclusion, the 6×His-SUMO-gp37 was efficiently expressed at both 25 °C and 18 °C, and 

its purification under denaturing conditions was achieved. However, the native form of 6×His-

SUMO-gp37 proved to be insoluble, hindering its purification. The next chapter will focus on 

utilising the insoluble protein pellet to assess the biological activity of 6×His-SUMO-gp37 on 

T. leucotreta larval mortality when combined with CrleGV-SA in a laboratory biological assay. 
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Chapter 5 

Evaluation of 6×His-SUMO-gp37 on Thaumatotibia leucotreta 

larval mortality when combined with CrleGV-SA in laboratory 

biological assay 

5.1 Introduction  

In chapter 4, the 6×His-SUMO-gp37 was expressed at different temperatures. However, it was 

predominantly found in the insoluble fraction. Consequently, the 6×His-SUMO-gp37 in the 

pellet fraction (cells lysed with lysozyme) was used to conduct the biological assay. The 

Biological assays are employed to determine the virulence of a virus against a specific host. 

The aim of this chapter was to evaluate the effect of pelleted 6×His-SUMO-gp37 on T. 

leucotreta larval mortality when combined with CrleGV-SA in laboratory biological assays. 

Biological assays are employed to determine the virulence of a virus against a specific host. 

The virulence of a pathogen can be assessed through experimental means, using biological 

assays to collect data, which can then be used to construct mortality curves (Cory & Bishop, 

1997). Comparing these mortality curves allows evaluation of the relative virulence of different 

treatments and determination of the doses required to cause a specific percentage of the 

population’s mortality. These doses, or concentrations, can vary depending on the method of 

virus administration; ‘dose’ refers to the quantity of OBs ingested, whereas ‘concentration’ 

signifies the density of OBs administered. The evaluation of biological activity can be 

quantified differently depending on the chosen method, either as the lethal concentration (LC), 

lethal dose (LD), or lethal time (LT) (Grzywacz et al., 2004). 

In this study, two concentration doses, corresponding to LC50 and LC90, were prepared for the 

biological assays. The LC50 and LC90 values for CrleGV-SA against T. leucotreta have been 

reported as 4.09×103 and 1.18×105 OBs/mL, respectively (Moore et al., 2011). Additionally, in 

a recent study by Taylor (2021), the LC50 and LC90 values for CrleGV-SA were reported as 

1.54×104 and 4.10×105 OBs/mL, respectively. The LC90 represents the concentration level 

required to kill 90 % of larvae in a given sample, while the LC50 indicates the concentration of 

the virus required to kill 50 % of the larvae in a sample (Moore et al., 2011; Thomas & Elkinton, 

2004).  
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Several methods have been developed to evaluate the biological efficacy of baculoviruses. 

These methods include droplet feeding, diet incorporation, and surface dose assays, each of 

which comes with its own set of strengths and weaknesses (Grzywacz et al., 2004). This study 

used the surface dose method to evaluate the biological activity of 6×His-SUMO-gp37 on T. 

leucotreta larval mortality when combined with CrleGV-SA. This method involves applying 

the virus to the surface of the diet, and then allowing larvae to feed. It is effective for larvae 

that burrow into their food source, as they ingest a single dose while tunnelling through the 

surface. The precise number of OBs consumed by each larva cannot be determined, thus the 

dose-response must be determined based on concentration rather than the number of OBs 

ingested. Moreover, this method has been extensively used to test baculoviruses against T. 

leucotreta neonates, establishing a strong foundation for the current study (Jukes, 2018; Moore 

et al., 2011; Opoku-Debrah et al., 2016; Taylor, 2021). The pelleted fraction transformed with 

pCA528 (empty vector) was used as a control in combination with CrleGV-SA to ensure that 

no other factors were affecting the mortality of larvae. To analyse the results, an analysis of 

variance (ANOVA) was used to study differences between two or more independent group 

means. This provides evidence of the equality of means between the treatment groups (Steel & 

Torrie, 1986; Quinn & Keough, 2002). 

The aim of this study was to use a surface dose biological assay to evaluate the mortality of T. 

leucotreta neonate larvae exposed to lethal concentrations of CrleGV-SA, both independently 

and in combination with either bacterial extracts expressing 6×His-SUMO-gp37 or bacterial 

extracts transformed with pCA528 (empty vector). The specific objectives were: i) to determine 

the working solutions of the concentration doses of CrleGV-SA, ii) to prepare the virus 

treatments containing either 6×His-SUMO-gp37 or pCA528 and ddH2O (control), and iii) to 

conduct a surface dose bioassay and statistically analyse the results using a one-way ANOVA 

in R. 

5.2 Methods and materials 

5.2.1 6×His-SUMO-gp37 and pCA528 (empty vector) preparations 

A new induction of 6×His-SUMO-gp37 and pCA528 (empty vector) was conducted at 18 °C 

for 24 hours under native conditions (cells lysed with lysozyme), following the protocol 

described in Chapter 4, section 4.2.3. The target protein, 6×His-SUMO-gp37, and the control, 

pCA528, were obtained by lysing the cells, centrifuging the samples, and collecting the 

insoluble fractions in pellet form. These pellets were then resuspended in PBS and used as 
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treatments. These treatments were denoted as bacterial extracts expressing 6×His-SUMO-gp37 

and bacterial extracts transformed with pCA528, respectively. The samples were then analysed 

by SDS-PAGE and Western blotting, as previously described in Chapter 4, sections 4.2.4 and 

4.2.5, respectively. 

