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Abstract 

The South African sugar industry faces challenges affecting its profitability such as low 

international market price and the implementation of tax legislation by the South African 

National Treasury on sugar-sweetened beverages (SSBs). To alleviate these effects, the 

industry could produce alternative high-value, low-calorie products from sucrose such as short-

chain fructooligosaccharides (scFOS). This product diversification may increase the industry’s 

revenue while addressing the sugar tax legislation. 

In this study, the β-fructofuranosidase from Aspergillus fijiensis ATCC 20611 was selected to 

produce scFOS from sucrose. Native (fopA) and protein-engineered (fopA_V1) versions of the 

enzymes were produced recombinantly in Pichia pastoris. Factors influencing heterologous 

protein production require empiric evaluation for each protein and thus the aim was to optimize 

the yeast expression system and cultivation processes to maximize β-fructofuranosidase 

production.  On the genetic level, different yeast strains, promoters and gene codon-

optimization techniques were compared. Dissolved oxygen controlled (DO-stat) and constant 

feeding strategies were compared in bioreactor cultivations to investigate the influence of yeast 

growth on volumetric enzyme titers. The application of the two enzymes to produce scFOS 

from industrial sugar streams were optimized using response surface methodology (RSM). 

In shake flask experiments the P. pastoris DSMZ 70382 strain proved superior to X-33 when 

expressing Geneart® codon-optimized fopA under control of the AOX1 and GAP promoters 

(12.1 U/ml and 3.2 U/ml for AOX1 and 12.0 U/ml and 11.3 U/ml for GAP, respectively). 

Further bioreactor studies with P. pastoris DSMZ 70382 native fopA transformants showed 

that the AOX1 promoter was superior to GAP while ATUM codon-optimization produced 

higher titers than Geneart® (13 702 U/ml and 2 718 U/ml for AOX1 and 6 057 U/ml and 1 790 

U/ml for GAP, respectively). 
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Constant feed cultivations produced higher growth rates for strains expressing the ATUM 

genes under the GAP promoter, but lower volumetric enzyme activities compared to DO-stat 

cultivations (2 129.25 and 1686.91 U/ml for GAPfopA and GAPfopA_V1, respectively, with 

DO-stat and 1413.36 and 1222.70 U/ml for GAPfopA and GAPfopA_V1, respectively, with 

constant feed). The GAPfopA strain produced higher enzyme activities than the GAPfopA_V1 

for the constant feed and DO-stat method.  Due to the shorter cultivation time, the constant 

feed method exhibited higher volumetric productivity for both strains (23.96 x 103 and  

20.72 x 103 U/L/h for GAPfopA and GAPfopA_V1, respectively). 

In scFOS production, the native and engineered enzymes were compared to evaluate whether 

the protein engineering afforded advantages in enzyme performance on non-ideal substrates 

(industrial sugar). RSM indicated optimum conditions to produce a target scFOS composition 

were 62 ⁰C and 10 U/g sucrose using pure sugar.  These conditions were applied to A-molasses 

and refinery molasses, however the desired scFOS composition was only successfully attained 

using A-molasses. 

In conclusion, P. pastoris proved to be a suitable host for the high-level expression and 

production of functional codon-optimized native (GAPfopA) and engineered (GAPfopA_V1) 

versions of the fopA enzyme and that these enzymes can be applied for the batch production 

of scFOS from a selection of industrial sugar streams for the purpose of reducing process cost. 
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Opsomming 

Die Suid-Afrikaanse suikerindustrie staar uitdagings in die gesig wat winsgewendheid 

affekteer, soos lae internasionale markprys en die implementasie van belastingwetgewing deur 

die Suid-Afrikaanse Nasionale Tesourie op suikerversoete drankies (SSBs). Om hierdie 

gevolge te verlig, kan die industrie alternatiewe hoë-waarde, lae-kalorie produkte vervaardig 

uit sukrose soos kort-ketting frukto-oligosakkariede (scFOS). Hierdie produkdiversifikasie kan 

die industrie se inkomste verhoog terwyl die suikerbelastingwetgewing aangespreek word. 

In hierdie studie is die β-fruktofuranosidase van Aspergillus fijiensis ATCC 20611 gekies om 

scFOS uit sukrose te vervaardig. Natuurlike (fopA) en proteïen-gemanipuleerde (fopA_V1) 

weergawes van die ensiemes is rekombinant vervaardig in Pichia pastoris. Faktore wat die 

heteroloë proteïen vervaardiging beïnvloed, vereis empiriese evaluasie vir elke proteïen. Die 

doel was dus om die gis uitdrukkingsisteem en kultiveringsprosesse te optimeer om  β-

fruktofuranosidase te maksimeer. Op die genetiese vlak, is verskillende gislyne, promotors en 

geenkodonoptimeringstegnieke vergelyk. Opgeloste suurstof beheerde (DO-stat) strategië en 

konstante voerstrategië is vergelyk in bioreaktor kultiverings om die invloed van gisgroei op 

volumetriese ensieme titers te ondersoek. Die toepassing van die twee ensiemes om scFOS van 

industriële suikerstrome te vervaardig, is geoptimeer deur respons oppervlak metodologie 

(RSM) te gebruik. 

In skudfles eksperimente was die P. pastoris DSMZ 70382-lyn superieur bo die X-33 as 

GeneArt®  kodon-geoptimeerde fopA onder beheer van die AOXI- en GAP- promotors 

(12.1 U/ml en 3.2 U/ml vir AOXI en 12.0 U/ml en 11.3 U/ml vir GAP, onderskeidelik) 

uitgedruk is. Verdere bioreaktorstudies met P. pastoris DSMZ 70382 natuurlike fopA 

tranformante het gewys dat die AOXI-promotor superieur was bo GAP terwyl ATUM-
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kodonoptimering hoër titers as GeneArt® gelewer het (13 702 U/ml en 2 718 U/ml vir AOX1 

en 6 057 U/ml en 1 790 U/ml vir GAP, onderskeidelik). 

Konstante voerkwekings het hoër groeitempo’s gegenereer vir lyne wat die ATUM-gene onder 

die GAP-promotor uitgedruk het, maar laer volumetriese ensiemaktiwiteite in vergelyking met 

DO-stat-kwekings (2 129.25 U/ml en 1686.91 U/ml vir GAPfopA en GAPfopA_V1, 

onderskeidelik, met DO-stat en 1413.36 en 1222.70 U/ml vir GAPfopA en GAPfopA_V1, 

onderskeidelik, met konstante voer). Die GAPfopA-lyn het hoër ensiemaktiwiteite gegenereer 

as die GAPfopA_V1 vir die konstante voer en DO-stat metode. As gevolg van die korter 

kwekingstyd, het die konstante voer metode hoër volumetriese produktiwiteit vir beide lyne 

vertoon (23.96 x 103 en 20.72 x 103 U/L/h vir GAPfopA en GAPfopA_V1, onderskeidelik). 

In scFOS vervaardiging, is die natuurlike en gemanipuleerde ensiemes vergelyk om te evalueer 

of die proteïen-manipulering voordele in ensiemdoeltreffendheid op nie-ideale substrate 

(industriële suiker) oplewer. RSM het aangedui dat optimum kondisies om ’n doelwit scFOS-

samestelling te vervaardig is 62 °C en 10 U/g sukrose wat suiwer suiker gebruik. Hierdie 

kondisies is toegepas op A-molasse en geraffineerde molasse, alhoewel die gewenste scFOS-

samestelling slegs suksesvol verkry is deur A-molasse te gebruik. 

Ter afsluiting, P. pastoris is bewys as ’n gepaste draer vir die hoë-vlak uitdrukking en 

produksie van funksionele kodon-geoptimeerde natuurlike (GAPfopA) en gemanipuleerde 

(GAPfopA-V1) weergawes van die fopA-ensiem en dat hierdie ensiemes toegepas kan word 

op die lotproduksie van scFOS van ’n deel van industriële suikerstrome met die doel om 

proseskostes te verminder. 
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TEF  Translation elongation factor 

vvm  Volume of air per liter of medium per minute 

YPT  Yeast protein two 

YPS  Product yield 

YXS  Biomass yield 
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Chapter 1 Introduction 

1.1 Contextual background 

The South African sugar industry produces on average an estimated 2.2 million tons of sugar 

per season (annum). Of the total saleable sugar, about 60% is earmarked for the national 

market, whereas the excess is exported. Total sugar sales generate an estimated average direct 

income of R8 billion per annum. However, the international export profitability of sugar by the 

South African sugar industry is hampered by the low international market price (SASA, 2018). 

Furthermore, draft legislation has been tabled by the South African National Treasury for a tax 

on sugar-sweetened beverages (SSBs). These SSBs are defined as beverages with added caloric 

sweeteners such as sucrose, high-fructose corn syrup or fruit juice concentrates. Furthermore, 

SSBs containing less than 4 g/100ml sugar will not be taxed, but a sugar content above this 

threshold will be taxed with 2.1 cents per gram above the threshold (Economics Tax Analysis 

Chief Directorate, 2016; National Treasury, 2017). Beverages naturally rich in sugar (100% 

fruit juice, unsweetened milk and milk products) are tax exempt. Therefore, expanding the 

portfolio of the sugar industry with alternative products from sugar, such as short-chain 

fructooligosaccharides (scFOS), can increase the revenue of the sugar industry while 

addressing the sugar tax legislation. 

Fructooligosaccharides (FOS) are high-value prebiotics used in functional foods (food 

containing health-giving additives) and can be produced by enzymatic modification of either 

inulin or sucrose (Crittenden and Playne, 1996).  The revenue forecasts for the growth of FOS 

from 2005 to 2015 in Europe was from €27.2 million to €97.2 million with a compound growth 

rate of 10.7% from 2008 to 2015 (Frost & Sullivan, 2008) and a global market worth of $3.52 

billion by 2024 (Grand View Research, 2016). FOS is not significantly digested by the human 

gastrointestinal tract and as a result is low-calorie (Roberfroid, 1999). Therefore, it will not 
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qualify as an added caloric sweetener as defined by the definition contained in the tax on SSBs 

(Dominguez et al., 2014), while converting sucrose to FOS could be a profitable alternative to 

exporting sugar.  

FOS is produced by either the transfructolysation of sucrose by the enzymes 

fructosyltransferase (EC 2.4.1.9) or β-fructofuranosidase (FFase; EC 3.2.1.26) or the 

degradation of inulin by inulinases (endoinulinase; EC 3.2.1.7 and exoinulinase; EC 3.2.1.80). 

Commercially available FOS is currently produced by the enzymatic transfructosylation of 

sucrose in a two-stage process, where the enzyme is produced first followed by the production 

of FOS (Apolinário et al., 2014; Dominguez et al., 2014; Sangeetha et al., 2005).  Various 

studies have been performed to optimise both of these two stages (Anane et al., 2016; 

Dominguez et al., 2014; Trollope et al., 2015). In this study both these stages were addressed; 

the first in chapters 4 and 5 and the second in chapter 6. Actilight®, a leading example of 

scFOS as a prebiotic food additive, consists of 37% kestose (GF2), 53% nystose (GF3) and 

10% 1F-β-fructofuranosyl nystose (GF4). Actilight® is produced by Tereos-Beghin Meiji 

through the transfructolysation of sucrose, and will serve as a technical benchmark for FOS-

quality and chemical composition in this study (Lecerf et al., 2015). 

There have been extensive studies in identifying, characterizing and expressing the 

fructosyltransferase or β-fructofuranosidase enzymes, but recombinant expression and genetic 

engineering have been limited (Fernandez et al., 2007; Singh and Singh, 2010). Heterologous 

expression of fructosyltransferases have been successful in Pichia pastoris (Trujillo et al., 

2001), Eschericia coli (Van Hijum et al., 2002), Saccharomyces cerevisiae (Trollope et al., 

2015) and homologous expression in Aspergillus niger (Zhang et al., 2017). 

In this study, the β-fructofuranosidase enzyme from A. fijiensis ATCC 20611 was selected for 

sucrose conversion to scFOS, by heterologously producing the enzyme in recombinant P. 
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pastoris. The expression system and enzyme production will be optimised by evaluating 

different strains, promoters, codon-optimisation techniques and cultivation strategies. scFOS 

production will be optimised with the produced enzyme, in terms of temperature and enzyme 

dosage, and evaluated for various crude or refined types of industrial sucrose that may be used 

as feedstock for the conversion. 

1.2 Thesis outline 

This dissertation consists of 7 chapters. Chapter 2 discusses the growing global market and 

importance of FOS as a prebiotic for the use in functional foods for human health. The enzymes 

and methods of current industrial production are outlined in this chapter and the research in 

optimizing the production methods of FOS, both on a process and molecular level, is discussed. 

Finally, P. pastoris as a host for recombinant expression of these FOS producing enzymes is 

discussed. The molecular aspects of heterologous protein production in this yeast is presented 

here as well as the fermentation parameters. The aims and objectives derived from reviewing 

the literature and identifying existing gaps, to formulate the current work, is presented in 

Chapter 3. Chapter 4 presents the results for the determination of the best P. pastoris host strain, 

promoter and codon-optimization company to produce the β-fructofuranosidase enzyme. 

Chapter 5 discusses the results of scaled-up production of a codon-optimized native β-

fructofuranosidase enzyme and an engineered version of this enzyme using different glycerol 

fed-batch methods. Chapter 6 describes the results of evaluating the differences in temperature 

and enzyme dosage between the enzymes from Chapter 5, using response surface methodology 

(RSM), to produce a specific target FOS composition similar to a commercial FOS product. 

The viability of using these enzymes to produce this FOS target composition with the 

conditions determined through RSM from industrial sugar streams is further assessed. Chapter 

7 contains the main conclusions and recommendations for this study. 
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Chapter 2 Literature review 

2.1 Fructooligosaccharides 

2.1.1 Natural occurrence and structure 

FOS occurs naturally in microorganisms, many plants and vegetables such as leek, garlic and 

barley. Their functions vary from energy reserves in both plants and bacteria, contributing to 

biofilm formation in bacteria, protecting plants against drought and freezing and petal 

expansion in Hemerocallis (Banguela and Hernández, 2006; Bieleski, 1993; Kiska and 

Macrina, 1994). Generally, the concentrations of FOS range from 0.3% to 6% of fresh weight 

but for some resources, such as Jerusalem artichoke, it can be as high as 20% (Mussatto and 

Mancilha, 2007). 

Fructans are fructose polymers derived from sucrose and their structures vary depending on 

their source. They usually consist of a common glucose residue with several fructose units 

attached by a β(2→1) or β(2→6) bond. The fructans with β(2→1) bonds are known as inulin 

and those with β(2→6) as levans. Their structures can be highly diverse and vary according to 

the degree of polymerisation (DP), the presence of branches, the type of linkages between 

fructose units and the position of the glucose residue (Apolinário et al., 2014; Ritsema and 

Smeekens, 2003). Both inulin and levans occur in microorganisms and plants. However, they 

differ in their DP where microbial fructans will generally have a higher DP than their plant 

counterpart (Banguela and Hernández, 2006; Velázquez-Hernández et al., 2009). Several 

fungal species produce fructans of the inulin type with a DP ranging from 3 – 10 and these are 

known as fructooligosaccharides (FOS) or short-chain fructooligosaccharides (scFOS) (Hidaka 

et al., 1988; Lorenzoni et al., 2014; Mussatto et al., 2012, 2009). 
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2.1.2 Health benefits of FOS 

scFOS is an important ingredient in functional foods and serve as a source of prebiotics. These 

consist of the low DP oligosaccharides derived from sucrose (Fig. 2-1), predominantly present 

in the form of 1-kestose, nystose and 1F-β-fructofuranosyl nystose (Nobre et al., 2015). 

Functional foods were first established in Japan in 1984. Shortly thereafter, specific health-

related foods called FOSHU (food for specified health uses) was established by the Ministry 

of Health and legislation introduced for their regulation. In 1996 the FOSHU list of foods 

comprised 58 approved foods of which 34 incorporated oligosaccharides as a functional 

ingredient (Crittenden and Playne, 1996; Menrad, 2003). 

FOS has various functional and health properties. They only have about a third of the sweetness 

of a 10% sucrose solution (Yun, 1996) and therefore serve as a non-cariogenic sweetener with 

low caloric value (Roberfroid, 1999). FOS also promotes the growth of bifidobacteria in the 

colon and has been reported to protect against colon cancer, improve mineral absorption, 

enhance immunity and reduce cholesterol, phospholipids and triglycerides in the blood 

(Dominguez et al., 2014; Fernandez et al., 2007). 

2.1.3 FOS production methods 

The ability to produce FOS is spread over a wide variety of microorganisms including fungi, 

bacteria and yeasts. FOS can be produced by either the transfructolysation of sucrose by the 

enzymes fructosyltransferase (EC 2.4.1.9) or β-fructofuranosidase (FFase; EC 3.2.1.26) or the 

degradation of inulin by endoinulinase (EC 3.2.1.7). The fructosyltransferase and 

β-fructofuranosidase enzymes, which are the focus of this study, has a double-displacement 

reaction mechanism involving two steps, namely hydrolysis and transfer of a sugar monomer 

(Chuankhayan et al., 2010). The hydrolysis of sucrose produces a free glucose, while the 
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fructose is retained by the enzyme to form a fructosyl-enzyme intermediate. If the next acceptor 

is water the reaction results in the hydrolysis products of fructose and glucose. However, if the 

next acceptor is a fructan (sucrose, GF2 or GF3), the fructose moiety is transferred and results 

in FOS of increasing DP. The transfructosylating reaction predominantly occurs at sucrose 

concentrations above 200 g/L (Kim et al., 1996), whereas the same enzyme has a hydrolytic 

action at sucrose concentrations below 5 g/L. 

 

Figure 2-1. Structures of kestose (A), nystose (B) and fructofuranosyl nystose (C) 

  

In an industrial process, FOS can be produced by using the whole cells of an enzyme-producing 

organism, which can be either suspended or immobilized, or the extracted enzyme in an 

immobilized or free form (Cruz et al., 1998; Nguyen et al., 1999; Sangeetha et al., 2005, 2004). 

However, the FOS produced from inulin degradation typically have a higher DP than that from 
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the transfructolysation of sucrose (DP 2-9 and DP 2-4, respectively) and only some will contain 

a terminal glucose moiety (Singh and Singh, 2010). Oligosaccharides can also be synthesized 

through chemical routes, but this is an intensive and time-consuming process that requires 

hazardous and expensive chemicals and produces low yields (Palcic, 1999; Prapulla et al., 

2000). Thus, the enzymatic synthesis of FOS from sucrose is the preferred method for 

producing this product. 

There are two fermentative methods that have been studied for producing FFase – Submerged 

Fermentation (SmF) and Solid-State Fermentation (SSF). There are many advantages to using 

SSF such as simplicity of use, decreased likelihood of contaminant growth, product 

concentration, high productivity, lower capital cost and energy consumption and the ability to 

use low cost agricultural and agro-industrial substrates. Also, the reduced water consumption 

of SSF results in smaller fermenters, requiring less downstream processing, reduced stirring 

and reduced sterilization costs, which makes the process more economically viable (Mussatto 

and Teixeira, 2010; Sangeetha et al., 2005). However, SSF also has several disadvantages that 

have hampered its adoption as an industrial technique for enzyme production such as difficulty 

to control process parameters (pH, temperature, moisture, aeration and oxygen transfer), 

difficulty in scale-up and heat build-up (Couto and Sanromán, 2006). There are numerous 

studies in shake flasks on the optimisation of FFase production in SmF and the production of 

FOS, with the focus on optimising the medium, aeration, cultivation time and agitation 

(Maiorano et al., 2008), while those for SSF are rare. 

Therefore, commercially scFOS is currently being produced in a two-step batch process with 

the production of the enzyme first followed by the production of FOS second. (Fig. 2-2). 

Hidaka et al. (1988) investigated 11 FOS producing microorganisms and found A. niger ATCC 

20611 to be a high enzyme producing strain and have high transfructosylating activity. The β-
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fructofuranosidase (fopA) from A. niger ATCC 20611 was purified and characterised by 

Hirayama et al. (1989) and cloned and expressed in S. cerevisiae by Yanai et al. (2001). Since 

its discovery, the enzyme produced by this filamentous fungus has been one of the most 

effective for the commercial production of FOS from sucrose (Zhang et al., 2017). 

 

Figure 2-2. Two stage fructooligosaccharide (FOS) production process by submerged 

fermentation (SmF) (Adapted from Sangeetha et al., 2005). 

Response surface methodology has been shown to be effective in optimising the production of 

fructooligosaccharides from sucrose. Nemukula et al. (2009) isolated a fructosyltransferase 

from A. aculeatus and determined the influence of pH, temperature, reaction time, enzyme and 

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



12 
 

sucrose concentrations for sucrose conversion to FOS, while Vega and Zúniga-Hansen (2011) 

evaluated the temperature and the concentrations of sucrose and enzyme to preferentially 

produce high concentrations of 1-kestose. Both these studies showed that you can tailor the 

FOS composition to your requirements by varying the above-mentioned process conditions. In 

Chapter 6 we will use RSM to both determine the influence of enzyme dosage and temperature 

on the formation of scFOS for the native fopA and protein-engineered fopA_V1 enzymes as 

well as the conditions needed to target a specific scFOS composition similar to Actilight®. 

