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Abstract 

 

Exenatide (Byetta®) is a type 2 diabetic drug which decreases the blood glucose level. 

Treatment using this drug is expensive due to its costly production by chemical synthesis 

therefore it is not an affordable drug of choice. A potential cost effective alternate for the 

production of exenatide is the use of recombinant production technology. Yarrowia lipolytica, a 

dimorphic yeast, was genetically engineered to produce the exenatide peptide (Exe, 39 amino 

acids) as a fusion to Lip2 (lipase) protein under the regulation of the hp4d promoter by the 

CSIR. The regulation of the promoter has, until recently, not been elucidated and is currently 

reported to be growth phase dependent. In order to optimise the conditions for the production of 

the fused Lip2:Exe peptide precursor, the regulation of the promoter needed to be understood. 

 

In this study, the regulation of the hp4d promoter was established and a fed-batch fermentation 

strategy for the production of the fused Lip2:Exe precursor was developed. A Y. lipolytica strain 

(YlEx-gly) producing the Lip2:Exe peptide was cell-banked (to ensure stability of the production 

organism and repeatability of inoculation of fermenters) and the cell-bank was validated for 

production of the fused peptide. A transcript profile of the recombinant strain harbouring an 

expression vector encoding the Lip2:Exe under control of the hp4d promoter was determined 

using an optimised mRNA sandwich hybridisation methodology. Batch fermentation (1.2 l) was 

used to monitor production profiles during growth of Y. lipolytica followed by continuous 

fermentation (1 l) to determine the effect of growth rate on the transcription levels of the product 

under regulation by the hp4d promoter.  

 

The synthetic hp4d promoter was found to be growth rate dependent which was confirmed by 

quantifying the amount of total protein produced during fed-batch fermentations (10 l) at 

different growth rates. A 60 % increase in production yields was achieved by using the 

optimised growth rate of 0.02 h-1. This validated that the hp4d is growth rate dependent and not 

growth phase dependent as reported in literature. A strategy for the recombinant production of 

pharmaceutical peptides and proteins, under regulation of the hp4d promoter, using Y. lipolytica 

as a host, was therefore established. This research has paved the way for recombinant 

production of proteins at a lower cost therefore impacting on the health and economy of South 

Africa, by providing the public with potentially cheaper, affordable pharmaceutical drugs due to 

an alternative production strategy. 
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Opsomming 

 

Exenatide (Byetta®) is a middle wat vir die behandeling van tipe 2 diabete gebruik word deur die 

bloed glucose konsentrasiete verlaag. Hierdie behandeling is egter baie duur aangesien dit 

chemiesvervaardig word en dus nie bekostigbaar vir alle pasiente is nie. ‘n Bekostigbare 

alternatiewe vervaardigingsmetode is die gebruik van rekombinante produksie. Yarrowia 

lipolytica is ‘n dimorfiese gis wat geneties gemanipuleer is om exenatide (Exe, amino sure) as ‘n 

fusieproduksaam met die Lip2 (lipase) proteïen onder regulering van die hp4d promoterte 

produseer. Die regulering van die promoter is onbekend endit word aanvaar dat uitdrukking 

afhanklik is van die groeifase. Om produksie van die Lip2:Exe peptiedvoorloper te optimiseer is 

dit belangrik om die regulering van die promoter te verstaan.  

 

In die studie is die reguleering van die hp4d promoter bepaal en ‘n voerstrategie vir die 

produksie van die Lip2:Exe peptiedvoorloperin voer-lotfermentasie ontwikkel. ‘nY. lipolytica 

kloon (YlEx-gly) wat die Lip2:Exe peptiedvoorloper produseer is in ‘n selbank gepreserveer om 

die stabiliteit van die produksie organisme en herhaalbaarheid van die inokulasie van die 

fermenteerders te verseker) en die selbank is getoets vir produksie van die fusiepeptied. ‘n 

Transkripsie profiel van ‘n positiewe kloon wat die hp4d uitdrukkings vector, 

(pKOV410:Lip2:Exe) bevat, is bepaal deur van ‘n geoptimiseerde mRNA toebroodjie 

hibridisasiemetodegebruik te maak. Lotfermentasies (1.2 l) was gebruik om die produksieprofiel 

gedurende groei van Y. lipolytica te bepaal. Kontinüe fermentasie (1 l) is gebruik om die effek 

van groeitempo op die transkripsievlakke van die produk onder reguleering van die hp4d 

promoter te bepaal.  

 

Dit is vasgestel dat die reguleering van die sintestiese hp4d promoter onderhewig is aan die 

groei tempo van die organisme.  Dit is bevestig deur die bepalingvan die hoeveelheid totale 

proteïen wat geproduseer is in 10 l voer-lotfermentasies wat teen verskillende groeitempos 

uitgevoer is. ‘n Sestig present toename in produksie is teweeggebring deur die organsisme teen 

‘n groeitempo van 0.02 h-1 te laat groei. Dit het bevestig dat die reguleering van die hp4d 

promoter onderhewig is aan die groeitempo en nie die groeifase soos in literatuur genoemis nie. 

‘n Strategie vir die rekombinante produksie van farmaseutiese peptiede en proteïen onder 

beheer van die hp4d promoter deur Y. lipolytica is dus ontwikkel. Hierdie navorsing lê die 

grondslag vir goedkoper rekombinante produksie van proteïen. Hierdie tegnologie kan ‘n 
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positiewe invloed hê op gesondheid en die ekonomie van Suid Afrika deur die daarstelling van 

potensieel goedkoper, beksotigbare farmaseutiese medisyne. 
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1.1 Introduction 

 

The complex processes required for chemical synthesis of peptides have been studied for 

several decades providing crucial understanding necessary for production of proteins in the 

pharmaceutical industry. This has played an important role in the discovery of drugs necessary 

for the treatment of diseases. One of the shortcomings in the multi-national pharmaceutical 

industry is the costly chemical synthesis of drugs. On average, drugs like Enfuvirtide (Fuzeon®), 

a Human Immunodeficiency Virus (HIV) fusion inhibitor, requires 106 steps to manufacture 

(Bray, 2003). This in turn has a large impact on the consumer, especially for a third-world 

country such as South Africa. There is, however, a cost effective alternative for pharmaceutical 

peptide manufacturing that exists known as recombinant production. 

 

Heterologous gene expression has, for decades, been used for the production of 

pharmaceutical peptides and enzymes such as insulin, mammalian chymosin and Penicillin G 

acylase (Cowan, 1996, Yang et al., 2001, Ferrer-Miralles et al., 2009; Martínez et al., 2012). 

There are several expression systems that are commonly used such as bacteria, yeast, plants, 

mammalian cells and transgenic animals. When choosing a host system, one needs to consider 

the following: cell growth characteristics of the organism, the expression levels, secretion 

location (intracellular, extracellular or both), posttranslational modifications and the 

characteristics of the recombinant protein of interest (Goeddel, 1990; Hodgson, 1993; Makrides, 

1996).   

 

Yeast expression systems, in particular Yarrowia lipolytica, have widely generated interest in the 

field of recombinant protein production. Several Y. lipolytica processes have been classified as 

GRAS (Generally Regarded As Safe) by the American Food and Drug Administration (Madzak 

et al., 2000). A large number of molecular tools are available for recombinant protein expression 

by Y. lipolytica and it has been described as one of the most promising yeasts available as a 

host for heterologous protein production (Müller et al., 1998). 
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A number of promoters are available for recombinant protein production by Y. lipolytica. This 

organism can produce between 1-2 g.l-1 of alkaline extracellular protease (AEP) which is 

encoded by the XPR2 gene (Tobe et al., 1976, Ogrydziak and Scharf, 1982; Barth and 

Gaillardin, 1997, Madzak et al., 2004). XPR2 (alkaline extracellular protease) gene has a strong 

constitutive promoter with a complex regulation mechanism. It is only active at a pH above 6 

and requires high levels of peptone for induction (Madzak et al., 2004).  The XPR2 promoter 

was analyzed and an upstream activating sequence (UAS1) region was found not to be 

significantly affected by environmental conditions such as specifically defined medium 

requirements and pH (Blanchin-Roland et al., 1994; Madzak et al., 1999).  This UAS1 fragment 

was used to design a synthetic promoter called hp4d by placing four copies of the UAS1 

fragment in tandem, upstream from a LEU2 (β-isopropylmalate dehydrogenase) promoter 

(Madzak et al., 1995; Madzak et al., 2000). The hp4d promoter’s regulation mechanism is 

independent of pH, carbon, nitrogen or peptone levels in medium and is able to drive strong 

expression levels of proteins (Madzak et al., 1995; Madzak et al., 2000). According to literature 

the hp4d promoter is quasi-constitutive and its regulation is growth-phase dependent and it is 

switched on during the early stationary growth phase (Madzak et al., 2004; Madzak et al., 

2000).  

 

A number of proteins have been produced by the Council for Scientific and Industrial Research 

(CSIR) using Y. lipolytica as a host organism. These include the enzymes, epoxide hydrolase 

from Rhodotorula araucariae (Maharajh et al., 2008), endo-ß-1, 4-mannanase from Aspergillus 

aculeatus (Roth et al., 2009), the Human Immunodeficiency Virus (HIV) fusion inhibitor, 

Enfuvirtide (unpublished data) and a galactose oxidase M1 enzyme, a camelid antibody 

fragment and a trypsin inhibitor by Hofmeyer et al., (2014).  The last four products were fused to 

the native Lip2 (endogenous lipase) gene and expressed as fusion precursor peptides. 

Extracellular Lip2, a native lipase enzyme, was shown to reach high levels in the medium when 

secreted by Y. lipolytica (Pignede et al., 2000a; Pignede et al., 2000b; Fickers et al., 2005; 

Hofmeyer et al., 2014). The secretion signal used for the pre-pro Lip2 (Pignede et al., 2000a; 

Pignede et al., 2000b) allows direct secretion into the culture medium. Hofmeyer et al. (2014) 

expressed several recombinant proteins using Lip2 as a fusion partner. All of the proteins were 

produced under regulation of the hp4d promoter.   
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The CSIR is developing a process for the recombinant production of pharmaceutical peptides 

using Y. lipolytica as a host. In order to optimise conditions for heterologous protein production 

by Y. lipolytica, the production using the hp4d promoter needed to be optimised. The production 

of Lip2, one of the most highly secreted enzymes by Y. lipolytica, under regulation of the hp4d 

promoter was previously elucidated in continuous fermentation and found to be linked to growth 

rate with high production yields occurring at growth rates lower than 0.045 h-1 (van Zyl, 2013). 

However this does not explain if growth rate has an effect on the regulation of the hp4d 

promoter (transcription) or at the level of cellular metabolism where lower growth rates would 

allow metabolism to shift from biomass production to product formation.  

 

In this study, the Y. lipolytica Po1f host strain was genetically engineered to produce the 

exenatide peptide (39 amino acids) as a fusion to the Lip2 gene under the regulation of the 

hp4d promoter. Exenatide (Byetta®) was the drug chosen due to the expensive processes 

associated with its production (Chapter 3). A cell bank of the production strain (to ensure strain 

stability) was generated and the cell bank was validated by measuring total recombinant protein 

production and lipase activity (used as a reporter enzyme) in shake flask cultivation and batch 

fermentation. This cell bank was used to determine the effect of growth rate on transcription 

levels of the gene under regulation of the hp4d promoter. The level of transcription was 

quantified by using a sandwich hybridisation assay which has been described as “ideal” for 

quantifying mRNA in bacterial and yeast cells during fermentation (Rautio et al., 2003). The 

hybridisation solution for this assay and cell breakage was optimised and validated to ensure 

reproducibility. Y. lipolytica was cultivated in continuous fermentation at different growth rates 

using carbon limitation as the growth regulator and the level of transcription and product 

formation was determined at the different growth rates. The data obtained from the continuous 

fermentation was validated in fed batch fermentations by controlling the feed rate to maintain 

the desired growth rates during production of Lip2:Exe fused product. 
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1.2 Hypothesis of Study 

 

The production of a pharmaceutical peptide precursor under regulation of hp4d 

promoter, by Yarrowia lipolytica, is growth rate dependent and is regulated at the level of 

transcription. 

In order to prove this hypothesis, the following objectives were met: 

Evaluation of a Yarrowia lipolytica construct expressing a pharmaceutical peptide precursor 

under regulation of the hp4d promoter: 

� Cell banking of Y. lipolytica (YlEx-gly) expressing the fused Lip2:Exe precursor  

� Growth curve study and validation of the cell bank for production of the fused Lip2:Exe 

precursor  

� Batch fermentation of Y. lipolytica 

 

Optimisation of methodology to monitor mRNA transcription by the hp4d promoter: 

� Generation of mRNA oligonucleotide probes for sandwich hybridization assay 

� Generation of standards for mRNA sandwich hybridization assay 

� Optimization of mRNA sandwich hybridization method 

� Optimization of cell breakage 

� Shake flask study to evaluate the mRNA sandwich hybridization assay for repeatability 

 

Determining the effect of growth rate on the regulation of the hp4d promoter by monitoring 

mRNA transcription 

� Determination of carbon to nitrogen ratio to achieve carbon limitation 

� Evaluation of the effect of growth rate on regulation of the hp4d promoter in continuous 

fermentation  

� Validation of the regulation of the hp4d promoter using a growth-rate limiting fed-batch 

fermentation strategy 
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1.3 Outline of thesis 

 

Chapter 1: This chapter is the introduction to the thesis. It provides a background and 

discusses the rationale for the study. The hypothesis and objectives are also provided. 

Chapter 2: This chapter gives a literature review of recombinant protein production. The 

different types of hosts and promoter systems are compared. An insight in Y. lipolytica, the 

different promoters available for heterologous gene expression and some of recombinant 

proteins produced thus far are highlighted. 

Chapter 3: This chapter displays the evaluation of Y. lipolytica (YlEx-gly) expressing a 

pharmaceutical peptide precursor under regulation of the hp4d promoter.  

Chapter 4: This chapter involves the optimisation of a methodology to monitor mRNA 

transcription under regulation of the hp4d promoter using Y. lipolytica. 

Chapter 5: This chapter details the effect of growth rate on the regulation of the hp4d promoter 

by monitoring mRNA transcription. Subsequently a fed-batch strategy for the production fused 

Lip2:Exe is established.  

Chapter 6: This chapter provides the conclusion and future recommendations for this study.  

Chapter 7: This chapter gives all the references used throughout this thesis. 
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2.1 Importance of peptide base therapeutics in the pharmaceutical 

Industry 

 

Peptides play an important role in the pharmaceutical market. In comparison to proteins, they 

can be described as molecules consisting of less than 50 amino acids (Craik et al., 2013). A gap 

(Figure 1) between molecules less than 500 Da and biologics of more than 5000 Da exist in the 

pharmaceutical industry and by the use peptides as therapeutics potentially offers to address 

this gap (Craik et al., 2013). There are several peptides that form part of the top selling 

injectable therapeutics in the pharmaceutical industry such as for the treatment of multiple 

scleorsis, worth $3 billion, the immunomodulator Copaxone or glatiramer acetate peptide 

consisting of 10 amino acids; for the treatment of prostate and breast cancer, the peptide 

Zoladex or goserelin, worth $1.1 billion, consisting of 9 amino acids and for multiple myeloma, 

the peptide Velcade or bortezomib, a proteasome inhibitor, worth $1.5 billion, consisting of 2 

amino acids (Craik et al., 2013). These are some of the many peptides used for the treatment of 

diseases. 

 

 

Figure 1: Gap present in the pharmaceutical industry potentially filled by peptides (reproduced from Craik 
et al., 2013) 
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Several advantages as to why peptides are important to patients include high binding specificity 

for target sites, low levels of accumulation in tissues, high biological and chemical diversity, 

large range of targets and since peptides form part of proteins which are expressed by 

individuals, each therapeutic treatment can be modified to suit the needs of the patient (Craik et 

al., 2013). However, one needs to consider the disadvantages as well. The oral bioavailabilty of 

peptides can be low, their metabolic stability can be described as low and depending on the 

peptide itself, solubility can be limited (Craik et al., 2013). One of the biggest challenges that 

exist in the pharmaceutical industry is the high production costs associated with the 

manufacturing of these therapeutic peptides. The larger the peptides, the more amino acids are 

required for chemical synthesis resulting in additional production steps. This will be discussed 

further in the next section. 

 

2.2 Chemical synthesis of peptides in the pharmaceutical industry 

 

Over the last two centuries, numerous major developments in the pharmaceutical industry have 

taken place, from the discovery of the first protein vaccine produced for cow-pox, by Jenner in 

1796, to by the first pharmaceutically produced protein insulin, by Banting and Best in 1922 

(Demain and Vaishnav, 2009), to the discovery of the first antibiotic penicillin, by Alexander 

Flemming in 1928 (Brown, 2004; Martínez et al., 2012). The pharmaceutical market is a 

booming sector with several new drugs frequently emerging. In 2008, it was estimated that the 

market was worth $8.5 billion (Moorcroft, 2009).  The production of peptides allow for high 

specificity for treatment of illness although the costly synthesis and bioavailability continues to 

be a problem (Russell, 2012).This high cost price tag is mainly due to the numerous chemical 

steps required during the manufacturing process using solid and liquid-phase chemistry (Figure 

2). Synthesis of peptides is crucially dependent on the sequence, where complexity of solubility 

and racemisation problems arise (Thayer, 2011). The bigger the peptide, the more amino acids 

are required with the possibility of impurities occurring within the synthesised drug (Thayer, 

2011). 
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Figure 2: Peptide synthesis using liquid phase chemistry (Russell, 2012) 

 

On average, drugs like Enfuvirtide (Fuzeon®), a Human Immunodeficiency Virus (HIV) fusion 

inhibitor, requires 106 steps to manufacture (Bray, 2003). However, a cost effective alternative 

for manufacturing recombinant drugs exists, using heterologous gene expression. There are 

several host organisms available that are capable of producing large quantities of recombinant 

peptides and these will be discussed in detail. 

  

2.3 Recombinant production of peptides in the pharmaceutical 

industry 

 

Heterologous expression has provided an alternative to costly chemical synthesis of 

pharmaceutical peptides and enzymes. For several years, both prokaryotic and eukaryotic 

organisms have been used for production of recombinant therapeutic peptides and naturally 

available biopharmaceuticals and this has created massive interest in the pharmaceutical area 

(Faye and Gomord, 2010).  

 

Production of enzymes found predominately in pathogenic or toxin-producing species could now 

be recombinantly expressed by different hosts making it easier and safer to obtain (Demain and 

Vaishnav, 2009). Some natural products cannot be made using chemical synthesis and it can 

be difficult to isolate them from natural sources hence recombinant protein expression would 
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serve as an ideal alternative for production (Naseby et al., 2009). Insulin was the first 

recombinantly produced protein to enter the pharmaceutical market and was expressed by E. 

coli during the early 1980’s and approved by the American Food and Drug Administration 

(Ferrer-Miralles et al., 2009; Martínez et al., 2012).  Recombinant DNA technology has therefore 

had an effect on the pharmaceutical and enzyme industry making it possible for the recombinant 

production of pharmaceutical peptides, vaccines and enzymes using microbial fermentation 

(Falch 1991). 