The concentrations of the pellet fractions were determined using a protocol outlined by 

Desjardins et al. (2009). Measurement of the pellets’ concentration was carried out using a 

Nanodrop® spectrophotometer (Thermo Fisher Scientific, USA), by assessing the absorbance 

at 280 nm (1 Abs = 1 mg/mL). Initially, 2 µL of PBS served as a blanking solution. Following 

blanking, the solution was wiped off from both the lower and upper pedestals. Subsequently, 2 

µL of either bacterial extracts of 6×His-SUMO-gp37 or bacterial extracts of pCA528 was 

measured in triplicate, using a fresh aliquot of the sample for each measurement. The estimated 

concentration of bacterial extracts expressing 6×His-SUMO-gp37 was 7.707 mg/mL, while 

that of bacterial extracts transformed with pCA528 was 2.373 mg/mL. A final concentration of 

100 µg/mL of the pellet fraction was utilised as treatments in biological assays against T. 

leucotreta neonates. 

5.2.2 Acquisition of neonates 

The T. leucotreta eggs were laid on wax paper, cut to fit into the Petri dishes, and washed for 

15 seconds in a 1 % (w/v) sodium hypochlorite solution, followed by a rinse in sterile water. 

The sheets were allowed to dry in a laminar flow cabinet. Afterward, they were placed into 

petri dishes, sealed with Parafilm, and incubated in the controlled environment (CE) room at 

25 °C until the eggs hatched. 

5.2.3 Surface-dose biological assay 

Dosages with concentrations of 2.96×104 and 2.96×105 OBs/mL were prepared and used to 

conduct a surface biological assay, each in triplicate. Each assay was carried out using neonate 

T. leucotreta larvae that were reared on an artificial diet. The artificial diet was prepared by 

baking 250 g of diet, as described by Moore et al. (2014), mixed with 250 mL of ddH2O at 200 

°C for 30 minutes in a flat baking dish. Plugs of the diet were transferred into 24-well plates 

and compressed with a syringe plunger. Each experiment consisted of four 24 well plates, with 

each plate inoculated with one of the four treatments: CrleGV-SA alone, CrleGV-SA in 

combination with the bacterial extracts expressing 6×His-SUMO-gp37 (100 µg/mL), CrleGV-

SA in combination with the pelleted bacteria transformed with pCA528 (100 µg/mL), and 

ddH2O as a control. Experiments were performed in triplicate with two different CrleGV-SA 
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concentrations tested: a low dose of 2.96×104 OBs/mL and a high dose of 2.96×105 OBs/mL, 

as described in Table 5.1. Each well received 100 µL of the respective treatment per plate, and 

plates were left with the lids off to allow the wells to dry before transferring a single neonate 

larva to each inoculated well. Once all four plates had been prepared, neonate larvae were left 

to feed on the treated diet for 7 days in a CE room maintained at 25 °C. After 7 days, diet plugs 

in each well were inspected for surviving larvae or cadavers, and the number of dead larvae 

was recorded for each treatment. 

Table 5.1. List of the four treatments used for biological assays at two concentrations of 

CrleGV-SA OBs. The descriptions of the treatments were abbreviated as shown under the two 

concentration doses of CrleGV-SA. 

Descriptions 
Treatments 

CrleGV-SA Low Dose 
(2.96 ×104 OBs/mL) 

CrleGV-SA High Dose 
(2.96 ×105 OBs/mL) 

Bacterial extracts 
expressing 6×His-SUMO-

gp37 (100 µg/mL) + 
CrleGV-SA 

CrleGV-SA L + gp37 CrleGV-SA H + gp37 

Bacterial extracts 
transformed with pCA528 
(100 µg/mL) + CrleGV-SA 

CrleGV-SA L + pCA528 CrleGV-SA H + pCA528 

CrleGV-SA alone CrleGV-SA L CrleGV-SA H 

ddH2O (Control) Water Water 
 

5.2.4 Statistical analysis 

The data obtained from each bioassay were analysed using RStudio version 1.2.1335 © 2009-

2019, and percentage mortality was compared using a one-way ANOVA, following the 

example provided (https://www.scribbr.com/statistics/anova-in-r/). Conducting ANOVA in R 

involves loading the data, performing the ANOVA test, conducting a post-hoc test, plotting the 

results on a graph, and reporting the outcomes.  

https://www.scribbr.com/statistics/anova-in-r/
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5.3 Results  

5.3.1 Solubility analysis of 6×His-SUMO-gp37 and pCA528 (empty vector) 

Fresh solubility analyses of both 6×His-SUMO-gp37 and pCA528 (empty vector) were 

conducted under native conditions (cells lysed with lysozyme) in preparation for the biological 

assay (Figure 5.1). The results distinguished the presence of 6×His-SUMO-gp37 in the 

recombinant vector from that in the empty vector. In solubility analysis (S1), 6×His-SUMO-

gp37 was predominantly in the pellet fraction (lane P) compared to the supernatant fraction 

(lane S) at approximately 42 kDa. Lane W shows the whole lysate (total protein) of 6×His-

SUMO-gp37. Western blotting analysis using anti-His antibodies showed that bands detected 

in lane W and P are 6×His-SUMO-gp37. In solubility analysis (S2), no His-tag protein was 

detected in the pCA528. This was confirmed by Western blot analysis using anti-His antibodies, 

which showed the absence of the His-tagged protein. The concentration of the pellet fraction 

of 6×His-SUMO-gp37 was 7.707 mg/mL with a standard deviation of 0.348 mg/mL, while the 

concentration of the pellet fraction of pCA528 (empty vector) was 2.373 mg/mL with a 

standard deviation of 0.027 mg/mL. 