2.1.4 Practical maxima for sucrose conversion to FOS 

Industrial FOS production by sucrose conversion with FFase enzymes generates a maximum 

yield of FOS of 55-60%, based on the initial sucrose concentration (Sangeetha et al., 2005). 

This is the maximum value of FOS attainable because the glucose liberated during the 

enzymatic process competitively inhibits the enzyme (Yun, 1996). Various studies performed 

attempted to alleviate this problem by removing the glucose. Yun et al. (1994) investigated a 

mixed enzyme reaction with the β-fructofuranosidase from Aureobasidium pullulans and the 

glucose oxidase from A. niger. The unreacted sucrose and released glucose were completely 

consumed and a FOS content of 98% was obtained based on a dry substance basis. The β-

fructofuranosidase from A. pullulans was also used in conjunction with a commercial enzyme 

preparation of glucose isomerase from a Streptomyces sp. and resulted in an increased FOS 

yield based on initial sucrose concentration of 69% compared to 62% using only the β-

fructofuranosidase (Yoshikawa et al., 2008). In another study, Nishizawa et al. (2001) were 

able to use a membrane reactor system to selectively remove glucose while leaving the sucrose 

and FOS behind and was able to achieve  93% FOS based on a final saccharide weight 

composition.  
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2.1.5 FOS production with recombinant enzymes 

Several studies tried to improve the enzymatic production of FOS from sucrose when using 

recombinant enzymes as biocatalysts. In some instances, research focused on either screening 

for novel enzymes with high transfructosylating activity (Chen and Liu, 1996; Ghazi et al., 

2007), optimising the production of the native enzymes with known transfructosylating 

capability (Balasubramaniem et al., 2001; Vandáková et al., 2004; Yun et al., 1997) or 

heterologous recombinant expression of these enzymes for the production of FOS (Spohner 

and Czermak, 2016; Trujillo et al., 2001). However, screening for transfructolysating enzymes 

is a laborious process and only a small number of these enzymes have sufficient 

transfructosylating activity to be of industrial relevance (Vega-Paulino and Zúniga-Hansen, 

2012). There is currently no commercial enzyme preparation available with 

fructosyltransferase (β-fructofuranosidase, EC 3.2.1.26 or β-D-fructosyltransferase, EC 

2.4.1.9) as the main activity for the sole purpose of producing scFOS. However, there are 

various food-grade commercial enzyme preparations, which contain these enzymes as side 

activities. Vega-Paulino and Zúniga-Hansen (2012) screened 25 commercial enzyme 

preparations for transfructolysation activity and found three with high activity (Viscozyme L, 

Pectinex Smash and Rohacept CM) that could possibly be used to produce FOS. 

Although a number of other promising sources of FFases for FOS production have been 

reported (Chávez et al., 1997; Park et al., 2001; Yoshikawa et al., 2007) only a few reports of 

recombinant FFases are available. Rehm et al. (1998) expressed the sst gene of 

Aspergillus foetidus in S. cerevisiae producing 1-kestose from sucrose with the purified 

enzyme, whereas 1-kestose and 1-nystose was produced by expressing the 

Gluconacetobacter diazotrophicus levansucrase gene and the ftf gene from 

Lactobacillus reuteri in Pichia pastoris and Escherichia coli, respectively, and incubating the 

purified enzyme with sucrose (Trujillo et al., 2001; Van Hijum et al., 2002). More recently 
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Trollope et al. (2015) expressed an engineered fopA enzyme from A. niger ATCC 20611 in S. 

cerevisiae, while Zhang et al. (2017) overexpressed an almost identical version of this enzyme 

in its native host, A. niger ATCC 20611. Both these enzymes were capable of producing GF2, 

GF3 and GF4. 

2.1.6 FOS market 

The markets for functional foods vary considerably depending on the definition of what a 

functional food is. However, the global market can be estimated to be at least 33 billion US$ 

with the market for Europe exceeding 2 billion US$. In Germany alone, the functional dairy 

market has grown from 5 million US$ in 1995 to 419 million US$ in 2000 (Menrad, 2003). 

The first company to produce FOS commercially was Meiji Seika Kaisha, Ltd. in Japan in 

1984. Since then the number of companies producing FOS has grown considerably, and 

produce FOS and inulin to varying purities (Table 2-1). However, the only companies 

supplying individual FOS molecules for analytical purposes are Sigma Aldrich, Megazyme 

and Wako Chemicals GmbH (Nobre et al., 2015). Actilight® is the leading FOS product and 

has several health benefits proven in clinical trials and has been accepted by the European Food 

Safety Authority to regulate blood glucose (Lecerf et al., 2015; Paineau et al., 2014). The FOS 

market in Europe was projected to grow from €27.2 million in 2005 to €97.2 million in 2015 

with FOS units shipped to increase from 9 080 tonnes to 25 580 tonnes in the same time (Frost 

& Sullivan, 2008). 
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Table 2-1. Commercially available food-grade FOS 

Substrate Company Country Product name Type of fructan 

Sucrose Meiji Seika 

Kaisha 

Tokyo, Japan Meioligo FOS 

GTC Nutrition Golden, Colorado, 

US 

NutraFlora® FOS 

Cheil Foods and 

Chemicals 

Seoul, Korea Oligo-Sugar FOS 

Victory Biology 

Engineering 

Shanghai, China Beneshine™ P-

type 

FOS 

Beghin-Meiji 

Industries 

Paris, France Actilight® 

Profeed® 

FOS 

Inulin BENEO-Orafti Brussels, Belgium Orafti® Inulin and 

oligofructose 

Cosucra Warcoing, 

Belgium 

Fibruline® 

Fibrulose® 

Inulin and 

oligofructose 

Sensus Roosendaal, 

Netherlands 

Frutafit® inulin 

Frutalose® 

Inulin and 

oligofructose 

Nutriagaves de 

Mexico S.A. de C.V. 

Ayotlan, Jalisco, 

Mexico 

OLIFRUCTINE-

SP® 

Inulin and 

oligofructose 

Adapted from Dominguez et al. (2014) and Nobre et al. (2015). 

2.2 Pichia pastoris for recombinant protein expression 

It has been shown that the improvement of the production strain can reduce the cost of a 

bioprocess markedly without significant capital outlay (Chiang, 2004). Additionally, a superior 

production strain will invariably result in a superior production process, which makes the 

optimisation of the strain worthwhile. Various molecular techniques can be applied to improve 
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the expression of recombinant proteins from P. pastoris but due to the typical “biological” 

variation in results from these techniques, each one has to be evaluated empirically, on a case 

by case basis. 

P. pastoris has become a very important host for recombinant protein expression. Phillips 

Petroleum used it for the commercial production of single-cell proteins (SCP) almost 40 years 

ago. However, the increase in the price of methanol as a result of the oil crisis made the process 

too costly. This host was patented by Phillips Petroleum and made available for research 

purposes and was developed for recombinant protein expression in the 1980s (Cregg et al., 

2000, 1993). Since then the genome sequences for the original SCP production strain CBS 

7435, strain GS115 and the related strain DSMZ 70382 have been published with the latter free 

to use for commercial enzyme production (De Schutter et al., 2009; Küberl et al., 2011; 

Mattanovich et al., 2009). Due to the extensive research into this platform over 400 proteins 

have been expressed (Table 2-2) ranging from human to invertebrate (Cereghino and Cregg, 

2000). 

The advantages of yeast hosts for recombinant protein expression are their protein processing 

capabilities, which is similar to that of other eukaryotes, their amenability to genetic 

manipulation and the absence of endotoxins. The most well-known yeast host for recombinant 

protein expression was S. cerevisiae and this was primarily due to the extensive knowledge 

available of its genetics, physiology, biochemistry and fermentation technologies. However, 

due to some inherent disadvantages of S. cerevisiae (Crabtree positive, poor plasmid stability 

and low protein yields), the search for yeast hosts was expanded. Of these new yeast hosts, the 

methylotrophic yeasts proved to very successful with Hansenula polymorpha and P. pastoris 

being some of the most prominent (Buckholz and Gleeson, 1991; Porro et al., 2005). Yang et 

al. (2016) could express a fructosyltransferase from A. niger YZ59 in P. pastoris GS115 and  
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Table 2-2. Summary of heterologous proteins expressed in Pichia pastoris from fungi and 

bacteria since 2002. 

 

Adapted from Macauley-Patrick et al. (2005) 

Protein expressed Promoter Function Reference 

Bacteria    

Escherichia coli AppA AOX1 Use in the animal feed industry to 

release inorganic phosphate 

(Stahl et al., 

2003) 

Gluconoacetobacer 

diazotrophicus exo-

levanase 

AOX1/GAP Fructose-releasing potential for high-

fructose syrup production 

(Menéndez et 

al., 2004) 

Thermus aquaticus YT-1 

aqualysin I 

GAP Heat-stable subtilisin-type serine 

protease 

(Olȩdzka et al., 

2003) 

Fungi    

Aspergillus oryzae 

tannase 

AOX1 Hydrolyses the ester and depside 

bonds of gallotannins and gallic acid 

esters 

(Zhong et al., 

2004) 

Candida antartica CBM–

CALB fusion protein 

AOX1 Hydrolyzes triglycerides (Jahic et al., 

2003) 

Candida parapsilosis 

lipase/acyltransferase 

AOX1 Catalyses alcoholysis of esters (Brunel et al., 

2004) 

Rhizopus oryzae lipase FLD1/AOX1 Catalyses breakdown of triglycerides (Resina et al., 

2004) 

Trametes versicolor 

cellobiose dehydrogenase 

(CDH) 

AOX1 Oxidation of reducing-end groups of 

cellobiose 

(Stapleton et 

al., 2004) 

Trametes versicolor 

laccase (lcc1) 

AOX1 Oxidation of phenolic substrates (O’Callaghan 

et al., 2002) 

Aspergillus niger 

fructosyltransferase 

AOX1 Synthesize FOS (Yang et al., 

2016) 
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obtained a volumetric activity of 1020 U/ml in a 5L bioreactor. Therefore, for this study, P. 

pastoris was selected as the host for the recombinant expression of fopA. There are several P. 

pastoris host strains available such as CBS 704, CBS 2612, CBS 7435, CBS 9173-9189 

(Westerdijk Institute) and DSMZ 70877 (German Collection of Microorganisms and Cell 

Cultures) as well as X-33, GS115, KM71 and SMD1168 strains from Invitrogen (Ahmad et al., 

2014). However, expression of recombinant proteins may vary between the different strains 

and the use of some are restricted by patents. Ang et al. (2016) showed that KM71H strain had 

higher expression of the human DNA topoisomerase I (2.26 ng/ml) compared to that of the X-

33 strain (0.75 ng/ml), while Blanchard et al. (2008) found that strain GS115 could 

expressbiologically active N-glycosylated 15N-labeled human chorionic gonadotropin (phCG) 

in contrast to X-33. In this study, the strains DSMZ 70382 (CBS 704) and X-33 were evaluated 

for the expression and production of the fopA enzyme (Chapters 5 and 6). 

2.2.1 Promoters 

The predominant promoters used in P. pastoris for recombinant protein expression are alcohol 

oxidase (AOX1) and glyceraldehyde-3-phosphate dehydrogenase (GAP). P. pastoris possesses 

two alcohol oxidase genes, AOX1 and AOX2, which encode for the enzyme. Of the two 

enzymes, AOX1 is produced in greater quantities in the native organism application, where it 

is responsible for up to 95% of the total expressed alcohol oxidase, which is essential for growth 

on methanol.  The AOX1 promoter is therefore used the most for foreign protein expression 

and is regulated by a repression\derepression mechanism as well as an induction mechanism. 

There are several advantages to using the AOX1 promoter, such as the tight regulation of the 

transcription by the previously described mechanism, high levels of foreign proteins can be 

expressed, high cell biomass can be achieved before the gene product is induced and induction 

of transcription is simple to do. However, methanol is used for induction and this can be a fire 
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hazard when stored in large quantities. Monitoring the levels of methanol in the bioreactor 

medium is also difficult, as the organism is highly sensitive to methanol under- or over-feeding, 

while methanol is produced from petrochemical sources, making it unusable for the production 

of food products such as FOS (Macauley-Patrick et al., 2005).  

The glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter has emerged as a promising 

alternative to the AOX1 promoter for recombinant protein production in P. pastoris. 

Glyceraldehyde-3-phosphate dehydrogenase is a NAD-binding enzyme, which plays an 

important role in the glycolysis and gluconeogenesis pathways of the methylotrophic yeasts 

(Çalık et al., 2015). The host can use either glucose or glycerol as a substrate for expression of 

recombinant proteins from the cells. Therefore, the use of volatile, flammable methanol can be 

avoided, and bio-based feedstocks can be used for food grade products such as FOS. In the 

AOX1 system, protein production is limited by the availability of methanol (inducible 

promoter), while the GAP system biomass and protein production occur simultaneously 

(constitutive promoter). Other advantages are that the GAP system in fed-batch culture requires 

minimal control of the feeding strategy, can have longer protein production periods and genes 

are expressed when cells are grown on glucose, glycerol or methanol (Potvin et al., 2012). 

The literature on whether the GAP or AOX1 promoter is more efficient in expressing 

heterologous proteins is varied. When functional mammalian transport proteins were expressed 

with both these promoters, the GAP promoter had levels 5 times higher than that of AOX1 

(Döring et al., 1998), while Delroisse et al. (2005) showed GAP produced protein levels twice 

that of AOX1 in shake flasks. In contrast, Boer et al. (2000) showed increased yield from AOX1 
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expressing a cellobiohydrolase and Vassileva et al. (2001) also had higher levels of hepatitis B 

surface antigen from a single copy AOX1 integrant compared to the single copy GAP integrant. 

There are, however, several other inducible and constitutive promoters used with varying 

success. One promising inducible promoter as an alternative to AOX1 is the glutathione-

dependent enzyme formaldehyde dehydrogenase (FLD1) promoter. The advantage to this 

promoter is that it can be induced by either methanol or methylamine. Cos et al. (2005) were 

able to produce Rhizopus oryzae lipase controlled by the FLD1 promoter in a methanol-free 

fed-batch system with production values similar to those of the gene controlled by AOX1. 

Furthermore, Duan et al. (2009) were able to co-express two different proteins controlled by 

either the AOX1 or FLD1 promoters in P. pastoris. A green fluorescent protein (GFP) was 

placed under the control of the FLD1 promoter while a portion of a gelatin gene was paced 

under control of the AOX1 promoter. When fed with methanol both these proteins were 

expressed and when fed with methylamine only the GFP was expressed. Two more promoters 

with an alternative inducible substrate are PEX8 and ICL1. PEX8 can be induced by either 

methanol or oleic acid and ICL1 with ethanol (Liu et al., 1995; Menendez et al., 2003). 

Dihydroxyacetone synthase (DHAS) is another strong methanol-induced promoter with 

expression levels up to 20% of total cell proteins (Gellissen, 2000). 

Constitutive promoters as alternatives to GAP are YPT1, 3-phosphoglycerate kinase (PGK1) 

and translation elongation factor EF-1 (TEF1). YPT1 is a weak promoter while TEF1 has shown 

to be comparable to GAP in expression and a strong alternative. PGK1 requires either glucose, 
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methanol or glycerol for expression with glucose producing the highest yields (Ahn et al., 2007; 

de Almeida et al., 2005; Sears et al., 1998). 

2.2.2 Codon optimisation 

Since the deciphering of the genetic code, it was discovered that 61 codons (triplets of 

nucleotide base’s) encode for 20 amino acids, with the remaining three codons terminating 

translation. Therefore, multiple codons can code for the same amino acid and is why the genetic 

code is referred to as being degenerate. This degeneracy of the genetic code means that different 

nucleotide sequences can code for the same amino acid sequence and hence the same protein 

(Quax et al., 2015). However, the frequency with which different organisms use various codons 

differs substantially and can have a significant effect on the expression of a heterologous 

protein in a host organism. It is generally accepted that the more rare codons a gene possesses 

with regards to the preferences of the host in which it is expressed, the lower the expression of 

the heterologous protein will be. This codon bias can also affect protein folding and differential 

regulation of protein expression (Quax et al., 2015).  

Codon-optimisation can be used to alter the nucleotide sequence in the target gene to replicate 

the preferred codon usage of the host and this can either be achieved through site-directed 

mutagenesis or by resynthesising the entire gene (Gustafsson et al., 2004; Quax et al., 2015). 

Codon-optimisation has been successfully used for the expression of heterologous proteins in 

P. pastoris with increased expression of human cystatin C (Li et al., 2014), lipase from 
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Yarrowia lipolytica (Zhou et al., 2015), endoinulinase from A. niger (He et al., 2014) and a β-

fructosidase from Thermotoga maritima (Menéndez et al., 2013). 

2.2.3 Fermentation media and operational conditions 

Standard conditions for fed-batch processes with P. pastoris have been published, i.e. medium, 

pH, feeding strategy, etc. However, different promoters and product requirements necessitate 

individual optimisation tailored to specific strains. The most commonly used medium for high 

cell density fermentations with P. pastoris is the basal salt medium (BSM) introduced by 

Invitrogen Co (Cos et al., 2006). This medium consists of a basal salt component, trace salts 

solution (PTM1) and ammonium hydroxide as the nitrogen source. The carbon sources are 

glycerol, methanol or a combination thereof (Çelik and Çalık, 2012). The BSM medium is not 

the optimum media for all situations and two other media have been developed, i.e. one by 

D’Anjou and Daugulis (2000) and the FM22 medium by Stratton et al. (1998). The composition 

of the BSM and FM22 media are similar but some elements, such as potassium, magnesium 

and phosphor, in the medium described by D’Anjou and Daugulis (2000) are significantly 

lower than the other two media (Table 2-3). The nitrogen source for both the BSM and FM22 

media is ammonium hydroxide and is added to the fermentation to control the pH, while the 

nitrogen is only added to the D’Anjou medium at the beginning of the fermentation. Anane et 

al. (2016) further optimised the BSM medium by evaluating the effect of the PTM1 solution on 

the expression of a β-fructofuranosidase in P. pastoris under the control of the GAP and AOX1 

promoters. 

Temperature is another factor of major importance in the expression of recombinant proteins 

by yeasts. The Pichia Fermentation Protocol (Invitrogen) recommends a cultivation 

temperature of 30 ºC, while temperatures above 32 ºC have been associated with the cessation 

of protein expression (Inan et al., 1999). Furthermore, lowering the temperature has shown 
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some positive effects on protein expression. Li et al. (2001) performed a study at 23 ºC and 

was able to increase the expression of herring antifreeze protein 3-fold. They speculated that 

this may be due to enhanced protein folding pathway and increased cell viability at lower 

temperatures, which reduces lysis of the cells and the subsequent release of proteases. 

Table 2-3. Elemental media composition of basal salt medium (BSM), FM22 and 

d’Anjou. 

Adapted from Cos et al. (2006) 

 

 

The pH of the fermentation culture can have a significant effect on the protease activity and 

the stability of expressed proteins. The pH range for fermentations is usually between pH 5 and 

6, but P. pastoris is capable of growing in a range of pH 3 to 7 (Cregg et al., 1993). Numerous 

studies have reported on the optimal pH range for protein expression. The pH range from some 

of these studies was shown to be between 5 and 8. In this range, protease activity was 

minimised, and protein stability maintained. An increase in pH results in the loss of cell 

viability and decreases the activity or stability of the recombinant protein lower recombinant 

product stability or activity (Idiris et al., 2010; Kobayashi et al., 2000; Ohya et al., 2002). 

The Pichia Fermentation Protocol (Invitrogen) recommends a standard process to maintain 

sufficient dissolved oxygen (DO) in the culture media. A cascade system is used where 

Element BSM (g/l) FM22 (g/l) D’Anjou (g/l) 

N NH4OH (pH control) 1.06 + NH4OH (pH control) 4.24 

P 12.27 9.76 2.73 

K 11.05 18.74 3.45 

Mg 1.47 1.15 0.46 

Ca 0.27 0.12 0.10 

S 5.51 5.46 5.47 

Cl - - 0.17 
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compressed air is fed at a rate of 0.1 to 1 vvm (litres of air per litres of initial fermentation 

volume per minute), agitation varied from 100 to 1500 rpm and oxygen-enriched air fed when 

needed to maintain a DO of >20%. Maintaining the DO at 20 – 30% is the preferred level for 

fermentation of P. pastoris. However, there have been studies that used hypoxic conditions for 

protein expression. Hu et al. (2008) produced high cell concentrations and high protein 

expression under oxygen-limiting conditions. This again emphasizes that there is not one set 

of parameters for optimum production of a particular protein/enzyme of interest, but that 

empirical optimisation is required for the expression of each new product. 

2.3 Bioreactor fermentations 

As was previously mentioned, the enzymes used for producing FOS have either been produced 

in a submerged fermentation system (SmF) or a solid-state fermentation system (SSF), and that 

the SmF is the one used in the commercial production of FOS. Since this project will make use 

of SmF in a stirred-tank fermenter, it will be discussed in more detail here. 

There are five major types of fermenters used in SmF and they are stirred-tank fermenter, 

bubble column fermenter, airlift fermenter, fluidised-bed fermenter and trickle-bed fermenter. 