 

In 2002, over 155 vaccines and pharmaceutical proteins were approved and developed by 

biopharmaceutical companies (Demain and Vaishnav, 2009).  In 2007, 25% of the 

pharmaceutical market comprised of recombinant therapeutic drugs (Redwan, 2007).  In 2010, 

sales of biopharmaceuticals exceeded 100 billion dollars (Goodman, 2009).  By 2014 (Figure 3), 

it was estimated that the market would be worth approximately 169 billion dollars (Goodman 

2009). 

 

 

Figure 3: Global market for recombinant protein drugs (reproduced from Goodman, 2009, Martínez et al., 
2012) 

 

There are several expression systems (Figure 4) that are currently being used for recombinant 

protein production and these include bacterial, plant, mammalian and yeast hosts (Faye and 

Gomord, 2010).  Several factors need to be considered before choosing an expression host 

including cell growth characteristics of the organism, the expression levels, secretion location 
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(intracellular, extracellular or both), posttranslational modifications and the characteristics of the 

recombinant protein of interest (Goeddel, 1990; Hodgson, 1993; Makrides, 1996).   

 

 

Figure 4: Percentage of protein-based recombinant pharmaceuticals, produced by different expression 
systems (reproduced from Ferrer-Miralles et al., 2009) 

 

There is no ‘universal’ expression system that can be used to achieve high recombinant protein 

yields and as the demand for more complex therapeutic peptides or proteins grow, the search 

for new expression systems for recombinant production continues (Verma et al., 1998; Faye 

and Gomord, 2010). Bacterial host systems are the easiest to manipulate and have been used 

for expression of smaller proteins whereas mammalian cells and yeast systems are used for 

expression of more complex proteins i.e. post-translational modification requirements such as 

disulphide bond formation or glycosylation (Demain and Vaishnav, 2009).   

 

2.4 Bacterial expression systems 

 

Bacterial systems are a common host of choice due to easy manipulation and offer a cheaper 

option for producing the large amounts of protein necessary for industrial, research and 

commercial use (Georgiou and Valax, 1996).  Escherichia coli (E. coli) is a gram negative 

bacterium and is the most exploited expression system used for recombinant protein production 

(Ferrer-Miralles et al., 2009).   

 

The main reasons are: E. coli has the ability to achieve 100 g.l-1 biomass (dry cell weight) using 

high cell density culture systems (fermentation) for the production of recombinant proteins 

(Hannig and Makrides, 1998), several molecular tools available for genetic manipulation, its 
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genomes and metabolic pathways are annotated, capable of achieving high cell density, ability 

to grow fast and up to 80 % of its dry cell weight can consist of the protein of interest (Panda, 

2003; Tripathi et al., 2009; Porro et al., 2011; Martínez et al., 2012). There are a large number 

of cloning vectors and strains  available for heterologous protein production, in particular E. coli 

expression hosts BL21 and K12, (Terpe, 2006) and only minimal amounts of foreign DNA is 

required for transformation (Verma et al., 1998).  In comparison to mammalian cells, E. coli 

grows faster allowing purification; analysis and marketing of the recombinant protein in shorter 

period of time (Verma et al., 1998).   

 

There are several advantages and disadvantages when using E. coli as a recombinant 

expression system and these are summaried in Figure 5. 

 

Figure 5: Advantages and disadvantages during recombinant protein production by E. coli (reproduced 
from Hanning and Makrides, 1998) 
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One of the common drawbacks is, bacterial systems often produce low levels of recombinant 

protein. Other limitations include: large proteins are produced in an insoluble form, proteins 

cannot be released into the culture medium due to the lack of a secretion mechanism, limited 

capacity for facilitating extensive disulphide bond formation, inability to fold proteins into their 

native state resulting in protein degradation or inclusion body formation and its inability to 

perform  complex post-translational modifications (Georgiou and Vakax, 1996; Makrides, 1996; 

Hanning and Makrides, 1998, Jenkins, 2007; Gräslund et al., 2008; Ferrer-Miralles et al., 2009). 

One of the stumbling blocks when using E. coli as an expression system is the accumulation of 

endotoxins (also known as lipolysaccharide-LPS) which are harmful to mammals (Terpe, 2006). 

In order for the proteins to become endotoxin-free, a second purification is required (Petsch and 

Anspach, 2000, Terpe, 2006). Another problem is the misfolding of mammalian proteins due to 

prosthetic groups, disulfide bonds and multiple subunits (Georgiou and Valax, 1996).  This is 

one of the reasons why antibodies lacking glycosylation, are not recognised by mammals 

(Jenkins and Curling, 1994). Protein degradation is also another problem due to the presence of 

proteases present in the outer and inner membranes, the cytoplasm and the periplasm 

(Goldberg and Goff, 1986; Baneyx and Georgiou, 1992; Goldberg, 1992; Gottesman and 

Maurizi, 1992; Maurizi, 1992; Makrides, 1996).  

 

E coli is used for the production of products such as hormones, interferons and interleukins 

(Ferrer-Miralles et al., 2009).  These proteins produced by E. coli are important in the treatment 

of several disorders (metabolic, nutritional and endocrine) and infectious diseases (Ferrer-

Miralles et al., 2009).  According to results reported by Roman et al. (1995), more than 20 

mg.ml-1 of active rat neuronal nitric oxide synthase (nNOS) was produced by E. coli as opposed 

to less than 1 mg.ml-1 by recombinant human kidney cells.  E. coli was also used, along with the 

fungus Aspergillus niger, to recombinantly produce mammalian chymosin and this was 

approved in USA (Cowan, 1996).  In comparison to natural calf chymosin, the price of the 

recombinant produced chymosin decreased by half (Cowan, 1996). 

 

 

There are other bacterial expression hosts that are commonly used for heterologous protein 

production such as the gram positive Bacillus species. There are several pharmaceutical 

peptides that have been expressed by Bacillus strains (Table 1). One of the advantages of 

using Bacillus strains as opposed to E. coli stains is that they have the ability to naturally 

Stellenbosch University  https://scholar.sun.ac.za



15 
 

secrete proteins into the extracellular medium and the outer membrane does not contain 

endotoxins (Terpe, 2006). Several proteins that have been expressed are enzymes, hormones 

and antibodies. Udaka and Yamagata (1993) managed to express 3000 mg.l-1 of α-amylase 

from B. stearothermophilus using B. brevis as an expression system (Terpe, 2006).  

 

Others strains include B. subtilis used by Olmos-Soto and Contreras-Flores (2003) to produce 

1000 mg.l-1 of Proinsulin and B. megaterium used to produce 362 U.g-1 of Dextransucrase from 

Leuconostoc mesenteroides (Malten et al., 2005; Terpe, 2006).  The use of bacteria as 

expression systems play a vital role in recombinant protein production especially ones that don’t 

require glycosylation but it ultimately depends on the properties of the protein of interest (Verma 

et al., 1998).   
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Table 1: List of some the proteins heterologously produced by Bacilli strains (adapted from Terpe, 2006). 

Bacillus strain Recombinant protein  Reference 

B. brevis Epidermal growth hormone (human) Yamagata et al., 1989 

 α-amylase (human) Konishi et al., 1990 

 Cholera toxin B Ichikawa et al.,1993 

 α-amylase (Bacillus stearothermophilus) Udaka and Yamagata, 1993 

 Pepsinogen (swine) Udaka and Yamagata, 1993 

 Epidermal growth hormone (mouse) Wang et al., 1993 

 Mouse/human chimeric Fabʹ Inoue et al., 1997 

 Interleukin-2 (human) Takimura et al., 1997 

 Protein disulfide isomerase  Kajino et al., 1999 

 Gelatin Kajino et al., 2000 

 Interleukin-6 (human) Shiga et al., 2000 

 Cellulase Kashima and Udaka, 2004 

B. subtilis α-amylase (Bacillus amyloliquefaciens) Palva, 1982 

 Interferon-α2 (human) Palva et al., 1983 

 Lipase A Lesuisse et al., 1993 

 Epidermal growth hormone (human) Lam et al., 1998 

 Staphylokinase Ye et al., 1999 

 Penicillin G acylase Yang et al., 2001 

 PHA depolymerase A (Paucimonas 
lemoignei) 

Braaz et al., 2002 

 ScFv Wu et al., 2002 

 Streptavidin Wu and Wong, 2002 

 Thioredoxin (Aliciclobacillus acidocaldarius) Anna et al., 2003 

 Proinsulin Olmos-Soto and Contreras-
Flores, 2003 

B. megaterium Dextransucrase (Leuconostoc 
mesenteroides) 

Malten et al., 2005 

 Toxin A (Clostridium difficile) Burger et al., 2003 
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2.5 Plant expression systems 

 

During the past two decades, plant based expression systems have been used for heterologous 

protein production. The first production of an antibody using a plant based expression system 

occurred in 1989 and the first recombinant hormone produced was human growth hormone 

using the tobacco plant (Hiatt et al., 1989; Staub et al., 2000). Several therapeutic drugs, 

recombinantly expressed in plants, are currently in clinical trials. Two in particular: IgA used for 

tooth decay (CaroRxTM- from Planet Biotechnology Inc, Ma et al., 1998, Ma et al., 2005) and a 

human intrinsic factor used for the treatment of vitamin B12 deficiency (Cobento Biotech AS) 

has been approved for consumption by humans (Faye and Gormord, 2010).  Ventria Bioscience 

(http://www.ventria.com) has been genetically modifying field grown rice for the heterologous 

production of human lactoferrin and human lysozyme (Zavaleta et al., 2007; Huang et al., 2008; 

Faye and Gormord, 2010). 

 

SemBioSys Genetics Inc (http:// www.sembiosys.com/) had one of its products, recombinant 

insulin produced in safflower plant seeds, enter phase III of clinical trials (Boothe et al., 2010). 

The American Food and Drug Administration (FDA) have approved vaccines, made by plants, 

used in the treatment of non-Hodgkin’s lymphoma (McCormick et al., 2008).  Plant cells have 

proven to be alternative systems for biopharmaceutical production including the approved 

vaccine by the USDA Center for Veterinary Biologics produced in tobacco suspension-cultured 

cells by a company called Dow Agroscience for chickens against the Newcastle disease virus   

and genetically engineered carrot cells for the production of human glucocerebrosidase against 

Gaucher’s disease (Faye and Gormord, 2010; Shaaltiel et al., 2007).  

 

Plants have the advantages of low cost cultivation, lack of human pathogens and high cell mass 

production (Ferrer-Miralles et al., 2009) however using plant expression systems can also be 

time-consuming as they grow slowly. Although plant expression systems can produce 

recombinant peptides at a lower cost, free from bacterial contaminants and human viruses, 

many pharmaceutical industries are reluctant to use them (Faye and Gormord, 2010).  One of 

the major problems encountered by plant expression systems is that its post-translational 

modification mechanisms sometimes produces recombinant proteins that have an adverse 
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immune response in mammals (Ferrer-Miralles et al., 2009).  Mammalian expression systems 

are commonly used for expression of mammalian proteins that require a higher level of post-

translational modification.  

 

2.6 Mammalian expression systems 

 

Mammalian cells are most commonly used for producing recombinant mammalian glycosylated 

proteins (Demain and Vaishnav, 2009). Genetically Modified Animals are commonly used to 

secrete recombinant proteins in their milk, blood or urine (Demain and Vaishnav., 2009). 

Currently only ATryn has been approved using transgenic animals and this was secreted in 

goat’s milk. (Ferrer-Miralles et al., 2009). Mammalian cell systems, CHO (Chinese hamster 

ovary cells) and hybridoma cells, are most similar to human cells therefore allowing recombinant 

expression of correctly folded and glycosylated proteins which are readily recognised by 

mammalian cells (Verma et al., 1998, Martínez et al., 2012). CHO cells grow in medium that is 

chemically defined, serum and protein free (Bleckwenn and Shiloach, 2004). Post translational 

modification are similar to human cells when using CHO cells as expression systems but it was 

established that glycosylation patterns differed between different batches of the same 

recombinant protein (Yuen et al., 2003; Ferrer-Miralles et al., 2009).  The FDA approved two 

products: Xyntha and Recothrom produced using CHO cells (Ferrer-Miralles et al., 2009). Other 

expression systems include human cell lines which have been used to express approved 

therapeutic proteins such as Dynepoerithropoietin, Replagal-alfa-galactosidase A and elaprase-

irundonate-2-sulfatase (Ferrer-Miralles et al., 2009). 

 

However, one needs to consider the disadvantages when using mammalian expressing 

systems for recombinant gene protein production. These include the high cultivation costs 

associated with growth medium such as costly growth factors and the high risk of 

contamination, limited secretion capacity and low protein yields (Demain and Vaishnav, 2009; 

Martínez et al., 2012). Yeast expression systems offer the advantage of producing glycosylated 

proteins using minimal, inexpensive medium.   
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2.7 Yeast expression systems 

 

Several yeast expression systems have acquired GRAS status by the FDA as opposed to 

several prokaryotic organisms that may contain endotoxins and mammalian cells with the 

possibility of viral DNA contamination (Domínguez et al., 1998). They offer numerous 

advantages for the expression of complex proteins in that they retain the easiness of bacterial 

manipulation and growth characteristics (Madzak et al., 2004). Being unicellular, they also 

“possess an eukaryotic subcellular organisation able to perform the post-translational 

processing of complex proteins” (Madzak et al., 2004).  In comparison to E. coli, yeast 

expression systems have the capability to secrete correctly folded proteins (Verma et al., 1998). 

Yeast expression systems also have the ability to reach high cell densities in bioreactors and 

are faster and cheaper to manipulate as opposed to animal and plant expression hosts (Ferrer-

Miralles et al., 2009; Martínez et al., 2012). 

 

Yeast cells are less sensitive to contamination due to their cell walls being resistant to shear 

stress during protein production and have the ability to grow in media that is not costly as 

compared to mammalian cells (Verma et al. 1998; De Pourcq., 2010; Martínez et al., 2012). 

During fermentation, protein production can reach more than 1 g.l-1 in a matter of days as 

compared to other expression systems (Gerngross., 2004). The production of hirudin, a 

thrombin inhibitor was compared using different expression systems (Table 2) by Demain and 

Vaishnav (2009). Yeast showed the highest production of the recombinant protein. 

 

Table 2: Comparison of hirudin production using different expression systems (adapted from Demain and 
Vaishnav, 2009). 

Recombinant hosts Organism mg.l
-1

 

BHK cells Mammalian 0.05 

Insect cells Insect 0.40 

Streptomyces lividans  Bacterial 0.25-0.5 

Escherichia coli Bacterial 200-300 

Saccharomyces cervisiae Yeast 40-500 

Hansenula polymorpha Yeast 1500 

Pichia pastoris Yeast 1500 
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Saccharomyces cerevisiae is the most commonly used yeast for heterologous protein 

production in the past. Vast amounts of knowledge are widely available for this host.  It has 

been used as an expression system for several proteins such as 0.09 g.l-1 of human serum 

albumin (Okabayashi et al., 1991), 1 g.l-1 of Tetanus toxin fragment C (Romanos et al., 1991) 

and 9 g.l-1 of glucose oxidase from Aspergillus niger (Park et al., 2000; Adrio and Demain, 2010) 

to name a few. 

 

S. cerevisiae, however, has several limitations: “low product yield, poor plasmid stability, 

difficulties in scaling-up production, hyperglycosylation, and low secretion capacities” (Madzak 

et al., 2004). Due to these limitations of S. cerevisiae, alternative yeast systems have been 

found and these include: the methylotrophs, Picha pastoris and Hansenula polymorpha; the 

dairy yeast, Kluyveromyces lactis; the amylolytic yeast, Schwanniomyces occidentalis and the 

alkaline utilizer, Yarrowia lipolytica (Müller et al., 1998).  

 

P. pastoris is another commonly used yeast expression system that has been exploited over the 

past few decades with high level recombinant production (Cereghino and Gregg., 1999, 

reviewed by Cereghino and Cregg, 2000).  It was developed by the Phillips Petroleum Company 

for the expression of single cell proteins with the potential to achieve more than 130 g.l-1 of dry 

cell weight in a continuous culture and has the ability to grow on methanol as an only source of 

energy (Ogata et al., 1969; Wegner, 1990; Domínguez et al., 1998). P. pastoris has been used 

in the production of 10 g.l-1 of human serum albumin (Kobayashi et al., 2000), 12 g.l-1 of Tetanus 

toxin fragment C (Clare et al., 1991) and 14.8 g.l-1 of Gelatin (Werten et al., 1999) to name a 

few. As an expression system, its production yields are much higher than S. cerevisiae when 

expressing the same proteins (111 fold higher for HSA and 12 fold higher for Tetanus toxin 

fragment C).  

 

Another expression host, that has been described as one of the most attractive non 

conventional yeast host strains for recombinant protein expression is Yarrowia lipolytica (Müller 

et al., 1998). During the mid-1960s, the production for single-cell proteins emerged. Y. lipolytica 

was able to arouse a strong industrial interest because of its capability to grow on n-paraffins. 
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This substrate could be used as an only carbon source and was very cheap and plentiful during 

this period. (Barth and Gaillardin., 1997).   

 

2.8 Yarrowia lipolytica 

 

Y. lipolytica ascomycetous yeast was previous classified as Candida, Endomycopis and 

Saccharomyces lipolytica (Barth and Gaillardin., 1997). It was first discovered by Wickerham in 

1945 after isolation from a jar that contained fibre tailings from a corn processing plant which 

was found to form hyphal elements attached to asci when a certain type of medium was used 

(Barth and Gaillardin, 1997). It has been used in many industrial applications many of which 

have been classified as safe by the FDA. These include the production of citric acid, peach 

flavour and peptides (Nicaud et al., 2002).  

 

This dimorphic yeast has the capacity to secrete several recombinant proteins efficiently  

withseveral molecular tools available for post-translational modification (Madzak et al., 

2004;Pignede et al., 1998; Lopes et al., 2008). Y. lipolytica has been classified as non 

pathogenic (Holzschu et al., 1979) with the ability to naturally secrete several enzymes including 

lipases, RNAses, proteases and esterases (Barth and Gaillardin., 1997). In comparison to other 

well-known yeasts such as S. cerevisiae  and Schizosaccharomyces pombe, Y. lipolytica is able 

to ultilize several substrates: alkanes, fatty acids, glucose and organic acids (Barth and 

Gaillardin , 1997). In the past, Y. lipolytica was used to produce high amounts of organic acids 

by growing on n-paraffins (Tsugawa et al., 1969). This allowed for upscaling of products with the 

accumulation of large amounts of datafor fermentation processes. (Barth and Gaillardin., 

1997).This organism can produce between 1-2 g.l-1alkaline extracellular protease (AEP) when 

grown on YPD medium (Tobe et al., 1976, Ogrydziak and Scharf, 1982; Barth and Gaillardin, 

1997). 

 

Lip2 is a native enzyme expressed by Y. lipolytica at high concentrations (Pignede et al., 2000a; 

Pignede et al; 2000b; Fickers et al., 2005) and hence was used as a fusion partner for 
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expression of a galactose oxidase M1 enzyme, a camelid antibody fragment and a trypsin 

inhibitor (Hofmeyer et al., 2013).  