 

Figure 5.1. Solubility analysis of 6×His-SUMO-gp37 and pCA528. Panel A shows SDS-PAGE 

analysis, and Panel B shows Western blot analysis, respectively. S1 indicates the solubility 
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analysis of 6×His-SUMO-gp37, while S2 indicates the solubility analysis of pCA528 (empty 

vector). Lane M represents the protein marker in kilodaltons (kDa), lane W represents the 

whole lysate (total protein), lane P represents the pellet fraction (insoluble after centrifugation), 

and lane S represents the supernatant fraction (soluble after centrifugation). 

5.3.2 Biological activity of CrleGV-SA in combination with 6×His-SUMO-gp37 against T. 

leucotreta neonates 

The bacterial extracts expressing 6×His-SUMO-gp37 was used as an additive to CrleGV-SA to 

evaluate its biological effect on larval mortality in laboratory bioassays. Three replicates were 

performed for the two dosages of CrleGV-SA, each in combination with bacterial extracts 

expressing 6×His-SUMO-gp37 and bacterial extracts transformed with pCA528. Additionally, 

ddH2O was used separately as a control. The Table below shows the average percentage of 

larval mortality for each treatment against T. leucotreta (Table 5.2). A 4.5 % difference was 

observed between CrleGV-SA L + gp37 and CrleGV-SA L. A 3.9 % difference was also 

observed between CrleGV-SA L + pCA528 and CrleGV-SA L. A 5.6 % difference was observed 

between CrleGV-SA H + gp37 and CrleGV-SA H. The same outcomes were observed for 

CrleGV-SA H + pCA528. No difference was observed between CrleGV-SA H + gp37 and 

CrleGV-SA H + pCA528. The average percentage mortality of all three replicates is presented 

in Table 5.2. 

Table 5.2. The average percentage mortality and standard deviation (SD) for each dose-

response biological assay replicate. 

 Low Dose (2.96×104 OBs/mL) High Dose (2.96×105 OBs/mL) 

Treatments Mortality (%) SD Mortality (%) SD 

Bacterial extracts 

expressing 6×His-

SUMO-gp37 + 

CrleGV-SA 

 

37.5 % 11.03 88.9 % 2.40 

Bacterial extracts 

transformed with 

pCA528 + 

CrleGV-SA 

29.1 % 4.17 88.9 % 4.81 
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CrleGV-SA alone 

 
33 % 7.22 83.3 % 7.22 

ddH2O 8.3 % 4.17 9.2 % 2.41 

 

5.3.3 One-way ANOVA statistical analysis 

A one-way ANOVA statistical analysis was conducted using R to compare the mortality 

observed between treatments for each dose against T. leucotreta neonates (Figure 5.2). A 

statistical difference was observed between treatments in experiments conducted with both low 

(F (3) = 9.667, p = 0.00489) and high (F (3) = 210.3, p = 6.0208) concentrations of CrleGV-SA 

OBs. A Tukey HSD post-hoc test was conducted to evaluate differences between treatments for 

each tested concentration. No significant differences (p > 0.05) were observed between 

treatments with CrleGV-SA combined with bacterial extracts expressing 6×His-SUMO-gp37, 

CrleGV-SA combined with bacterial extracts transformed with pCA528, and CrleGV-SA alone 

at both lower and higher CrleGV-SA concentrations (Figure 5.2A and B). A significant 

difference (p < 0.05) was observed between virus treatments and the control (water only) 

treatment at both CrleGV-SA concentrations (Figure 5.2A and B). 

 

Effect of 6×His-SUMO-gp37 on CrleGV-SA at 2.96×104 OBs/mL

A
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Figure 5.2. Evaluation of the effect of 6×His-SUMO-gp37 on CrleGV-SA against T. leucotreta 

A) low (2.96×104 OBs/mL) and B) High (2.96×105 OBs/mL) concentrations. Treatments 

include CrleGV-SA alone (CrleGV), CrleGV-SA combined with bacterial extracts expressing 

6×His-SUMO-gp37 (CrleGV + gp37), CrleGV-SA combined with bacterial extracts 

transformed with the pCA528 vector (CrleGV + pCA528), and ddH2O control (water). 

Different letters (a and b) indicate significant differences between treatments. 

5.4 Discussion  

This chapter focused on the relative virulence of a mixed infection of CrleGV-SA and pelleted 

bacteria expressing 6×His-SUMO-gp37 on T. leucotreta larvae in laboratory bioassays. The 

working solutions of CrleGV-SA used for the bioassay were 2.96×104 OBs/mL and 2.96×105 

OBs/mL. A preliminary experiment was conducted to validate the CrleGV-SA concentration 

doses. The results showed that the low and high doses killed approximately 40 % and 90 % of 

the T. leucotreta larval population, respectively (results not shown). Consequently, when a 

combination of treatments is applied, an increase or decrease in mortality can be observed. 