The continuously stirred-tank (bio)reactor (CSTR) is typically a cylindrical vessel with a 

working height to diameter ratio of 3 to 4. The CSTR has a central shaft with a number of 

impellers attached to it at intervals of about 1 impeller diameter apart. The impellers can direct 

the flow radially or axially. The reactor is equipped with baffles (which improves mixing and 
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oxygen transfer) that extend from the wall into the vessel and are usually 8 – 10% of the vessel 

diameter (Christi, 1999).  

 

Figure 2-3. Stirred-tank reactor (1) Inoculum connection (2) Ports for sensors (3) Motor (4) 

Sample valve (6) Sight glass (7) Air exhaust nozzle (8) Condenser (9) Pumps for acid, base and 

substrate addition (10) Off-gas analysers. 

The reactor is a pressure vessel that is designed to be sterilised with steam and to tolerate high 

pressures, high temperatures and also full vacuum. Modern commercial fermenters are usually 

made of stainless steel of the type 316L but the type 304L can be used as an alternative in less 

corrosive conditions. General features are ports for several sensors (pH, DO, foam and 

temperature) as well as several steam sterilisable connections for sampling and the addition of 
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compounds which is situated above the culture level (Fig. 2-3). A steam sterilisable harvest 

valve is located at the bottom of the vessel. The agitator shaft can either enter the vessel from 

the bottom or top and have attached impellers which create flow inside the vessel which is 

broken by the baffles for efficient mixing. Filter sterilised gas enters through the sparger and 

the exhaust gas exits through a heat exchanger which condenses the water in the gas and returns 

it to the vessel. 

2.3.1 Batch and Fed-batch fermentations in a CSTR 

Batch fermentation in a CSTR is the simplest example of fermentation and is generally used 

for the generation of cell biomass or a product. The batch fermentation is a closed system and 

it contains all the nutrients for the growth of the organism from the start of the process. It can 

either be performed in a shake flask or if better control is required, in a bioreactor (fermenter). 

The fermentation for a batch system ends when the growth of the microorganism stops, the 

desired time has elapsed, or the amount of product needed has been produced. The advantages 

of a batch system are its ease of use, low chance of contamination and the production of 

secondary metabolites that are not growth related. The disadvantages are the accumulation of 

(toxic) products, which inhibit cell growth, substrate concentrations that can have inhibitory 

effects on cell growth have to be kept low and can reduce the amount of product and can lead 

to increased downtime in industrial processes for cleaning etc. (Macauley-Patrick and Finn, 

2008). 

Fed-batch cultures start out as batch cultures and can then either be, depending on the feeding 

strategy, a variable volume or a fixed volume culture. A fixed volume fermentation is when at 

a certain point of the fermentation a certain volume is removed from the fermentation and 

replaced with an equal volume of fresh nutrients. With the variable volume fermentation, 

nothing is removed from the bioreactor during the fermentation and the volume increase is due 
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to the adding of fresh medium and nutrients during this period. This strategy can result in high 

cell densities and product concentrations and allows the operator to control the growth of the 

organism at a chosen specific growth rate (Macauley-Patrick and Finn, 2008; Stanbury et al., 

2003). 

The fed-batch strategy based on maintenance of a constant dissolved-oxygen (DO) 

concentration is referred to as DO-stat. In this strategy, new feed addition to the fed-batch is 

controlled by the online DO-measurement, which indicates whether the feed of carbon source 

should be increased (DO too high) or decreased (DO too low), due to the consumption of 

oxygen during carbon source conversion (Potvin et al., 2012). The DO-stat strategy strives to 

maintain a suitable level of dissolved oxygen in the medium for two reasons: Firstly, a 

sufficient concentration of dissolved oxygen is required for the production of high-density 

biomass and to minimise the build-up of partially oxidised substrates, while secondly, 

dissolved oxygen is also required to maintain an active healthy culture for extended periods of 

time after induction. The DO-stat strategy has also been implemented to avoid a scenario where 

the demand for oxygen exceeds the system’s ability to supply, thus leading to hypoxic 

conditions that affect cell viability and product formation (Chung, 2000). 

Although DO-stat has been effectively implemented in several studies for control of the feed-

rate to P. pastoris fed-batch cultures (Ferreira et al., 2012; Hu et al., 2008; Lee et al., 2003), it 

is not completely dependable. During highly active cell growth the residual concentrations of 

methanol and DO in the culture will be low, and the methanol levels may become limiting if 

DO-stat system does not respond quickly enough to address the deficiency resulting in 

temporarily reduced productivity until feed commences. Conversely, if a culture experiences 

higher-than-expected methanol concentration due to overfeeding by the DO-stat system the 

cell growth will become inhibited, which slows the rate of methanol and DO consumption. The 
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DO-stat will respond to the increased DO concentrations by increasing methanol feed, which 

will worsen the situation and lead to the shutdown of the microbial growth, metabolism and 

enzyme production (Yamawaki et al., 2007). 

The other feeding strategy is µ-stat, where a constant specific growth rate is maintained by 

regulating the substrate feed via mass balance equations. Numerous studies have proven the 

effectiveness of this strategy with Trinh et al. (2003) reported on the differences in the 

production of mouse endostatin when the feeding strategies DO-stat, µ-stat and one based on 

methanol consumption were compared. The production of total endostatin was comparable for 

all the strategies tested.  However, the µ-stat feeding strategy resulted in a 2x increase in 

specific production per biomass and per methanol. Despite the advantages of µ-stat, changes 

in initial conditions or culture growth characteristics could lead to the accumulation of 

methanol and the inhibition of protein production. To compensate for this, the specific growth 

rate is usually kept lower than µmax, which reduces the productivity of the process (Potvin et 

al., 2012; Zhang et al., 2000). 

The cultivation process for recombinant enzyme production by P. pastoris under control of the 

AOX1 promotor usually consists of three phases. Phase I being the glycerol batch phase for 

initial cell growth, while Phase II is the glycerol fed-batch phase for the derepression of the 

AOX1 promoter and further accumulation of biomass, and Phase III the induction of the AOX1 

promoter with methanol for the expression of the recombinant protein. For fermentations with 

the GAP promoter, the glycerol feed during Phase II is simply extended for the duration of the 

fermentation, as it coincides with recombinant enzyme production. The DO-stat feeding 

strategy has been used successfully for recombinant protein expression in P. pastoris for both 

the feed of methanol during Phase III (Lim et al., 2003; Woo et al., 2005) and for the feed of 

glycerol for a prolonged Phase II (Anane et al., 2016; Ferreira et al., 2012). A 
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fructosyltransferase from A. niger (Yang et al., 2016) and the fopA enzyme in this study (Anane 

et al., 2016) have both been expressed in P. pastoris using DO-stat feeding strategy, but the 

protein-engineered version fopA_V1 has only been expressed in S. cerevisiae in 96-deep-well 

microplates (Trollope et al., 2015). 

2.4 Conclusion 

To conclude, fructooligosaccharides are a high-value, prebiotic product derived from sucrose 

that offers a technically viable means to divert sucrose into healthier products that will also 

avoid the imminent sugar tax. There have been many studies attempting to optimise the 

production of FOS from sucrose, by either screening for new FOS-producing enzymes or 

optimising the process of producing FOS. More recently, molecular techniques have been 

successfully applied to increase the production of FOS by either the recombinant expression of 

various FOS producing enzymes in different host organisms (P. pastoris, S. cerevisiae etc.) or 

the molecular engineering of the enzymes itself. 

The native codon-optimized fopA enzyme has been expressed in P. pastoris under control of 

the GAP and AOX1 promoters using DO-stat fed cultivation while the protein engineered 

variant, fopA_V1, has only been expressed in S. cerevisiae in shake flasks. (Anane et al., 2016; 

Trollope et al., 2015). However, the comparison of different P. pastoris strains, promoters, 

codon-optimization methods and fed-batch techniques to improve enzyme production has not 

been attempted for these enzymes.  While increased thermostability for fopA_V1 has been 

demonstrated by Trollope et al. (2015) using isothermal denaturation (ITD) and differential 

scanning fluorimetry (DSF) the results of these techniques are more theoretical and do not 

necessarily reflect what would occur in an actual scFOS production process. Thus, optimum 

conditions for scFOS production for these enzymes have also not been determined.  Finally, 

pure sucrose has been used to produce scFOS for the fopA and fopA_V1 enzymes (Hirayama 
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et al., 1989; Nishizawa et al., 2001; Trollope et al., 2015; Yanai et al., 2001) while the use of 

molasses has not been reported.  Dorta et al. (2006) used the intracellular extract from A. niger 

ATCC 20611 for production of FOS from B-cane molasses but this would mainly consist of a 

sucB invertase and not fopA, which is an extracellular enzyme (Goosen et al., 2007). 

Therefore, this study will consider process optimisation and strain development for improved 

production of FFase, more specifically the fopA protein-engineered variant (increased 

thermostability, reduced glucose inhibition and increased specific activity), and the application 

of the resulting enzyme for scFOS production. A unique aspect of this optimisation is the 

comparison of the previously-known version of the fopA-enzyme with the newer protein-

engineered fopA_V1 enzyme, both proposed in P. pastoris, with consideration of the impact 

of the unique properties of the engineered enzyme on both its production and application to 

FOS synthesis from various industrially-relevant sucrose sources. 
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Chapter 3 Research objectives 

The aim of the study is to optimize the heterologous expression of the β-fructofuranosidase 

enzyme from A. niger ATCC 20611 in P. pastoris through bioprocess optimization, together 

with the subsequent optimization of short-chain fructooligosaccharides production from 

industrial sugar streams using the enzyme. 

3.1 Objective one (Chapter 4): To produce a yeast expression system for the optimum 

production of β-fructofuranosidase 

It has been shown that improvement of the production strain in a bioprocess could have a 

significant cost reduction without substantial capital outlay. Additionally, a superior production 

strain will invariably result in a superior production process, which makes the optimization of 

the strain worthwhile. Various molecular techniques can be applied to improve the expression 

of recombinant proteins from P. pastoris but due to the variation in results from these 

techniques each has to be evaluated on a case by case basis. Therefore, the first objective is to 

construct and optimize a P. pastoris strain for the heterologous expression of the fopA and 

fopA_V1 enzyme derived from A. niger 20611 through strain selection, promoter selection and 

codon optimization as these have not been demonstrated in literature for these enzymes. The 

first step will be to determine the best P. pastoris host strain for the expression of the enzyme. 

We have selected DSMZ 70382 from the German Collection of Microorganisms and Cell 

Cultures and X-33 from Thermo Fischer Scientific. The former was selected due to the freedom 

to use it commercially, but it is less well known than the latter. The X-33 strain has been 

through significantly more development for recombinant expression but is hampered by 

commercial licensing. A further attempt to improve the expression of fopA and fopA_V1 in  

P. pastoris two different promoters, AOX1 and GAP, will be compared in the superior strain 

determined in the comparison mentioned above. Previous studies have shown that the level of 
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expression of recombinant proteins, with regards to these two promoters, varies with neither 

these promoters being the best in all cases (Boer et al., 2000; Delroisse et al., 2005; Döring et 

al., 1998; Vassileva et al., 2001). Therefore, a comparison of the expression of these two 

enzymes with these promoters is necessary since it has not yet been reported. Finally, the fopA 

gene will be codon-optimized for improved expression by two different companies, GeneArt® 

and ATUM. Differences in enzyme expression due to codon optimization by these two 

companies have not yet been shown for fopA and the expression of fopA_V1 in P. pastoris has 

also not been attempted. 

3.2 Objective two (Chapter 5): Optimize the production of the β-fructofuranosidase 

enzymes by using different fed-batch methods 

The second objective is the bioprocess optimization of the enzyme production by the strains 

exhibiting the highest volumetric activity in objective 3.1, for both fopA and fopA_V1, under 

control of the GAP promoter from objective 1, in bioreactors by using two different fed-batch 

feeding strategies. A previous study expressed the codon-optimized fopA enzyme in P. pastoris 

using a DO-stat feeding strategy to compare the AOX1 and GAP promoters using defined and 

semi-defined media (Anane et al., 2016) which resulted in a volumetric activity of ~4 500 U/ml 

and ~9 000 U/ml for DNA 2.0 codon-optimized (now known as ATUM) fopA enzyme under 

control of the GAP and AOX1 promoters, respectively. In this study, we will further optimize 

the expression in bioreactors by comparing the DO-stat feeding strategy to that of a constant 

feeding strategy, for both fopA and fopA_V1. The strains with GAP promoters will be used 

because it avoids the use and storage of the substantial quantities of volatile and flammable 

methanol in future large-scale commercial operations. The previous study that engineered the 

native fopA enzyme to obtain fopA_V1 only showed enzyme production at millilitre scale, 

with enzyme characterisation in terms of thermostability, specific activity and feedback 

inhibition from glucose (Trollope et al., 2015). The present objective will evaluate differences 
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in production levels between the two enzymes in 10 L bioreactors under optimised bioprocess 

conditions as a comparison of these two feeding strategies for the fopA and fopA_V1 in P. 

pastoris have not been reported. 

3.3 Objective three (Chapter 6): Evaluate the difference between the native and an 

engineered β-fructofuranosidase enzyme to produce a specific scFOS composition 

Response surface methodology (RSM) has been used to optimize reaction conditions for FOS 

production for a fructosyltransferase enzyme and to target the increased production of a specific 

FOS (Nemukula et al., 2009; Vega and Zúniga-Hansen, 2011). A previous study engineered 

the native fopA enzyme to improve the production of FOS. The engineered enzyme, fopA_V1, 

exhibited increased thermostability, increased specific activity and decreased glucose 

inhibition which resulted in a 22% decrease in reaction time to achieve a targeted scFOS 

composition (37% GF2, 53% GF3 and 10% GF4). However, the study did not optimize the 

reaction conditions for either the native fopA enzyme or the new fopA_V1 variant (Trollope et 

al., 2015). Therefore, the objective is to initially optimize the reaction conditions to produce 

scFOS from laboratory grade sucrose with RSM for both fopA and fopA_V1, separately, with 

regards to temperature and enzyme dosage, to fully characterise differences in the biocatalytic 

performances of these enzymes and to then apply these conditions to industrial sugar streams. 

These conditions were chosen due to the improved thermostability and specific activity shown 

by the fopA_V1 enzyme relative to the native fopA enzyme (Trollope et al., 2015). The scFOS 

composition of a leading commercial scFOS product, Actilight®, will be used as a benchmark 

to evaluate which of these enzymes is superior in their ability to produce scFOS. The viability 

of these enzymes to produce the target scFOS composition from industrial sugar streams was 

also assessed, to determine the impact of impurities present in either crude industrial sugars or 
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refinery molasses, on the biocatalytic activity of the enzymes. The production of scFOS will 

also be done at a larger scale to evaluate the effect of scale-up on the reaction. 
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Aspergillus fijiensis β-fructofuranosidase in Pichia pastoris 

Gerhardt Coetzee, Jacques J. Smith and Johann F. Görgens 

Department of Process Engineering, Stellenbosch University, Stellenbosch, South Africa 

 

Objective of dissertation in this chapter 

This chapter addresses objective one, which focusses on the construction of a yeast expression 

system for the optimum production of the β-fructofuranosidase enzyme from A. fijiensis ATCC 

20611 by evaluating two different P. pastoris strains, two different promoters and two different 

companies for codon-optimization. The comparison of the fopA enzyme production between 

two P. pastoris strains (X-33 and DSMZ 70382), the comparison of the differences in enzyme 

expression when the fopA gene is codon-optimized by ATUM and Geneart® and the 

comparison of the production of the two different codon-optimized enzymes under control of 

the GAP and AOX1 promoters have not yet been reported.  Therefore, the first step was to select 

the best strain between P. pastoris X-33 and P. pastoris DSMZ 70382 for the expression and 

production of the Geneart® codon-optimized fopA enzyme with the DSMZ 70382 strain 

subsequently proving to be superior. The P. pastoris DSMZ 70382 strain was selected for the 

expression of the two different codon-optimized genes under the control of the two promoters.  

The AOX1 promoter proved to be superior in both shake flasks and the bioreactors while the 

ATUM codon-optimized gene expression was superior under control of both the GAP and 

AOX1 promoters in the bioreactors when compared to Geneart®. The fopA enzyme was 

purified from culture supernatant and the specific activity determined along with the protein 

concentration of the various bioreactor cultivations of the different strains. The preferred strain 
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from this chapter will be used for objective two. Therefore, all the objectives are addressed in 

this chapter as set out in Chapter 3.    
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Abstract 

Fructooligosaccharides (FOS) are prebiotic compounds added to functional foods for their 

various health properties. They are commercially produced through the transfructolysation of 

sucrose by β-fructofuranosidases from organisms such as Aureobasidium pullulans or 

Aspergillus niger. This study used recombinant technology to overexpress the Aspergillus 

fijiensis β-fructofuranosidase-encoding gene in Pichia pastoris under the transcriptional 

control of the alcohol oxidase (AOX1) and glyceraldehyde-3-phosphate dehydrogenase (GAP) 

gene promoters using two versions of codon-optimized fopA copies. In shake flasks, the 

volumetric enzyme activities of the two variants were similar when expressed under control of 

the same promoter (11.7 U/ml and 12.7 U/ml for the respective GAP strains and 95.8 U/ml and 

98.6 U/ml for the respective AOX1 strains), but the AOX1 promoter displayed the highest 

production levels for both codon-optimized genes. When cultivated in bioreactors, the AOX1 

promoter outperformed the GAP promoter for both codon-optimized genes in P. pastoris 

(13 702 U/ml and 2 718 U/ml for the AOX1 promoter for ATUM and Geneart®, respectively 

and 6 057 U/ml and 1790 U/ml for the GAP promoter for ATUM and Geneart®, respectively), 

while the enzyme activity from the ATUM optimized gene was higher than the one from 

Geneart®, irrespective of the promoter used.  
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4.1 Introduction 

Fructooligosaccharides (FOS) are popular prebiotic compounds due to their biological and 

functional properties and are widely used in functional foods. They are low-calorie and non-

cariogenic with various health benefits such as decreasing the levels of phospholipids, 

triglycerides and cholesterol in the blood, improving the absorption of various minerals in the 

gut and stimulating the growth of Bifidobacteria in the human colon (Lu et al., 2013; Maiorano 

et al., 2008). The supplementation of food products with FOS therefore drives the demand for 

large-scale production. FOS can be isolated from foods such as onions, Jerusalem artichokes, 

wheat, rye and garlic or produced enzymatically either by synthesis from sucrose by using 

fructosyltransferases (EC 2.4.1.9) and β-fructofuranosidases (FFase;  

EC 3.2.1.26), or by partial hydrolysis of inulin using endo-inulinases (EC 3.2.1.7) (Maiorano 

et al., 2008; Singh and Singh, 2010). The FOS produced by FFase result in inulin type FOS 

(GFn) with β-(2→1)-linked fructose units with a degree of polymerization (DP) of 2-8 (n = 1-

7) (Roberfroid et al., 2010). 

In addition, FFases are produced by a variety of microbial hosts, of which those originating 

from Aureobasidium pullulans and Aspergillus spp. are predominantly sourced for commercial 

FOS production (Maiorano et al., 2008). Although a number of other promising sources of 

FFases for FOS production have been reported (Dhake and Patil, 2007; Jedrzejczak-

Krzepkowska et al., 2011; Nguyen et al., 2005; Yoshikawa et al., 2007), only a few 

recombinant FFases for the express purpose of producing FOS are known. Rehm et al. (1998) 

expressed the sucrose:sucrose 1-fructosyltransferase (1-SST) gene of Aspergillus foetidus in 

Saccharomyces cerevisiae to produce 1-kestose, whereas, 1-kestose and 1-nystose were 

produced by expressing the Gluconacetobacter diazotrophicus levansucrase gene (lsdA) and 

the fructosyltransferase (ftf) gene from Lactobacillus reuteri in P. pastoris and 

Escherichia coli, respectively (Trujillo et al., 2001; Van Hijum et al., 2002). More recently, 
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Spohner and Czermak (2016) expressed and secreted a codon-optimized version of the putative 

Aspergillus terreus β-fructofuranosidase ATEG 04996 which was able to produce FOS 

comprising of 1-kestose (GF2), nystose (GF3) and 1F-fructofuranosyl nystose (GF4) with small 

amounts of GF5 and GF6. 

Although S. cerevisiae is a well-known yeast expression system, it has been plagued by 

plasmid instability, low protein yields and hyperglycosylation of proteins (Buckholz and 

Gleeson, 1991). Alternative systems were developed in other yeasts, including the 

methylotrophic yeast P. pastoris. This yeast exhibits several advantages such as the ability to 

grow to high cell densities and fast growth on minimal media with no production of intrinsic 

endotoxins or viral DNA. It secretes low levels of endogenous proteins, which simplifies the 

purification of the secreted recombinant protein and it has the ability to perform eukaryotic 

post-translational modifications such as glycosylation and the formation of disulphide bonds 

(Çelik and Çalık, 2012; Vogl and Glieder, 2013).  

Our primary interest in this study was to maximize the expression of a functional fopA enzyme 

in P. pastoris.  Different approaches for gene sequence optimization were compared using the 

different promoters and hosts, and the best performing transformants were evaluated in 

bioreactor cultures. 