 

There are several Y. lipolytica strains available for heterologous gene expression. These include 

the Pold strain deleted for an alkaline extracellular protease by Le Dall et al., (1994) with the 

ability to utilise the carbon source sucrose (Nicaud et al., 1989) and the Po1f, Po1g and Po1h 

strains (Madzak et al., 2000; Madzak, 2003) deleted for both extracellular proteases (acid and 

alkaline). Polf and Polh strains were used for integration of yeast expression cassettes from 

auto-cloning vectors (Madzak et al., 2000; Madzak., 2003). Po1g and Po1h retained one 

auxotrophic marker with Po1g containing an extra pBR322 docking integration platform (Madzak 

et al., 2000; Madzak., 2003). The most commonly used selection markers are LEU2 and URA3 

(Le Dall et al., 1994; Madzak et al., 2004). 

 

There are several plasmids that exist and are designed specific for host strains with selection 

markers. The pINA1296 plasmid was designed by Madzak et al., (2000) for integration at the 

pBR322 docking platform of the Polg strain of Y. lipolytica. The pINA1297 vector was designed 

as a “zeta based auto-cloning multi copy vector” for integration into the Po1f and Po1h strains 

(Nicaud et al., 2002; Madzak et al., 2004). The integrative pKOV410 plasmid is commonly used 

by the CSIR (Bulani et al., 2012; Hofmeyer et al., 2014) (which was kindly donated by the 

University of the Free State) was used for the purpose of this study (Figure 6).  
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Figure 6: The pKOV410 plasmid containing the Lip2-Exe fusion gene was randomly integrated into the 
genome of Y. lipolytica. 

 

This plasmid was transformed to contain expression cassette: which consisted of a lipase gene 

(Lip2), 6 x histidine (His) tag, an enterokinase cleavage site (ECS) and the exenatide (Exe) 

peptide (39 amino acids) with the addition of a glycine residue to the C-terminal end (necessary 

for downstream processing – amidation) (Figure 6). The plasmid contained the sequence that 

targets the rDNA location of the strain YlEx-gly and a LEU2 auxotrophic marker. 

 

Apart from choosing the most appropriate plasmid for gene expression, finding the correct 

promoter for optimal expression is crucial. According to Müller et al. (1998), a promoter that is 

tightly regulated allows one to separate the growth and expression stages hence allowing 

protein expression which can inhibit cell growth. When choosing the appropriate promoter for 

expression, the following needs to be considered: it must be strong, capable of producing 

between 10- 30% of a recombinant protein in excess of the total protein produced by the 

organism, it should show a low level of basal transcription during growth of the organism 

especially for toxic proteins and induction should be cost-effective and simple (Hannig and 

Makrides, 1998). There are a variety of promoters available for heterologous gene expression 

by Y. lipolytica and these are listed in Table 3. 

 

Yarrowia lipolytica 

genome 

integrated 

 

Stellenbosch University  https://scholar.sun.ac.za



24 
 

Table 3: Promoters available for Y. lipolytica and their characteristics (reproduced from Madzak et al., 
2004). 

 

 

The XPR2 promoter is the most commonly used promoter for recombinant protein production by 

Y. lipolytica. It is only active at pH’s above 6 in medium that doesn’t contain carbon and nitrogen 

and induction requires high levels of peptone (Ogrydziak et al., 1977; Ogrydziak and Scharf, 

1982, Franke et al., 1988). The RPS7 and TEF promoters were isolated by Müller et al. (1998) 

and have been described as constitutive and strong. The downfall of having a constitutive 

promoter is that early protein production could affect the growth of the organism (Madzak et al., 

2004). Other promoters that were isolated by Madzak et al. (2004) include the POX promoters 

(acyl-CoA oxidases POX1, POX2 and the POX5 ), the POT1 promoter (3-oxo-acyl-CoA 

thiolase) and ICL1 (isocitrate lyase). These promoters were studied against the XPR2, the hp4d 

and the G3P (glycerol-3-phosphate dehydrogenase) promoters by monitoring their regulatory 

mechanism during growth of Y. lipolytica (Juretzek et al., 2000; Madzak et al., 2004). The 

outcomes yield that POT1 and POX2 was repressed by the carbon sources glycerol and 

glucose and induced by alkanes and fatty acids, ICL1 was induced by acetate, alkanes, fatty 

acids and ethanol although not completely repressed by glycerol and glucose (Juretzek et al., 

2000; Madzak et al., 2004).  

 

The XPR2 promoter was critically analysed by Blanchin-Roland et al., 1994 and Madzak et al., 

1999). It was found that an upstream activating sequence, designated as UAS1, was not 

affected significantly by environmental conditions. This sequence was used to design a 

recombinant promoter called hp4d that was not affected by medium composition such as 

Stellenbosch University  https://scholar.sun.ac.za



25 
 

nitrogen and carbon sources or pH or peptones (Madzak et al., 1995; Madzak et al., 2000). It 

was said to drive a strong gene expression and its regulation to be  growth phase dependent 

starting at early stationary phase (Madzak et al., 2000; Nicaud et al., 2002). This promoter has 

been used for the recombinant production of several proteins such as epoxide hydrolase from 

Rhodotorula araucariae, endo-ß-1, 4-mannanase from Aspergillus aculeatus, a galactose 

oxidase M1 enzyme, a camelid antibody fragment and a trypsin inhibitor (Maharajh et al., 2008; 

Roth et al., 2009, Hofmeyer et al., 2014; Madzak et al., 2004).  

 

2.9 Concluding Remarks 

 

The CSIR is developing a process for the recombinant production of pharmaceuticals peptides 

in Y. lipolytica. The production of lipase (Lip2), under regulation of the hp4d promoter was 

previously elucidated in continuous fermentation and found to be linked to growth rate with high 

production yields occurring at growth rates lower than 0.045 h-1 (van Zyl, 2013). However it is 

unclear if this regulation is at the level of transcription or cellular metabolism. Therefore to 

achieve maximum production of pharmaceutical peptides and proteins, the regulation of the 

hp4d promoter needed to be established. A Y. lipolytica stain expressing a fused Lipase and 

Exenatide (Lip2:Exe) precursor, under regulation of the hp4d promoter, was generated (Chapter 

3). The growth and production profiles will therefore be established and compared to literature in 

Chapter 3. An optimised mRNA transcription methodology will be developed and validated in 

Chapter 4 followed by the evaluation of the effect of growth rate on the recombinant production 

of fused Lip2:Exe, under regulation of the hp4d promoter, by Y. lipolytica in Chapter 5.  
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3.1 Introduction 

 

Exenatide (Byetta®) is a type 2 diabetic drug that was discovered by Dr John Eng in the early 

nineties (Mueller, 2007). He isolated a compound from the saliva of the Gila monster after he 

noticed that the endangered lizard's poison stimulated the body's production of insulin, a 

hormone that helps cells decrease blood glucose levels (Somers, 2005). The compound also 

prevented the blood-glucose levels from dropping dangerously low and stopped it from spiking 

hence preventing damage to the eyes, liver and kidneys (Somers, 2005). It was later licensed 

by Amylin Pharmaceuticals and marketed as the diabetic drug Byetta® and therefore is used as 

an alternative to insulin for the treatment of type 2 diabetes (Mueller, 2007; Kyriacou and 

Ahmed, 2010). The cost of treatment using this drug is very expensive. On average, it costs 

approximately $ 1800 for 5 µg and $ 2200 for the 10 µg dosages annually per patient per year 

(Bond, 2006). The main reason for the high treatment costs is due to several steps required 

during the manufacturing process (chemical synthesis) of the drug. A potential cost-effective 

alternative using recombinant protein expression exists and with Y. lipolytica as a host. 

  

A Y. lipolytica Po1f strain, expressing the fused Lip2:Exe precursor, was generated by Dr 

Ramagoma1 and Dr Bulani2  from the Biosciences Department at the CSIR (Table 4) and kindly 

donated for the purpose of this study. The integration plasmid pKOV410 (kindly donated by the 

University of the Free State) was used which contained the sequence that targets the rDNA 

location of the strain YlEx-gly, the expression cassette: which consisted of a lipase gene (Lip2), 

6 x histidine (His) tag, an enterokinase cleavage site (ECS) and the exenatide (Exe) peptide 

(39 amino acids) with the addition of a glycine residue to the C-terminal end (necessary for 

downstream processing – amidation) (Figure 7) and a LEU2 auxotrophic marker.  

                                                

1
Dr Faranani Ramagoma, CSIR Biosciences, P. O. Box 395, Pretoria, South Africa 

2
Dr Siyavuya Ishmael Bulani, CSIR Biosciences, P. O. Box 395, Pretoria, South Africa 

Stellenbosch University  https://scholar.sun.ac.za



28 
 

Table 4: Genotypes of Y. lipolytica strain containing the Lip2:Exe fusion peptide. 

 Characteristics Reference 

Strain   

Y. lipolytica Po1f 
 

∆MatA, ∆leu2-270, ∆ura3-302, 

∆xpr2-322, ∆axp-2 

(Madzak et al., 2000) 

 

Y. lipolytica YlEx-gly  ∆MatA, ∆leu2-270, ∆xpr2-322, 

∆axp-2, Lip2:Exe 

 

 

 

 

 

 

Figure 7: The Lip2:Exe expression cassette integrated into the genome of Y. lipolytica. 

 

3.2 Materials and Methods 

 

3.2.1 Cell banking of Y. lipolytica (YlEx-gly) expressing the fused Lip2:Exe 

precursor  

 

Ultra Yield (2.5 l, Biosilta®, United Kingdom) flasks (n = 5), containing sterile (autoclaved at 121 

°C for 20 min) YPD (100 ml) medium [1 % yeast extract (m.v-1, Merck, Germany), 1 % peptone 

(m.v-1, Merck, Germany) and 2 % glucose (m.v-1, Merck Millipore, Germany), pH 6.4], were 

inoculated by transferring a single colony of Y. lipolytica (Ylex-gly) from a plate counting agar 

(PCA) plate (stored at 4°C for 1 week). These plates containing the YlEx-Gly strain were 

donated by Dr Bulani and Dr Ramagoma. The flasks were incubated on an orbital shaker (180 

rpm) at 28°C and aseptically sampled (2 ml) every 2 h. The growth of the organism was 

followed by measuring the optical density (OD) at 660 nm using a Beckman Coulter DU800 

spectrophotometer (Beckman Coulter, USA). When mid-exponential phase (OD: 4–7) was 

reached, all flasks were microscopically checked for monoculture and  pooled together followed 
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by cryopreservation of organism by mixing cold sterile glycerol (4°C, 50 % m.v-1) with culture 

broth at a ratio of 1:1 followed by aseptically dispensing 2 ml aliquots into sterile cryo-vials (2 

ml). The cryo-vials were thereafter placed in Nalgene cryo-containers containing 250 ml 

Isopropyl Alcohol (IPA) and stored at -80°C. After a period of 48 h, the cryo-vials were 

transferred to storage cryo-boxes and stored at -80°C. This was followed by growth curves and 

validation studies of the cell bank. 

 

3.2.2 Growth curve study and validation of the cell bank for production of 

the fused Lip2:Exe precursor  

 

Ultra yield (2.5 l) flasks (Biosilta®, United Kingdom) containing sterilised (autoclaved at 121°C 

for 20 min) YPD (700 ml, pH 6.4) medium were inoculated with cryo-vials (one cryo-vial per 

flask) from the cell bank (n = 5). The flasks were incubated on an orbital shaker (180 rpm) at 

28°C and growth profiles were established by aseptically removing culture broth every 2 h and 

measuring OD660nm, pH, biomass production (section 3.2.4.1) and residual glucose 

concentration (Accutrend®, Germany) for the first 26 h. The growth rate (Equation 1) and 

doubling time (Equation 2) for Y. lipolytica were established using the following formulas: 

 

Growth rate (µ) = 2.303 x (log10 OD2 – log10 OD1) / (Time2 – Time1)        Equation 1 

Doubling time (tD) = ln 2 / µ             Equation 2 

 

Following the growth curve study, the cell bank was validated for production of the fused 

Lip2:Exe precursor by Y. lipolytica (YlEx-gly). Ultra yield (2.5 l) flasks containing sterilised 

(autoclaved at 121°Cfor 20 min) YPD (700 ml, pH 6.4) medium were inoculated using YlEx-gly 

containing cryo-vials (one cryo-vial per flask) from the cell bank (n = 5). The flasks were 

incubated on an orbital shaker (180 rpm) at 28°C. Samples (10 ml) of culture broth were 

aseptically removed from each flask, at regular intervals, to measure pH, residual glucose 

concentration, biomass production (section 3.2.4.1) and OD660nm followed by centrifugation of 2 

ml samples (n = 3) at 13000 x g for 10 min. The supernatant was dispensed into sterile 

Eppendorf tubes and stored at -20°C for quantification of total extracellular protein and lipase 

production (sections 3.2.4.2 and 3.2.4.3 respectively). 
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3.2.3 Batch fermentation of Y. lipolytica 

 

Upon validation of the cell bank using a flask trial, batch fermentation was used to scale-up 

production of the fused Lip2:Exe precursor. Labfors 3 fermenters (Infors HT, Switzerland) with a 

1.7 l working volume (n = 4), were initially pressure tested for any leaks followed by calibration 

of pH and DO (Dissolved Oxygen) probes. YPD medium (1.2 l, pH 6.8) was prepared in each 

fermenter and autoclaved at 121°C for 45 min. Once the temperature of the medium had 

reached 25°C, each fermenter was inoculated with a 2 ml cryo-vial, containing Y. lipolytica 

(YlEx-gly) expressing the fused Lip2:Exe precursor using a 2 ml cyro-vial from the cell bank.  A 

sterile syringe was used to inject the inoculums via the septated port. The temperature was 

controlled at 28°C and the aeration was set to 1 slpm (standard liters per minute).  The starting 

agitation was set at 300 rpm and ramped to 1000 rpm in order to maintain the pO2 (dissolved 

oxygen) at 30 % saturation. Samples (20 ml) of culture broth were aseptically removed, at 

regular intervals, to measure pH, residual glucose concentration, biomass production (section 

3.2.4.1) and OD660nm. Triplicate samples (2 ml) were centrifuged at 13000 x g for 10 min and the 

supernatant was dispensed into sterile Eppendorf tubes and stored at -20°C for quantification of 

total extracellular protein and lipase production (sections 3.2.4.2 and 3.2.4.3 respectively). The 

supernatant was also used to observe extracellular protein production by running SDS PAGE 

gel electrophoresis (section 3.2.4.4). The fermentation culture broth was microscopically 

checked on a daily basis to ensure monoculture status. 

 

3.2.4 Analysis used for study 

 

3.2.4.1 Biomass production determination 

 

Biomass (Dry Cell Weight) production was quantified by centrifuging 2 ml samples at 13000 x g 

for 10 min in pre-weighed (Weight 1) Eppendorf tubes (2 ml). The supernatant was discarded 

and the pellet left to dry at 110°C until constant weight was reached (Weight 2). Each tube was 

weighed and the biomass calculated using Equation 3. 
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Biomass (g.l-1) = (Weight 2 – Weight 1) x 500          Equation 3 

 

3.2.4.2 Protein concentration determination assay 

 

The Bradford (Bradford, 1976) assay method uses the dye-binding principle, giving off a colour 

change, depending on the concentration of total extracellular protein. A BSA (Bovine Serum 

Albumin; Roche, Germany) standard curve was generated prior to quantification at a 

concentration range of 0.0 - 0.5 mg.ml-1.  

 

Bio-Rad (Bio-RadTM, USA) protein assay reagent (200 µl) was added to 10 µl of sample (n = 4) 

in a 96 well flat-bottom microtiter plate (samples were diluted to fit within the standard curve). 

The plate was left shaking (200 rpm) for 5 min at room temperature to ensure efficient binding of 

the dye to the protein. The end point reaction was quantified at 595 nm (BioTek PowerWaveTM 

HT, USA) and read against a BSA standard curve in order to determine the total extracellular 

protein concentration of each sample. All assays done were done in quadruplicate. 

 

3.2.4.3 Lipase kinetic assay 

 

Lipase (Lip2) was used as a reporter enzyme to give an indication of the amount of fused 

Lip2:Exe produced. The lipase assay (Vorderwülbecke et al., 1992) measured the release of 

ρ-nitrophenol during cleavage of the substrate ρ-nitrophenylpalmitate by the Lip2 enzyme. 

Solutions A and B were prepared according to Table 5. 

 

Table 5: Lipase Assay components used to quantity the amount of fused Lip2:Exe produced. 

Solution Component Concentration  

A ρ-Nitrophenylpalmitate 3.0 mg.ml
-1

 

 Propan-2-ol 1.0 ml.ml
-1

 

B Tris-HCI buffer (50 mM, pH 8.0) 1.0 ml.ml
-1

 

 Na-deoxycholate 4.4 mg.ml
-1

 

 Gum arabic 1.1 mg.ml
-1

 

Stellenbosch University  https://scholar.sun.ac.za



32 
 

 

Solution A was added drop-wise to solution B at a ratio of 1:9 whilst stirring (200 rpm, 37°C) 

using a heating-stirrer plate. The reaction was initiated by the addition of 240 µl of the combined 

solution (37°C) to 10 µl of enzyme sample (supernatant) in a 96 well flat-bottom microtiter plate. 

All assays done were done in quadruplicate. The release of ρ-nitrophenol was monitored at 410 

nm (37°C) using a microtiter plate reader (BioTek PowerWaveTM HT, USA). The activity of the 

enzyme was calculated as U.ml-1 using Equation 4: 

U.ml-1= (V /v x Є x d) X A/min             Equation 4 

Where by:  

V = final volume,  

v = sample volume,  

Є = Extinction coefficient of ρ-nitrophenol at 410 nm (pH 8.0)  

   = 15 (1 x nmol-1 x cm-1 = ml x µmol-1 x cm-1),  

d = light path of cuvette, 

A.min-1 = change of absorbance per minute.  

The U.ml-1 was converted to nKat.ml-1 by multiplying with a constant of 16.8. 

 

3.2.4.4  SDS PAGE gel electrophoresis to monitor extracellular protein 

production 

 

In order to observe extracellular protein production, SDS PAGE gel electrophoresis was used 

(Laemmli., 1970). Supernatant (10 µl) was combined with 10 µl of sample buffer (62.5 mM Tris-

HCl, pH 6.8, 20 % Glycerol, 2 % SDS, 5% β-Mercaptoethanol) followed by 10 min incubation at  

95°C, on a heating blocking. The tubes were briefly centrifuged for 5 sec to ensure even mixing 

of the sample and buffer. The samples (10 µl) were loaded onto a 12% SDS-PAGE gel 

[separating gel consisted of: 30 % Bis/Acrylamide (Sigma-Aldrich, USA), 1.5 M Tris- HCl, pH 

8.8, 10 % (w/v) SDS, 10 % (w/v) Ammonium Persulfate (Sigma-Aldrich, USA) and TEMED 

(Sigma-Aldrich, USA);  stacking gel consisted of: 30 % Bis/Acrylamide (Sigma-Aldrich, USA), 

0.5 M Tris- HCl, pH 6.8, 10 % (w/v) SDS, 10 % (w/v) Ammonium Persulfate (Sigma-Aldrich, 

USA) and TEMED (Sigma-Aldrich, USA)] and electrophoresed (running buffer: 25 mM Tris, 192 

mM glycine and 0.1 % (w/v) SDS, pH 8.3) through the stacking gel at 100 V for 20 min followed 
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by 200 V for 30 min for the seperating gel. The molecular weight marker that was used as a 

reference is the SpectraTM Multicolor Broad Range Protein Ladder (Thermo Scientific USA). The 

SDS gel was stained using the Colloidal Coomassie Blue Staining method (Kang et al., 2002; 

Neuhoff et al., 1988). 