The target protein was obtained by lysing cells with lysozyme, centrifuging the sample, and 

collecting the pelleted insoluble fraction. The bacterial extracts expressing 6×His-SUMO-gp37 

were subsequently used in combination with CrleGV-SA. A final concentration of 100 µg/mL 

of 6×His-SUMO-gp37 was used to conduct bioassays. In another study, bioassays revealed that 

Effect of 6×His-SUMO-gp37 on CrleGV-SA at 2.96×105 OBs/mL

B
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the inclusion of 30.0 µg/mL of purified gp37 in the inoculum significantly enhance the 

infectivity of SeMNPV and AcMNPV (Liu et al., 2011). Since the cell lysate of 6×His-SUMO-

gp37 was not purified, and no accurate quantification of the recombinant protein was 

conducted, the final concentration of 6×His-SUMO-gp37 was increased to 100 µg/mL 

compared to the study conducted by Liu et al. (2011). To obtain the control, cells were lysed 

with lysozyme, centrifuged, and the insoluble fractions in the pelleted form were collected. The 

bacterial extracts transformed with pCA528 (empty vector) were used as a control, and a 

concentration of 100 µg/mL was applied to ensure that no other factors were affecting the 

function of the recombinant protein. Additionally, a ddH2O control was used to ensure that no 

other external factors were influencing the mortality of T. leucotreta neonates. 

The final objective was to conduct surface bioassays using the prepared virus treatments on T. 

leucotreta and statistically analyse the results using R. A biological assay was conducted, 

wherein the virus was administered using a surface dose method. This method was chosen 

because it resembles the way the virus would be administered in the field and how the larvae 

likely feed on the viruses in the field (Moore et al., 2011). The larvae burrow into the fruit 

without causing visible damage, feeding inside throughout their larval phase. To introduce 

viruses to the larvae, applying OBs to the fruit before larval entry is the most practical method. 

This allows larvae to inadvertently consume the OBs while burrowing, making the surface dose 

protocol the most comparable field method for virus contact. In South Africa’s citrus industry, 

where the T. leucotreta pest is a concealed threat, neonate larvae serve as the most accessible 

stage for field targeting. Therefore, they are frequently used to evaluate the biological activity 

of CrleGV in controlling the pest (Moore et al., 2011; Opoku-Debrah et al., 2016). 

To analyse larval mortality in each treatment, the average larval mortalities were subjected to 

a one-way ANOVA test. This statistical technique determines if treatment means significantly 

differ from the overall treatment by comparing the variance within each treatment to the overall 

variance of the entire dataset (Bevans, 2023). This study revealed a statistical difference 

between treatments in experiments conducted with both low and high concentrations of 

CrleGV-SA. A p-value below 0.05 indicates differences among the treatments, while a p-value 

above 0.05 indicates no difference among the treatments. A Turkey multiple comparison of the 

means revealed that no significant differences were observed between CrleGV-SA in 

combination with either bacterial extracts expressing 6×His-SUMO-gp37, or bacterial extracts 

transformed with pCA528 at both low and high concentrations. However, there was a 

significant difference between the virus treatments and ddH2O control at both concentrations. 
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This difference was expected, as no virus was present in the ddH2O treatment, allowing the 

neonates to infest the diet without restriction. The mortality observed in the no virus treatment 

may have resulted from factors such as colony health and the way the neonates were handled. 

The result obtained indicate that the bacterial extracts expressing 6×His-SUMO-gp37 as an 

additive to CrleGV-SA do not affect the mortality of T. leucotreta neonate larvae when 

compared to the virus alone. 

The function of proteins can be influenced by various factors, including bacterial inclusion 

bodies, incomplete folding, protein tags (Rosano & Ceccarelli, 2014) and protein 

concentration. Inclusion bodies, which are accumulations of protein aggregates observed in 

recombinant E. coli, results from an imbalance between protein aggregation and solubilisation 

(García-Fruitós et al., 2012). While inclusion bodies are functional; their biological activity 

relies on proper protein folding and a native or native-like secondary structure of the embedded 

protein (García-Fruitós et al., 2005, 2012). In this study, pelleted bacteria expressing the 

recombinant protein were used to conduct biological assays. 6×His-SUMO-gp37 was 

contaminated with bacterial cell debris, which can compromise the biological activity of the 

protein (García-Fruitós et al., 2005) and make it difficult to determine the total material of 

6×His-SUMO-gp37. However, it is unknown if the bacterial cell debris had an effect on 6×His-

SUMO-gp37. Incomplete protein folding leads to protein inactivity (Oliveira & Domingues, 

2018). In such cases, the protein may attain a stable conformation, but the specific structure of 

the active site remains unsuitable for proper functionality (Gonzalez-Montalban et al., 2007; 

Martínez-Alonso et al., 2008). For structural or biochemical studies on a recombinant protein, 

it is necessary to remove the peptide tags (Oliveira & Domingues, 2018; Perron-Savard et al., 

2005). This elimination is crucial as peptide tags can potentially interfere with both the activity 

and structure of the protein (Guerrero et al., 2015; Perron-Savard et al., 2005; Wu & Filutowicz, 

1999). The activity of 6×His-SUMO-gp37 might have been affected by the concentration used, 

which could have been either too high or too low. The estimated concentration might have been 

invalid since no accurate quantification was conducted. It’s important to note that the Nanodrop 

spectrophotometer was used to estimate the concentration of 6×His-SUMO-gp37. This device 

measures absorbance primarily from tryptophan, tyrosine, phenylalanine residues, or cysteine-

cysteine disulphide bonds and makes estimations based on the average frequency of these 

amino acids in the mixtures. However, estimation of protein concentrations using Nanodrop 

spectrophotometer is recommended for purified proteins, not complex mixtures of 

macromolecules (Desjardins et al., 2009). Ongoing efforts are needed to develop and optimise 
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the expression system to enhance protein solubility. Solubility is considered a key indicator of 

successful protein conformation and functional quality at a molecular level (Gonzalez-

Montalban et al., 2007), as soluble protein can be purified and dialysed to remove any external 

factors that might contaminate the protein. This makes it easier to safely conclude on the effect 

caused by the protein and not by any E. coli debris or expression components. Moreover, 

soluble purified protein is necessary for accurate quantification, enabling comprehensive 

bioassays with different protein: virus ratios to be conducted effectively. 