4.2 Materials and Methods 

4.2.1 Strains and media 

The E. coli DH5α strain was used as host to maintain and amplify newly constructed plasmids 

as well as expression vectors required for yeast strain construction. The E. coli DH5α parental 

strain and transformants were grown at 37°C on Luria Bertani (LB) agar plates (0.5% yeast 

extract, 1% tryptone, 0.5% NaCl) supplemented with either 25 µg/ml zeocin, 50 µg/ml 
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ampicillin or 100 µg/ml kanamycin, as required. Bacteria were grown in liquid LB media and 

all plasmid preparations for cloning, transformation was performed using cetyltrimethyl 

ammonium bromide (CTAB) (Del Sal et al., 1988). Routine culturing and maintenance of P. 

pastoris DSMZ 70382 and X-33 was performed using YPD (1% yeast extract, 2% tryptone, 

1% glucose) agar plates or broth and incubated at 30°C. Strains and plasmids used in this study 

are summarized in Table 4-1. 

4.2.2 Construction of expression cassettes 

All DNA manipulations were performed as outlined by Sambrook et al. (1989). The initial 

reports on the isolation of fopA and the enzyme indicate that it is from Aspergillus niger ATCC 

20611 (Hidaka et al., 1988; Hirayama et al., 1989; Yanai et al., 2001), but the strain has been 

reclassified as A. fijiensis by the curators of the ATCC culture collection 

(http://www.lgcstandards-atcc.org). A synthetic construct containing the Trichoderma reesei 

endoxylanase II (xln2) secretion signal (Saarelainen et al., 1993) fused to the mature coding 

sequence of the fopA β-fructofuranosidase (GenBank accession no. AB046383) without the 

native fopA secretion signal was codon-optimized for expression in P. pastoris by GeneArt® 

(Regensburg, Germany). The synthetic xln2-fopA was provided on a cloning plasmid pMK-

RQ-fopA with the appropriate 5’ and 3’ restriction sites for sub-cloning into P. pastoris 

expression plasmids. 

For expression in P. pastoris X-33 and DSMZ 70382, the xln2-fopA construct was excised 

from the GeneArt® cloning plasmid pMK-RQ-fopA using BstBI and XhoI and cloned in-frame 

into corresponding sites of plasmids pPICZC and pGAPZαB that allowed for inducible  

(pPICZC-xln2-fopA) and constitutive (pGAPZαB-xln2-fopA) gene expression, respectively.  
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Table 4-1. Microbial strains used in this study. 

Strains and plasmids Relevant genotype or construct Reference or source 

Escherichia coli DH5α fhuA2Δ(argF-lacZ)U169 phoA 

glnV44 Φ80Δ (lacZ)M15 gyrA96 

recA1 relA1 endA1 thi-1 hsdR17 

 

New England Biolabs, 

Midrand, South Africa 

Pichia pastoris DSMZ 

70382  

 

Type strain Leibniz Institute DSMZ – 

German Collection of 

microorganisms and cell 

cultures 

Pichia pastoris X33 Wild-type strain Invitrogen, Life Technologies, 

Thermo Fisher Scientific, 

Waltham, USA 

 

pMK-RQ-fopA_G kanR Col E1 fopA_G GeneArt® (Regensburg, 

Germany) 

pPICZC Sh ble AOX1p-mfα-AOX1T Invitrogen, Life Technologies, 

Thermo Fisher Scientific, 

Waltham, USA 

pGAPZαB Sh ble GAPp-mfα-AOX1T Invitrogen, Life Technologies, 

Thermo Fisher Scientific, 

Waltham, USA 

pPICZ-fopA_G Sh ble AOX1p-xln2S-fopA_G-

AOX1T 

This study 

pGAPZαB-fopA_G Sh ble GAPp-xln2S-fopA_G-AOX1T This study 

pJ901-fopA_A Sh ble AOX1P-xln2S-fopA_A-

AOX1T 

 

This study; ATUM (Menlo 

Park, USA) 

pJ905-fopA_A Sh ble GAPP-xln2S-fopA_A-AOX1T 

 

This study; ATUM (Menlo 

Park, USA) 

 PX33-GG P. pastoris X33 with pGAPZαB-

fopA_G 

This study 

PX33-AG P. pastoris X33 with pPICZ-

fopA_G 

This study 

P70382-GG P. pastoris DSMZ 70382 with 

pGAPZαB-fopA_G 

This study 

P70382-AG P. pastoris DSMZ 70382 with 

pPICZ-fopA_G 

This study 

P70382-GD2 P. pastoris DSMZ 70382 with 

pJ905-fopA_A 

This study 

P70382-AD2 P. pastoris DSMZ 70382 with 

pJ901-fopA_A 

This study 
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ATUM (Menlo Park, CA, USA) provided synthetic P. pastoris expression plasmids harbouring 

the alternative codon-optimized fopA gene expressed under the transcriptional control of either 

AOXI or GAP promoters (pJ901-fopA and pJ905-fopA, respectively), which were transformed 

into P. pastoris DSMZ 70382 only. 

4.2.3 Yeast transformation 

The P. pastoris strains were transformed with SacI-linearised plasmids using electroporation 

according to Becker and Guarente (1991). The cells were pulsed for approximately 5 ms with 

a field strength of 1.5 kV, 200 Ω and 25 μF using a Bio-Rad Gene Pulser® II (Bio-Rad, 

Hercules, CA, USA). Following electroporation, the cells were allowed to recover for 1 h at  

30 °C in a 750 µL YPD and 250 µl 1 M sorbitol mixture followed by plating onto YPDS plates 

(1% yeast extract, 2% peptone, 2% dextrose, 1 M sorbitol, 1.5% agar) supplemented with 

zeocin and incubated at 30 °C for 3 to 5 days. 

4.2.4 Protein production in shake flasks 

The P. pastoris X-33 and DSMZ 70382 transformants were cultured in triplicate in 20 ml 

buffered glycerol-complex media (BMGY: 1% glycerol, 1% yeast extract, 2% peptone,  

100 mM potassium phosphate, pH 6, 1.34% yeast nitrogen base and 4 × 10-5% biotin) to 

generate biomass. When sufficient biomass was obtained (A600 ~10) after approximately 16 h, 

a sufficient volume of culture to yield an initial A600 of 1 was transferred to 75 ml buffered 

methanol-complex media (BMMY: 0.5% methanol, 1% yeast extract, 2% peptone, 100 mM 

potassium phosphate, pH 6, 1.34% yeast nitrogen base and 4 x 10-5% biotin) in 500 ml baffled. 

For constitutive expression, X-33 and DSMZ 70382 transformants were inoculated directly 

into 75 ml BMGY in 500 ml baffled flasks. Cultures were incubated at 30 °C with agitation at 

200 rpm for both biomass generation and protein production. The inducible cultures were 

supplemented with methanol to a final concentration of 0.5% and the constitutive cultures with 
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glycerol to a final concentration of 1% after 24 and 48 h. Strains transformed with the 

respective vector backbones without the codon-optimized fopA served as negative controls. 

The supernatants of each transformant were collected after 72 h of culturing to determine the 

enzyme activity.  

4.2.5 Bioreactor cultivations  

Fermentation basal salt medium, supplemented with 1% casamino acids and PTM1 trace salts, 

was used as culture media as described by the Pichia fermentation process guidelines 

(Invitrogen Corporation, 2002). The fermentations were performed in 1.3 L Bioflo 110 

bioreactors (New Brunswick Scientific, Edison, NJ, USA) at 30°C, pH 5 (maintained with 28% 

ammonium hydroxide), aeration rate of 1.0 volume of oxygen per volume of fermentation 

culture per minute (vvm), and 30% dissolved oxygen (DO) (controlled by a cascade effect 

between agitation (200-1000 rpm) and sparging O2 when required). Fermentations were 

performed as per the Pichia fermentation process guidelines (Invitrogen Corporation, 2002) 

with the following additions: During the glycerol fed-batch phase for the strains containing the 

AOX1 promoter, glycerol was fed on-demand (feeding started when DO reached 30% and 

stopped when the DO was below 30%) for 24 h, followed by the methanol fed-batch phase. 

The methanol was fed continuously at an initial rate of 1.8 ml/h/L of initial fermenter volume 

for 1 hr, after which the feed rate was incrementally increased to 3.6, 5.4, 7.3, 9.1 and 10.9 

ml/h/L. The feed rate of 5.4 and 9.1 ml/h/L lasted for an hour each, while 3.6 and 7.3 ml/h/L 

lasted for 2 hours. The last feed rate of 10.9 ml/h/L was maintained for the remainder of the 

fermentation. For strains containing the GAP promoter, the glycerol fed-batch phase the DO-

stat was applied for the duration of the fermentation after the glycerol batch phase at a rate of 

18.15 ml/h/L of initial fermentation volume. 

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



61 
 

Samples were taken throughout the fermentations to monitor the A600, wet cell weight and dry 

cell weight. Enzyme activities were determined at the points of maximum biomass 

concentration obtained during the fermentation. 

4.2.6 Enzyme activity assay 

The supernatant of yeast cultures was collected by centrifugation, filter sterilized (0.22 μm 

filters) and stored at 4 °C. The FFase activity was determined by preparing 100 g/L sucrose in 

a 50 mM citrate phosphate buffer (pH 5.5) and 750 μl of the substrate solution was equilibrated 

at 40 °C for 10 min where after 250µl of culture supernatant was added to a final concentration 

of 25% (v/v) and incubated for 60 min. The reaction was terminated by adding 36% perchloric 

acid (PCA) to a final concentration of 2.14% (v/v), followed by the addition of 7 N KOH to 

precipitate the proteins prior to chemical analysis. The samples were diluted appropriately and 

subjected to HPLC analysis using an external glucose standard calibration as previously 

described (van Wyk et al., 2013).  The amount of glucose liberated during the enzyme reaction 

was indicative of global FFase activity, with one unit of enzyme defined as the amount of 

enzyme required to produce 1 μmol glucose per minute under the described conditions (Hidaka 

et al., 1988). 

4.2.7 Quantifying specific enzyme activity 

FopA enzyme was purified from the cell-free supernatant obtained from the bioreactor cultures 

using an ÄKTA purifier (GE Healthcare Life Sciences, MA, USA) with a Superose® 12 FPLC 

column and eluted using 50 mM citrate phosphate buffer (pH 5.5). The collected fractions were 

analyzed for enzyme activity and protein content. The 2D-Quant Kit (GE Healthcare Life 

Sciences, MA, USA) was used to determine the protein concentration using bovine serum 

albumin (BSA) as protein standard. The specific activity for duplicate fractions was calculated 

based on the protein concentrations and volumetric activities determined for these fractions. 
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The enzyme concentrations for the bioreactor supernatants were derived from the maximum 

volumetric activity from the respective supernatants and the calculated specific activity for the 

enzyme. 

4.3 Results 

4.3.1 Identifying the preferred host strain 

The production levels from the codon-optimized fopA gene from GeneArt® were first evaluated 

in P. pastoris X-33 and P. pastoris DSMZ 70382. The effect of inducible (AOX1 promoter, 

methanol carbon source) and constitutive (GAP promoter, glycerol carbon source) expression 

on the extracellular fopA enzyme activity levels were examined in shake flasks at 72 h (Fig. 4-

1). The lowest activity was detected with the PX33-AG strain (3.2 ± 2.75 U/ml), whereas there 

was no significant difference in activity between PX33-GG, P70382-AG and P70382-GG (11.3 

± 1.7 U/ml, 12.1 ± 2.9 U/ml and 12.0 ± 2.1 U/ml, respectively). There was a slight decrease in 

activity of fopA produced in P. pastoris DSMZ 70382 under constitutive compared to induced 

expression. This initial investigation indicated that fopA can readily be produced in P. pastoris 

with the P. pastoris DSMZ 70382 strain being the preferred candidate for fopA production 

showing no substantial difference between induced and constitutive production as well as not 

being restricted for commercial use. 

Following the confirmation of a preferred host for fopA production, the enzyme production 

levels of the GeneArt® optimised fopA gene was compared to the codon-optimized fopA gene 

synthesized by ATUM. The two optimized genes were expressed under control of either the 

inducible AOX1 promoter (P70382-AD2 and P70382-AG) or the constitutive GAP promoter 

(P70382-GD2 and P70382-GG). The P70382-GG strain was used as a reference strain and 

produced activity of 11.7 ± 1.98 U/ml (Fig. 4-2A). Expression of the P70382-GD2 

transformants displayed activity of 10.9 ± 2.65 U/ml to 12.7 ± 0.85 U/ml, which was 
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comparable to that of the reference strain. In contrast, the best P70382-AD2 transformant 

showed activity of 98.6 ± 5.94 U/ml, which was 8-times higher than that of its GAP counterpart 

and slightly better than the control strain P70382-AG (Fig. 4-2B). 

 

Figure 4-1. Comparison of the volumetric enzyme activity of P. pastoris X-33 (PX33) and P. 

pastoris DSMZ 70382 (P70382) containing the codon-optimized fopA gene (Geneart®) under 

transcriptional control of the alcohol oxidase (AG) and glyceraldehyde 3-phosphate 

dehydrogenase (GG) promoter, respectively. Cultivations were performed in shake flasks at  

30 °C for 72 h at an agitation rate of 200 rpm. 

4.3.2 Enzyme production in bioreactors 

The P. pastoris DSMZ 70382 GAP (P70382-GG and P70382-GD2) and AOX (P70382-AG 

and P70382-AD2) transformants exhibiting the maximum activity in the shake flask 

experiments were further evaluated in 1.3 L bioreactors (Fig. 4-3). A similar trend in FFase 

production levels was observed in bioreactors as in shake flasks, with higher volumetric 

activities for the fopA genes expressed under the AOX1 promoter in relation to the GAP  
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Figure 4-2. Volumetric enzyme activity of positive P. pastoris transformants with the codon-

optimized fopA gene from ATUM (grey bars) under control of the glyceraldehyde 3-phosphate 

dehydrogenase (GAP) promoter (A) and under control of the alcohol oxidase (AOX1) promoter 

(B) relative to the control containing the codon-optimized fopA gene from Geneart® (white bars) 

cultivated in shake flasks for 72 hrs at 30 °C at an agitation rate of 200 rpm. 
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Figure 4-3. Volumetric enzyme activity of P. pastoris AOX1fopA (Geneart®; P70382-AG),  

P. pastoris GAPfopA (Geneart®; P70382-GG), P. pastoris AOX1fopA (ATUM; P70382-AD2) 

and P. pastoris GAPfopA (ATUM; P70382-GD2) cultivated in 1.3 L fermenters in triplicate. 

Enzyme activity was determined at the point of maximum biomass. 

promoter (Figs. 4-2A, 4-2B and 4-3). Enzyme activities of 1 790 ± 718 U/ml and 6 057 ± 

613 U/ml were obtained for the P70382-GG and P70382-GD2 strains, respectively. The 

P. pastoris AOX strains performed better with 2 718 ± 470 U/ml and 13 702 ± 5902 U/ml for 

the P70382-AG strain and P70382-AD2 strain, respectively. A significant difference was 

observed in the activities obtained in bioreactors between the two different codon-optimized 

genes. 

The specific activity of fopA in the supernatants of bioreactor cultures was determined using 

the 2D Quant protein quantification assay (Table 4-2). The calculated specific activity for fopA 

was 3 518 U/mg. The P70382-AD2 strain produced the highest amount of protein at 3.90 g/L 

with the lowest for P70382-GG at 0.51 g/L. 
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Table 4-2. Protein concentrations in the supernatant of 1.3 L bioreactors derived from 

the maximum activities of the cultivated strains after determining the specific activity of 

fopA with 2D Quant protein assay. P70382-GG and P70382-AG are the Geneart® codon-

optimized genes under control of the GAP and AOX1 promoters, respectively while P70382-GD2 

and P70382-AD2 are the ATUM codon-optimized genes under control of the GAP and AOX1 

promoters, respectively. 

Protein concentration (g/L) 

P70382-GG P70382-AG P70382-GD2 P70382-AD2 

0.51 ± 0.20 0.77 ± 0.13 1.72 ± 0.17 3.90 ± 1.68 

 

4.4 Discussion 

Several P. pastoris host strains are available for the expression of heterologous proteins 

(Ahmad et al., 2014). These individual strains have been developed to address certain 

complications encountered in protein expression and application such as proteolysis, which 

leads to reduced protein yield, and glycosylation, which can result in decreased serum half-life 

and allergic reactions in humans. Furthermore, the use of some of the commercial strains are 

restricted by patents and material ownership policy (Ahmad et al., 2014; Ballou, 1990). For 

this reason, we evaluated the potential of the wild-type P. pastoris strain X-33 and the type 

strain DSMZ 70382 to express and produce fopA for the production of FOS. The analysis of 

the ATUM codon-optimized gene was limited to expression in the P. pastoris DSMZ 70382 

strain, as the use of this strain in an industrial capacity is not proprietary and it showed good 

performances in initial screening phases (data not shown). DSMZ 70382 type strain showed 

substantially higher volumetric activity when the Geneart® codon-optimized gene was 

expressed under control of the AOX1 promoter compared to the X-33 strain. However, there 

was little difference in enzyme activity between the two strains when the gene was expressed 

under control of the GAP promoter (12.0 ± 2.1 U/ml for the DSMZ 70382 strain and 11.3 ± 1.7 
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U/ml for the X-33 strain). Ang et al. (2016) showed that P. pastoris KM71H strain obtained 

higher levels of the human DNA topoisomerase I (2.26 ng/ml) compared to that of the P. 

pastoris X-33 strain (0.75 ng/ml), while Blanchard et al. (2008) found that strain P. pastoris 

GS115 could express biologically active N-glycosylated 15N-labeled human chorionic 

gonadotropin (phCG) in contrast to P.pastoris X-33. Therefore, to optimise the production of 

a heterologous protein the selection of a strain is critical and thus the evaluation of different 

strains can have a significant effect. 

In the bioreactors, the codon-optimized fopA from ATUM showed higher activity than its 

counterpart from Geneart® (Fig. 4-4). Since the genes from the respective suppliers were 

expressed under the control of the same promoters and in the same host strains, the difference 

in expression could be attributed to different algorithms used by the suppliers for codon-

optimization. The differences are illustrated in the gene alignments in Appendix A-1. Increased 

expression by utilizing codon-optimized genes in P. pastoris has been demonstrated 

previously, with the possible advantages including the avoidance of premature termination of 

translation by depletion of specific aminoacyl-tRNA and also the termination of transcription 

if DNA contains a high proportion of AT bases (Daly and Hearn, 2005). Sinclair and Choy 

(2002) expressed the human glucocerebrosidase protein in P. pastoris and found that the levels 

of the translated product were very low despite having sufficient levels of transcripts. After 

codon optimization, the amount of protein expressed increased 10.6-fold. Furthermore, Yang 

and Liu (2010) increased the expression of the A. niger, lip2, lipase encoding gene in 

P. pastoris and subsequently improved enzyme activity and protein concentration from 

16.5 U/ml to 191 U/ml and 29.3 mg/L to 154 mg/L, respectively, through codon optimization 

performed by ATUM. In the present study the P. pastoris strains harbouring the respective 

optimized genes under the same promoters produced similar enzyme activities in shake flasks, 

with 11.7 ± 1.98 and 12.7 ± 0.85 U/ml for the Geneart® and ATUM genes, respectively, under 
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the GAP promoter and 95.8 ± 5.32 and 98.6 ± 5.94 U/ml under control of the AOX1 promoter 

(Figs. 4-2A and 4-2B). Significant differences were observed in activity between the 

P. pastoris strains with the same genes and promoters in bioreactors when compared to the 

same strains in shake flasks (Figs 4-2A, 4-2B and 4-3). Therefore, selecting the best 

transformants from shake flask data alone does not appear to be sufficient; bioreactor 

cultivations are also required to determine production levels for preferred transformants due to 

superior temperature, pH and DO control. 

It is also evident that fopA activity was higher in strains expressing the genes under control of 

the AOX1 promoter than for the GAP promoter, in both shake flasks and bioreactors. In shake 

flasks (Figs. 4-2A and 4-2B), the Geneart® gene under control of the GAP promoter displayed 

an activity of 11.7 ± 1.98 U/ml in contrast to 95.8 ± 5.32 U/ml for the AOX1 promoter, which 

was similar for the ATUM gene (12.7 ± 0.85 U/ml and 98.6 ± 5.94 U/ml for the GAP and AOX1 

promoters, respectively). The bioreactors (Fig. 4-4) showed the same trend with the Geneart® 

gene (1 790 ± 718 U/ml and 2 718 ± 470 U/ml for the GAP and AOX1 promoters, respectively) 

as well as for the ATUM gene (6 057 ± 613 U/ml and 13702 ± 5902 U/ml for the GAP and 

AOX1 promoters, respectively). Previous comparisons of the GAP or AOX1 promoters for 

recombinant/heterologous protein production in P. pastoris produced varied results: functional 

mammalian transport proteins displayed 5-fold higher levels for the GAP promoter relative to 

the AOX1 promoter (Döring et al., 1998), while GAP produced 2-fold higher protein levels than 

AOX1 in shake flasks (Delroisse et al., 2005). Conversely, Boer et al. (2000) showed increased 

yield from AOX1 expressing a cellobiohydrolase and Vassileva et al. (2001) reported higher 

levels of hepatitis B surface antigen from an AOX1 integrant compared to a GAP integrant in 

shake flasks. 