 

3.3 Results and Discussion 

 

A cell bank was generated for Y. lipolytica (YlEx-gly) expressing the fused Lip2:Exe precursor. 

The glycerol stocks were checked for a monoculture followed by the evaluation of growth curve 

profiles and validation of recombinant production of the fused Lip2:Exe precursor.  

 

3.3.1  Y. lipolytica (YlEx-gly) growth profile characteristics and 

recombinant production of the fused Lip2:Exe precursor 

 

The cell bank for Y. lipolytica (YlEx-gly) was generated and confirmation of a monoculture 

present in the glycerol stocks was microscopically checked (Figure 8) and then streaked (10 µl) 

onto PCA plates. Growth was followed by measuring the OD660nm and biomass (section 3.2.4.1) 

for 26 h (Figure 9A).  

 

Figure 8: Confirmation of monoseptic culture. The glycerol stocks were visualised, at 100 x magnification, 
for the presence of Y. lipolytica cells using a light mircoscope. 
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When using glucose as a substrate, the decrease in pH is due to the production of organic acids 

(such as citric acid) and the increase in pH due to proteolysis and the reutilization of organic 

acids after glucose depletion (Revah and Lebeault., 1989; Rane and Sims., 1996; Papanikolaou 

et al., 2002). Lipase was detected after 24 h (Figure 10B).  A maximum lipase activity of 

1287(± 81.40 nKat.ml-1) was observed at 50 h, 10 h after glucose depletion, followed by a rapid 

decrease to 319(± 46.30) nKat.ml-1 at 126 h.   

 

The total extracellular protein concentration increased from 0.916(± 0.08) g.l-1 at 75 h to 1.34(± 

0.08) g.l-1 at 126 h. This was 7.7 fold higher than Hofmeyer et al. (2014) who achieved up to 174 

mg.l-1 of fused protein during shake flask studies. Following the validation of the cell bank using 

a flask trial, batch fermentation was used to further upscale the production of the fused Lip2:Exe 

precursor peptide. 

 

3.3.2 Batch fermentation of Y. lipolytica 

 

Batch fermentation was used to validate the cell bank for production of the fused Lip2:Exe 

precursor at a 1.2 l scale. The maximum growth rate during the exponential phase was 0.346 h-1 

with a doubling time of 2.89 h. The maximum OD660nm of 26.1 and biomass of 18.33(± 0.54) g.l-1 

was reached after 38 h when glucose in the medium was depleted (Figure 11A). The maximum 

volumetric lipase activity of 14042.32(±1008.95) nkat.ml-1 was reached after glucose depletion 

with an overall productivity of 379.52 nkat.ml-1.h-1. A 10.91 fold higher production in lipase 

activity was observed in batch fermentation as opposed to flask studies (Figure 11B). Although 

the lipase productivity decreased after 37 h (explained in Figure 12), protein production 

remained constant and reached a maximum of 0.34 mg.l-1 after 47 h. However, it is unclear if 

Lip2:Exe transcription, under regulation of the hp4d promoter, started at the beginning of the 

exponential growth phase and was only translated at early stationary phase or if Lip2:Exe 

transcription only started at the early stationary phase.  
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SDS PAGE gel was used to monitor the production of the total extracellular protein (Figure 11). 

The Lip2:Exe fusion peptide (42 kDa) was the majority of the total extracellular protein 

produced.. The production of Lip2:Exe stopped after  41 h followed by degradation of the 

peptide resulting in a decrease in lipase activity but not a decrease in extracellular protein 
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concentration as observed in Figures 10B, 11B and 12. Similar lipase profiles have been 

observed by several authors (Lopes et al., 2008; Alonso et al., 2005; Domínguez et al., 2003; 

Corzo and Revah., 1999).    

 

 

Figure 12: Total extracellular protein production profile by Y. lipolytica (YlEx-gly).  

 

3.4 Concluding Remarks 

 

The Y. lipolytica strain expressing the fused Lip2:Exe precursor was cell banked and validated 

for the production of the recombinant protein using flask and batch fermentation studies. It was 

observed that production, under regulation of the hp4d promoter, only started in early stationary 

phase. In order to fully understand the regulatory mechanism of the hp4d promoter, the 

transcription of Lip2:Exe gene fusion needed to be quantified during growth of Y. lipolytica. 

Before this could be done, a methodology to monitor transcripts needed to be optimised and 

validated for reproducibility. This will be undertaken in Chapter 4 prior to the determination of 

the regulation of the hp4d promoter in Chapter 5. 
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4.1 Introduction 

 

Transcription of the gene is the first step in the expression of a product and this is initiated by a 

promoter. The regulation of a promoter can be due to several factors such as growth rate, 

growth phase and the presence of substrates (eg. fatty acids, peptones, amino acids, etc.). By 

the measuring the amount of transcripts (mRNA) of a particular gene, one can determine the 

regulatory mechanism of a promoter. This therefore will aid in determining the regulation of the 

hp4d promoter by quantifying the amount of Lip2:Exe mRNA transcripts produced during growth 

of Y.lipolytica YlEx-Gly. 

 

The evolution of transcription monitoring methodologies and development has increased 

overtime.  Many assays have provided the high-throughput monitoring of the mRNA transcripts 

which are based on high specificity and sensitivity (Bustin, 2002). There are several 

methodologies that are currently available to quantify mRNA transcripts under regulation of a 

promoter such as northern hybridization and reverse transcription (RT) PCR. The 

disadvantages of using these protocols are that northern hybridization: is time consuming, 

displays low sensitivity, its quantification potential is limited and RT-PCR requires RNA of high 

quality which does not contain any DNA contaminants and therefore can be costly (Thieme et 

al., 2008).  

 

A fast, reliable methodology was described by Rautio et al. (2003) specific for the quantification 

of mRNA transcripts produced during fermentation. In Figure 13, the principles of the assay are 

highlighted using a modified schematic diagram. The sandwich hybridisation assay depends on 

four oligonucleotide probes (the two helper, capture and detection) bind to the target mRNA 

strand. The capture (biotin-labeled) probe binds to the strepavadin magnetic breads, forming a 

stable support for the interaction between the anti-DIG (Digoxigenin)-alkaline phosphatase FAB 

fragments and the detection (DIG-labelled) probe. An AttoPhos® (Promega, Germany) substrate 

(BBTP: 2'-[2-benzothiazoyl]-6'-hydroxybenzothiazole phosphate) is added and this causes a 

reaction to occur. BBTP is cleaved by the alkaline phosphatase yielding inorganic phosphate 

and BBT (2'-[2-benzothiazoyl]-6'-hydroxybenzothiazole) which gives off a yellow fluorescence 

colour. This fluorescence intensity is used to quantify the amount of transcripts produced using 
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a generated standard curve of known concentrations. (Rautio et al., 2003; Resina et al., 2007; 

Thieme  et al., 2008). Before this method could be used, the conditions for the hybridisation 

solution [1] and breakage of Y. lipolytica (YlEx-gly) cells, prior to quantification of transcripts, 

needed to be optimised. This methodology was then validated for reproducibility using a flask 

trial. 

 

 

Figure 13: Modified schematic diagram showing mRNA sandwich hybridisation assay (adapted from 
Rautio et al., 2003). [1]: Binding of probes to the mRNA strand using a hybridisation solution, [2]: The 
Lip2:Exe strand-probe complex [1] binds to the streptavidin magnetic beads providing a structural 
support, [3]: The anti-DIG-alkaline phosphatase binds to the DIG labelled probe, [4]: The added substrate 
(BBTP) is cleaved by the conjugated phosphatase yielding an inorganic phosphate and BBT which gives 
off a yellow fluorescent colour that is used to quantify the amount of transcripts (Lip2:Exe) in the sample. 
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4.2 Materials and Methods 

 

4.2.1 Generation of mRNA oligonucleotide probes for sandwich 

hybridization assay 

 

Complementary oligo mRNA Probes (Table 6), specific for the Lip2:Exe mRNA (Figure 14), 

were chosen using the sequencing program Gene Runner (Hastings Software, Inc.)  

 

Table 6: Complementary mRNA probes designed for sandwich hybridization assay. 

 

Probe Sequence Thermodynamic 
values (Tm) 

Helper probe 1 5΄CGTCGTGATGGTGGTGGTGGTGAT 3΄ 60.8 

Dig labelled probe 5΄ CCCTCGCCGTGCTTGTCGTCAT 3΄ 61.4 

Biotinylated probe 5΄ CTGCTTAGACAGGTCAGAGGTGAAGGTG 3΄ 59.1 

Helper probe 2 5΄ GAACAGTCGGACGGCCTCCTCCT 3΄ 60.3 

 

1001TCATCGATCACCACCACCACCATCACGACGATGACGACAAGCACGGCGAGGGCACCTT

CACCTCTGACCTGTCTAAGCAGATGGAGGAGGAGGCCGTCCGACTGTTCATCGAGTGGCT

GAAGAACGGCGGACCCTCTTCTGGCGCACCACCCCCCAGCTAACCTAGGAGCTCTGGAG

CACAAGACTGGCCTCATGGGCCT1200 

Figure 14: Portion of Lip2:Exe sequence indicating the binding positions of four complementary probes. 
The first helper probe binds to the region highlighted in green, the dig-labeled probe to yellow, and the 
biotinylated probe in red followed by the second helper in turquoise. 

 

All probes were synthesized by Inqaba Biotec (South Africa). The detection probe was labeled 

using the DIG Oligonucleotide Tailing Kit, 2nd generation (Roche Diagnostics, Switzerland) as 

per manufacturer’s protocol. Briefly, 100 ρmol of oligonucleotide (detection probe) was added to 

sterile double distilled water (Milli Q) to a final volume of 9 µl in a sterile Eppendorf tube on ice. 

To this reaction tube, 4 µl of a reaction buffer (1 M potassium cacodylate, 0.125 M Tris-HCl, 
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1.25 mg.ml-1 BSA, pH 6.6), 4 µl of a 25 mM CoCl2 solution, 1 µl of a 1 mM DIG-dUTP solution, 1 

µl of a 10 mM dATP solution and 1 µl of a 400 U.µl-1 Terminal transferase solution (prepared in 

60 mM K-phosphate; pH 7.2), 150 mM KCl, 1 mM 2-Mercaptoethanol, 0.5 % (v.v-1) Triton X- 100 

and 50 % (v.v-1) glycerol) was added. The tube was mixed and centrifuged for 5 sec followed by 

incubation for 15 min at 37°C. The reaction was placed on ice and stopped by the addition of 2 

µl 0.2 M EDTA (pH 8). The labelled probe was dispensed into sterile Eppendorf tubes and 

stored at -80°C. The biotin probe was labeled by Inqaba Biotec. 

 

4.2.2 Generation of standards for mRNA sandwich hybridization assay 

 

4.2.2.1 Generation of DNA standard using PCR 

 

Primers were designed (Table 7) to generate copies of a portion of the Lip2:Exe peptide (vector 

kindly donated by Dr. S.I. Bulani3)  using a technique called polymerase chain reaction (PCR). 

The T7 Exe Forward primer was designed to include the T7 promoter sequence (in blue) that 

was necessary for downstream transcription of DNA to RNA using the MAXIscript® Kit (Life 

Technologies, USA) which uses a T7 polymerase. The KAPA 2G PCR kit (Kapa Biosystems, 

South Africa) was used to generate copies of the DNA fragment during PCR (Table 8). Using a 

Thermocycler (Labnet International Inc, USA), all PCR amplifications started with an initial 

denaturing step for 30 sec at 95°C followed by 35 cycles of denaturing for 30 sec at 95°C, 

annealing for 30 sec at 50°C and extension for 45 sec at 72°C. The last step involved 

elongation at 72°C for 2 min. 

 
 
Table 7: Primers used for PCR reaction of Lip2:Exe DNA fragment 

 

Primer Sequence 

T7 Exe Forward 5΄ TAATACGACTCACTATAGGGAGATGGCCCCTGATCCACCCTCC 3΄ 

Exe Reverse 5΄ TGGTGCGCCAGAAGAGGGTCC 3΄ 

 

                                                

3
Dr Siyavuya Ishmael Bulani, CSIR Biosciences, P. O. Box 395, Pretoria, South Africa 
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Table 8: PCR reaction to generate standards for mRNA hybridisation assay. 

 

Solution Volume (µl) 

Lip2:Exe plasmid template (49 ng.µl
-1

) 2.5 

dNTPs (10 mM) 0.5 

Exe- Reverse primer (10 µM) 1.5 

T7-Forward primer (10 µM) 1.5 

Buffer A (5 x) 5 

2G Fast enzyme (5 U.µl
-1

) 0.1 

Distilled water Made up volume to 25 µl 

 

 

4.2.2.2 Detection of PCR product using Agarose Gel Electrophoresis and 

Quantification using the Nanodrop 

 

The PCR product was observed on a 1 % agarose gel stained with 0.5 µg.ml-1 ethidium 

bromide. The samples were mixed with 4 µl loading buffer [10 % (v.v-1) glycerol, 0.09 % (w.v-1) 

Bromophenol Blue, 0.09 % (w.v-1) Xylene cyanol ff, 10 mM Tris pH 7.6 and 10 mM EDTA]. The 

marker (5 µl, Thermo Scientific (USA) OʹGeneRuler 1 kb DNA Ladder) was used to establish if 

the 297 bp PCR fragment was present.  Agarose gel electrophoresis was run at 120 V (labnet 

power station 300 plus, USA) in 1 x TAE buffer (40 mM Tris base, 40 mM glacial acetic acid, 1 

mM EDTA, pH 8.0).  The gel was visualized using UV. The PCR product was excised from the 

gel followed by clean-up using the ZymocleanTM gel DNA recovery kit, as per manufacturer’s 

protocol. The excised gel was placed into a sterile Eppendorf tube. ADB buffer was added to the 

gel fragment at a ratio of 3:1 and incubated at 55°C for 10 min. The solution was added to a 

Zymo-spinTM column and placed onto a collection tube (2 ml). This was centrifuged for 5-10 sec 

at 13000 x g. The collection tube content was discarded. Wash buffer (200 µl) was added to the 

spin column and centrifuged for 10 sec. The collection tube content was discarded once again 

and an additional 200 µl of wash buffer was added and centrifuged at 13000 x g for 30 sec. The 

column was transferred to a sterile 1.5 ml Eppendorf tube. TE buffer (10 µl, 10 mM Tris-HCl, 

1 mM EDTA, pH 8.0.) was added to the column and centrifuged at 60 sec to elute the DNA that 
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was bound to the matrix. The eluted product was quantified using a Nanodrop UV-Vis 

Spectrophotometer (Thermo Scientific, USA).  

 

The purified PCR product was then transcribed into mRNA using the MAXIscript® Kit, as per 

manufacturing protocol. Briefly, the PCR product (± 1 µg) was added to a sterile Eppendorf 

tube, followed by 2 µl 10 x transcription buffer, 1 µl 10 mM ATP, 1 µl 10 mM CTP, 1 µl 10 mM 

GTP, 1 µl 10 mM UTP and 2 µl Enzyme mix. The reaction mixture was made up to 20 µl with 

nuclease-free water. The tube was gently mixed and briefly centrifuged to collect the mixture at 

the bottom. Turbo DNase (1 µl) was added to the reaction and mixed well followed by incubation 

at 37°C for 15 min. The reaction was stopped by the addition of 0.5 M EDTA. An aliquot (5 µl) 

was run on a formaldehyde agarose gel (section 4.2.2.3) and the remaining solution was 

subjected to ethanol precipitation to remove any unbound nucleotides (section 4.2.2.4). The 

RNA product was quantified using the Nanodrop UV-Vis Spectrophotometer (Thermo Scientific, 

USA) and aliquots of 100 fmol stocks were stored at -80°C. 

 

4.2.2.3 Detection of RNA standard using Formaldehyde Agarose Gel 

Electophoresis  

 

An aliquot (5 µl) of the transcribed RNA was run on a 1.2 % (v.v-1) formaldehyde agarose (FA) 

gel. Agarose (12 g.l-1) was mixed with 10 x FA gel buffer (200 mM 

3-[N-morpholino]propanesulfonic acid (MOPs) (free acid), 50 mM sodium acetate, 10 mM 

EDTA, pH 7.0 using sodium hydroxide). The buffer was made in DEPC-treated water which is 

RNAse free. This water was prepared by adding DEPC (Diethylpyrocarbonate, 1 ml) to 1 l dH2O 

(distilled water) and incubated at room temperature for 1 h followed by autoclaving for 20 min at 

121°C. The agarose solution was heated to melt the agarose and cooled to 65°C using a water 

bath. For a 100 ml solution, 1.8 ml of 37 % (v.v-1) formaldehyde and 1 µl of ethidium bromide 

(10 mg.ml-1) were added. The solution was mixed by gently swirling for 5 sec and then poured 

into a gel casting support. Once the gel was set, it was equilibrated with 1 x FA gel running 

buffer (100 ml 10x FA gel buffer, 20 ml 37% (v.v-1) formaldehyde, 880 ml DEPC-treated water) 

for 30 min. The samples were mixed with 5x loading buffer (16 µl saturated aqueous 
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bromophenol blue solution, 80 µl 500 mM EDTA (pH 8), 720 µl 37% (v.v-1) formaldehyde, 2 ml 

100 %(v.v-1) glycerol, 3.1 ml formamide, 4 ml 10 x FA gel buffer and DEPC-treated water to a 

final volume of 10 ml) at a ratio of 4:1. The samples were mixed by vortexing for 5 sec and 

incubated at 65°C for 5 min. This was then transferred onto ice for 5 min. It was then loaded 

onto the equilibrated FA gel along with a marker (RiboRuler High Range RNA ladder, Thermo 

Scientific, USA). The gel was run in 1x FA gel running buffer at 40 V for 2 h.   

 

4.2.2.4 Ethanol precipitation of RNA to remove unbound nucleotides and 

quantification using the Nanodrop 

 

DEPC-treated water (30 µl) was added to the transcription reaction (20 µl) to bring the final 

volume to 50 µl in an Eppendorf tube.  In order to facilitate precipitation, 5 µl of 5 M Ammonium 

acetate was added. The contents were then vortexed for 5 sec to ensure even distribution. 