In conclusion, this chapter reported on the biological activity of CrleGV-SA when applied in 

combination with the bacterial extracts expressing 6×His-SUMO-gp37 on T. leucotreta 

neonates. No improvement in virulence was observed when CrleGV-SA, in combination with 

the bacterial extracts expressing 6×His-SUMO-gp37, was applied compared to CrleGV-SA 

alone in both concentrations. More research is required to effectively determine whether there 

is a synergistic, antagonistic or any other effect. 
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Chapter 6 

General discussion 

6.1 Thesis overview 

Thaumatotibia leucotreta is a serious pest endemic to Africa, posing a significant threat to the 

export of fresh citrus in South Africa, while also causing extensive damage to citrus crops 

(Moore, 2021). Classified as a phytosanitary risk by several South African export markets 

(Hattingh et al., 2020), this pest demands effective control measures. Two baculoviruses, 

CrleGV-SA and CrpeNPV, infect T. leucotreta, leading to larval mortality (Moore & Jukes, 

2023). Both viruses are used in integrated pest management programmes to reduce fruit 

damage in agricultural fields. Notably, CrleGV-SA has been used against T. leucotreta for 

nearly 20 years in South Africa, demonstrating its importance in pest control strategies (Moore 

et al., 2015; van der Merwe et al., 2017). However, the efficacy of these control options is 

hindered by factors such as virulence and the slow speed of kill. To address these limitations, 

there is potential in exploring synergistic relationships between baculoviruses that infect the 

same host. Several infectivity proteins, including enhancin and gp37, have shown promise as 

additives to enhance the infection of baculoviruses, paving the way for more effective pest 

management strategies. For example, TnGV enhancin was effectively expressed in a 

baculovirus system, purified using gel filtration and ion exchange chromatography. Bioassay 

results revealed that enhancin facilitated NPV infections by digesting the peritrophic membrane 

(PM) and increased the amount of the virus’s contacts with susceptible tissue (Lepore et al., 

1996). In a recent study by Ricarte-Bermejo et al. (2021), TnGV enhancin was expressed in a 

baculovirus system, and the soluble fraction of infected cells containing enhancin was used for 

bioassay, without further purification. Combining AcMNPV OBs with the expressed protein 

resulted in a significant improvement in lethal concentrations against Spodoptera exigua 

(Ricarte-Bermejo et al., 2021). In a study by Liu et al. (2000), HearGV enhancin was cloned 

and expressed in bacterial cells. The expressed enhancin product exhibited promising results 

in a preliminary bioassay, enhancing larval mortality infected with HaNPV by 31.7 % to 34.1 

% over 7 days post-infection. Moreover, the LT50 decreased by at least 1.5 to 2.1 days, 

indicating the potential insecticidal activity of the expressed enhancin (Liu et al., 2000).  

Furthermore, the expressed and purified truncated CpGV gp37 was shown to enhance the 

infectivity of NPVs on S. exigua larvae using droplet feeding bioassays (Liu et al., 2011). The 
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presence of 30.0 µg/mL of gp37 significantly enhanced the infectivity of SeMNPV, as 

evidenced by a remarkable reduction in the LC50 value. Additionally, 30.0 µg/mL of gp37 

significantly enhanced the infectivity of AcMNPV against third-instar larvae of S. exigua (Liu 

et al., 2011). Further studies revealed that CpGV gp37 was capable of altering the PM structure 

of S. exigua (Liu et al., 2019). The above observations prompted the current study, which 

investigated the expression and evaluation of CrpeNPV gp37 as a formulation additive for 

enhanced infectivity with CrleGV-SA and improved T. leucotreta control. The genomic DNA 

of CrpeNPV was extracted from OBs, and oligonucleotides targeting the CrpeNPV gp37 gene 

were designed for PCR amplification in preparation for cloning (Chapter 2), followed by 

cloning gp37 amplicon into the intermediate vector, pJET1.2/blunt, and subcloning the gp37 

product into the bacterial expression vector, pCA528. Verification of the recombinant 

constructs was conducted through colony PCR, plasmid extraction, restriction enzyme 

analysis, and Sanger sequencing (Chapter 3). The recombinant protein was expressed and 

purified using Nickel column affinity chromatography and analysed using SDS-PAGE and 

Western blotting (Chapter 4). The expressed recombinant protein was used as an additive to 

determine its effect on the biological activity of CrleGV-SA against neonate T. leucotreta larvae 

in biological assays. 