The P. pastoris strains were able to produce fopA in the supernatant in the g/L range with a 

maximum of 3.90 g/L produced by the P70382-AD2 (Table 4-2), compared to P70382-AG 
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strain that only produced a maximum of 0.77 g/L. Protein production and secretion in a 

bioreactor by P. pastoris has been shown to be as high as 14.8 g/L for mouse gelatin (Werten 

et al., 1999). 

The data presented here indicate that P. pastoris is a promising expression platform for the 

production of fopA as it is able to efficiently produce and secrete the recombinant protein. The 

codon-optimization of the gene and the evaluation of different promoters and hosts was also 

shown to be necessary for optimum protein production. 
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Chapter 5 Process development using different glycerol fed-batch 

methods for the production of a novel engineered  

β-fructofuranosidase enzyme in Pichia pastoris 

Authors: Gerhardt Coetzee, María del Prado García Aparicio, Eugéne van Rensburg and Johann F. 

Görgens 

Department of Process Engineering, Stellenbosch University, Stellenbosch, South Africa 

Objective of dissertation in this chapter 

This chapter addresses objective two, which focusses on determining the optimized processing 

conditions for maximised production of a native (GAPfopA) and a novel engineered version 

(GAPfopA_V1) of the β-fructofuranosidase enzyme from A. fijiensis ATCC 20611. The 

engineered version of this enzyme has only previously been expressed and produced in 

Saccharomyces cerevisiae. Two P. pastoris strains, one from Chapter 4 containing the ATUM 

codon-optimized native enzyme, and the other constructed in this chapter with the engineered 

version are evaluated in bench top bioreactors for the production of the two enzyme variants 

under control of the GAP promoter. The effects of two different glycerol fed-batch methods on 

the physiology of the two strains will also be evaluated through measurement of physiological 

parameters (growth rate, biomass yields and productivities) since this will ultimately affect the 

expression and production of the two enzymes. After 155 h the DO-stat cultivation produced 

less biomass than the constant feed at 55 h for both strains because of a lower growth rate but 

produced a higher volumetric activity.  However, due to the shorter cultivation time, the 

constant feed cultivations produced higher volumetric productivities, which is advantageous 

for an industrial production process. Both the feeding methods produced higher volumetric 

activities for the GAPfopA strain than for the GAPfopA_V1 strain. The enzymes produced 
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here will be evaluated in Chapter 5 for the production of scFOS from industrial sugar streams. 

Consequently, all objectives set out in Chapter 3 were addressed here.  
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Abstract 

The fopA enzyme from Aspergillus niger ATCC 20611 has been extensively used to produce 

fructooligosaccharides. The optimization of this process has previously focused predominantly 

on process development, but molecular techniques are increasingly employed. An engineered 

version of the fopA enzyme with increased thermostability, specific activity and reduced 

glucose inhibition has been previously expressed and produced in Saccharomyces cerevisiae. 

In this study, the native (GAPfopA) and engineered (GAPfopA_V1) versions of the fopA 

enzyme were expressed in Pichia pastoris under control of the GAP promoter and the 

production evaluated in 10 L bioreactors using DO-stat and constant feed methods. The DO-

stat cultivations had overall lower biomass concentration (119.73 g/L and 118.39 g/L for 

GAPfopA and GAPfopA_V1 for DO-stat and 133.86 g/L and 132.44 g/L for GAPfopA and 

GAPfopA_V1 for constant feed) but produced the highest maximum volumetric activity for 

the native GAPfopA enzyme (2 129 U/ml) compared to that of GAPfopA_V1 (1 686 U/ml). 

The GAPfopA produced the highest volumetric enzyme activity for both the DO-stat and 

constant feed methods (2 129 U/ml and 1686 U/ml for GAPfopA and GAPfopA_V1 for DO-

stat and 1 413 U/ml and 1 222 U/ml for GAPfopA and GAPfopA_V1 for constant feed). 

However, overall the constant feed fermentations produced higher volumetric productivity for 

both strains (23.96 x 103 and 20.72 x 103 U/L/h for GAPfopA and GAPfopA_V1, respectively) 

due to a reduction in process time of 96 h. Therefore, increased biomass growth with constant 

feed fermentations using glycerol does not produce higher maximum enzyme activity but 

resulted in higher volumetric productivity, which is more advantageous for an industrial 

process. 

Highlights 

Constant feed fermentations produced higher biomass growth 
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Increased biomass did not result in increased volumetric activity 

Shorter process time produced higher volumetric productivity for constant feed method 

Keywords: DO-stat, constant feed, GAP, Pichia pastoris, fopA 
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5.1 Introduction 

The methylotrophic yeast Pichia pastoris has successfully been used as a recombinant host for 

the expression of an increasing number and variety of heterologous proteins, such as 

Escherichia coli phytase, mouse endostatin and human antigen-binding fragment (Chen et al., 

2004; Garcia-Ortega et al., 2013; Trinh et al., 2003). This yeast offers many advantages 

heterologous protein expression host, which include eukaryotic post-translational modification, 

growing to high cell-densities on minimal media by which the product yield can be maximised, 

high level of protein expression and secretion, and ease of genetic manipulation (Cereghino et 

al., 2002). 

Fed-batch fermentations with the GAP promoter usually consist of two phases, namely an 

initial glycerol batch phase (GB) followed by a glycerol fed-batch phase (GFB) where the 

glycerol substrate is fed continuously to the culture at a predetermined rate. The feeding 

methods used during fed-batch phase could either be DO-stat feed, constant feed or exponential 

(Çalık et al., 2015). The DO-stat regime has the main advantage of maintaining the dissolved 

oxygen (DO) tension at a level that would sustain an active, healthy culture for extended 

periods of time, thereby avoiding oxygen-limited growth where oxygen demand for exceeds 

the system’s ability to supply, thus leading to hypoxic conditions that affect cell viability and 

product formation (Chung, 2000). Exponential feed has the advantage of maintaining a 

constant specific growth rate (µ), which has been directly or indirectly linked to protein 

production (Çalık et al., 2015; Potvin et al., 2012). Constant feed fermentations have been used 

to successfully express various proteins (Baumann et al., 2008; Goodrick et al., 2001; Zhang 

et al., 2007). However, there is currently considerable variation on the constant feed rates used 

and the effect of constant feed on productivity of a bioprocess needs further investigation (Çalık 

et al., 2015).  Furthermore, both exponential and constant feed are examples of feed forward 

control and are based on the cell growth models of the specific organism.  The µ for these 
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feeding strategies are nor controlled and the cultures growth characteristics may change as the 

cultivation progresses, which requires the culture’s feed to be restricted below its optimum 

specific growth rate (Dietzsch et al., 2011). 

Fructooligosaccharides (FOS) occur naturally in plants (asparagus, sugar beet, onion and 

Jerusalem artichoke) and are also produced by various microorganisms. The sugars are 

considered prebiotic additives that possess various health benefits (reduced cholesterol, 

enhanced mineral absorption in the gut and promoting the growth of bifidobacteria) and can be 

used as low calorific sweeteners (Singh et al., 2017; Yun, 1996). The fructan molecules are 

produced by the transfructosylation of sucrose by β-fructofuranosidases (EC 3.2.1.26) and 

consists mainly of 1-kestose (GF2), nystose (GF3) and 1F-fructofuranosyl nystose (GF4) (Yun, 

1996).  

Industrial production of FOS is catalysed by the β-fructofuranosidase enzyme (fopA) from 

Aspergillus niger ATCC 20611 using a 50% to 60% (w/v) sucrose solution as substrate at a 

temperature between 50 and 60 °C (Nishizawa et al., 2001). Conventional approaches for 

improving FOS production mostly focused on screening for enzymes with enhanced 

transfructosylating activity (Chávez et al., 1997; Ghazi et al., 2007) or process development 

for both enzyme and FOS production (Balasubramaniem et al., 2001; Sheu et al., 2002). 

However, molecular techniques for altering enzyme function have received increasing 

attention. For example, the fopA enzyme from A. niger was engineered for increased 

thermostability, specific activity and reduced glucose inhibition and expressed in 

Saccharomyces cerevisiae (Trollope et al., 2015). More recently, Zhang et al. (2017) 

homologously expressed another fopA engineered enzyme in A. niger ATCC 20611. In both 

these studies, the protein was produced at small scale in shake flasks. 
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In this study, the GAP promoter was selected due to the use of glycerol being preferred for 

industrial processes with regards to safety and acceptability for food-production as opposed to 

methanol. The difference in production levels of a native (GAPfopA) and a novel engineered 

fopA (GAPfopA_V1) enzyme (Trollope et al., 2015) under control of GAP promoter expressed 

in P. pastoris was evaluated at a larger scale in bioreactors using the DO-stat and constant feed 

fed-batch methods. 

5.2 Materials and Methods 

5.2.1 Microbial strains, media and plasmids 

Escherichia coli DH5α [fhuA2Δ(argF-lacZ)U169 phoAglnV44 Φ80Δ (lacZ)M15 gyrA96 

recA1 relA1 endA1 thi-1hsdR17] (New England Biolabs, Midrand, South Africa) served as 

host for plasmid amplification. Cells were grown at 37 °C in low salt Luria Bertani broth 

supplemented with 25 μg/ml zeocin. The Pichia pastoris strain (GAPfopA) containing the 

native codon-optimised gene (ATUM, Newark, USA) under control of the glyceraldehyde-3-

phosphate dehydrogenase (GAP) promoter was obtained from the culture collection of the 

Department of Process Engineering, Stellenbosch University, South Africa. The P. pastoris 

strain DSMZ 70382 (CBS704) was selected as expression host for the production of the 

engineered FFase. P. pastoris cells were grown in yeast peptone dextrose (YPD) medium (1% 

yeast extract, 2% peptone and 2% glucose) supplemented with sorbitol and zeocin (100 to 1000 

μg/ml), as appropriate. Solid media were supplemented with 15 g/L agar. For enzyme 

expression in shake flasks P. pastoris transformants were cultivated in buffered glycerol 

complex medium (BMGY) consisting of 1% glycerol, 1% yeast extract, 2% peptone, 100 mM 

potassium phosphate buffer, pH 6, 1.34% yeast nitrogen base and 4X10-5 % biotin. Zeocin was 

purchased from Melford Laboratories Ltd (Chelsworth, UK). All other chemicals were 
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purchased from Sigma-Aldrich (South Africa) or Merck (South Africa) with the yeast nitrogen 

base obtained from Becton, Dickinson and Company (Franklin Lakes, NJ, USA). 

5.2.2 DNA cloning and yeast transformation 

The four amino acid substitution (F140Y-A178P-G321N-Q490S) variant of the 

Aspergillus japonicus fopA FFase (GenBank accession number AB046383) was described 

previously (Trollope et al., 2015). The fopA_V1 coding sequence, fused to the 

Trichoderma reesei endoxylanase 2 (xln2) secretion signal, was cloned from the pJ227 cloning 

vector as a 2027 bp EcoRI-XhoI fragment into the P. pastoris expression vector pJ905 

harbouring the GAP promoter (ATUM, Newark, USA). The pJ905_fopA_V1 plasmid was 

linearised with XmaJI (Thermo Fisher Scientific, Waltham, USA) prior to yeast transformation 

(Lin-Cereghino et al., 2005). The electroporation was carried out in electroporation cuvettes 

(gap, 2.0 mm) in a Gene Pulser® II electroporator (Bio-Rad Laboratories, Hercules, CA, USA) 

with charging voltage of 1500 V, resistance of 200 Ω and capacitance of 25 μF. After the 

electroporation, the cells were incubated in YPD supplemented with 1 M sorbitol for 3 h before 

plating on selective media at 30 ˚C for up to 3 days until colonies formed.  

Transformants were transferred to YPD plates (1% yeast extract, 2% peptone, 2% glucose and 

1.3% agar) and then re-streaked on YPD plates increasing concentrations of zeocin. Positive 

transformants were further confirmed by colony PCR with primers specific to fopA_V1. The 

sequences of the primers were 5’-ACGCATGTCATGAGATTATTGG-3’and 5’-

GCAAATGGCATTCTGACATCC-3’ (Inqaba Biotechnical Industries (Pty) Ltd, Pretoria, 

South Africa). 

5.2.3 Transformant screening 

The screening of the transformants were derived from the method of Krettler et al. (2013). 

Single colonies of the transformants were inoculated into test tubes containing 5 ml of BMGY 
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medium and grown overnight at 30 °C on a rotating wheel. The respective cultures were then 

inoculated into 500 ml baffled shake flasks containing 100 ml of BMGY medium and incubated 

overnight at 30 °C at 200 rpm. When the cultures reached an OD600 >= 10 the fractional volume 

of the culture to be harvested was calculated for inoculating the small-scale expression culture 

(100 ml BMGY in 500 ml baffled flasks) at OD600 = 1. This volume was centrifuged at 3 000 

g for 3 min and resuspended in YP medium (1% yeast extract, 2% peptone) and then inoculated 

into the baffled flasks in triplicate and incubated for 72 h at 30 °C on an orbital shaker adjusted 

to 200 rpm. Samples were withdrawn at 24 h intervals and the same volume of glycerol added 

to the culture as was withdrawn to a final concentration of 1% at every interval. The was 

supernatant kept at 4 °C for determining the enzyme activity. 

5.2.4 Bioreactor cultivations 

Pichia pastoris cultivations were carried out in Bioflo 110 bioreactors (New Brunswick 

Scientific Co. Inc., Edison NJ, USA) fitted with a glass reactor vessel with a total volume of 

10 L and a working volume of 8 L. Temperature was controlled using a heating jacket and 

cooling coil and the reactor was fitted with a combination glass pH electrode and polarographic 

DO probe (all Mettler Toledo, Sandton, South Africa). The Biocommand version 3.30 Plus 

software (New Brunswick Scientific Co. Inc.) was used for monitoring DO, temperature, pH 

and agitation and feed rate control. Fermentations were performed as described in Pichia 

Fermentation Guidelines (Invitrogen Corporation, 2002) (Thermo Fisher Scientific, Waltham, 

MA, USA) with modifications noted below. Starter cultures were prepared by inoculating 

several colonies from YPD agar plates into test tubes containing 8 ml buffered minimal 

glycerol (BMG) culture medium consisting of 1.34% yeast nitrogen base, 1% glycerol, 1.64 

µM biotin, 100 mM potassium phosphate buffer (pH 6.0). The culture was incubated for 24 h 

at 30 °C before inoculating 2 L Erlenmeyer shake flasks containing 400 ml fresh BMG medium 

to a final biomass concentration equal to an optical density (OD) of 0.1 measured at 600 nm 
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using a spectrophotometer (Biochrom WPA Lightwave II, Harvard Bioscience, Holliston, MA, 

USA). These cultures were grown for a further 18 h on an orbital shaker adjusted to 200 rpm 

at 30 °C to a biomass concentration equal to OD600 of between 6 and 8. The entire volume of 

these cultures was used to inoculate the bioreactor to a final volume of 4 L, resulting in an 

initial biomass concentration equal to an OD600 of between 0.6 and 0.8 at the start of the batch 

phase. 

Basalt salt medium (BSM), supplemented with 1% casein hydrolysate and PTM1 trace salts 

consisting of (per L) 6.0 g CuSO4 ∙ 5H2O, 0.08 g NaI, 3.0 g MnSO4 ∙ H2O, 0.2 g Na2MoO4 ∙ 

2H2O, 0.02 g H3BO3, 0.5 g CoCl2, 20.0 g ZnCl2, 65 g FeSO4 ∙ 7H2O, 0.2 g biotin and 5.0 ml 

H2SO4 was used as culture media in the bioreactors.  Cultivations were carried out at 30 °C and 

28% ammonium hydroxide (Sigma-Aldrich) was added to maintain the culture at pH 5.0. 

Atmospheric air was sparged at an aeration rate of 1.0 vvm to maintain the dissolved oxygen 

(DO) tension above 30% of saturation. To maintain this DO at high biomass concentrations 

when the rate of oxygen consumption can exceed the oxygen transfer rate, the agitation rate 

(200 to 1000 rpm) was cascaded to air flow rate, followed by sparging pure O2.  

Two glycerol fed-batch strategies were used in this study, namely a DO-stat and a constant 

feed strategy. During the DO-stat strategy, a solution of 50% (w/v) glycerol (Scienceworld, 

South Africa) was supplied to the culture at a rate of 18.15 ml/h per litre initial fermentation 

volume. Since depletion of the glycerol carbon source would result in an increase in the DO, 

the pumps automatically fed the culture at the abovementioned rate when the DO exceeded 

35% of saturation. Conversely, since the DO will decrease as carbon was supplied to the 

culture, the same threshold of 35% of saturation was used to switch the pumps off to prevent 

overfeeding of the culture. During the constant feeding strategy, a solution of 50% (w/v) 

glycerol was supplied to the culture at a rate of 18.15 ml/h/L of initial fermentation volume, 

which commenced at the end of the batch phase. In each strategy, the cultivations were 
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terminated when a final volume of 8 L was reached. Samples were withdrawn throughout the 

fermentations, centrifuged at 13 000 rpm for 3 minutes and filtered through 0.22 um syringe 

filters, and analyzed for volumetric enzyme activity, dry cell weight (DCW) concentration and 

glycerol concentration. Graphs of the DCW concentration and volumetric enzyme activity over 

time for the respective cultivations are illustrated in Appendices B-1 and B-2. 

5.2.5 Sample analysis and calculations 

Dry cell weight concentration was determined by centrifuging (Prism™ Microcentrifuge, 

Labnet International, Edison, NJ, USA) a 2 ml sample of culture supernatant at 13 000 rpm for 

3 min. The sample was resuspended in dH2O, centrifuged again and dried in an oven at 60 ⁰C 

for approximately 24 h (until weight stabilized) and converted to DCW per liter of whole broth. 

Maximum growth rate (μmax) was determined graphically by plotting the natural logarithm of 

the biomass concentration (g/L) during batch phase against fermentation time and determining 

the gradient of the exponential growth phase. The biomass yield (YXS) and product yield (YPS) 

were determined by plotting the total biomass (g) and total enzyme activity (U), respectively, 

against the mass of substrate consumed (g) and determining the slope of the plots.  Biomass 

productivity (QX) was determined as follows: 

𝑄𝑥 =
𝑋

𝑉 ∙ 𝑡
 

Where X is the total biomass (g) at time t (h) and volume V (L). Volumetric productivity (QP) 

was determined with the following equation: 

𝑄𝑝 =
𝑃

𝑉 ∙ 𝑡
 

Where P is the total product (U) at time t (h) and volume V (L). 
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5.2.6 Enzyme activity assay 

The activity of the FFase enzyme was determined using 100 g/L sucrose (Merck) as substrate 

prepared in 50 mM citrate phosphate buffer (pH 5.5). The substrate solution (0.75 ml) was 

equilibrated at 40 °C for 10 min prior to adding the culture supernatant (0.25 ml) containing 

the enzyme to a final concentration of 25% (v/v). After incubation at 40 °C for 60 min, the 

reaction was terminated by addition of 35% (w/v) perchloric acid (PCA) to a final 

concentration of 2.14% (v/v) followed by the addition of 7 M KOH to precipitate the proteins 

prior to HPLC analysis (Hidaka et al., 1988). Negative controls consisted of all the assay 

constituents except either sucrose or enzyme which was replaced with 50 mM citrate phosphate 

buffer (pH 5.5).  

The glucose concentration was determined using a Dionex Ultimate 3000 system (Thermo 

Fisher Scientific, Waltham, MA, USA) equipped with a Coulochem III electrochemical 

detector controlled by Chromeleon 6.8 Chromatography Data System software (Thermo Fisher 

Scientific). The HPLC was fitted with a CarboPac PA1 (4 × 250 mm) analytical column 

coupled to a PA1 (4 × 50 mm) guard column (Thermo Fisher Scientific). 10 µl samples were 

injected and eluted according to the method of van Wyk et al. (2013). The concentration of 

glucose liberated during the assays was indicative of enzyme activity. A unit of enzyme was 

defined as the amount of enzyme required to produce 1 μmol glucose per minute under the 

described conditions (Hidaka et al., 1988). 

5.2.7 Glycerol concentration 

The glycerol concentration was analysed by HPLC (Finnigan Surveyor, Thermo Fisher 

Scientific) using a Rezex RHM-Monosaccharide column (Phenomenex, Torrance, CA, USA) 

fitted with a guard column. A Refractive Index (RI) detector (Thermo Fisher Scientific, 

Finnigan Surveyor) was used to quantify the glycerol by integrating the area under the peak of 
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the eluted substance, confirmed using a series of standards of a known range of concentrations. 

The Rezex RHM-Monosaccharide column was maintained at 60 °C and 5 mM H2SO4 was used 

as mobile phase at a flow rate of 0.6 ml/min for 25 minutes. Samples were acidified with 10% 

H2SO4 to a final concentration of 0.5 % (v/v) and filtered through 0.22 μm nitrocellulose filters 

(Membrane Solutions, Kent, WA, USA) prior to analysis. 