Ethanol (100 %,v.v-1) was added to the tube to a final volume of 165 µl. The solution was chilled 

at -20°C for 30 min.  The tube was centrifuged at 13000 X g for 15 min at 4°C. The supernatant 

was carefully discarded and the pellet washed with 4⁰C 70 % (v.v-1) ethanol. The tube was 

centrifuged briefly (13000 X g for 5 min). The supernatant was discarded and the tube left to air 

dry in a laminar flow for 1 h to remove the excess ethanol. The RNA was quantified using the 

NanoDrop UV-Vis Spectrophotometer (Thermo Scientific, USA).  

 

4.2.3 Optimisation of mRNA sandwich hybridization method 

 

The mRNA sandwich hybridization assay was optimised by evaluating three different 

hybridization solutions (Table 9). Standards (0, 10, 20, 40 and 60 fmol diluted from a 100 fmol 

stock) were used as samples during the optimization. Solutions A, B and C (86 µl per sample) 

were prepared fresh in a reaction tube. DIG-tail labeled detection probe (1 µl), biotin-labeled 

capture probe (1 µl), helper 1 probe (1 µl) and helper 2 probe (1 µl) was added for each reaction 

into the reaction tube. Each hybridization solution was tested with 20 µg or 50 µg of magnetic 

beads. 
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Each solution (90 µl containing the hybridization solution and probes) was added to a well (n = 

3) of a 96 well clear reaction plate (flat - bottom). The plate was incubated using a thermomixer 

(Eppendorf Thermomixer® comfort, Germany) at 60°C for 5 min (650 rpm). The sample (10 µl) 

was added into each well containing the hybridization solution. The plate was placed in the 

thermomixer for 40 min at 650 rpm, 60°C (temperature was determined using Tm values of 

probes to prevent non-specific binding - see table 6). Magnetic beads [Streptavidin 

MagneSphere® Paramagnetic Particles (Promega, USA)] were prepared by adding the volume 

of beads required (20 µg or 50 µg per reaction well) in an Eppendorf tube. The tube was placed 

onto a Magnesphere® Magnetic Separation Stand (Promega, USA) to allow the removal of the 

supernatant. The supernatant was discarded and 5 x SSC (Saline-Sodium Citrate buffer) buffer 

(diluted from a 20 x stock using DEPC treated water: 3 M NaCl and 0.3 M sodium citrate, pH 

7.0) was added. The tube was vortexed for 5 sec and placed on the separation stand. This was 

repeated twice and the magnetic bead solution finally made-up to the original volume using 5 x 

SCC. Streptavidin Magnetic beads (20 or 50 µl) were added into each well containing the 

hybridization solution and sample. The target RNA molecules were immobilized onto the 

streptavidin magnetic beads by incubating in the thermomixer for 30 min at 60°C (650 rpm). 

After immobilization the wells were washed by placing the reaction plate onto a MagnaBot® 96 

Magnetic Separation Device (Promega, USA)and allowing the beads to be collected for 1 min. 

The liquid was removed from the wells and 150 µl of washing solution (1 x SSC, 0.01 % (m.v-1) 

SDS and 0.1 % (v.v-1) TWEEN20) was added. The plate was incubated in the thermomixer for 

2 min at 25°C (650 rpm). This washing step was repeated three times. 

 

Diluted anti-DIG Alkaline Phosphatase Fab-fragments (100 µl) was added to each well. The 

plate was incubated in the thermomixer at 25°C at 750 rpm for 5 sec and then decreased to 450 

rpm for 30 min. The reaction plate was again placed onto a MagnaBot® 96 Magnetic Separation 

Device for 1 min and the washing step was repeated for three times as described above. After 

the 3rd washing step, both the liquid and beads were transferred to a new reaction plate to avoid 

signal from the anti-DIG Alkaline Phosphatase that was bound to walls. The new plate was 

incubated for 2 min at 25°C with 750 rpm shaking. The plate was again placed onto a 

MagnaBot® 96 Magnetic Separation Device and the liquid removed followed by washing of the 

beads once more. The substrate [100 µl, AttoPhos® fluorescent substrate (Promega, USA)] was 

added into each well and incubated in the thermomixer at 37°C at 1100 rpm for 5 sec and 

decreased to 750 rpm for 20 min. The plate was placed onto the MagnaBot® 96 Magnetic 
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Separation Device for 1 min and 90 µl of the liquid (not beads) was transferred to a black 

reaction plate (96 well, flat bottom) for fluorescence measurement. The fluorescence signals 

were measured with a Victor 2 Fluorescence reader (Perkin Elmer Wallac, USA) at an excitation 

wavelength of 485 nm and an emission wavelength of 535 nm. 

 

Table 9: Components of hybridization solution used to optimise mRNA assay. 

 

Solution Components per well (90 µl) Reference 

A 25 µl 20x SSC buffer,  

2 µl 10% (m.v
-1

) SDS  
(Sigma-Aldrich,USA) , 
  
15 µl 20 % (m.v

-1
) Dextran sulphate 

(Sigma-Aldrich,USA),  

2 µl 50x Denhardts reagent (Life 
Technologies, USA) and  

42 µl DEPC-H2O 

Rautio et al., 2006; 2007 

B 25 µl 20x SSC,  

5 µl 10% (m.v
-1

) SDS,  

20 µl 20 % (m.v
-1

) Dextran sulphate,  

2 µl 50x Denhardts reagent,  

20 µl Formamide and 

14 µl DEPC-H2O 

Rautio., 2003 

C 25 µl 20x SSC,  

20 µl Formamide, 

15 µl 20 % (m.v
-1

) Dextran sulphate,  

2 µl 10 % (v.v
-1

) TWEEN20, 

1 µl 100x Denhardts reagent, 

10 µl 10x blocking reagent,  

13 µl DEPC-H2O. 

Thieme et al., 2008 
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4.2.4 Optimisation of cell breakage 

4.2.4.1 Harvesting of cells 

 

In order to harvest the same amount of cells, an OD versus cell count relationship had to be 

determined.  Cells were harvested from a flask and their OD at 660 nm was determined using 

the spectrophotometer. Serial dilutions were made and 100 µl of sample spread onto PCA 

plates. The OD:cell count ratio was used to ensure a constant number of cells was harvested 

every time. An Eppendorf tube, containing the constant number of cells, was centrifuged at 

13000 x g at 4°C (Sigma Laborzentrifugen 1K15). The supernatant was discarded and the pellet 

washed with 1 ml DEPC-treated water. The suspension was centrifuged again at 13000 x g at 

4°C. The supernatant discarded and the pellet was snap-frozen using liquid nitrogen (200 ml) 

and stored at -80°C. 

 

4.2.4.2 Different cell breakage buffers 

 

Different buffers were used to optimise cell breakage. Once the pellet was defrosted, 500 µl of 

each buffer (Table 10) was added to the Eppendorf tube. The contents of each Eppendorf tube, 

containing the different buffers, were transferred to a homogenizer tube containing acid washed 

glass beads (0.5g, 425 - 600 µM, section 3.2.4.3). This suspension was disrupted for 2 min at 

6.0 m.s-1(MP tm FastPrep (R)-24 homogenizer) and then centrifuged at 13000 x g for 10 min at 

4°C. The supernatant (400 µl) was aliquoted into four (100 µl) sterile Eppendorf tubes (2 ml) and 

frozen using liquid nitrogen.  This was stored at -80°C for the mRNA sandwich hybridisation 

assay.  
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Table 10: Different buffers evaluated  for cell breakage. 

 

Buffer Components 

Lysis buffer 5x SSC buffer,  

4% SDS and  

1 µl.ml
-1

 RNA guard RNAse inhibitor 

TEN buffer 200 mM Tris-HCl buffer (pH 8),  

2 mM EDTA,  

200 mM NaCl and  

1 µl.ml
-1

 RNA guard 

Y-PER ((Thermo Scientific, USA)) 
and TEN buffer combination 

Y-PER (250 µl) was added to the pellet and the 
tube was incubated at 25°C, 650 rpm using the 
Eppendorf Thermomixer® comfort (Germany) for 
30 min.  

TEN buffer (250 µl) was added to suspension. 

 

  

4.2.4.3 Acid washing of Glass beads 

 

Glass beads (425-600 µM) used for cell breakage, were prepared by adding 100 g of glass 

beads in a 250 ml Schott bottle. HCl (100 ml, 5.8 M, v.v-1) was added to the bottle until the 

beads were covered. The content of the bottle were incubated at room temperature (25°C) for 

1 h.  The HCl was carefully removed and sterile 160 ml of dH2O was added. The bottle was 

swirled for 10 sec to ensure the beads were mixed. Once the beads sank to the bottom, the 

water was carefully removed. This wash was repeated 10 times. The beads were autoclaved for 

20 min at 121°C and left in the oven at 50°C to dry overnight. 
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4.2.5 Shake flask study to evaluate the mRNA sandwich hybridization 

assay 

 

Ultra yield flasks (2.5 l) containing 700 ml YPD medium, pH 6.8, were prepared and autoclaved 

at 121°C for 20 min.  Each flask was inoculated using a single cryo-vial from the cell bank. The 

temperature was maintained at 28°C and the flasks were left shaking at 180 rpm. Growth and 

mRNA transcription were followed by taking samples (10 ml) at regular time intervals. Growth 

was measured by determining the optical density at 660 nm.   

 

Based on the optical density, a constant amount of cells were centrifuged at 13000 x g for 10 

min at 4°C (section 4.2.4.1).  Upon harvesting, cells were broken using the Y-PER-TEN Buffer 

method (section 4.2.4.2). The frozen supernatant was then defrosted and hybridization solution 

C (refer to Table 9) using 20 µl of beads (based on optimised studies), was used for the mRNA 

assay (section 4.2.3). A transcription and growth (OD660nm) profile was hence established. 

 

4.3 Results and Discussion 

 

4.3.1 Generation of standards for mRNA sandwich hybridization assay 

 

mRNA transcripts of known concentrations needed to be generated for a standard curve. PCR 

was used to upscale the quantity of the Lip2:Exe fragment. After PCR, agarose gel 

electrophoresis (Figure 15) was used for detection of the product followed by quantification 

using the Nanodrop. 
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Figure 15: Detection of PCR product using agarose gel electrophoresis. Agarose gel indicating the 297 
bp fragment of the Lip2:Exe fragment attached to a T7 promoter produced during PCR. 

 

After quantification using the nanodrop, the PCR product was transcribed into RNA using the 

MAXIscript® Kit. An aliquot of the reaction was run onto a formaldehyde agarose gel for 

detection of the 297 bp Lip-Exe fragment (Figure 16). The components of the transcription 

reaction were precipitated with ethanol to remove any unbound nucleotides and the pure RNA 

quantified using the Nanodrop. This RNA sample could now be used as a standard to quantify 

Lip2:Exe transcripts with the sandwich hybridization assay.  

 

Figure 16: Detection of transcribed PCR product using formaldehyde agarose gel electrophoresis. 
Formaldehyde agarose gel indicating the 297 bp fragment of the transcribed Lip2:Exe fragment. 

 

PCR product (297 bp) 

Transcribed PCR product (297 bp) 
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4.3.2 Optimization of mRNA sandwich hybridization method 

 

Probes were designed for the mRNA sandwich hybridization assay (Table 6). The biotin-labelled 

probe was used for capturing the Lip2:Exe mRNA transcripts onto the streptavidin magnetic 

beads and the DIG-labelled probe used for detection. Anti-DIG Alkaline Phosphatase Fab 

fragments were then used to quantify the amount of mRNA transcripts generated under the 

regulation of the hp4d promoter. It has been shown that the use of helper probes assist in 

binding of the DIG and biotin-labelled probes (Barken et al., 2004). Following the generation of 

the mRNA Lip2:Exe fragments of known concentration, this was used as a standard to evaluate 

three sandwich hybridization assays methodologies for repeatability (Figure 17). In addition, two 

streptavidin magnetic bead concentrations (20 and 50 µg per sample) were tested to define 

maximum binding capacity (Figure 17).  

 

The same standards of mRNA Lip2:Exe fragments (0, 10, 20, 40 and 60 fmol diluted from a 100 

fmol stock) were used for each protocol. The binding capacity of the 50 ug beads using protocol 

A was not linear with a R2 value of 0.846 (Figure 17A). The linearity of the 20 µg magnetic 

beads was higher with an R2 of 0.9672. Protocol B (Figure 17B) showed a ±50 % difference (in 

fluorescence intensity between the two bead concentrations. R2 values were 0.9989 and 0.9639 

for the 50 µg and 20 µg respectively. Protocol C (Figure 17C) showed almost similar 

fluorescence intensities for both concentrations of magnetic beads. The 20 µg beads reached 

their maximum binding capacity at 40 fmol whereas the binding capacity of the 50 µg beads was 

linear up to 60 fmol, the highest concentration tested. Protocol C, at a streptavidin magnetic 

bead concentration of 20 µg, was therefore chosen for the mRNA sandwich hybridisation assay. 

The reason being that the binding capacity in terms of the components of the assay was similar 

for both bead concentrations therefore it was more cost effective to chose the 20 µg over the 50 

µg bead concentration. 
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4.3.3 Optimization of cell breakage 

 

Once the sandwich hybridisation assay was optimised using the Lip2:Exe mRNA standard, the 

repeatability of cell breakages of samples, taken at various time points, was tested. Firstly, an 

OD: cell ratio was determined and used as a constant to ensure that the same number of cells 

are harvested for every sample. The determined OD constant was 4, equalling 1.2 x 108 

cells.ml-1. The first buffer tested (Figure 18) was the lysis buffer (Table 10). 

 

The standard deviation between flasks using the lysis buffer was high indicating inefficient cell 

breakage and results were not repeatable (Figure 18). It was also noticed that white precipitate 

formed after beads were used to break the cells. This interfered with the contents of the 

samples as observed by the high standard deviations for each sample. This buffer was 

therefore not used further. Y-PER, an enzyme that degrades the cell walls of yeast, TEN buffer 

and a Y-PER-TEN buffer combination were tested in combination with mechanical cell breakage 

(Figure 19). All three solutions showed repeatable cell breakage. Y-PER showed repeatability 

but the fluorescence intensity was low indicating the solution lacked components necessary for 

an optimal sandwich hybridisation assay. A combination of Y-PER and TEN buffer yielded the 

highest fluorescence intensity and was therefore selected for cell breakage. 
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Figure 17: Comparison of three different protocols 
magnetic bead concentrations 50 µg (
sandwich hybridisation assay. A:  Protocol A

(A) 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

(C) 

Comparison of three different protocols using different hybridisation solutions and
50 µg (�) and 20 µg (�) concentrations used to optimise the mRNA 

sandwich hybridisation assay. A:  Protocol A, B:  Protocol B, C: Protocol C. 
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using different hybridisation solutions and two different 
concentrations used to optimise the mRNA 
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Figure 18: Variation of Fluorescence intensity after cell breakage of Y. lipolytica cells during cultivation in 
Ultra yield (2.5 l) flasks. 

 

 

 

 
Figure 19: Replicates of a sample using different cell breakage solutions. Y-PER (red), TEN buffer (blue) 
and Y-PER-TEN buffer combination (green) was compared for repeatability and fluorescence intensity. 
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4.3.4 Shake flask study to evaluate the mRNA sandwich hybridization 

assay  

 

After optimisation of the assay and cell breakage, a flask trial was used to validate the assay for 

repeatable mRNA transcriptional trends of the hp4d promoter (Figure 20). The growth of the 

organism (n = 3) was also measured at OD660nm (Figure 20). The assay was reproducible (each 

sample was done in quadruplicate) with different flasks showing similar results (as observed by 

the error bars). It can be seen that the production of mRNA (Figure 20) took place throughout 

the growth of Y. lipolytica (Figure 20). This shows that the hp4d promoter is quasi-constitutive. 

The amount of Lip2:Exe mRNA transcripts increased during the exponential phase and as the 

organism switched from exponential to stationary phase, the amount of mRNA transcripts, 

started to decrease.  A possible explanation could be that during exponentional phase, 

metabolism of the organism is high and hence a spike is observed due to freely available amino 

acids present in the medium for transcription. Once metabolism started slowing down, the 

amount of Lip2:Exe mRNA transcripts started, under regulation of the hp4d promoter, to decline.  

However, when compared to Figure 9B, extracellular lipase and protein production started once 

the organism reached early stationary phase. According to Fickers et al. (2004) and Fickers et 

al. (2011), during the exponentional growth phase of Y. lipolytica, extracellular lipase is 

associated with the cell wall and is only released into the culture broth at the end of the 

exponentional growth phase. This would explain why the lipase activity is only observed during 

early stationary phase once metabolism slows down and transcription of the Lip2:Exe mRNA, 

under regulation of the hp4d promoter is observed during exponential growth phase.  
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Figure 20: Growth profile (�) and v
shake flask production of Lip2:E
time profiles during growth of Y. lipolytica

4.4 Concluding Remarks

 

It was important to monitor mRNA transcription of the Lip2:Exe gene in order to understand the 

regulation of the hp4d promoter. Measuring the activity of lipase, although, gave an indication of 

the amount of the mRNA transcripts translated, it did

due to degradation). It also did not explain if 

transcription which would be due to the promoter or at the level of translation which would be 

due to metabolism. Therefore a

mRNA transcripts produced during the growth of 

promoter. The methodology was optimized for cell breakage and for the hybridization assay 

followed by validation using a flask study. 

time-consuming as opposed to northern hybridization and it did not require RNA free from DNA 

contaminants as opposed to RT

The results obtained from the flask trial 

order to evaluate effect of growth

) and validation of mRNA sandwich hybridisation assay protocol
shake flask production of Lip2:Exe fusion by Y. lipolytica. Flasks showed the same repeatable trend for 

Y. lipolytica expressing fused Lip2-Exe. 

 

Remarks 

It was important to monitor mRNA transcription of the Lip2:Exe gene in order to understand the 

regulation of the hp4d promoter. Measuring the activity of lipase, although, gave an indication of 

the amount of the mRNA transcripts translated, it did have several limitations (activity decrease 

due to degradation). It also did not explain if recombinant production was at the level of 

transcription which would be due to the promoter or at the level of translation which would be 

ore a methodology was developed to quantify the amount of LIP2:Exe 

transcripts produced during the growth of Y. lipolytica under regulation of the hp4d 

The methodology was optimized for cell breakage and for the hybridization assay 

by validation using a flask study. Compared to other methodologies, the assay was not 

consuming as opposed to northern hybridization and it did not require RNA free from DNA 

contaminants as opposed to RT-PCR which made it more cost efficient (

from the flask trial showed that the hp4d promoter is 

effect of growth under regulation of the hp4d promoter during fed
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alidation of mRNA sandwich hybridisation assay protocol (�) during 
. Flasks showed the same repeatable trend for 

It was important to monitor mRNA transcription of the Lip2:Exe gene in order to understand the 

regulation of the hp4d promoter. Measuring the activity of lipase, although, gave an indication of 

have several limitations (activity decrease 

production was at the level of 

transcription which would be due to the promoter or at the level of translation which would be 

methodology was developed to quantify the amount of LIP2:Exe 

under regulation of the hp4d 

The methodology was optimized for cell breakage and for the hybridization assay 

Compared to other methodologies, the assay was not 

consuming as opposed to northern hybridization and it did not require RNA free from DNA 

PCR which made it more cost efficient (Thieme et al., 2008). 

the hp4d promoter is quasi-constitutive. In 

under regulation of the hp4d promoter during fed-batch 
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cultivation, continuous fermentation will be used to control growth rate and the amount of 

transcripts will be quantified (Chapter 5). 
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Chapter 5: Determining the effect 

of growth rate on the regulation of 

the hp4d promoter by monitoring 

mRNA transcription 
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5.1 Introduction 

 

Yarrowia lipolytica is used as an expression host for the production of heterologous enzymes. A 

Y. lipolytica (YlEx-gly) strain with the potential to express the exenatide peptide was developed. 

Exenatide is a therapeutic drug used as an alternative to insulin for the treatment of type 2 

diabetes. The Lip2 expression cassette which consisted of the Lip2 gene, 6 X Histidine tag, an 

enterokinase cleavage site, the exenatide peptide and a glycine amino acid (Figure 6) was 

integrated into the genome of Y. lipolytica (YlEx-gly). This was expressed under the regulation 

of the synthetic quasi-constitutive hp4d promoter (Chapter 3). The CSIR is developing a process 

for the recombinant production of pharmaceuticals peptides in Y. lipolytica. According to 

literature, the hp4d promoter was said to be growth phase dependent hence it is switched on 

during early stationary growth phase of Y. lipolytica (Madzak et al., 2000; Nicaud et al., 2002). 