6.2 Genome analysis and cloning of CrpeNPV gp37 

South African baculoviruses provide a rich bioresource library, with the CrpeNPV isolate 

containing the gp37 gene. The genome of CrpeNPV has undergone genetic characterisation, 

and the full genome sequence is available from GenBank (Accession no: NC_055500) 

(Marsberg et al., 2018). In this study, CrpeNPV DNA was extracted from OBs using a Quick-

DNA Mini Prep Plus kit (Zymo Research, CA, USA), with a protocol described by Mela 

(2022). This protocol effectively dissolves the polyhedron matrix and neutralises the pH before 

using the kit. The kit allows for the easy extraction of high-yield total DNA and has been used 

to extract gDNA from different baculoviruses (Bennett, 2022; Mela, 2022; Taylor, 2021). In 

this study, unique oligonucleotides were designed to specifically target the CrpeNPV gp37 gene 

in the genome. The gp37 gene sequence was then amplified using PCR, and the resulting 

amplicon was gel purified in preparation for cloning. To clone the purified gp37 product, the 

intermediate vector, pJET1.2/blunt was used, followed by subcloning into the expression vector 

pCA528. The pCA528 expression vector was selected and transformed into Rosetta (DE3) E. 

coli cells as the host organism. The vector was chosen for its strength, cell specificity, 

inducibility, compatibility, regulation, and size. It contains a T7 promoter, a multiple cloning 
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site, an N-terminal 6×His-SUMO tag, and a kanamycin resistance gene, all essential for 

expressing the recombinant protein (Kuo et al., 2014; Marblestone et al., 2006). The plasmid 

is compatible with Rosetta (DE3) host cells. It contains an inducible promoter that can be 

activated by IPTG to control the level of gene expression (Rosano & Ceccarelli, 2014). The 

plasmid can incorporate the target gene, and the selected restriction enzymes are compatible 

with the plasmid. After cloning, the recombinant plasmid was verified through colony PCR, 

plasmid extraction, and restriction enzyme analysis before being sent for sequencing. Analysis 

of the sequenced recombinant plasmid revealed that no SNPs or indels were detected between 

the start and stop codons, confirming that the gp37 gene was in frame with the 6×His and 

SUMO tag, displaying 100 % identity with the reference sequence of pCA-gp37. These 

verifications of the recombinant plasmid were conducted to enable protein expression. 

6.3 The expression and purification of the recombinant protein, CrpeNPV 

gp37 

Bacterial expression systems are commonly used for production of heterologous gene products 

from both eukaryotic and prokaryotic cells (Glick & Whitney, 1987). The termed ‘heterologous 

protein production’ refers to the expression of recombinant proteins in foreign cells. 

Escherichia coli is recognised as a leading host for producing recombinant proteins (Rosano & 

Ceccarelli, 2014). In this study, the recombinant protein of CrpeNPV gp37 was expressed in 

Rosetta (DE3) E. coli cells, building upon research conducted by Liu et al. (2011), who 

expressed a truncated CpGV gp37 in BL21 E. coli cells. Rosetta host strains, BL21 derivatives, 

are specifically engineered to facilitate the expression of eukaryotic proteins containing rarely 

used codons within E. coli (Baca & Hol, 2000; Kane, 1995). The sequence analysis of the 

CrpeNPV gp37 gene revealed the presence of these rare codons namely, AGG, AGA, CUA, 

CCC, and GGA. Since CrpeNPV gp37 is a eukaryotic protein expressed by a prokaryotic cell, 

the presence of numerous rare codons in the foreign mRNA within E. coli can lead to the 

depletion of low abundance tRNAs. Consequently, this depletion may result in amino acid 

misincorporation, impacting both the level and quality of heterologous protein expression 

(Rosano & Ceccarelli, 2009). The Rosetta (DE3) E. coli strain contains a plasmid that supplies 

these rare codons. Using E. coli host strains as an expression system, come with several 

advantages, such as unparalleled fast-growing kinetics (Sezonov et al., 2007). However, it’s 

important to note that the expression of a recombinant protein may impose a metabolic burden 

on the microorganism, potentially leading to a significant decrease in generation time (Bentley 

et al., 1990). In this study, the expression of 6×His-SUMO-gp37 was abundant at different time 
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points at both 25 °C and 18 °C, and no challenges were encountered in its expression. 

Nevertheless, along with advantages comes drawbacks, as the expression of heterologous 

proteins in E. coli often results in the accumulation of insoluble proteins known as inclusion 

bodies (Wingfield, 2015). Solubility analysis of 6×His-SUMO-gp37 revealed that the protein 

is soluble at 18 °C but predominantly present in the insoluble fraction at both 25 °C and 18 °C. 

The solubility of the protein can be enhanced by modifying expression conditions, including 

temperature (15 - 25 °C), IPTG concentrations (1 - 0.05 mM) (Turner et al., 2005), media, host 

strains, and the use of fusion tags such as SUMO (Kuo et al., 2014; QIAexpressionist, 2002). 

All these options were explored in this study, except for reducing the concentration of IPTG. A 

concentration of 1 mM of IPTG was used, following the recommended guidelines 

(QIAexpressionist, 2002). In a study by Liu et al. (2011), CpGV gp37 was expressed at 28 °C, 

and no solubility analysis was reported. Low solubility or the formation of aggregates can result 

from the non-covalent association of two or more polypeptide chains, which may or not retain 

their native fold (Murphy & Roberts, 2013). Another reason for the insolubility of 6×His-

SUMO-gp37 could be the bacterial cells’ inability to carry out post-translational modifications, 

such as glycosylation, phosphorylation, acetylation, and proteolytic processing, which are 

critical for the formation of folded, active protein (Wingfield, 2015; Zhang et al., 2004), or the 

limited ability to carry out extensive disulfide bond formation (Fakruddin et al., 2013). 