5.2.8 SDS-PAGE analysis 

SDS-PAGE was performed according to the method of Laemmli (1970) using a separating gel 

with an 8% polyacrylamide concentration and a stacking gel with 5% concentration. The gels 

were silver stained according to Merril et al. (1981). 

5.3 Results 

5.3.1 Screening of P. pastoris transformants 

The P. pastoris strains transformed with the fopA_V1 gene were screened for on selective YPD 

plates containing zeocin and positive transformants confirmed with PCR. Seven confirmed 

transformants were subsequently screened in shake flasks for the strain producing the highest 

volumetric activity compared to the GAPfopA reference strain (Fig. 5-1). Whereas five of the 

seven transformants exhibited marked enzyme activity, no activity was detected for strains 

G100.1 and G250.3 in spite of confirmed transformation of the fopA_V1 gene using PCR. 

Strain G250.2 exhibited the highest activity 121.8 U/ml after 48 h, which is 35% higher than 

that of the reference strain, which produced a maximum activity of 79.3 U/ml in the same time 

period.  Strain G250.2 was consequently selected for further study and is henceforth referred 

to as strain GAPfopA_V1. 

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



89 
 

 

Figure 5-1. Volumetric enzyme activity of P. pastoris transformants containing the GAPfopA_V1 

gene relative to the control with the GAPfopA gene in shake flasks. Cultivations were performed 

at 30 °C over 72 h at an agitation rate of 200 rpm. Error bars denote the standard error of 

triplicate experiments. 

5.3.2 Bioreactor cultivations 

The cultivation and enzyme production parameters for strains GAPfopA and GAPfopA_V1 

were grown in bioreactors using either a DO-stat or a constant feeding strategy are shown in 

Table 5-1. For each strategy, the maximum volumetric activity recorded during the course of 

the cultivation was reported, which corresponded to 155 and 59 h for DO-stat and constant 

feed, respectively. Generally, the maximum specific growth rate (µmax) during the batch phase 

and biomass concentration were virtually identical for the two strains for both the feeding 

strategies.  Therefore, the respective cultures were in a similar metabolic state from the start of 

the fed-batch phase and would not impact on the rest of the cultivation. 
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Table 5-1. Fermentation results for the two strains, GAPfopA and GAPfopA_V1, cultivated in 10 L bioreactors fed with two different 

substrate feeding strategies, DO-stat and constant feed. 

  Batch phase Fed-batch phase 

Feed 

method 

Enzyme µmax (h-1) DCW conc. 

(g/L) 

a QP (x 1000) 

(U/L/h) 

a Volumetric activity 

(U/ml) 

YPS (U/g) a DCW conc. 

(g/L) 

 YXS (g/g) a QX (g/L/h) 

DO-stat GAPfopA 0.21 ± 0.02 27.89 ± 0.01 13.74 ± 5.27 2129.25 ± 816.39 11485.15 ± 7697.35 119.73 ± 1.99 0.49 ± 0.00 0.77 ± 0.01 

GAPfopA_V1 0.19 ± 0.04 27.32 ± 1.13 10.88 ± 1.37 1686.91 ± 212.29 9892.10 ± 865.36 118.39 ± 10.69 0.47 ±0.01 0.76 ± 0.07 

Constant GAPfopA 0.24 ± 0.02 26.69 ± 0.08 23.96 ± 0.44 1413.36 ± 26.18 5670.00 ± 592.41 133.86 ± 3.92 0.55 ± 0.03 2.27 ± 0.07 

GAPfopA_V1 0.20 ± 0.03 27.99 ± 2.42 20.72 ± 2.30 1222.70 ± 135.69 4587.50 ± 74.10 132.44 ± 12.95 0.54 ± 0.03 2.24 ± 0.22 

Mean ± standard deviation, n = 2 

µmax = maximum specific growth rate; DCW = dry cell weight; QP = volumetric productivity; YPS = product yield; YXS = biomass yield; QXS = biomass productivity 

a Analyses were done at the maximum volumetric activity for DO-stat and constant feed (155 h and 59 h, respectively)
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The faster substrate feed rate for the constant feed cultivations resulted in a higher rate of 

enzyme production.  This is reflected in the volumetric productivity (QP) for the constant feed 

cultivations that were higher for both strains compared to the DO-stat method (23.96 x 103 and 

20.72 x 103 U/L/h for GAPfopA and GAPfopA_V1 for constant feed and 13.74 x 103 and 10.88 

x 103 U/L/h for DO-stat). However, a faster rate of enzyme production did not result in 

maximum volumetric activity. There is considerable variation in the volumetric activity for 

DO-stat feed as a result of considerable variability between the replicates of the DO-stat 

cultivations, which is evident through the large standard deviations. This is a result of the 

considerable variation in the DO level, which leads to inconsistent feed of the substrate. Despite 

this variation in the values the trend for volumetric activity tend to be higher for the GAPfopA 

strain compared to the GAPfopA_V1 strain (2 129.25 and 1 686.91 U/ml, respectively) with 

the higher volumetric activity reflected in the higher enzyme production for the GAPfopA 

strain (fig 5-2B). 

 

Figure 5-2. SDS-PAGE of the crude supernatant of the cultivations of two different feeding 

strategies: (A) constant feed with odd-numbered lanes representing GAPfopA_V1 and even-

numbered lanes GAPfopA. Lanes 1 and 2 (33 h), lanes 3 and 4 (59 h) and lanes 5 and 6 (67 h). (B) 

DO-stat feed with odd-numbered lanes representing GAPfopA and even-numbered lanes 

GAPfopA_V1. Lanes 1 and 2 (107 h), lanes 3 and 4 (131 h) and lanes 5 and 6 (155 h). Lane M 

represents the molecular weight marker. 
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The cultivations using constant feed, as with the DO-stat feed cultivations, exhibited similar 

values for the batch phase specific growth rate (0.24 and 0.20 h-1), biomass productivity (2.27 

and 2.24 g/L/h), DCW concentration (133.86 and 132.44 g/L) and Yxs (0.55 and 0.54 g/g) for 

the two different strains (Table 5-1). The trend for volumetric activity for the two strains also 

reflect those of the DO-stat cultivations with the GAPfopA strain having a higher activity than 

the GAPfopA_V1 strain (1 413.36 U/ml and 1 222.70 U/ml, respectively), which also 

correlated with higher protein production for GAPfopA (Table 5-1, fig. 5-2A). 

When the constant feed cultivations are compared to the DO-stat cultivations, the former 

produces a biomass productivity 3x higher (~2.2 g/L/h and ~0.7 g/L/h), a DCW ~14 g/L more 

and a higher Yxs (maximum of 0.55 and 0.49 g/g) than the latter for both strains (Table 5-1). 

Despite the increased biomass production for the constant feed fermentations, the maximum 

volumetric activity is generally higher for the DO-stat fermentations for both the strains. 

The fermentation control system was configured to maintain the DO at 30% of saturation 

irrespective of fed-batch strategy. During DO-stat cultivations, the DO exhibited significant 

variation from the setpoint during the fed-batch phase, which ranged between approximately 

10% and 55% of saturation (fig. 5-3A). Conversely, oscillations in the DO were substantially 

less pronounced during the fed-batch phase where constant feed was applied and was generally 

maintained between 20% and 40% of saturation (fig. 5-3B). However, the greater biomass 

achieved during constant feed necessitated sparging with pure O2 throughout the fed-batch 

phase to maintain the required DO. 

5.4 Discussion 

The purpose of this study was to compare the production of enzyme activity for two different 

P. pastoris strains (GAPfopA and GAPfopA_V1), each harbouring a different version of the  
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Figure 5-3. Dissolved oxygen (DO) level (blue) and O2 sparged (green) during the DO-stat and 

constant feed fermentations. The red line indicates the setpoint value at which the DO is 

controlled. 
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fopA protein under control of the GAP promoter, while employing two different feeding 

strategies, namely DO-stat and constant feed using glycerol as carbon source. 

Relative enzyme production by the two recombinant strains used in this study did not improve 

consistently when transferred from shake flasks to bioreactors. Furthermore, screening 

transformants in microtitre plates have been shown to not necessarily be reflective of what 

occurs in a bioreactor, possibly due to poorly controlled feeding. In shake flasks, the 

GAPfopA_V1 strain (transformant strain G250.2) produced a higher volumetric activity than 

the GAPfopA reference strain (121.8 U/ml and 79.3 U/ml, respectively) (fig. 5-1) despite the 

similar DCW concentrations (data not shown). This result contrasted with results from 

bioreactor-grown fed-batch cultures where the GAPfopA strain exhibited a higher volumetric 

enzyme activity (2 129 U/ml) and level of protein production (Table 5-1, fig 5-2A and 5-2B) 

despite the two strains producing similar biomass concentrations in the DO-stat (119.73 and 

118.39 g/L for GAPfopA and GAPfopA_V1, respectively) and constant feed (133.86 and 

132.44 g/L for GAPfopA and GAPfopA_V1, respectively) fermentations. Screening in 96-well 

plates or shake flasks are usually performed using a pulse feeding regime where an initial 

excess of the substrate is followed by substrate depletion, which leads to inconsistent growth 

conditions. In bioreactors, substrate feed is more uninterrupted, which avoids substrate 

depletion, resulting in more consistent biomass growth, which leads to a higher production of 

recombinant proteins (Looser et al., 2014). Furthermore, the transformant producing the 

highest amount of product generally suffers from increased metabolic burden of recombinant 

protein production and is thus not necessarily the best candidate for bioreactor cultivation 

(Holmes et al., 2009). 

The growth performance for the respective strains was within expected levels indicating no 

abnormalities in the physiological growth of the strains. The maximum growth rates attained 

by the strains evaluated during the batch phase was between 0.19 h-1 and 0.24 h-1 (Table 5-1), 

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



95 
 

which is similar to what has previously been reported for P. pastoris (0.15 – 0.20 h-1; Looser 

et al., 2014). The Yxs (between 0.47 and 0.55 g/g) and biomass concentrations (between 118.39 

and 133.86 g/L) for this study (Table 5-1) were also within ranges reported previously.  

In terms of culture growth performance, constant feed fed-batch outperformed DO-stat fed-

batch cultures due to poor DO control of the latter. Large oscillations resulted in an artificially 

broad DO band, which led to intermittent feeding and hence, inferior lower biomass 

accumulation. The constant feed fermentation exhibited higher biomass productivity 

(maximum of 2.27 and 0.77 g/L/h for constant feed and DO-stat, respectively), biomass yield 

(maximum of 0.55 and 0.49 g/g for constant feed and DO-stat, respectively) and DCW 

concentration (maximum of 133.86 and 119.73 g/L for constant feed and DO-stat, respectively) 

compared to the DO-stat fermentation, which could be attributed to the poor DO-stat feed 

control resulting from poor DO control. In this study, the DO is controlled with a proportional-

integral-derivative (PID) controller, which has been shown to be problematic in controlling DO 

at high-cell-density fermentations due to the variations in DO being faster during the latter 

stages of the process when using the DO-stat method (Chung, 2000; Ferreira et al., 2012). 

Chung (2000) showed that during the fed-batch phase, feeding either methanol or glycerol, the 

rate of oxygen transfer nears that of the rate of oxygen utilization. This leads to increased 

oscillations in the metabolic behaviour of P. pastoris and results in controller destabilization 

and loss of culture productivity. Furthermore, the DO level oscillated between ~10% and ~55% 

(fig. 5-2) because of the poor DO-stat feed control, which created an artificially wide DO band 

resulting in intermittent feeding and therefore lower biomass growth compared to that of the 

constant feed fermentation. Lee et al. (2003) evaluated the cell-growth during the glycerol fed-

batch phase for derepression of the AOX1 promoter by feeding glycerol using the DO-stat 

method. The feed was controlled within a band consisting of two DO setpoints. The two bands 

evaluated had a lower setpoint of 10% DO and the upper band was either 30% DO or 50% DO. 
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The feed would start when the DO rose above 10% and would stop when it reached the upper 

DO setpoint. The study found that the specific growth rate was higher for the narrow band 

(10% - 30% DO) than for the wider band (10% - 50% DO) due to the more frequent feeding of 

the former.  

No residual glycerol was detected during the fed-batch cultivations, which implied that the 

cultures were maintained under carbon-limited conditions and that biomass growth was not 

inhibited by the substrate accumulation. However, the constant feed fermentations required 

supplementary pure O2 throughout the fed-batch phase to maintain the required level of 

dissolved oxygen of 30% of saturation to ensure that a dual limitation (carbon and oxygen) was 

not imposed (fig. 5-3B). On the other hand, the DO-stat fermentation did not require pure O2 

supplementation, except for a brief spike near the end of the batch phase where the culture 

growth was very active (fig. 5-3A). The culture growth rate was already reduced to such an 

extent (maximum biomass concentration of 119.73 g/L after 155 h for DO-stat and 133.86 g/L 

after 59 h for constant feed) due to the poor DO-stat control that the rate of oxygen consumption 

was low and O2 supplementation was not required. 

Predicting protein production based on biomass growth is not definitive and should be 

determined on a case by case basis. In this study, the increase in final biomass concentration, 

biomass productivity and subsequently growth rate in the constant feed fermentations 

compared to DO-stat fermentations did not result in higher volumetric activity (Table 5-1). The 

protein production in P. pastoris can either be growth associated (Cunha et al., 2004), partially 

growth associated (Kobayashi et al., 2000) or growth dissociated (Potgieter et al., 2010). 

However, it is generally accepted that proteins expressed under control of the GAP promoter 

are primarily growth-associated where the rate of product formation and product titer are 

correlated to the culture growth rate (Looser et al., 2014; Rebnegger et al., 2014) and biomass 

concentration (Pal et al., 2006). An increase in the specific growth rate leads to an increase in 
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the glycolytic flux, higher transcription levels of the gene under GAP promoter control (Garcia-

Ortega et al., 2016) as well as increases in the specific rate of protein secretion (Rebnegger et 

al., 2014). This contradictory finding in this study could possibly be attributed to saturation of 

the secretory pathways and subsequent degradation of the accumulated intracellular product 

(Idiris et al., 2010; Kuo et al., 2015), in spite of increased levels of growth-associated protein 

expression at higher growth rates. Li et al. (2001) also showed that decreasing the fermentation 

temperature decreased the growth rate, which increased the production of herring antifreeze 

protein, possibly due to improved protein folding, and could explain the higher volumetric 

activity for the GAPfopA and GAPfopA_V1 strains at the lower growth rates. 

The DO-stat fermentation produced a higher maximum volumetric activity than the constant 

feed fermentation, but the shorter process time of the constant feed fermentation resulted in a 

higher volumetric productivity (maximum of 23.96 x 103 U/L/h for constant feed and 13.74 x 

103 U/L/h for DO-stat). A higher volumetric productivity is advantageous for manufacturing 

processes because it results in a higher enzyme production per unit volume of bioreactor, and 

therefore a more efficient and cost-effective application of equipment capital (Looser et al., 

2014). Menéndez et al. (2013) recombinantly expressed and produced the β-fructosidase 

enzyme from Thermotoga maritima in P. pastoris using a constant feed fed-batch fermentation 

and produced an enzyme productivity of 3 347 U/L/h while Martínez et al. (2014) produced 

the same enzyme in P. pastoris, which resulted in a volumetric productivity of 5 735 U/L/h 

and 4 662 U/L/h for a constant and exponential feed, respectively. 

In conclusion, the GAPfopA and GAPfopA_V1 enzymes were successfully expressed and 

produced by P. pastoris to high titre using fed-batch culture. The DO-stat fermentation was 

characterised by poor DO control and slow substrate feed rates, which had a marked effect on 

culture growth in terms of biomass accumulation. However, despite this inferior performance, 

the DO-stat cultures outperformed the constant feed cultures as evident from higher volumetric 
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enzyme activity although the extended process time to reach this higher level of enzyme 

production, as evident from SDS-PAGE analysis, resulted in lower volumetric enzyme 

productivity. Further evaluation is required to determine the optimum growth rate for the 

maximum production of the enzymes. Finally, the constant feed method exhibited better 

reproducibility and higher productivity despite a marginally lower enzyme production.  
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Chapter 6 Evaluation of the performance of an engineered β-

fructofuranosidase from Aspergillus fijiensis to produce short-

chain fructooligosaccharides from industrial sugar streams 

Gerhardt Coetzee, Eugéne van Rensburg and Johann F. Görgens 

Department of Process Engineering, Stellenbosch University, Stellenbosch, South Africa 

 

Objective of dissertation in this chapter 

This chapter addresses objective three, which focusses on the evaluation of the difference in 

the ability of the native and engineered enzyme, produced in Chapter 5, to produce a targeted 

scFOS composition from industrial sugar streams and scale-up production of scFOS from table 

sugar. First, the optimum conditions for the production of scFOS by these enzymes had to be 

determined as this has not yet been reported.  Therefore, the optimum conditions with regards 

to temperature and enzyme dosage were determined by RSM to produce a scFOS composition 

similar to a commercial FOS product from laboratory grade sucrose. Since the engineered 

enzyme has only previously been evaluated on laboratory-grade sucrose the enzyme was 

evaluated on industrial sugar streams as possible low-cost substitutions. The optimized 

conditions were therefore applied to A-molasses and refinery molasses with both enzymes. 

Both these enzymes were able to produce the target scFOS composition from A-molasses albeit 

with an increased reaction time due to the impurities contained in the substrate.  Neither enzyme 

could produce the required scFOS composition from refinery molasses. The production of 

scFOS from laboratory grade sucrose in shake flasks was replicated in a scaled-up reaction 

with table sugar in a bioreactor with the latter producing the required scFOS composition in a 

shorter time period. Furthermore, the improved thermostability and subsequent shorter reaction 
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times because of this characteristic of the engineered enzyme was confirmed here.  Thus, all 

objectives were met as set out in Chapter 3. 
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Abstract 

An engineered β-fructofuranosidase, GAPfopA_V1 was compared to the native enzyme, 

GAPfopA, for the production of short-chain fructooligosaccharides (scFOS) from white and 

brown sugar (commercial table sugar), and refinery and A-molasses (refinery mill and sugar 

mill, respectively). The minimum reaction temperature and enzyme dosage required to produce 

scFOS with a composition similar to that of a commercial prebiotic product, consisting of 

oligomers with 2 to 4 fructose moieties, were determined using response surface methodology. 

At 62 °C and 10 U/g sucrose, the GAPfopA_V1 resulted in a 28% and 25% decrease in reaction 

time required to reach the target scFOS composition, in comparison to the native enzyme, using 

white and brown sugar as substrate, respectively. Whereas the target scFOS composition could 

not be reached using refinery molasses, this composition was reached with A-molasses using 

both enzymes, where GAPfopA had a 6% shorter reaction time than GAPfopA_V1. 

Highlights 

Engineered enzyme exhibited improved thermostability 

Reduced scFOS production time with engineered enzyme 

Industrial sugars feasible for fructooligosaccharide production 

Keywords: Short-chain fructooligosaccharides (scFOS); Aspergillus fijiensis; β-

fructofuranosidase 
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6.1 Introduction 

Fructooligosaccharides (FOS) occur naturally in plants (asparagus, sugar beet, onion and 

Jerusalem artichoke) and are also produced by various bacteria, such as Bacillus macerans and 

Arthrobacter sp. and fungi, including Aspergillus niger, A. japonicus and Aureobasidium 

pullulans (Sangeetha et al., 2005a; Yun, 1996). These oligosaccharides function as prebiotics 

with proven health benefits for humans and animals. Typical benefits include improved mineral 

absorption, protection against colon cancer, the bifidogenic effect, positive effects on lipid 

metabolism and the control of type II diabetes (Hidaka et al., 1986; Roberfroid, 2007; Singh 

and Singh, 2010). scFOS is produced from the transfructosylation of sucrose by β-

fructofuranosidases (EC 3.2.1.26) and consists mainly of 1-kestose (GF2), nystose (GF3) and 

1F-fructofuranosyl nystose (GF4) (Yun, 1996). Beghin Meiji is the major producer of 

oligofructose from sugar beet and marketer of Actilight®. The powdered version of this 

product (Actilight 950P®) consists of 95% scFOS with a composition of 37% GF2, 53% GF3 

and 10% GF4 (Paineau et al., 2014; Respondek et al., 2014). The health benefits of scFOS have 

been demonstrated in vivo and in vitro (Gibson et al., 2004; Yen et al., 2011) with several 

clinical trials showing health benefits of specifically Actilight 950P® (Lecerf et al., 2015; 

Paineau et al., 2014; Respondek et al., 2014). 

The general reaction mechanism for fructosyltransferase enzymes is a double-displacement 

mechanism involving two steps, namely hydrolysis and transfer of a sugar monomer 

(Chuankhayan et al., 2010). Sucrose is first hydrolyzed to produce a free glucose, while the 

fructose is retained to form a fructosyl-enzyme intermediate. In the second step, the fructose 

moiety is transferred to an acceptor, which can be either a fructan (sucrose, GF2 or GF3) or 

water. When water is the acceptor the result is hydrolysis, which produces glucose and fructose 

while the fructan acceptor leads to FOS as a product. GF2 is produced first since sucrose is 
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usually the initial acceptor. However, GF2 then decreases as another fructose monomer is 

added to form GF3, which in turn becomes an acceptor to form GF4. The transfructosylating 

reaction predominantly occurs at sucrose concentrations above 200 g/L (Kim et al., 1996), 

whereas the same enzyme has a hydrolytic action at sucrose concentrations below 5 g/L. 