However, the production of lipase, under regulation of the hp4d promoter was elucidated in 

continuous fermentation and found to be linked to growth rate with high product production 

occurring at growth rates lower than 0.045 h-1 (van Zyl, 2013). During optimisation of a 

methodology to monitor mRNA transcripts under regulation of the hp4d promoter, it was 

observed that transcripts were produced throughout the exponential and stationary growth 

phases of Y. lipolytica during batch cultivation (Chapter 4) and therefore could not be growth 

phase dependent. It is, however, unclear if this regulation is at the level of transcription or 

cellular metabolism and how mRNA transcription would be affected during fed-batch 

fermentation cultivations under controlled growth conditions. In order to determine the effect of 

growth rate on transcription levels of the gene under regulation of the hp4d promoter, Y. 

lipolytica will be cultivated in continuous fermentation at different growth rates using carbon 

limitation as the growth regulator. Subsequently total extracellular protein production using fed-

batch fermentation will be compared at different growth rates to validate the results obtained 

during continuous fermentation. 
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5.2 Materials and Methods 

 

5.2.1 Determination of carbon to nitrogen ratio to achieve carbon limitation 

 

Erlenmeyer flasks (n = 3), containing sterile medium (autoclaved at 121°C for 20 min) of 20 g.l-1 

yeast extract and different glucose concentrations (Table 11), were each inoculated with cells of 

Y. lipolytica  YlEx-gly from a 2 ml cryo-vial from the cell bank. The flasks were incubated at 28°C 

and 180 rpm on a shaking incubator. After 18 h (late exponential growth phase as determined 

by growth curve study) samples were taken hourly until constant OD (660 nm) was reached. 

The residual glucose was measured for each sample. Once stationary phase was reached 

(constant OD for three successive samples), 2 ml of the broth was centrifuged at 13000 x g for 

10 min in pre-weighed Eppendorf tubes. The supernatant was decanted and the pellet left to dry 

in an oven at 50°C. The Eppendorf tubes were weighed and the biomass determined for each 

sample. The biomass yield on glucose utilized was determined by measuring the amount of 

biomass per glucose utilized (g.l-1 of biomass/ g.l-1 of glucose). The ratio of carbon to nitrogen 

was determined for a carbon limitation medium required for continuous fermentation. 

 

 

Table 11: Media composition for determining glucose limitation 

 

Glucose (g.l
-1

) Yeast Extract (g.l
-1

) 

0 20  

5 20  

10 20  

15 20  

20 20  

30 20  

40 20 
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5.2.2 Evaluation of the effect of different growth rates on the production of 

fused Lip2:Exe by Y. lipolytica during continuous fermentation  

 

A 2 l continuous fermenter (Infors HT, Switzerland) containing sterilise (autoclaved for 45 min at 

121°C) 1.2 l modified CSIRman medium (20 g.l-1 yeast extract, 20 g.l-1 glucose and 1 ml.l-1 

antifoam, pH 6.8) was aseptically inoculated via the septated port with cells of Y. lipolytica YlEx-

gly from a 2 ml cryo-vial from the cell bank using a sterile syringe. The pH was controlled at 6.8 

with 25% NH4OH (m.v-1) or 25% H2SO4 (m.v-1). The temperature was controlled at 28°C, 

aeration at 2 slpms and agitation at 1000 rpm. In order to determine when mid-exponential 

phase was reached, OD660nm was measured by taking 2 ml samples. The feed (20 g.l-1 yeast 

extract and 20 g.l-1 glucose) was then started. The feed was controlled to maintain growth rates 

ranging from 0.012 – 0.049 h-1. Monoculture was checked microscopically on a daily basis. 

Once steady state was reached, for each growth rate, as indicated by constant protein 

production (Chapter 3, section 3.2.4.2) and OD660nm for three retention times, a sample (10 ml) 

was taken for analysis. Biomass (Chapter 3, section 3.2.4.1), OD, enzyme activity (Chapter 3, 

section 3.2.4.3), extracellular protein concentration (Chapter 3, section 3.2.4.2), residual 

glucose concentration and mRNA transcription profiles (Chapter 4, sections 4.2.4.1, 4.2.4.2 and 

4.2.3) were established. To validate the results obtained during continuous fermentation, the 

production of total extracellular protein by fed-batch fermentations, at different growth rates, was 

compared. 

 

5.2.3 Evaluation of different feed rates to maintain the growth rate during 

Fed-batch fermentation of Y. lipolytica under regulation of the hp4d 

promoter 

 

5.2.3.1 Inoculum for fed-batch fermentation 

 

Fernbach flasks (2 L) containing 700 ml sterile YPD medium (autoclaved for 20 min at 121°C), 

were inoculated with cells of Y. lipolytica YlEx-gly from a 2 ml cryo-vial from the cell bank 
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followed by incubation on an orbital shaker at 28°C and 180 rpm. Once mid-exponential phase 

(OD660nm: 1-3; Age: 16-18 h) was reach, the contents of these flasks were used to inoculate the 

fermenters. 

 

5.2.3.2 Fed-batch fermentation 

 

Biostat C fermenters (15 l, Germany) containing 6.5 l of modified CSIRman medium (30 g.l-1 

glucose, 30 g.l-1 yeast extract and 1 ml.l-1 antifoam) were sterilised at 121°C for 45 min. The pH 

was automatically controlled at pH 6.8 with 25 % NH4OH (v.v-1) or 20 % H2SO4 (v.v-1). After 

inoculation of each fermenter, agitation started at 500 rpm and was ramped up hourly (100 rpm 

intervals) to maintain the pO2 at 30 % saturation. The temperature was controlled at 28°C and 

airflow at 2 slpms. Once residual glucose was depleted, the feed (200 g.l-1 glucose and 200 g.l-1 

yeast extract) was started and fed at a rate to maintain the growth rates of choice (0.019- 0.049 

h-1). Samples (20 ml) of culture broth were aseptically removed, at regular intervals, to measure 

pH, residual glucose concentration, biomass production (Chapter 3, section 3.2.4.1) and 

OD660nm. Triplicate (2 ml) samples were centrifuged at 13000 x g for 10 min. The supernatant 

was dispensed into sterile Eppendorf tubes and stored at -20°C for quantification of total 

extracellular protein (Chapter 3, section 3.2.4.2). Monoculture status was checked daily, 

microscopically. 

 

5.3 Results and Discussion 

 

5.3.1 Determination of carbon to nitrogen ratio to achieve carbon limitation  

 

The study was done to determine the ratio of yeast extract to glucose to ensure carbon 

limitation necessary for continuous fermentation. At initial charge glucose concentrations higher 

than 20 g.l-1, the glucose concentration was not yet depleted at the start of stationary growth 

indicating that nitrogen had become the growth limiting nutrient in the medium. In batch cultures, 
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where both nitrogen and carbon are present in medium, nitrogen is consumed first as soon as 

growth starts (Beopoulos et al., 2009). In order to prevent citric acid production, the ratio of 

carbon to nitrogen consumption is essential (Beopoulos et al., 2009). The biomass yield on 

glucose utilized decreased, as the residual glucose in the medium increased to a concentration 

of 20 g.l-1 (Figure 21). At higher glucose concentrations (30 to 40 g.l-1) the yield was constant at 

1.6 g.g-1 (± 0.2).  It can be observed from the yield of biomass on glucose utilised, at 10 g.l-1 

glucose becomes the limiting factor. It was determined to ensure a glucose limited medium 20 

g.l-1 of glucose will be used therefore the ratio of glucose to yeast extract should be 1.1.  

 

 

Figure 21: The effect of different glucose concentrations on the growth of Y. lipolytica (YlEx-gly) in shake 
flasks at 20 g.l

-1
 yeast extract concentration. Residual glucose concentration at the end of exponential 

growth(�) and the yield of Y. lipolytica biomass on glucose utilised  (�). 

 

5.3.2 The effect of different growth rates on the production of fused 

Lip2:Exe by Y. lipolytica during continuous fermentation  

 

Continuous fermentation was used to observe the effect of growth rate on the regulation of the 

hp4d promoter during the production of fused Lip2:Exe under carbon limitation. Glucose 

limitation was used to maintain different growth rates between 0.01 and 0.05 h-1 by changing the 

dilution rate of the continuous fermentation. Small samples were taken after each residence 
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time and the OD and protein concentrations measured to determine steady state at the desired 

dilution rate. Once steady state was confirmed by three constant values, the fermenters were 

sampled and analysed for biomass, lipase and protein production before changing the dilution 

rate (Figure 22). Biomass remained constant at 13.16(± 1.12) g.l-1 and the residual glucose was 

below detection levels at the dilution rates evaluated (Figure 22A). The lipase activity (used as a 

reporter enzyme) and total extracellular protein gave an indication of the amount of fused 

Lip2:Exe produced (Figure 22B). Similar trends were observed for extracellular lipase activity 

and protein production. Volumetric lipase production increased from 2734.26 (± 100.50) to 

3314.14 (± 283.79) nKat.ml-1 when the growth rate increased from 0.01 to 0.02 h-1. When the 

growth rate was increased above 0.02 h-1 to 0.03 h-1 the lipase activity decreased 3.7 fold to 

900.65 (± 16.15) nKat.ml-1 followed by a further 2.3 fold decrease to 398.90 (± 16.92) nKat.ml-1 

at a growth rate of 0.05 h-1. Total protein also followed the same trend as the lipase activity. An 

increase from 0.502 (± 0.015) to 0.554 (± 0.008) mg.ml-1 was observed when the growth rate 

was increased from  0.01 to 0.02 h-1 followed by a 1.3 fold decrease of 0.433 (± 0.003) mg.ml-1 

at a growth rate of 0.03 h-1. When the growth rate was increased from 0.02 to 0.05 h-1 the lipase 

activity decreased 8.3 fold and the extracellular total protein concentration decrease 1.6 fold. 

The highest lipase and total extracellular protein concentration was produced at a growth rate of 

0.02 h-1.  
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Figure 22: The effect of growth rate on biomass and Lip2: Exe production by Y lipolytica (YlEx-gly) grown 
in continuous fermentation. A: biomass (�) and residual glucose concentration (�). B: Lipase activity (�) 
and protein concentration (�)  

 

To determine if the increase in total protein concentration was due to increased production of 

protein under the hp4d promoter the volumetric lipase productivity was compared to specific 

lipase activity at different growth rates (Figure 23A). The specific lipase activity increased from 

5448.53 to 5980.76 nKat.mg-1
protein when the growth rate was increased from 0.01 to 0.02 h-1 

followed by a 5.3 fold decrease in specific activity to 1138.43 nKat.mg-1
protein at a growth rate of 

0.05 h-1. Using the optimised conditions for the mRNA sandwich hybridisation assay, the 

amount of mRNA transcripts per gram of biomass was measured during different growth rates 
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and this was compared to volumetric lipase productivity (Figure 23B). The amount of mRNA 

transcripts.g-1 in⁰reased from 10385.04 to 14217.98 fmol.g-1 when the growth rate was 

increased from 0.01 to 0.02 h-1 followed by a rapid 14.5 fold decrease to 980.16 fmol.g-1 at a 

growth rate of 0.03 h-1. A further increase in growth rate to 0.05 h-1 did not have an effect on the 

level of transcription of the hp4d promoter.  

 

Figure 23: The effect of growth rate (dilution) on transcription and translation during production of 
Lip2:Exe fusion by Y. lipolytica (YlEx-gly) under regulation of the  hp4d promoter. A: Specific lipase 
activity (�) and lipase productivity (▲). B: mRNA transcripts per gram of biomass (�) and lipase 
productivity (▲).  

 

Volumetric lipase productivity followed the same trend as transcription. The amount of 

transcripts produced under the regulation of the hp4d promoter decreased at growth rates 

above 0.02 h-1. The optimum growth rate for production of the Lip2:Exe fusion peptide under 

regulation of the hp4d promoter was 0.02 h-1 and in order to validate these results, total 
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extracellular protein production was quantified at different growth rates during fed-batch 

fermentation. 

 

5.3.3 Evaluation of different feed rates to maintain the growth rate during 

Fed-batch fermentation of Y. lipolytica under regulation of the hp4d 

promoter 

 

A fed-batch fermentation strategy was used to confirm that production of fused Lip2:Exe under 

regulation of the hp4d promoter is growth rate dependent. Four different growth rates between 

0.02 to 0.05 h-1, were compared by controlling the glucose feed (Figure 24). During the batch 

phase of the fermentation the growth, as determined by optical density and initial charge 

glucose consumption followed the same trends for all fermentations. After depletion of the initial 

charge glucose the glucose feed rate was used to maintain the growth rate of Y. lipolytica at the 

desired rates.  

 

Protein production started at the end of the exponential growth phase i.e. when the growth rate 

of the organism decreased, (Figure 24). When the production of the fused Lip2:Exe precursor, 

during fed-batch and continuous fermentation, were compared, both showed the same trends at 

different growth rates (Figure 26). As the growth rate increases, extracellular protein production 

decreased.  
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Figure 24: Fed-batch fermentation of Y. lipolytica (YlEx-gly) expressing fused Lip2:Exe at different growth 
rates. Optical density (�), residual glucose (�) and glucose feed (▲) were compared at different growth 
rates: A: 0.019; B: 0.029, C: 0.046 and D: 0.049 h
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Figure 25: Total extracellular protein production and optical density during fed
different growth rates. Optical density (
(YlEx-gly) expressing fused Lip2:
0.029, C: 0.046 and D: 0.049 h
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Figure 26: Comparison of extracellular protein production of Y. lipolytica during Fed-Batch and 
Continuous fermentation. Production of fused Lip2:Exe by fed-batch fermentation (�) and continuous 
fermentation (�) were compared at different growth rates: 0.02 to 0.05 h

-1
. 

 

The fed-batch fermentation therefore confirmed the data obtained in continuous fermentation 

that the production of proteins under regulation of the hp4d promoter is growth rate dependent 

as reported by van Zyl (2013). By decreasing the growth rate of the organism, a 60 % increase 

in total extracellular protein production took place. Growth rate has shown to have an effect on 

the recombinant production of proteins in several yeast expression systems. This was observed 

in Saccharomyces cerevisiae during the heterologous production of human insulin precursor 

and α—amylase (Liu et al., 2013). Similar results were achieved by Madzak et al. (2005) during 

the production of a Pycnoporus cinnabarinus lac 1 gene by Yarrowia lipolytica under regulation 

of the hp4d promoter with the highest protein production taking place at the lower growth rate 

(Madzak et al., 2005).  

 

Growth rate has also shown to have an effect on secretion of human serum albumin in Picha 

Pastoris. In a glucose-limited chemostat, production was measured during growth rates of 

0.015- 0.15 h-1 of P. pastoris. At high growth rates, several transcription regulation factors 

showed to be down regulated resulting in a decrease in protein production. Maximum 

production was observed at growth rates from 0.05 0 0.075 h-1. (Rebnegger et al., 2014).  
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Although transcription levels showed a brief increase during exponential growth (Figure 20), 

during batch cultivations, it was not sustained whereas growth rate had a sustainable effect on 

the level of transcription (Figure 22 and 23) during continuous and fed-batch fermentations. The 

absence of  extracellular lipase despite the increased level of transcription observed during mid 

exponential growth, during batch cultivations, can be explained by the fact that lipase secretion 

is triggered under carbon starvation or when the easily utilised amino-acids are depleted (Barth, 

2013). The data obtained during continuous and fed-batch fermentations as observed in Figures 

22, 23, 25 and 26, showed the hp4d promoter is growth rate dependent. This corresponds to the 

data achieved by van Zyl (2013). Compared to flask trial studies, the optimised fed-batch 

strategy yielded a 3.29 fold increase in total extracellular protein production.  

 

5.4 Concluding Remarks 

 

The regulation of the hp4d promoter in Y. lipolytica (YlEx-gly) was elucidated by using 

continuous fermentation to evaluate the effect of different growth rates on the regulation of the 

hp4d promoter. Transcription levels and extracellular lipase activity was measured and it was 

found that there was a direct correlation between the two and the growth rate. Maximum total 

extracellular recombinant protein production, lipase activity and mRNA transcript levels were 

observed at a growth rate of 0.02 h-1. These levels dropped sharply with increase in growth rate 

indicating that the synthetic hp4d promoter is growth rate dependent. This information was used 

to develop an optimised fed batch strategy for the production of the fused Lip2:Exe precursor. 
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Chapter 6: Conclusion and Future 

Recommendations 
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6.1 Conclusion 

 

A Y. lipolytica stain expressing the fused Lip2:Exe precursor was generated and cell banked. 

Recombinant protein production was validated in flask and batch fermentation (Chapter 3). It 

was observed that production by Y.lipolytica, under regulation of the hp4d promoter, took place 

during early stationary phase. In order to optimise conditions for the production, the regulation of 

the promoter needed to be established. A methodology to monitor fused Lip2:Exe mRNA 

transcripts was optimised (Chapter 4) and validated for reproducibility. It was observed that 

mRNA transcripts, under regulation of the hp4d promoter, were produced throughout the 

exponential and stationary phase during growth of Y. lipolytica (YlEx-gly) during batch 

cultivations indicating hp4d is quasi-constitutive. Continuous fermentation was used to regulate 

the growth rate of Y. lipolytica, using glucose as a limiting factor (Chapter 5). The mRNA 

transcripts, extracellular lipase activity and total protein production was monitored and all 

followed the same trends. Maximum production, under regulation of the hp4d promoter, took 

place at a growth rate of 0.02 h-1. This was confirmed by running several fed-batch 

fermentations and quantifying the amount extracellular protein at different growth rates. A 60 % 

increase in recombinant production was observed by growing Y. lipolytica (YlEx-gly) at a rate of 

0.02 h-1 as compared to other growth rates. It was therefore established that the synthetic hp4d 

promoter is growth rate dependent. 
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6.2 Future Recommendations and research outputs 

 

Ideally, this hypothesis should be tested using different Y. lipolytica strains and different reporter 

genes. During batch cultivation, the production of total protein should also be evaluated 

intracellularly, at the level of translation especially when using the Lip2 enzyme. Different 

peptides should be tested as fusions to the Lip2 gene to evaluate if size has an effect on 

recombinant production under regulation of the hp4d promoter.  