Additionally, gp37 is a glycoprotein (Gross et al., 1993). Sequence analysis reveals that it has 

a N-terminal signal peptide and a transmembrane domain. In the study conducted by Liu et al. 

(2011), CpGV gp37 was truncated to remove the signal sequences and membrane helices at the 

N-terminus before cloning. In this study, the full-length CrpeNPV gp37 was cloned in 

preparation for protein expression. Perhaps the presence of the membrane domain and 

signalling sequence played a role in the formation of insoluble 6×His-SUMO-gp37, suggesting 

their removal in future experiments. The solubility of the protein is crucial for purifying 

recombinant proteins, as it profoundly impacts protein function and downstream applications, 

including quantification, stability, and storage (Jamrichová et al., 2017; Olson, 2016; Senisterra 

et al., 2012). These factors bear significant importance in bioassays, where the precise 

quantification of recombinant protein is essential to determine the concentration required for 

the bioassays. Numerous studies have demonstrated the necessity of using purified soluble 

proteins for downstream experiments, particularly bioassays (Lepore et al., 1996; Liu et al., 

2011). In this study, efforts were made to purify 6×His-SUMO-gp37 under native conditions. 

However, attempts to purify 6×His-SUMO-gp37 under native conditions were unsuccessful. 

This failure could be attributed to the observation of less soluble protein in the soluble fraction, 
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prompting purification under native conditions. The study by Liu et al. (2011) indicated the 

purification of CpGV gp37, though it remains unclear whether it was achieved under native or 

denaturing conditions.  

Purification of 6×His-SUMO-gp37 under denaturing conditions proved successful, and the 

recombinant protein was confirmed via Western blot analysis. However, denatured proteins 

must be refolded into their native state (Bornhorst & Falke, 2000). Refolding attempts were 

made using a series of urea concentrations ranging from 6 M to 1 M. Urea, acting as a 

chaotropic agent, can denature proteins at high concentrations (8 M urea) (Rudolph & Lilie, 

1996) and refold proteins at lower concentrations (Singh & Panda, 2005). The wash buffers 

during purification contained urea (6 - 1 M) to eliminate nonspecific proteins and concurrently 

refold the protein, yielding pure refolded protein. However, achieving high refolding efficiency 

necessitates the gradual removal of urea from the solubilised protein, which can be time 

consuming (Okada et al., 2009). Contaminants were observed in the lower molecular weight 

range of the eluates, undetected by Western blot analysis, indicating nonspecific bands that also 

adhere to purification columns. Impurities may persist after His-tag purification due to proteins’ 

natural affinity for nickel used in the purification column, leading to nonspecific binding. 

Additionally, overexpression of the target protein can sometimes result in the co-purification 

of other proteins that form complexes with the target (Andersen et al., 2013). No further 

experiments were conducted to validate the refolded recombinant protein. Numerous reviews 

have focused on protein purification and structural characterisation (Manta et al., 2011; 

Saraswat et al., 2013; Yadav et al., 2016), proposing workflows for quality control (Lebendiker 

et al., 2014; Raynal et al., 2014) applicable to CrpeNPV gp37 expression, offering guidance in 

the production of soluble and reliable recombinant proteins. Continual optimisation of 

solubility analysis of the recombinant protein is crucial as soluble protein can be purified, 

dialysed and quantified, making it easier to safely conclude on the effect caused by the protein 

and not by any E. coli debris or expression components. Additionally, accurate quantification 

is essential for formulating the protein as an additive. 

6.4 Biological assay using 6×His-SUMO-gp37 

In this study, a surface dose bioassay was conducted using bacterial extracts expressing 6×His-

SUMO-gp37. Due to time constraints, the biological assays were carried out as a small-scale 

experiment, using both low and high concentrations of CrleGV-SA in combination with 6×His-

SUMO-gp37. A preliminary experiment was conducted to validate the CrleGV-SA 
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concentration doses. The results showed that the low and high doses killed 40 % and 90 % of 

the T. leucotreta population larvae over 7 days, respectively. Consequently, when a 

combination of virus treatments is applied, an increase or decrease in mortality can be 

observed. These two doses facilitated the straightforward evaluation of 6×His-SUMO-gp37 on 

the biological activity of CrleGV-SA. The bioassay results showed that the combination of 100 

µg/mL of bacterial extracts expressing 6×His-SUMO-gp37 with CrleGV-SA had no effect on 

T. leucotreta larval mortality compared to CrleGV-SA alone. It is important to note that the 

protein used as an additive is from the bacterial extracts expressing 6×His-SUMO-gp37, not 

the purified recombinant protein of CrpeNPV gp37. This was due to the inability to purify the 

recombinant protein under native conditions. Therefore, CrpeNPV gp37 was contaminated 

with pelleted bacterial debris and consisted of both 6×His and SUMO tag, all of which can 

interfere with the structure and function of the protein (García-Fruitós et al., 2005; Yadav et al., 

2016). A control was also conducted in which CrleGV-SA was used in combination with 

bacterial extracts transformed with the empty vector, which also didn’t show any significant 

effect on T. leucotreta larval mortality compared to CrleGV-SA alone. This control only 

validates that the bacterial contaminants and the 6×His and SUMO tag do not have any effect 

on T. leucotreta larval mortality. However, it does not verify their effect on the biological 

activity of CrpeNPV gp37. It has been reported that large tags can interfere with the structure 

and function of the protein (Oliveira & Domingues, 2018; Perron-Savard et al., 2005). The 

recombinant protein contains a SUMO tag (11.1 kDa), suggesting its removal in future 

experiments. It is important to note that, due to time constraints, this was a preliminary study. 