Commercial FOS is produced in a 20 h batch process by the transfructosylation of sucrose with 

a 50% to 60% (w/v) sucrose solution at pH 5.5 to 6.0 and temperatures between 50 and 60 °C 

(Nishizawa et al., 2001). However, this process has limitations with regards to enzyme 

inhibition and enzyme stability, which restricts the maximum attainable FOS yield. At 

temperatures above 50 °C, the long-term stability of the enzyme becomes compromised even 

when immobilised (Yun and Song, 1999). The maximum FOS yield using sucrose solutions of 

55% to 80% (w/v) were between 50% to 60% of the total mass of sugars in the reaction due to 

the inhibitory effect of the released glucose (Ghazi et al., 2007; Sangeetha et al., 2004). 

Given the commercial value of FOS, various approaches were followed in the past to improve 

production efficiency. In some instances, research focused on either screening for novel 

enzymes with improved transfructosylating capability (Chávez et al., 1997; Ghazi et al., 2007), 

optimising the production of the native enzymes with known transfructosylating capability 

(Balasubramaniem et al., 2001; Vandáková et al., 2004) or optimising the FOS production 

process (Sangeetha et al., 2005b; Sheu et al., 2002). Furthermore, there have been several 

studies on the use of by-products of the sugar production process (Ghazi et al., 2006; Rehman 

et al., 2016) and other agro-industrial wastes as substrates for the production of FOS and/or 

transfructosylating enzymes (Mussatto and Teixeira, 2010; Sangeetha et al., 2004) with the aim 

to reduce production costs. 

The β-fructofuranosidase (fopA) from A. fijiensis (previously known as A. niger ATCC 20611) 

has been used extensively for commercial scFOS production due to a high transfructosylating 
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to hydrolytic activity ratio and strong regiospecificity when using sucrose (Yanai et al., 2001). 

Molecular techniques have been used to improve the production of this enzyme with 

homologous expression (Zhang et al., 2017).  

Engineering the fructosyltransferase enzyme to alter its function was generally a successful 

strategy to optimise and change the composition of FOS products (Beine et al., 2008; De Abreu 

et al., 2013). More recently Trollope et al. (2015) engineered the β-fructofuranosidase, also 

referred to as fopA, from A. japonicus through semi-rational directed evolution and 

successfully increased the specific activity and thermostability of the enzyme, while also 

demonstrating decreased glucose inhibition compared to the native enzyme. The 

thermostability of the improved variant was demonstrated with isothermal denaturation (ITD) 

and differential scanning fluorimetry (DSF). However, the results of these techniques are more 

theoretical and do not necessarily reflect what would occur in an actual scFOS production 

process. 

In this study, an engineered enzyme (GAPfopA_V1) from A. fijiensis (Trollope et al., 2015) 

was compared to the native enzyme (GAPfopA) to demonstrate its improved ability to produce 

scFOS using the composition of Actilight® as reference. Moreover, industrial substrates were 

used in addition to refined sugar to demonstrate the suitability of producing a high-value 

product from an industrial waste stream.  Response surface methodology (RSM) based on a 

central composite design (CCD) was used to optimise scFOS production in terms of minimum 

temperature and enzyme dosage, and allow comparison of enzymes under optimised 

conditions. 

 

 

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



112 
 

6.2 Methods 

6.2.1 Materials 

The Pichia pastoris strains containing the respective codon-optimised genes (ATUM, Newark, 

CA, USA) under control of the glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter 

were maintained in the culture collection of the Department of Process Engineering, and the 

Department of Microbiology, Stellenbosch University, South Africa. 1F-

fructofuranosylnystose (Wako Chemicals GmbH, Neuss, Germany), 1-kestose and nystose 

(Carbosynth Limited, Berkshire, UK) served as standards for high-performance liquid 

chromatography (HPLC) analysis of scFOS produced from sucrose. All other chemicals were 

purchased from Sigma-Aldrich (South Africa) or Merck (South Africa) with the yeast nitrogen 

base obtained from Becton, Dickinson and Company (Franklin Lakes, NJ, USA). 

6.2.2 Bioreactor cultivations 

A starter culture was prepared by inoculating a single colony into a test tube containing 4 ml 

buffered minimal glycerol (BMG) culture medium consisting of 1.34% yeast nitrogen base, 

1% glycerol, 1.64 µM biotin, 100 mM potassium phosphate buffer (pH 6.0). The culture was 

incubated for 24 h at 30 °C before inoculating 250 ml Erlenmeyer shake flasks containing 40 

ml fresh BMG medium to a final biomass concentration equating to an optical density (OD) of 

0.1 measured at 600 nm. These cultures were grown for a further 18 h on an orbital shaker 

adjusted to 200 rpm to a biomass concentration equal to OD600 of between 6 and 8. The entire 

volume of these cultures was used to inoculate the bioreactor to a final volume of 400 ml, 

resulting in an initial biomass concentration equal to an OD600 of 0.6-0.8 at the start of the batch 

phase. 
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The cultivations were carried out in Bioflo 110 bioreactors (New Brunswick Scientific Co. 

Inc., Edison NJ, USA) fitted with a glass reactor vessel with a total volume of 1.3 L and a 

working volume of 1 L. The Biocommand version 3.30 Plus software (New Brunswick 

Scientific Co. Inc.) was used for monitoring DO, temperature, pH and agitation and feed rate 

control. Fermentations were performed as described in Pichia Fermentation Guidelines 

(Invitrogen Corporation, 2002) (Thermo Fisher Scientific, Waltham, MA, USA) with 

modifications noted below.  

Fermentation basalt salt medium (BSM), supplemented with 1% casein hydrolysate and 

PTM1 trace salts was used as culture media in the bioreactors.  Cultivations were carried out at 

30 °C and the pH was maintained at pH 5.0 using 28% ammonium hydroxide (Sigma-Aldrich). 

Atmospheric air was sparged at an aeration rate of 1.0 vvm to maintain the dissolved oxygen 

tension (DOT) above 30% of saturation. A DO-stat strategy was followed during the glycerol 

fed-batch phase where a solution of 50% (w/v) glycerol (Scienceworld, South Africa) was fed 

at a rate of 18.15 ml/h/L of initial fermentation volume when the DOT exceeded 35%, which 

indicated that the carbon substrate in the culture medium was depleted. The same threshold 

was used to switch pumps off when during glycerol feeding when the DOT decreased below 

35% of saturation, which prohibited overfeeding of the culture. The glycerol fed-batch phase 

was maintained for 72 h after the initial batch phase. To harvest the enzymes from the culture 

supernatant, the whole culture volume was centrifuged batch-wise using a fixed angle rotor 

benchtop centrifuge (Avanti J-E, Beckman Coulter, Pinelands, South Africa) for 3 min at 3000 

rpm and filtered through a 22 μm syringe filter (Pall South Africa (Pty) Limited) to sterilize 

sample and stored at 4 °C. 
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6.2.3 Enzyme activity assay 

The enzyme activity was determined using 100 g/L sucrose (Merck) as substrate prepared in 

50 mM citrate phosphate buffer (pH 5.5). The substrate solution was equilibrated at 40 °C for 

10 min prior to adding the culture supernatant containing the enzyme to a final concentration 

of 25% (v/v). After incubation at 40 °C for 60 min, the reaction was stopped by addition of 

35% (w/v) perchloric acid (PCA) to a final concentration of 2.14% (v/v) followed by the 

addition of 7 M KOH to precipitate the proteins prior to chemical analysis (Hidaka et al., 1988). 

Reactions consisting of all the assay constituents except either sucrose or enzyme served as 

negative controls.  

6.2.4 Sugar analyses 

The samples containing the sugars of interest (sucrose, glucose, fructose and scFOS) were 

analysed on a Dionex Ultimate 3000 system equipped with a Coulochem III electrochemical 

detector controlled by Chromeleon 6.8 Chromatography Data System software. The columns 

used were a CarboPac PA1 (4 × 250 mm) analytical column coupled to a PA1 (4 × 50 mm) 

guard column. The samples (10 µl) were eluted according to van Wyk et al. (2013) The 

concentration of glucose liberated during the assays was indicative of enzyme activity. A unit 

of enzyme was defined as the amount of enzyme required to produce 1 μmol glucose per minute 

under the described conditions (Hidaka et al., 1988). 

6.2.5 Optimisation and validation of scFOS production 

scFOS was produced using a 60% sucrose solution (w/v) prepared in a 50 mM citrate phosphate 

buffer (pH 5.0). The substrate solution was equilibrated for 2 min at temperatures as described 

in the text using a temperature-controlled water bath with an orbital shaker (Gyratory Water 

Bath Shaker, New Brunswick Scientific Co. Inc.) adjusted to 120 rpm before adding the 
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enzyme-containing supernatant at dosages as described in the text. Temperatures and enzyme 

dosages were based on factorial levels determined by a statistical design (see below). The 

reaction was incubated for 8 h with samples withdrawn every 2 h prior to terminating the 

reaction using the PCA/KOH method described above. Validation experiments were performed 

as described above with values determined from desirability analysis. All incubations were 

done in triplicate. 

6.2.6 Central composite design 

The production of scFOS was optimised using response surface methodology (RSM) with a 

two-factor central composite design (CCD) where temperature and enzyme dosage were the 

treatment variables. The response variables were 1-kestose, nystose and 1F-fructofuranosyl-

nystose. The factoral design space ranged between 57 °C ≤ A ≤ 67 °C and 8 U/g sucrose ≤ B 

≤ 12 U/g sucrose, where A represents the temperature and B the enzyme dosage. The ranges 

were based on the results of Trollope et al. (2015) who produced and characterised the 

engineered version of the fopA enzyme. A total of 11 experiments for each enzyme was 

performed (Table 6-1). All statistical analyses were performed using STATISTICA (data 

analysis software) version 13.3 (TIBCO Software Inc., 2017, USA) and Design Expert® 

software (Stat-Ease Inc., Minneapolis, USA). A p-value smaller than 0.05 was considered 

significant to identify main and interaction effects. The polynomial equations based on actual 

values obtained from the analysis of multiple regression for the GAPfopA and GAPfopA_V1 

enzymes are presented in Appendix C. 

6.2.7 scFOS production from industrial substrates 

The industrial substrates (A-molasses and refinery molasses) were obtained from RCL Foods 

(Sugar and Milling Division, South Africa) with brown and white table sugar (Selati Sugar, 

RCL Foods, Sugar and Milling Division Ltd, South Africa) as reference. The substrates were 
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diluted to 60% (w/v) sucrose in RO water. The diluted substrates were equilibrated to the 

optimum temperature determined by RSM for 2 min using a temperature-controlled water bath 

with an orbital shaker (Gyratory Water Bath Shaker, New Brunswick Scientific Co. Inc.) 

adjusted to 120 rpm. The respective enzyme-containing supernatants were added at the 

optimum dosage determined by RSM and incubated for 12 h with samples taken every 2 h and 

treated and analysed as already described. The pH of all the substrates was determined at 0 h 

and 12 h. 

Table 6-1. Central composite design of temperature (A) and enzyme dosage (B) for scFOS 

production for both GAPfopA and GAPfopA_V1. 

Experimental 

run 

Coded values  Natural values 

XA XB  A (°C) B (U/g sucrose) 

1 0 0  62.00 10.00 

2 1 1  67.00 12.00 

3 -1 1  57.00 12.00 

4 0 0  62.00 10.00 

5 1 -1  67.00 8.00 

6 0 1.414  62.00 12.83 

7 0 -1.414  62.00 7.17 

8 -1.414 0  54.93 10.00 

9 0 0  62.00 10.00 

10 -1 -1  57.00 8.00 

11 1.414 0  69.07 10.00 
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6.2.8 Scale-up production of scFOS 

The scale-up production of scFOS was performed in a 20 L New Brunswick Bioflo IV 

bioreactor (New Brunswick Scientific Co. Inc.). A 60% sucrose solution (w/v) was prepared 

using white table sugar (Tongaat Hulett Sugar South Africa Ltd) dissolved in a 50 mM citrate 

phosphate buffer (pH 5.0) to a final volume of 15 L. The substrate solution was equilibrated to 

the optimum temperature as determined from optimization and agitated at 200 rpm. The 

required enzyme dosage was added, and the reaction was performed for 12 h and samples were 

taken every 2 h and samples treated and analysed as described previously. 

6.3 Results and discussion 

6.3.1 Characterization of processing parameters for scFOS production 

The engineered GAPfopA_V1 enzyme was compared to the native enzyme using RSM to 

determine the minimum temperature and enzyme dosage required to produce scFOS with a 

composition similar to Actilight® when using high purity sucrose buffered at pH 5.0. These 

conditions were then used for scFOS production from industrial substrates to assess the 

potential for valorising sugar mill waste to a high-value prebiotic product. The GAPfopA and 

GAPfopA_V1 enzymes with volumetric activities of 1202 and 1124 U/mL, respectively, were 

produced using two recombinant P. pastoris strains in bioreactor culture (Chapter 5 in this 

thesis). Using the reaction conditions recommended by Trollope et al. (2015) as a benchmark, 

scFOS production at 62 ⁰C and 10 U/g sucrose with a reaction time of 8 h were used as point 

of departure. 

The results of the CCD experiments for FOS production with GAPfopA and GAPfopA_V1 

after 8 h are shown in Tables 6-2 and 6-3, respectively, where the cube points were 5 ⁰C and 2 

U/g sucrose above and below the respective centre points of 62 ⁰C and 10 U/g sucrose. Both 

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



118 
 

Table 6-2. Observed responses after 8 h incubation with GAPfopA as percentages of total sugars and percentage of total scFOS. 

Experimental 

run 

% of Total sugars  % scFOS 

Glucose Sucrose Fructose GF2 GF3 GF4  GF2 GF3 GF4 

1 32.41 10.66 4.10 21.03 26.11 5.70  39.81 49.41 10.78 

2 33.14 ± 0.84 11.15 ± 0.68 6.25 ± 0.92 20.34 ± 0.22 24.55 ± 0.85 4.58 ± 0.01  41.11 ± 0.45 49.62 ± 0.63 9.27 ± 0.18 

3 31.37 ± 0.77 10.19 ± 0.83 3.44 ± 0.83 20.63 ± 0.32 29.01 ± 1.10 5.37 ± 0.01  37.51 ± 1.11 52.73 ± 1.27 9.76 ± 0.16 

4 33.57 10.27 4.33 20.42 26.47 4.94  39.39 51.07 9.54 

5 30.98 ± 0.69 13.05 ± 0.51 6.46 ± 1.18 25.42 ± 0.32 21.16 ± 0.89 2.93 ± 0.15  51.35 ± 0.76 42.74 ± 0.62 5.92 ± 0.14 

6 34.04 ± 0.67 9.68 ± 0.39 5.35 ± 0.90 18.10 ± 0.06 26.28 ± 0.57 6.55 ± 0.55  35.56 ± 0.71 51.59 ± 0.08 12.85 ± 0.79 

7 31.31 ± 0.07 11.61 ± 0.09 4.90 ± 0.77 25.03 ± 0.51 23.76 ± 0.41 3.40 ± 0.31  47.95 ± 0.41 45.52 ± 0.25 6.53 ± 0.67 

8 31.51 ± 0.01 9.94 ± 0.63 3.17 ± 1.00 28.26 ± 1.00 23.46 ± 0.73 3.65 ± 0.10  51.04 ± 0.30 42.36 ± 0.07 6.60 ± 0.38 

9 32.80 10.39 4.33 20.22 26.76 5.49  38.54 50.99 10.47 

10 29.59 ± 0.09 10.94 ± 0.35 3.22 ± 0.84 27.87 ± 0.08 25.11 ± 0.51 3.27 ± 0.18  49.55 ± 0.21 44.64 ± 0.58 5.81 ± 0.37 

11 32.63 ± 1.65 10.47 ± 2.38 6.05 ± 1.18 26.21 ± 0.36 21.96 ± 1.77 2.68 ± 0.22  51.56 ± 1.24 43.15 ± 1.87 5.28 ± 0.63 

Mean ± standard deviation, n = 2 
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Table 6-3. Observed responses after 8 h incubation with GAPfopA_V1 as percentages of total sugars and percentage of total scFOS. 

Experimental 

run 

% of Total sugars  % scFOS 

Glucose Sucrose Fructose GF2 GF3 GF4  GF2 GF3 GF4 

1 35.32 10.26 4.34 18.34 25.53 6.21  36.63 50.97 12.40 

2 36.71 ± 0.81 7.59 ± 1.63 7.40 ± 1.75 15.95 ± 0.48 24.61 ± 0.72 7.75 ± 0.28  33.00 ± 0.37 50.95 ± 0.52 16.05 ± 0.88 

3 33.83 ± 0.77 7.47 ± 1.28 3.70 ± 1.15 18.96 ± 0.11 29.57 ± 0.92 6.48 ± 0.17  34.47 ± 0.60 53.75 ± 1.05 11.78 ± 0.45 

4 33.22 10.15 3.98 18.06 28.27 6.32  34.30 53.70 12.00 

5 33.71 ± 0.68 9.98 ± 2.22 8.10 ± 3.21 20.22 ± 0.74 23.41 ± 0.84 4.58 ± 0.09  41.94 ± 0.09 48.56 ± 0.05 9.50 ± 0.14 

6 36.44 ± 1.18 7.80 ± 1.79 6.28 ± 1.58 15.75 ± 0.11 25.54 ± 0.38 8.20 ± 0.48  31.83 ± 0.40 51.60 ± 0.24 16.56 ± 0.64 

7 33.17 ± 1.19 9.85 ± 2.44 6.30 ± 1.81 21.62 ± 0.27 24.75 ± 0.23 4.30 ± 0.06  42.67 ± 0.06 48.85 ± 0.08 8.48 ± 0.02 

8 29.50 ± 2.08 9.79 ± 1.36 2.86 ± 1.18 30.42 ± 2.08 22.02 ± 1.79 5.42 ± 0.75  52.61 ± 0.61 38.05 ± 0.06 9.34 ± 0.55 

9 33.97 10.10 4.37 18.14 26.01 7.41  35.18 50.44 14.38 

10 31.97 ± 0.64 8.50 ± 2.10 3.16 ± 1.44 24.43 ± 0.22 28.49 ± 0.77 3.46 ± 0.58  43.33 ± 0.37 50.53 ± 1.40 6.14 ± 1.03 

11 35.32 ± 0.32 9.25 ± 2.96 7.79 ± 2.64 18.67 ± 0.57 24.00 ± 0.81 4.97 ± 0.25  39.19 ± 1.19 50.39 ± 1.71 10.42 ± 0.52 

Mean ± standard deviation, n = 2
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the enzymes produced ~30% glucose after 8 h, whereas the sucrose concentration, in saccharide 

weight composition, decreased from 100% at the start of the experiments to between 7% and 

14%, depending on the temperatures and enzyme dosages used. This data compared well with 

the results of Nishizawa et al. (2001) who used the wild-type enzyme from Aspergillus niger 

ATCC 20611 and reported values of 30% glucose and 10-12% sucrose after 6 h. In their study, 

GF2 also decreased to below 25%, which was similar to our findings.  

In all the experimental runs, with the exception of runs 8 and 9 (Tables 6-2 and 6-3), the 

GAPfopA_V1 enzyme produced an scFOS mixture where the GF2 fraction was lower (33.00% 

- 43.33% and 37.51% - 51.56% for GAPfopA_V1 and GAPfopA, respectively) and the GF3 

(48.56% - 53.75% and 42.74% - 52.73% for GAPfopA_V1 and GAPfopA, respectively) and 

GF4 (8.48% - 16.56% and 5.92% - 12.85% for GAPfopA_V1 and GAPfopA, respectively) 

fractions greater than when the GAPfopA enzyme was used, which pointed to a clear 

improvement in reaction efficiency, since a greater proportion of the GF2 fraction was 

converted to GF3 and GF3 to GF4 in a constant time interval (Vega and Zúniga-Hansen, 2011). 

This result was consistent with the results of Trollope et al. (2015) where their study 

demonstrated greater thermostability by the V1 variant. This thermostability resulted in a 

greater level of sustained enzyme activity at the reaction temperature used to catalyse an 

improved conversion, leading to higher concentrations of GF3 and GF4 and hence, lower GF2 

concentrations. The effect of the improved thermostability of the GAPfopA_V1 variant was 

especially evident in run 11 that was conducted at 69.07 °C (10% greater than the benchmark 

temperature), where the GAPfopA_V1 enzyme produced 10.42% GF4, which was almost 

twice the quantity produced by GAPfopA at the same conditions. This trend was also evident 

in runs 2 and 5 at a temperature of 67 °C, irrespective of enzyme dosage. This data supported 

the findings of Hirayama et al. (1989), where the purified native fopA enzyme was reported to 

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



121 
 

have a temperature optimum of 50 to ~ 60 °C but rapidly lost ~50% of its activity when the 

temperature was increased to 70 °C. 