 

The developed fed-batch fermentation strategy for the production of heterologous proteins 

under regulation of the hp4d promoter by Y. lipolytica (YlEx-gly) has the potential to be used for 

the production of pharmaceutical peptides such as exenatide. This could lead to a more 

affordable treatment for type two diabetic patients that cannot afford the more expensive 

chemically produced drugs. This technology also has the potential to establish a recombinant 

production industry in South Africa and contribute to the South African bio-economy. 

 

Stellenbosch University  https://scholar.sun.ac.za



77 
 

 

 

 

 

Chapter 7: References 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



78 
 

Adrio, J-L. and Demain, A.L. (2010). Recombinant organisms for production of industrial 

products. Bioengineered Bugs.1(2):116-131 

Alonso, F.O.M., Oliveira, E.B.L., Dellamora-Ortiz, G.M. and Pereira-Meirelles, F.V. (2005). 

Improvement of lipase production at different stirring speeds and oxygen levels. Braz J Chem 

Eng. 22: 9-18. 

Anna, D.F., Rosa, M., Emilia, P., Simonetta, B. and Mose, R. (2003). High-level expression of 

Aliciclobacillus acidocaldarius thioredoxin in Pichia pastoris and Bacillus subtilis. Protein Expr. 

Purif., 30: 179-184. 

Bailey, R. (2014a). Amino Acid. http://biology.about.com/od/molecularbiology/ss/amino-

acid.htm. (date accessed: 23/11/2014). 

Bailey, R. (2014b). DNA Transcription. http://biology.about.com/od/cellularprocesses/ss/Dna-

Transcription.htm. (date accessed: 26/11/2014). 

Baneyx, F. and Georgiou, G. (1992). Expression of proteolytically sensitive polypeptides in 

Escherichia coli. In T.J. Ahern and M.C. Manning (ed.), Stability of protein pharmaceuticals. A. 

Chemical and physical pathways of protein degradation. Plenum Press. New York. 69-108 

Barken, K.B.,  Gabig-Ciminska, M., Holmgren, A. and Molin, S. (2004). Effect of unlabeled 

helper probes on detection of an RNA target by bead-based sandwich hybridization. 

BioTechniques. 36(1): 124–132 

Barth, G. and Gaillardin, C. (1997). Physiology and genetics of the dimorphic fungus Yarrowia 

lipolytica. Fems Microbiol Rev, 19(4): 219-237. 

Barth, G. (2013). Yarrowia lipolytica: Biotechnological Applications. Series: Microbiology 

Monographs. 25: 268 

Beopoulos, A.,Cescut, J., Haddouche, R., Uribelarrea, J-L., Molina-Jouve, C. and Nicaud, J-M. 

(2009). Yarrowia lipolytica as a model for bio-oil production. Prog Lipid Res. 48: 375-387 

Blanchin-Roland, S., Cordero Otero, R. and Gaillardin, C. (1994). Two upstream activation 

sequences control the expression of the XPR2 gene in the yeast Yarrowia lipolytica. Mol Cell 

Biol. 14: 327–338. 

Stellenbosch University  https://scholar.sun.ac.za



79 
 

Blanchin-Roland, S., Cordero Otero, R. and Gaillardin, C. (1994). Two upstream activation 

sequences control the expression of the XPR2 gene in the yeast Yarrowia lipolytica. Mol Cell 

Biol. 14: 327–338. 

Bleckwenn, N.A. and Shiloach, J. (2004). Large-scale cell culture. Curr Protoc Immunol. 

Appendix 1 

Bond, A. (2006). Exenatide (Byetta) as a novel treatment option for type 2 diabetes mellitus. 

Proc (Bayl Univ Med Cent). 19(3): 281–284. 

Boothe, J., Nykiforuk, C., Shen, Y., Zaplachinski, S., Szarka, S., Kuhlman, P., Murray, E., 

Morck, D. and Moloney, M.M. (2010). Seed-based expression systems for plant molecular 

farming Plant Biotechnol J. 8: 525–528. 

Braaz, R., Wong, S.L. and Jendrossek, D. (2002). Production of PHA depolymerise A (PhaZ5 

from Paucimonas lemoignei in Bacillus subtilis. FEMS Microbiol Lett. 209:237-241 

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram quantities 

of protein utilizing the principle of protein-dye binding. Anal Biochem. 7(72): 248-54. 

Bray, B.L. (2003). Large-scale manufacture of peptide therapeutics by chemical synthesis. Nat 

Rev Drug Discov. 2: 587-593  

Brown K. (2004). Penicillin man: Alexander Fleming and the antibiotic revolution, Sutton 

Publishing Ltd. 

Bulani, S.I., Moleleki, L., Albertyn, J. and Moleleki, N. (2012). Development of a novel rDNA 

based plasmid for enhanced cell surface display on Yarrowia lipolytica. AMB Express. 2(1): 1-8. 

Burger, S., Tatge, H., Hofmann, F., Genth, H., Just, I. and Gerhard, R. (2003). Expression of 

recombinant Clostridium difficile toxin A using the Bacillus megaterium system. Biochem 

Biophys Res. Commun. 307: 584–588. 

Bustin, S.A. (2002). Quantification of mRNA using real-time reverse transcription PCR (RT-

PCR): trends and problems. J Mol Endocrinol .29:23-39 

Cereghino, J.L. and Cregg, J.M. (2000). Heterologous protein expression in the methylotrophic 

yeast Pichia pastoris. FEMS Microbiol. Rev. 24:45-66 

Stellenbosch University  https://scholar.sun.ac.za



80 
 

Clare, J.J., Rayment, F.B., Ballantine, S.P., Sreekrishna, K. and Romanos, M.A. (1991). High-

level expression of tetanus toxin fragment C in Pichia pastoris strains containing multiple 

tandem integrations of the gene. Biotechnol (N Y). 9(5):455-460 

Coelho, M.A.Z., Amaral, P.F.F. and  Belo, I (2010) Yarrowia lipolytica : an industrial workhorse. 

In: Current Research Technology and Education Topics in Applied Microbiology and Microbial 

Biotechnology.  

Corzo, G. and Revah, S. (1999). Production and characteristics of the lipase from Yarrowia 

lipolytica 681. Bioresour Technol. 70: 173-180. 

Cooper, G.M. (2000). The Cell: A Molecular Approach. Sunderland (MA), Sinauer 

Associates. 2nd ed. 

Cowan, D. (1996). Industrial enzyme technology. Trends Biotechnol. 14:177-178 

Craik, D.J., Fairlie, D.P., Liras, S., and Price, D. (2013). The Future of Peptide-based Drugs. 

Chem Biol Drug Des. 81:136–147  

Crick, F. (1970). Central Dogma of Molecular Biology. Nature. 227: 561-563 

De Pourcq, K., De Schutter, K. and Callewaert, N. (2010). Engineering of glycosylation in yeast 

and other fungi: current state and perspectives. Appl Microbiol Biotechnol. 87(5):1617-1631. 

Demain, A.L. and Vaishnav, P. (2009). Production of recombinant proteins by microbes and 

higher organisms. Biotechnol Adv. 27(3): 297-306. 

Domínguez, A., Fermiñán, E., Sánchez, M., González, F.J., Pérez-Campo, F.M., García, S., 

Herrero, A.B., San Vicente, A., Cabello, J., Prado, M., Iglesias, F.J., Choupina, A., Burguillo, 

F.J., Fernández-Lago, L. and López, M.C. (1998). Non-conventional yeasts as hosts for 

heterologous protein production. Int Microbiol. 1(2):131-142 

Domínguez, A., Deive, F.J., Sanroma´n, M.A. and Longo, M.A. (2003). Effect of lipids and 

surfactants on extracellular lipase production by Yarrowia lipolytica. J Chem Technol Biotechnol. 

78: 1166-1170. 

Falch, E. (1991). Industrial enzymes-developments in production and application. Biotechnol 

Adv. 9: 643-658 

Stellenbosch University  https://scholar.sun.ac.za



81 
 

Faye, L. and Gomord, V. (2010). Success stories in molecular farming-a brief overview. Plant 

Biotechnol J. 8(5): 525-528. 

Ferrer-Miralles, N., Domingo-Espin, J., Corchero, J.L. Vazquez, E. and Villaverde, A. (2009). 

Microbial factories for recombinant pharmaceuticals. Microb Cell Fact. 8:17 

Fickers, P., Fudalej, F., Nicaud, J. M., Destain, J. and Thonart, P. (2005). Selection of new over-

producing derivatives for the improvement of extracellular lipase production by the non-

conventional yeast Yarrowia lipolytica. J Biotechnol. 115:379–386. 

Fickers, P., Marty, A., and Nicaud, J. M. (2011). The lipases from Yarrowia lipolytica: genetics, 

production, regulation, biochemical characterization and biotechnological applications. 

Biotechnol Adv. 29: 632–644. 

Fickers, P., Nicaid, J.M., Gaillardin, C., Destain, J. and Thonart, P. (2004). Carbon and nitrogen 

sources modulate lipase production in the yeast Yarrowia lipolytica. J Appl Microbiol. 96:742-

749 

Fickers, P., Nicaud, J.M., Destain, J. and Thonart, P. (2003). Overproduction of lipase by 

Yarrowia lipolytica mutants. Appl. Microbiol. Biotechnol. 63: 136-142  

Förster, A. Aurich, A. Mauersberger, S and Barth, G (2007) Citric acid production from sucrose 

using a recombinant strain of the yeast Yarrowia lipolytica. J Appl Microbio Biotechnol. 

75(6):1409-1417.    

Franke , A.E., Kaczmarek F.S., Eisenhard, M.E., Geoghegan, K.F., Danley, D.E., De Zeeuw, 

J.R., O’Donnell, M.M., Gollaher, M.G and Davidow L.S. (1988). Expression and secretion of 

bovine prochymosin in Yarrowia lipolytica. Devel Ind Microbiolo. 29:43-57 

Georgiou, G. and Valax, P. (1996). Expression of correctly folded proteins in Escherichia coli. 

Curr Opin Biotechnol. 7(2):190-197. 

Gerngross, T.U. (2004). Advances in the production of human therapeutic proteins in yeasts 

and filamentous fungi. Nat Biotechnol. 22(11):1409-1414 

Goeddel, D.V. (1990). Systems for heterologous gene expression. Methods Enzymol. 185: 3–7. 

Goldberg, A.L. (1992). The mechanism and functions of ATP-dependent proteases in bacterial 

and animal cells. Eur. J. Biochem. 203: 9-23 

Stellenbosch University  https://scholar.sun.ac.za



82 
 

Goldberg, A.L. and Goff, S.A. (1986). The selective degradation of abnormal proteins in 

bacteria. In W. Reznikoff and L.Gold (ed), Maximizing gene expression. Butterworths, Boston, 

287-314 

Goodman, M. (2009). Market watch: sales of biologics to show robust growth through to 2013. 

Nat. Rev. Drug Discov. 8:837 

Gottesman, S. and Maurizi, M.R. (1992). Regulation by proteolysis: energy-dependent 

proteases and their targets. Microbiol Rev. 56:592-621 

Gräslund, S., Nordlund, P., Weigelt, J., Hallberg, B.M., Bray, J., Gileadi, O., Knapp, S., 

Oppermann, U., Arrowsmith, C., Hui, R., Ming, J., dhe-Paganon, S., Park, H.W., Savchenko, A., 

Yee, A., Edwards, A., Vincentelli, R., Cambillau, C., Kim, R., Kim, S.H., Rao, Z., Shi, Y., 

Terwilliger, T.C., Kim, C.Y., Hung, L.W., Waldo, G.S., Peleg, Y., Albeck, S., Unger, T., Dym, O., 

Prilusky, J., Sussman, J.L., Stevens, R.C., Lesley, S.A., Wilson, I.A., Joachimiak, A., Collart, F., 

Dementieva, I., Donnelly, M.I., Eschenfeldt, W.H., Kim, Y., Stols, L., Wu, R., Zhou, M., Burley, 

S.K., Emtage, J.S., Sauder, J.M., Thompson, D., Bain, K., Luz, J., Gheyi, T., Zhang, F., Atwell, 

S., Almo, S.C., Bonanno, J.B., Fiser, A., Swaminathan, S., Studier, F.W., Chance, M.R., Sali, 

A., Acton, T.B., Xiao, R., Zhao, L., Ma, L.C., Hunt, J.F., Tong, L., Cunningham, K., Inouye, M., 

Anderson, S., Janjua, H., Shastry, R., Ho, C.K., Wang, D., Wang, H., Jiang, M., Montelione, 

G.T., Stuart, D.I., Owens, R.J., Daenke, S., Schütz, A., Heinemann, U., Yokoyama, S., Büssow, 

K. and Gunsalus, K.C. (2008). Protein production and purification. Nat Methods. 5:135-146.  

Hanning, G. and Makrides, S.C. (1998). Strategies for optimizing heterologous protein 

expression in Escherichia coli. Focus (Tibtech February). 16: 54-60  

Hodgson, J. (1993). Expression systems: a user’s guide. Bio/Technol. 11: 887–893. 

Hofmeyer, T., Bulani, S.I., Grzeschik, J., Krah, S., Glotzbach, B., Uth, C., Avrutina, O., Brecht, 

M., Göringer, H.U., van Zyl, P. and Kolmar, H. (2014). Protein Production in Yarrowia lipolytica 

Via Fusion to the Secreted Lipase Lip2p. Mol Biotechnol.  56(1):79-90 

Holzschu, D. L., Chandler, F.W. Ajello, L. and Ahearn, D.G. (1979). Evaluation of industrial 

yeasts for pathogenicity. Sabouraudia. 17: 71-78  

Huang, N., Bethell, D., Card, C., Cornish, J., Marchbank, T., Wyatt, D., Mabery, K. and Playford, 

R. (2008). Bioactive recombinant human lactoferrin, derived from rice. In Vitro Cell Dev Biol. 44: 

464–471. 

Stellenbosch University  https://scholar.sun.ac.za



83 
 

Ichikawa, Y., Yamagata, H., Tochikubo K. and Udaka, S. (1993). Very efficient extracellular 

production of cholera toxin B subunit using Bacillus brevis. FEMS Microbiol Lett. 111: 219–224. 

Inoue, Y., Ohta, T., Tada,.H., Iwasa, S., Udaka, S. and Yamagata, H. (1997). Efficient 

production of a functional mouse/human chimeric Fab′ against human urokinase-type 

plasminogen activator by Bacillus brevis. Appl Microbiol Biotechnol. 48: 487–492. 

Jenkins, N. (2007). Modifications of therapeutic proteins: challenges and prospects. 

Cytotechnology. 53:121-125.  

Jenkins, N. and Curling, E.M. (1994). Glycosylation of recombinant proteins: problems and 

prospects. Enzyme Microb Technol. 16: 354-364   

Juretzek, T., Wang, H., Nicaud, J., Mauersberger, S. and Barth, G. (2000). Comparison of 

promoters suitable for regulated overexpression of β-galactosidase in the alkane-utilizing yeast 

Yarrowia lipolytica. Biotechnol Bioprocess Eng. 5(5): 320-326. 

Kajino, T., Ohto, C., Muramatsu, M., Obata, S., Udaka, S., Yamada, Y. and Takahashi, H. 

(1999). A protein disulfid isolerase gene fusion expression system that increases the 

extracellular productivity of Bacillus brevis. Appl Environ Microbiol. 66: 638–642. 

Kajino, T., Takahashi, H., Hirai, M. and Yamada Y (2000). Efficient production of artificially 

designed gelatins with a Bacillus brevis system. Appl Environ Microbiol. 66: 304–309. 

Kang, D., Gho, Y.S., Suh, M. and Kang, C.  (2002).  Highly Sensitive and Fast Protein Detection 

with Coomassie Brilliant Blue in Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

Bull. Korean Chem Soc. 23 (11): 1511-1512 

Kashima, Y. and Udaka, S. (2004). High-level production of hyperthermophilic cellulase in the 

Bacillus brevis expression and secretion system. Biosci Biotechnol Biochem. 68: 235–237. 

Kobayashi, K., Kuwae, S., Ohya, T., Ohda, T., Ohyama, M., Ohi, H., Tomomitsu, K. 

and Ohmura, T. (2000). High-level expression of recombinant human serum albumin from the 

methylotrophic yeast Pichia pastoris with minimal protease production and activation. J Biosci 

Bioeng. 89(1):55-61 

Konishi, H., Sato, T., Yamagata, H. and Udaka, S. (1990). Efficient production of human alpha-

amylase by a Bacillus brevis mutant. Appl Microbiol Biotechnol. 34: 297–302. 

Stellenbosch University  https://scholar.sun.ac.za



84 
 

Kyriacou, A. and Ahmed, A.B. (2010). Exenatide Use in the Management of Type 2 Diabetes 

Mellitus. Pharmaceuticals. 3: 2554-2567. 

Laemmli U.K. (1970). Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. Nature. 227(5259): 680-685 

Lam, K.H., Chow, K.C. and Wong, W.K. (1998). Construction of an efficient Bacillus subtilis 

system for extracellular production of heterologous proteins. J Biotechnol. 63: 167–177. 

Le Dall, M-T., Nicaud, J-M. and Gaillardin, C. (1994). Multiple-copy integration in the yeast 

Yarrowia lipolytica. Curr Genet. 26:38–44 

Lesuisse, E., Schanck, K. and Colson, C. (1993). Purification and preliminary characterization of 

the extracellular lipase of Bacillus subtilis 168, an extreme basic pH-tolerant enzyme. Eur J 

Biochem. 216: 155–160. 

Liu, Z., Hou, J., Martínez, J. L., Petranovic, D. and Nielsen, J. (2013). Correlation of cell growth 

and heterologous protein production by Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 

97: 8955- 8962 

Lopes, M., Gomes, N., Gonçalves, C., Coelho, M.A., Mota, M. and Belo, I. (2008). Yarrowia 

lipolytica lipase production enhanced by increased air pressure. Lett Appl Microbiol. 46(2):255-

260 

Madzak, C. Blanchin-Roland, S., Cordero Otero, R.R. and Gaillardin, C. (1999). Functional 

analysis of upstream regulating regions form the Yarrowia lipolytica XPR2 promoter. Microbiol. 

145:75-87 

Madzak, C., Blanchin-Roland, S. and Gaillardin, C. (1995). Upstream activating sequences and 

recombinant promoter sequences functional in Yarrowia and vectors containing them. European 

Patent Application EP0747484A1. 

Madzak, C., Gaillardin, C. and Beckerich, J. (2004). Heterologous protein expression and 

secretion in the non-conventional yeast Yarrowia lipolytica: a review. J Biotechnol. 109(1–2): 63-

81. 