Despite having a solid design, adequate controls, and analysing the data as thoroughly as 

possible, a more comprehensive bioassay is necessary to generate a dose and time response 

curve. This will help determine whether there is a synergistic, antagonistic, or any other effect. 

6.5 Potential future research 

Although CrpeNPV gp37 was successfully expressed in a bacterial system, future work is 

required in order to investigate the effects of the protein when used as an additive to CrleGV 

in biological assays against T. leucotreta larvae. For example, continuous development and 

optimisation of the expression system is necessary to improve protein solubility, enabling 

downstream experiments such as protein purification, quantification, and the evaluation of its 

effect on the biological activity of baculovirus-based biopesticides. This can also be achieved 

by optimising the expression system and purifying the recombinant protein under denaturing 

conditions. In this study, the recombinant protein was successfully purified under denaturing 
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conditions as shown in chapter 4, section 4.3.3. Attempts were made to refold the denatured 

recombinant protein; however, no further experiments, such as dialysis, quantification and 

testing the biological activity of the protein in biological assays, were conducted due to time 

constraints. Future work could include exploring the purification of CrpeNPV gp37 under 

denaturing conditions with an appropriate protocol and a refolding kit. 

Soluble protein can also be achieved through codon optimisation of the gene before cloning 

and expression. This strategy involves modifying the DNA sequence in the codon region, while 

keeping the encoded protein amino acid sequence unchanged (Itkonen et al., 2014). Codon 

optimisation has been used to enhance protein expression and improve solubility by increasing 

the translational efficiency of a gene of interest, accommodating the codon bias of the host 

organism (Fei et al., 2015; Gao et al., 2013; Liu et al., 2013). In this study, this approach was 

not performed due to the expression vector and host strains used, which contain essential 

components such as the SUMO tag and a plasmid (pRARE) that supplies tRNA rare codons, 

crucial for improving protein expression and solubility (Kuo et al., 2014; Novy et al., 2001). 

However, for future experiments, codon optimisation can be a valuable strategy to enhance 

protein solubility during recombinant expression. 

Other expression systems, such as baculovirus vectors and yeast-based systems, can be used to 

express and purify CrpeNPV gp37. A baculovirus expression vector is well-documented for 

heterologous expression of proteins in insect cells  (Luckow, 1990; Miller, 1988; O’Reilly et 

al., 1994), and can potentially be used in the future to express CrpeNPV gp37. In a recombinant 

AcMNPV isolate expressing the TnGV enhancin 3 gene, a combination of AcMNPV OBs with 

the expressed protein resulted in ~3- and ~4.7-fold improvements in lethal concentrations 

against second and fourth instar S. exigua (Ricarte-Bermejo et al., 2021), proving baculovirus 

vectors to be effective tools in producing soluble proteins. 

The yeast-based system used to express recombinant proteins is a valuable tool, providing 

benefits such as essential post-translational modifications (glycosylation, phosphorylation, 

acetylation, proteolytic processing), crucial for ensuring proper protein folding, stability, and 

functionality (Vieira Gomes et al., 2018). This has never been tested on baculovirus proteins; 

however, is has been shown to be effective in expressing and purifying eukaryotic proteins. 

The expression of recombinant S and preS2-S of ayw2 HBV subtype was successful in both S. 

cerevisiae and P. pastoris, but higher yields were achieved using the inducible Gal system in S. 

cerevisiae. This suggests that co-expression of S or preS2-S genes under inducible and 
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constitutive promoters in yeast cells leads to significant increase in the expression levels of the 

corresponding proteins (Hadiji-Abbes et al., 2009). In the purification process, the protein can 

be obtained by incorporating an export signal along with the 6×His tag. This modification 

directs the proteins to the medium, facilitating their purification through Ni-NTA affinity 

chromatography (Abelson et al., 2004; QIAexpressionist, 2002). The yeast-based system is a 

promising system capable of expressing eukaryotic proteins. These expression systems can be 

used not only for CrpeNPV gp37 but also for other viral enhancing proteins, such as enhancin, 

ODV-E66 or other gp37 encoded by other baculoviruses such as HearNPV and CpGV. 

6.6 Conclusion 

The primary aim of this study was to express CrpeNPV gp37 in a bacterial system and then 

evaluate its effect on T. leucotreta larval mortality when combined with CrleGV-SA in 

laboratory bioassays. A surface dose biological assay was conducted, which showed that the 

bacterial extracts expressing 6×His-SUMO-gp37, when combined with CrleGV-SA, had no 

effect on T. leucotreta larval mortality compared to CrleGV-SA alone. Even though no effect 

was observed, gp37 was successfully cloned, and the full-length protein was expressed 

abundantly on a small scale. This marks an important first step in evaluating it as an additive. 

The solubility of the protein was further analysed, a task never undertaken before for CrpeNPV 

gp37. This provides new knowledge about CrpeNPV gp37 and establishes a platform for 

further experiments aimed at solubilising it or expressing it in a different system. The main 

objectives of this study were achieved; however, further work may be needed, particularly in 

protein expression and purification, to enable effective downstream experiments such as 

quantification and stability, which are important when conducting biological assays. This study 

provides insightful information on the production of CrpeNPV gp37, useful for investigating 

the characteristics of gp37 and its interaction with CrleGV-SA. The ultimate goal is to develop 

an effective and low-cost formulation for controlling citrus pests. 
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