Response surface plots and related analysis of variance (ANOVA) of the regression models are 

shown in fig. 6-1 and table 6-4, respectively. The surface plots illustrate the dynamics of the 

conversion of GF2 to GF3 and of GF3 to GF4 as well as the increased thermostability of the 

GAPfopA_V1 enzyme compared to the native enzyme. An increase in enzyme dosage resulted 

in a clear decrease in GF2 (from 47.97% to 33.89% at 62 °C for GAPfopA and from 41.05% 

to 29.32% at 63 °C for GAPfopA_V1) and an increase in GF3 (from 45.28% to 53.61% at 62 

°C for GAPfopA and from 50.67% to 53.91% at 63 °C for GAPfopA_V1) and GF4 (from 

6.76% to 12.50% at 62 °C for GAPfopA and from 8.28% to 16.76% at 63 °C for GAPfopA_V1) 

after an 8 h reaction time for both enzymes. Since a higher enzyme to substrate ratio will result 

in a faster reaction the linear response of the enzyme dosage was generally significant (p ˂ 

0.05; Table 6-4), which suggested that the optimum enzyme dosage to minimize GF2 and 

maximize GF3 and GF4 was not within the range of enzyme dosages evaluated. However, there 

was no significant effect for enzyme dosage for the GF3 response for GAPfopA_V1 (Table 6-

4; fig. 6-1D). This is possibly due to the increased efficiency with which GAPfopA_V1 

converts GF3 to GF4 because of the improved thermostability of the enzyme. Further kinetic 

analysis would be required to confirm this hypothesis. 

A clear temperature optimum (~62 °C) was reached with regards to minimizing GF2 and 

maximizing GF3 and GF4, which was particularly evident from the significant quadratic effect 

for GAPfopA (Table 6-4). However, from the response surface plots for GAPfopA_V1 (fig. 6-

1B, 6-1D and 6-1F) it is clear that the temperature optimum is higher (~63 °C) than for the 

native GAPfopA enzyme. Since the same temperature ranges were used to demonstrate the 

thermostability of the enzymes, the quadratic effect for GAPfopA_V1 was borderline  
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Figure 6-1. Response surface and contour plots at an 8 h reaction time for FOS percentage as a 

function of enzyme dosage and temperature for (A), (C) and (E) as percentage GF2, GF3 and 

GF4, respectively, produced by GAPfopA and (B), (D) and (F) produced by GAPfopA_V1. 
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Table 6-4. ANOVA of the model terms best fitting the relationship between the 

independent variables and responses. 

Enzyme Response variable Independent variable p-value Adj. R2 

GAPfopA GF2% Temperature (Q) 0.002 0.93 

  Enzyme dosage (L) 0.002  

 GF3% Temperature (Q) 0.013 0.82 

  Enzyme dosage (L) 0.012  

 GF4% Temperature (Q) 0.015 0.94 

  Enzyme dosage (L) 0.012  

GAPfopA_V1 GF2% Temperature (L) 0.022 0.77 

  Temperature (Q) 0.011  

  Enzyme dosage (L) 0.010  

 GF3% Temperature (Q) 0.055a 0.23 

  Enzyme dosage (L) 0.194  

 GF4% Temperature (Q) 0.097b 0.88 

  Enzyme dosage (L) 0.023  

Q = Quadratic; L =Linear 

Lack of fit for all model terms p-value ≥ 0.05 

a Borderline significant; b Marginally significant at 90% confidence level 
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significant. To encompass the optimum conditions for GAPfopA_V1, the enzyme dosage and 

temperature ranges would have to be adjusted, which will most likely result in a significant 

quadratic response during ANOVA analysis. However, the validation data (see below) showed 

that the responses were still sufficient to predict the optimum conditions whereby the target 

GF2, GF3 and GF4 fractions could be achieved. The increased thermostability was further 

confirmed in the higher fraction GF4 for GAPfopA_V1 compared to GAPfopA (12.93% and 

10.26%, respectively) after an 8 h reaction time. This would indicate a faster reaction for the 

former compared to the latter. 

6.3.2 Desirability analysis 

A desirability analysis was performed for GAPfopA and GAPfopA_V1 to determine the 

minimum temperature and enzyme dosage required to produce scFOS with a composition 

similar to Actilight®. To reduce the number of possible solutions and still be able to produce 

the target composition, the range selected for the analysis was ±3% from the defined 

percentages for the respective scFOS sugars to replicate Actilight®. The area within the band 

in Fig. 6-2 illustrates the different possible combinations of enzyme dosages and temperatures 

required to produce the scFOS combination mentioned above. Based on this analysis, the 

minimum amount enzyme required for GAPfopA and GAPfopA_V1 to produce the target 

scFOS composition was 10 U/g sucrose combined with a minimum temperature of 62 °C. 
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Figure 6-2. Graph of desirability analyses performed to determine the minimum combination of 

enzyme dosage and temperature required for GAPfopA to produce a scFOS composition similar 

to Actilight® (± 3%) after an 8 h reaction. 

6.3.3 Model validation 

The conditions determined by desirability analysis were used to produce the target scFOS 

composition from buffered high purity sucrose in shake flasks. Reaction profiles depicted in 

Fig. 6-3 showed that a 10% GF4 composition (similar to Actilight®) was obtained at 6.5 and 

7.8 h for GAPfopA_V1 and GAPfopA, respectively, which were longer than the respective 

times of 5.5 and 7.0 h reported by Trollope et al. (2015). Therefore, reaction time for the 

GAPfopA_V1 variant compared to the native enzyme decreased by 16% under our conditions, 
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while Trollope et al. (2015) reported a decrease of 22%. However, compared to Trollope et al. 

(2015) who carried out the reaction at pH 5.5, reactions in the present study was carried out at  

 

Figure 6-3. Production of scFOS from 60% (w/v) sucrose as a function of time using GAPfopA 

(black) and GAPfopA_V1 (grey). The reaction was performed at 62.0 °C and pH 5.0 at an enzyme 

dosage of 10 U/g sucrose at an agitation rate of 120 rpm. The percentage GF2 (♦), percentage GF3 

(■) and percentage GF4 (▲) are shown where error bars denote the standard error of triplicate 

experiments. 

a lower pH value of pH 5.0. Differences in the expression host could possibly also account for 

this discrepancy, where Trollope et al. (2015) used Saccharomyces cerevisiae, which has 

markedly different post-translational modification characteristics compared to P. pastoris 

(Cregg et al., 2000). 

Furthermore, it was shown that at the optimum conditions used, the scFOS composition can be 

tailored by terminating the reaction at specific time points (Fig. 6-3). Nemukula et al. (2009) 

isolated a fructosyltransferase from A. aculeatus and optimised the conditions (pH, 

temperature, reaction time, enzyme and sucrose concentrations) for fructooligosaccharide 
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production, while Vega and Zúniga-Hansen (2011) evaluated the temperature and the 

concentrations of sucrose and enzyme to preferentially produce high concentrations of 1-

kestose and both these studies concluded that the reaction time played a critical role in the 

composition of the scFOS produced. 

6.3.4 scFOS production using industrial substrates under optimised conditions 

The conditions determined in section 6.3.2 was used to ascertain the ability of these enzymes 

to produce scFOS from industrial substrates, since this has not yet been demonstrated for these 

enzymes (Table 6-5). Compared to the high purity sucrose and buffered conditions used 

previously (Fig. 6-3), both enzymes produced scFOS with the same composition as Actilight® 

using brown sugar and a composition closely resembling Actilight® when using white sugar. 

Compared to GAPfopA, reaction times with GAPfopA_V1 were 28% and 25% shorter when 

using respectively white and brown sugar as substrates (Table 6-5). Neither enzyme produced 

the required scFOS composition when using refinery molasses as substrate, while on the other 

hand, the target composition was indeed reached with both GAPfopA and GAPfopA_V1 using 

A-molasses. This difference in producing the required scFOS composition between the two 

substrates is possibly due to a pH effect. The optimum pH for these enzymes generally ranges 

between pH 5.00 and 5.50. Since these reactions were carried out in an unbuffered medium, 

the pH value on refinery molasses remained at ~pH 4.50 throughout the reaction, i.e. below the 

optimum pH value of the enzyme, whereas conversion of sucrose in A-molasses occurred at 

pH 5.68 and 5.47 between the start and end of the reaction. It is, therefore, conceivable that the 

lower pH of the refinery molasses was responsible for the poorer performance.  

All the substrates with both enzymes were slower in achieving the scFOS compositions 

reported in Table 6-5 compared to the ideal buffered and high purity sucrose conditions used  
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Table 6-5. The reaction time required to produce the percentage scFOS that closely 

resembles Actilight® from industrial type substrates. All substrates diluted to 60% 

sucrose (w/v) and the reaction performed for 12 h at 62.0 °C with an enzyme dosage of 10 

U/g sucrose and an agitation rate of 120 rpm. 

Enzyme Substrate %GF2 %GF3 %GF4 Reaction 

time (h) 

GAPfopA White sugar 38.8 ± 0.2 51.4 ± 0.1 10.0 ± 0.0 10.6 ± 0.2 

Brown sugar 37.0 ± 0.6 53.3 ± 0.4 10.0 ± 0.0 10.7 ± 0.5 

Refinery 40.7 ± 0.3 49.1 ± 0.3 10.0 ± 0.0 10.4 ± 0.1 

A-molasses 36.6 ± 0.0 53.4 ± 0.1 10.1 ± 0.0 9.7 ± 0.2 

GAPfopA_V1 White sugar 38.2 ± 0.2 50.9 ± 0.3 10.0 ± 0.0 7.6 ± 0.1 

Brown sugar 36.5 ± 0.3 53.1 ± 0.3 10.0 ± 0.0 8.0 ± 0.2 

Refinery 40.9 ± 0.1 48.6 ± 0.2 10.0 ± 0.0 10.3 ± 0.1 

A-molasses 37.5 ± 0.1 52.2 ± 0.2 10.0 ± 0.0 10.3 ± 0.1 

Mean ± standard deviation, n = 3 

in section 3.3 (Table 6-5). Molasses contains various elements that can be inhibitory to 

enzymes, such as ash (7-15% in molasses) and various trace metals (Al, As, Cu, Fe, Mg, Mn 

and Zn) (Teclu et al., 2009). The concentrations of these metals tend to decrease in the product 

as the sugar production process progresses and is much higher in the crude juices than in the 

final sugar product (Mohamed, 1999). Hirayama et al. (1989) found that some of these metals 

Al, Cu, Mg, Mn and Zn inhibit the transfructosylating activity of the native fopA enzyme with 

Mn having the largest effect at a 12% reduction of the enzyme activity. 
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6.3.5 Scale-up production of scFOS 

The reactions with the respective enzymes in the bioreactors were faster than that of the shake 

flasks, but this could mainly be due to superior mixing. Data illustrating the scaled-up 

production of scFOS using the optimised conditions (Section 6.3.2) in a 20 L bioreactor are 

shown in Fig. 6-4. The increased thermostability illustrated in shake flasks (Fig. 6-3) was 

replicated in the 20 L bioreactor with the fraction GF2 decreasing and the fraction GF3 and 

GF4 increasing faster with the GAPfopA_V1 enzyme compared to GAPfopA. A scFOS 

composition similar to Actilight® was produced in a bioreactor at 5.6 h for GAPfopA_V1 

(36.8% GF2, 53.6% GF3 and 10.0% GF4) compared to GAPfopA at 6.9 h (37.5% GF2, 52.4% 

GF3 and 10.0% GF4), which equates to 19% less time required to achieve the target scFOS 

composition. In shake flasks, GAPfopA_V1 delivered a scFOS composition close to 

Actilight® (37.6% GF2, 51.3% GF3 and 10.9% GF4) after 7 h, whereas a similar composition 

of 39.4% GF2, 50.2% GF3 and 10.3% GF4 was reached after more than 8 h using the native 

enzyme. 

The maximum scFOS yield from sucrose in an industrial setup is limited to a range of 55 – 

60% due to the inhibitory effect of glucose (Sangeetha et al., 2005a). The total scFOS produced 

for GAPfopA at 6.9 h and for GAPfopA_V1 at 5.6 h was 55.01% and 54.94%, respectively 

(data not shown), which is at the lower theoretical value possible for batch reactions. The 

GAPfopA_V1 enzyme was engineered for some relief from glucose inhibition (Trollope et al., 

2015) but in this study, the total scFOS yield was similar to that of GAPfopA. Despite the 

similar values in total scFOS yield at the point where the required scFOS profile is reached, 

the scFOS productivity differs due to the longer time it takes for GAPfopA to reach this scFOS 

profile (58.86 g/L h and 47.83 g/L h for GAPfopA_V1 and GAPfopA, respectively). The 

productivity is less than what Vega and Zúniga-Hansen (2011) achieved in a batch system (91.9 
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g/L h), but similar to what Vega-Paulino and Zúniga-Hansen (2012) achieved at 52.5 – 55.9 

g/L h and higher than that of Detofol et al. (2015) at 3.16 x 103g/m3 h in a batch basket reactor. 

 

Figure 6-4. Production of scFOS over a 12 h time period with GAPfopA (black) and GAPfopA_V1 

(grey) in a 20 L bioreactor. The reaction was performed at 62.0 °C, pH 5.0 with an enzyme dosage 

of 10 U/g sucrose stirred at 200 rpm. The percentage GF2(♦), percentage GF3 (■) and percentage 

GF4 (▲) are shown. Error bars denote standard errors (n = 3). 

6.4 Conclusions 

An increased thermostability of the engineered β-fructofuranosidase enzyme had a markedly 

beneficial effect on process productivity when producing scFOS from sucrose as substrate. 

Compared to GAPfopA, the improved thermostability of GAPfopA_V1 was demonstrated at 

pilot scale, which resulted in a 19% decrease in reaction time at 62 °C, 10 U/g sucrose to 

achieve the required scFOS composition. Industrial sugar refinery intermediate processing 

streams are suitable for production of commercial grade scFOS for both enzymes from refinery 

and A-molasses. However, a limit in impurities that the enzymes will tolerate was demonstrated 

because the target scFOS composition was not produced from refinery molasses. 
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Chapter 7 Conclusions and recommendations 

This work has shown that Pichia pastoris is a suitable host for the high-level expression and 

production of functional codon-optimized native (GAPfopA) and engineered (GAPfopA_V1) 

versions of the fopA enzyme from Aspergillus fijiensis ATCC 20611 and that these enzymes 

can be applied for the batch production of scFOS from a selection of industrial sugar streams. 

The main conclusions and recommendations of this work will be further discussed here. 

7.1 Conclusions 

Strain, promotor and codon optimisation strategy was successfully employed to produce a high-

yielding fopA enzyme-producing strain. The expression and production of the codon-

optimized fopA enzymes showed that the selection of the strain, promoter and codon-

optimization algorithm plays an important role in the level of fopA produced. Based on the 

experimental work described in this study, P. pastoris strain DSMZ 70382, the inducible 

alcohol oxidase (AOX1) promoter and codon-optimization of the native fopA gene by ATUM 

proved to be superior in terms of volumetric activity compared to the P. pastoris strain X-33, 

the glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter and codon-optimization from 

GeneArt®.  

A strong enzyme producer is not necessarily related to improved economic process 

performance. Whereas a superior strain is in principle desirable to maximise the production 

process economic efficiency, especially in terms of equipment size and hence, capital cost, 

several other cost contributing factors should also be considered. For example, although the P. 

pastoris DSMZ 70382 strain is not protected by a patent, which means that the use of this strain 

will not incur additional cost from licencing fees, the AOX1 promoter requires methanol for 

induction, which is hazardous and costly to handle, store and transport in large volumes, which 

would add substantial operating cost. 
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Two different glycerol feeding methods (DO-stat and constant feed) were successfully 

employed to produce the native (GAPfopA) and engineered (GAPfopA_V1) enzymes with the 

DO-stat method producing the highest volumetric enzyme activity for both. Despite P. pastoris 

DSMZ 70382 GAPfopA strain producing lower volumetric enzyme activity than its AOX1 

controlled counterpart, the P. pastoris DSMZ 70382 strain (no licensing fees) with the native 

ATUM codon-optimized gene (produced higher volumetric enzyme activity) under control of 

the GAP promoter (glycerol a safer substrate to use at large scale) was selected for scale-up 

production and compared to an engineered version (GAPfopA_V1) of the fopA enzyme, which 

was harboured by the same strain. Of the two fed-batch methods used, glycerol supplied using 

a constant feed strategy resulted in a higher rate of biomass accumulation and greater biomass 

content in a shorter time than DO-stat cultures, but produced comparatively lower maximum 

volumetric enzyme activity compared to a fed-batch culture where glycerol was supplied using 

a DO-stat strategy. When comparing the maximum volumetric activity and protein production 

for the two strains using the same feed method, the GAPfopA strain was higher for both the 

feeding methods. Nevertheless, the volumetric productivity for the constant feed method was 

1.7x and 1.9x higher for GAPfopA and GAPfopA_V1, respectively. Volumetric productivity 

is the more important factor for industrial processes because the aim is to reduce process time 

while maximizing product formation.  

The increased thermostability of the engineered fopA enzyme (GAPfopA_V1) was 

demonstrated by a 19% decrease in the time required to produce short-chain 

fructooligosaccharides (scFOS) with the desired composition of 37% GF2, 53% GF 3 and 10% 

GF4 using buffered table sugar as substrate. 

The application of the recombinant enzyme under optimised conditions was successfully 

applied to industrial sugar waste streams. An assessment of two streams, namely A-molasses 

and refinery molasses revealed that the native and engineered enzymes produced the target 
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scFOS composition from A-molasses. However, refinery molasses proved not suitable, 

apparently due to the pH of the solution inhibiting both enzymes. Therefore, the viability of 

using industrial sugar refinery intermediate processing streams was demonstrated for 

producing scFOS for possible commercial use. 

7.2 Recommendations 

From the research presented, there are several areas available for further study. 

During the production of the enzymes in the scaled-up bioreactors, the DO-stat feed exhibited 

increasingly poor dissolved oxygen (DO) control. Furthermore, the small-scale bioreactor 

fermentations showed significantly higher volumetric enzyme activity than the scaled-up 

fermentations. The fermentations exhibiting slower biomass growth resulted in increased 

maximum volumetric activity. Thus, determining the optimum growth rate, through either 

exponential feed fermentations or chemostat, would be advantageous. Additional process 

development is required to address all these shortcomings. 

The enzyme dosage ranges evaluated for the response surface methodology (RSM) study did 

not produce an optimum for enzyme dosage for both enzymes for all the responses. Therefore, 

further kinetic study and characterization of the enzymes producing scFOS is required as well 

as techno-economic analysis to determine the economic optimum for enzyme dosage as the 

cost of biocatalyst can contribute significantly to an industrial process. Industrial sugar streams 

were demonstrated to be a viable low-cost alternative for producing scFOS. However, the study 

here was performed at small scale in shake flasks and pilot scale studies are needed to assess 

the viability of the process.  The composition of the impurities in the different molasses 

substrate should be determined and their impact evaluated. 
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Appendices 

Appendix A - Strain construction 
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Figure A-1. Gene sequence alignment of the two codon-optimized fopA genes by Geneart® and 

ATUM. 
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Appendix B - Bioreactor cultivations 
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Figure B-1. Dry cell weight (DCW) concentrations (solid line) and volumetric enzyme activities 

(grey bars) over time for DO-stat cultivations for (A) GAPfopA and (B) GAPfopA_V1. 

Cultivations performed at 30 °C, pH 5 and dissolved oxygen controlled at 30% and enzyme 

activities determined at 107, 131 and 155 h. Error bars denote standard errors (n = 2). 
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Figure B-2. Dry cell weight (DCW) concentrations (solid line) and volumetric enzyme activities 

(grey bars) over time for constant feed cultivations for (A) GAPfopA and (B) GAPfopA_V1. 

Cultivations performed at 30 °C, pH 5 and dissolved oxygen controlled at 30% and enzyme 

activities determined at 33, 59 and 67 h. Error bars denote standard errors (n = 2). 
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Appendix C – Mathematical models 

The polynomial equations based on actual values obtained from the analysis of multiple 

regression for the GAPfopA_V1 enzyme for the GF2, GF3 and GF4 responses with (A) 

representing temperature and (B) the enzyme dosage: 

 

GF2 = 770.41 - 22.44A + 0.18A2 – 2.41B + 0.02B2 – 0.002AB 

 

GF3 = -414.21 + 14.47A – 0.11A2 + 0.93B + 0.05B2 – 0.02AB 

 

GF4 = -256.15 + 7.97A – 0.06A2 + 1.50B – 0.07B2 + 0.02AB 

 

The polynomial equations based on actual values obtained from the analysis of multiple 

regression for the GAPfopA enzyme for the GF2, GF3 and GF4 responses with (A) 

representing temperature and (B) the enzyme dosage: 

 

GF2 = 967.11 – 28.15A + 0.22A2 – 9.49B + 0.21B2 – 0.045AB 

 

GF3 = -516.51 + 17.19A – 0.14A2 + 5.96B + 0.13B2 – 0.03AB 

 

GF4 = -350.91 + 10.97A – 0.09A2 + 3.53B – 0.08B2 - 0.015AB 
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