Madzak, C., Otterbein, L., Chamkha, M., Moukha, S., Asther, M., Gaillardin, C. and Beckerich, 

J.M. (2005). Heterologous production of a laccase from the basidiomycete Pycnoporus 

cinnabarinus in the dimorphic yeast Yarrowia lipolytica. FEMS Yeast Res. 5(6-7):635-46 

Stellenbosch University  https://scholar.sun.ac.za



85 
 

Madzak, C., Tréton, B. and Blanchin-Roland, S. (2000). Strong hybrid promoters and integrative 

expression/secretion vectors for quasi-constitutive expression of heterologous proteins in the 

yeast Yarrowia lipolytica. J Mol Microbiol Biotechnol. 2(2): 207-216. 

Maharajh, D., Roth, R., Lalloo, R., Simpson, C., Mitra, R., Görgens, J. and Ramchuran, S. 

(2008). Multi-copy expression and fed-batch production of Rhodotorula araucariae epoxide 

hydrolase in Yarrowia lipolytica. Appl Microbiol Biotechnol. 79: 235-244 

Makrides, S.C. (1996).  Strategies for achieving high-level expression of genes in Escherichia 

coli. Microbiol Rev. 60(3): 512.  

Malten, M., Hollmann, R., Deckwer, W.D. and Jahn, D. (2005). Production and secretion of 

recombinant Leuconostoc mesenteroides dextransucrase DsrS in Bacillus megaterium. 

Biotechnol Bioeng. 89: 206–218. 

Martínez, J.L.,  Liu, L., Petranovic, D. and Nielsen, J. (2012). Pharmaceutical protein production 

by yeast: towards production of human blood proteins by microbial fermentation. Curr Opinion in 

Biotechnol. 23(6): 965–971 

Maurizi, M.R. (1992). Proteases and protein degradation in Escherichia coli. Experientia. 

48:178-201 

McClean, P. (1998). Transcription. http://www.ndsu.edu/pubweb/~mcclean/plsc731/transcript/ 

transcript1.htm. (date accessed: 26/11/2014) 

McCormick, A.A., Reddy, S., Reinl, S.J., Cameron, T.I., Czerwinkski, D.K., Vojdani, F., Hanley, 

K.M., Garger, S.J., White, E.L., Novak, J., Barrett, J., Holtz, R.B., Tuse, D. and Levy, R. (2008). 

Plant-produced idiotype vaccines for the treatment of non-Hodgkin’s lymphoma: safety and 

immunogenicity in a phase I clinical study. Proc Natl Acad Sci USA. 105: 10131–10136. 

Moorcroft, D. (2009). Peptide manufacturing – the rising star of the fine chemical industry. 

Avakado Media, sp2 Magazine. Mar. 16-18.  

Mueller, P.K.  (2007). Eng Endowment of $50K Supports Wilderness Studies at UC San Diego. 

http://biology.ucsd.edu/news/article_101707b.html. (Date accessed: 16/11/2014) 

Müller, S., Sandal, T., Kamp-Hansen, P. and Dalbøge, H. (1998). Comparison of expression 

systems in the yeasts Saccharomyces cerevisiae, Hansenula polymorpha, Kluyveromyces 

Stellenbosch University  https://scholar.sun.ac.za



86 
 

lactis, Schizosaccharomyces pombe and Yarrowia lipolytica. Cloning of two novel promoters 

from Yarrowia lipolytica. Yeast. 14(14): 1267-1283. 

Naesby,M., Nielsen, S.V.S., Nielsen, C.A.F., Green,T., Tange, T. Ø ., Simón,E., 

Knechtle,P., Hansson,A., Schwab, M.S., Titiz, O., Folly, C., Archila, R.E., Maver, M., van Sint 

Fiet, S., Boussemghoune, T., Janes, M., Kumar, A.S.S., Sonkar, S.P., Mitra, P.P., Benjamin, 

V.A.K., Korrapati, N., Suman, I., Hansen, E.H., Thybo, T., Goldsmith, N. and Sorensen, A.S. 

(2009). Yeast artificial chromosomes employed for random assembly of biosynthetic pathways 

and production of diverse compounds in Saccharomyces cerevisiae. Microb Cell Fact. 8: 45   

Neuhoff, V., Arold, N., Taube, D. and Ehrhardt, W. (1988). Improved staining of proteins in 

polyacrylamide gels including isoelectric focusing gels with clear background at nanogram 

sensitivity using Coomassie Brilliant Blue G-250 and R-250. Electrophoresis. 9(6): 255-262 

Nicaud, J.M., Madzak, C., van den Broek, P., Gysler, C., Duboc, P., Niederberger, P. and 

Gaillardin, C. (2002). Protein expression and secretion in the yeast Yarrowia lipolytica. FEMS 

Yeast Res. 2: 371–379. 

Ogata, K., Nishikawa, H. and Ohsugi, M. (1969). A yeast capable of utilizing methanol. Agric. 

Biol. Chem. 33:1519-1520 

Ogrydziak, D.M. and Scharf, S.J. (1982). Alkaline extracellular protease produced by 

Saccharomycopsis lipolytica CX161-1B. J Gen Microbiol. 128: 1225-1234 

Ogrydziak, D.M. Demain, A.L. and Tannenbaum, S.R. (1977). Regulation of extracellular 

protease production in Candida lipolytica.  Biochim Biophys Acta. 497:525-538.  

Olmos-Soto, J. and Contreras-Flores, R. (2003). Genetic system constructed to overproduce 

and secrete proinsulin in Bacillus subtilis. Appl Microbiol Biotechnol. 62: 369–373. 

Palva, I. (1982). Molecular cloning of alpha-amylase gene from Bacillus amyloliquefaciens and 

its expression in B. subtilis. Gene. 19: 81–87. 

Palva, I., Lehtovaara, P., Kaariainen, L., Sibakov, M., Cantell, K., Schein, C.H., Kashiwagi, K. 

and Weissmann, C. (1983). Secretion of interferon by Bacillus subtilis. Gene. 22: 229–235. 

Panda, A.K. (2003). Bioprocessing of therapeutic proteins from the inclusion bodies of 

Escherichia coli. Adv Biochem Eng Biotechnol. 85:43-93 

Stellenbosch University  https://scholar.sun.ac.za



87 
 

Papanikolaou, S., Muniglia, L., Chevalot, I., Aggelis, G. and Marc, I. (2002). Yarrowia lipolytica 

as a potential producer of citric acid from raw glycerol. J Appl Microbiol. 92(4):737-744. 

Park, E.H., Shin, Y.M., Lim, Y.Y., Kwon, T.H., Kim, D.H. and Yang, M.S. (2000). Expression of 

glucose oxidase by using recombinant yeast. J Biotechnol. 81(1):35-44 

Petsch, D. and Anspach, F.B. (2000). Endotoxin removal from protein solutions. J Biotechnol. 

76:97-119 

Pignede, G., Fudalej, F., Nicaud, J.M., Gaillardin, C. and Seman, M. (1998). French patent. 

98:899  

Pignede, G., Wang, H., Fudalej, F., Gaillardin, C., Seman, M. and Nicaud, J.M. (2000a). 

Characterization of an extracellular lipase encoded by LIP2 in Yarrowia lipolytica.  J Bacteriol. 

182: 2802–2810. 

Pignede, G., Wang, H.J., Fudalej, F., Seman, M., Gaillardin, C. and Nicaud, J.M. (2000b). 

Autocloning and amplification of LIP2 in Yarrowia lipolytica. Appl Environ Microbiol. 66: 3283–

3289. 

Porro, D., Gasser, B., Fossati, T., Maurer, M.Branduardi, P. Sauer, M. and Mattanovich, D. 

(2011). Production of recombinant proteins and metabolites in yeasts: when are these systems 

better than bacterial production systems? Appl Microbiol Biotechnol. 89:939-948 

Rane, K.D. and Sims, K.A. (1996). Citric acid production by Yarrowia lipolytica: Effect of 

nitrogen and biomass concentration on yield and productivity. Biotechnol Lett. 18:1139-1144. 

Rautio, J., Barken, K.B., Lahdenperä, J., Breitenstein, A., Molin, S. and Neubauer, P. (2003). 

Sandwich hybridisation assay for quantitative detection of yeast RNAs in crude cell lysates. 

Microbial Cell Factories. 2: 4 

Rautio, J.J., Huuskonen, A., Vuokko, H., Vidgren, V. and Londesborough, J. (2007). Monitoring 

yeast physiology during very high gravity wort fermentations by frequent analysis of gene 

expression. Yeast. 24: 741–760. 

Rautio, J.J., Kataja, K., Satokari, R., Penttilä, M., Söderlund, H. and Saloheimo, M. (2006). 

Rapid and multiplexed transcript analysis of microbial cultures using capillary electophoresis-

detectable oligonucleotide probe pools. J Microbiol Meth. 65: 404– 416 

Stellenbosch University  https://scholar.sun.ac.za



88 
 

Rebnegger, C., Graf, A.B., Valli,M., Steiger, M.G., Gasser,B., Maurer, M. and 5Mattanovich, D. 

(2014). In Pichia pastoris, growth rate regulates protein synthesis and secretion, mating and 

stress response. Biotechnol. J. 9: 511–525 

Redwan, E-R. (2007). Cumulative updating of approved biopharmaceuticals. Hum Antibodies. 

16:22 

Resina, D., Bollok, M., Khatri, N.K., Valero, F., Neubauer, P. and Ferrer, P. (2007). 

Transcriptional response of P. pastoris in fed-batch cultivations to Rhizopus oryzae lipase 

production reveals UPR induction. Microb Cell Fact. 6:21 

Revah, S. and Lebeault, J.M. (1989). Accelerated Production of Blue Cheese Flavors by 

Fermentation on Granular Curds with Lipase Addition. Le Lait. 69: 281-289. 

Roman, L.J., Sheta, E.A., Martasek, P., Gross, S.S.,  Liu, Q. and Masters, B.S.S. (1995). High-

level expression of functional rat neuronal nitric oxide synthase in Escherichia coli. Proc Natl 

Acad Sci. USA. 92: 8428-8432 

Romanos, M.A., Makoff, A.J., Fairweather, N.F., Beesley, K.M., Slater, D.E., Rayment, 

F.B., Payne, M.M. and Clare, J.J. (1991). Expression of tetanus toxin fragment C in yeast: gene 

synthesis is required to eliminate fortuitous polyadenylation sites in AT-rich DNA. Nucleic Acids 

Res. 19(7): 1461–1467 

Roth, R., Moodley, V. and van Zyl, P. (2009).  Heterologous Expression and Optimized 

Production of an Aspergillus aculeatus Endo-1,4-β-mannanase in Yarrowia lipolytica. Mol 

Biotechnol. 43(2): 112-120 

Russell, J. (2012). Reducing Peptide Synthesis Costs. Genet Eng Biotechn N. 32(13): 

http://www.genengnews.com/gen-articles/reducing-peptide-synthesis-costs/4167/  

(date accessed: 15/10/2014) 

Rywińska, A. Juszczyk, P. Wojtatowicz, M and Rymowicz, W (2010) Chemostat study of citric 

acid production by Yarrowia lipolytica, J Biotechnol.152(1-2):54-57 

Saecker, R.M., Record Jr, M.T. and deHaseth, P.L. (2011). Mechanism of Bacterial 

Transcription Initiation: RNA Polymerase - Promoter Binding, Isomerization to Initiation-

Competent Open Complexes, and Initiation of RNA Synthesis. J Mol Biol. 412: 754-771 

Stellenbosch University  https://scholar.sun.ac.za



89 
 

Shaaltiel, Y., Bartfeld, D., Hashmueli, S., Baum, G., Brill-Almon, E., Galili, G., Dym, O., Boldin-

Adamsky, S.A., Silman, I., Sussman, J.L., Futerman, A.H. and Aviezer, D. (2007). Production of 

glucocerebrosidase with terminal mannose glycans for enzyme replacement therapy of 

Gaucher’s disease using a plant cell system. Plant Biotechnol J. 5: 579–590. 

Shiga, Y., Maki, M., Ohta, T., Tokishita, S., Okamoto, A., Tsukagoshi, N., Udaka, S., Konishi, A., 

Kodama, Y., Ejima, D., Matsui, H. and Yamagata, H. (2000). Efficient production of N-terminally 

truncated biologically active human interleukin-6 by Bacillus brevis. Biosci Biotechnol Biochem. 

64: 665–669. 

Somers, T. (2005).  Dr. John Eng's research found that the saliva of the Gila monster contains a 

hormone that could lead to a treatment of diabetes, then licensed the discovery to San Diego's 

Amylin Pharmaceuticals. The result, analysts say, could be a billion-dollar-a-year. 

http://www.utsandiego.com/uniontrib/20050429/news_1b29amylin.html. (date accessed: 

16/11/2014) 

Staub, J.M., Garcia, B., Graves, J., Hajdukiewicz, P.T., Hunter, P., Nehra, N., Paradkar, 

V., Schlittler, M., Carroll, J.A., Spatola, L., Ward, D., Ye, G. and Russell, D.A.(2000). High-yield 

production of a human therapeutic protein in tobacco chloroplasts. Nat Biotechnol. 18(3):333-

338. 

Swan, J. (2012). Protein Synthesis Making Proteins. http://www.slideshare.net/jayswan/honors-

protein-synthesis. (date accessed: 23/11/2014) 

Swennen, D., Paul, M.F., Vernis, L., Beckerich, J.M., Fournier, A. and Gaillardin, C. (2002). 

Secretion of active anti-Ras single-chain Fv antibody by the yeasts Yarrowia lipolytica and 

Kluyveromyces lactis. Microbiol. 148(Pt 1):41-50. 

Takimura, Y., Kato, M., Ohta, T., Yamagata, H. and Udaka, S. (1997). Secretion of human 

interleukin-2 in biologically active form by Bacillus brevis directly into culture medium. Biosci 

Biotechnol Biochem. 61: 1858–1861. 

Terpe, K. (2006). Overview of bacterial expression systems for heterologous protein production: 

from molecular and biochemical fundamentals to commercial systems. Appl Microbiol 

Biotechnol., 72: 211–222. 

Thayer, A.M. (2011). Making Peptides At Large Scale: Efficient synthesis is helping to renew 

interest in the peptide drug market. Chem Eng News. 89(22): 21-25 

Stellenbosch University  https://scholar.sun.ac.za



90 
 

Thieme, D., Neubauer, P., Nies, D.H., and Grass, G. (2008). Sandwich hybridization assay for 

sensitive detection of dynamic changes in mRNA transcript levels in crude Escherichia coli cell 

extracts in response to copper ions. Appl Environ Microbiol. 74(24): 7463-7470. 

Tobe, S. Takami, T., Ikeda, S. and Mitsugi, K. (1976). Production and some enzymatic 

properties of alkaline protease of Candida lipolytica. Agric Biol Chem. 40: 1087-1092 

Tripathi, N.K., Jana, S.K. and Rao, A.M. (2009). PVL: high yield production of heterologous 

proteins with Escherichia coli. Defence Sci J. 59:137-146 

Tsugawa, R., Nakase, T., Koyabashi, T., Yamashita, K. and Okumura, S. (1969). Fermentation 

of n-paraffins by yeast. Part III. α-Ketoglutarate productivity of various yeasts. Agric Biol Chem 

(Tokyo). 33:929–938. 

Udaka, S. and Yamagata, H. (1993). High-Level secretion of heterologous proteins by Bacillus 

brevis. Methods Enzymol. 217: 23–33. 

Uscátegui, Y., Jiménez-Junca, C., Suárez, C. and Prieto-Correa, E. (2012). Evaluation of the 

Induction of Lipolytic Enzymes from a Pseudomona aeruginosa isolated from African Palm Fruit 

(Elaeis guineensis). Vitae.19 (3): 280-286  

Van Zyl, P.J. (2013). A method for producing a polypeptide in Yarrowia lipolytica. Patent: EP 

2576795 A1 

Verma, R., Boleti, E. and George, A.J. (1998). Antibody engineering: comparison of bacterial, 

yeast, insect and mammalian expression systems. J Immunol Methods. 216(1-2):165-181 

Vorderwülbecke, T., Kieslich, K. and Erdmann, H. (1992). Comparison of lipases by different 

assays. Enzyme Microb Tech, 14: 631–639. 

Wang, B., Yang, X. and Wu, R. (1993). High-level production of the mouse epidermal growth 

factor in a Bacillus brevis expression system. Protein Expr Purif. 4: 223–231. 

Wegner, G. (1990). Emerging applications of the methylotrophic yeasts. FEMS Microbiol Rev. 

7:279-283. 

Werten, M.W., van den Bosch, T.J., Wind, R.D., Mooibroek, H. and de Wolf, F.A. (1999). High-

yield secretion of recombinant gelatins by Pichia pastoris. Yeast. 15(11):1087-1096. 

Stellenbosch University  https://scholar.sun.ac.za



91 
 

Wu, S-C. and Wong, S-L. (2002). Engineering of a Bacillus subtilis strain with adjustable levels 

of intracellular biotin for secretory production of functional streptavidin. Appl Environ Microbiol. 

68:1102-1108  

Wu, S-C., Yeung, J.C., Duan, Y., Ye, R., Szarka, S.J., Habibi, H.R. and Wong, S.L. (2002). 

Functional production and characterization of a fibrin-specific single-chain antibody fragment 

from Bacillus subtilis: effects of molecular chaperones and a wall-bound protease on antibody 

fragment production. Appl Environ Microbiol. 68: 3261–3269. 

Yamagata, H., Nakahama, K., Suzuki, Y., Kakinuma, A., Tsukagoshi, N. and Udaka, S. (1989). 

Use of Bacillus brevis for efficient synthesis and secretion of human epidermal growth factor. 

Proc Natl Acad. Sci. USA 86: 3589–3593. 

Yang, S., Huang, H., Zhang, R., Huang, X., Li, S. and Yuan, Z. (2001). Expression and 

purification of extracellular penicillin G acylase in Bacillus subtilis. Protein Expr Purif. 21: 60–64. 

Ye, R., Kim, J.H., Kim, B.G., Szarka, S., Sihota, E. and Wong, S-L. (1999). High-level secretory 

production of intact, biologically active staphylokinase from Bacillus subtilis. Biotechnol Bioeng. 

62: 87–96. 

Yuen, C.T., Storring, P.L., Tiplady, R.J., Izquierdo, M., Wait, R., Gee, C.K., Gerson, P., Lloyd, P. 

and Cremata, J.A. (2003). Relationships between the N-glycan structures and biological 

activities of recombinant human erythropoietins produced using different culture conditions and 

purification procedures. Br J Haematol. 121(3):511-526 

Zavaleta, N., Figueroa, D., Rivera, J., Sanchez, J., Alfaro, S. and Lonnerdal, B. (2007). Efficacy 

of rice-based oral rehydration solution containing recombinant human lactoferrin and lysozyme 

in Peruvian children with acute diarrhea. J Pediatr Gastroenterol Nutr. 44: 258–264. 

 

Stellenbosch University  https://scholar.sun.ac.za




